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Objective: To study whether a temporary block of the tactile afferents from the fingers

causes altered activity in the neural network for dexterous manipulation. Methods: Whole-
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brain functional Magnetic Resonance Imaging (fMRI) was conducted in 18 healthy subjects,

while they compressed an unstable spring between the thumb and index finger of the right

hand. Two sensory conditions – with and without tactile input from the fingers – were

employed. In the latter condition the digital nerves were blocked by local anesthesia.

Results: Compression of the unstable spring was associated with activity in an earlier

described network for object manipulation. We found that this entire network remained

active after a nerve block, and the activity was increased in the dorsal premotor cortex.

Conclusions: The neural network for dexterous manipulation is robust with only minor

alterations after acute loss of tactile information from the fingers. There was no loss of

activity, but, unexpectedly, an increased activity in some parts of the network. Significance:

This study gives new insights to possible neural compensatory mechanisms that make fine

motor control possible after acute disruption of tactile information in natural situations

like cold weather or wearing surgical gloves.

& 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Performance of dexterous tasks requires precise dynamical
control of amplitude and direction of fingertip force vectors
and depends profoundly on visual, tactile and proprioceptive
inputs (Flanagan et al., 2006; Valero-Cuevas et al., 2003).
Tactile information from the digits is thought to be essential
for the on-line monitoring of object manipulation, and
various types of tactile receptors provide information about
different stages of the manipulative task, including informa-
tion on timing, magnitude and direction of the fingertip
forces that is used to adapt the fingertip forces to the physical
properties of the object (Johansson and Flanagan, 2009). It has
been shown that fast adapting cutaneous receptors in the
fingertips can detect small tensions in the skin and micro-
slips between the hand and the object surface. Despite the
importance of tactile input for object manipulation, however,
it is routinely possible to grasp and manipulate objects well
after disruption of tactile input in natural situations like in
cold weather or when wearing surgical gloves – or even in
experimental settings after blocking the tactile input by
cutaneous anesthesia – although, if the object is stable, with
at an elevated grip force level in order to have a safety margin
(Westling and Johansson, 1984; Johansson and Cole, 1994;
Nowak et al., 2001). However, when trying to handle an
unstable object with anesthetized fingers, e.g. a buckling
spring, less force than normal is used because of concern
not to tip over the edge of instability (Venkadesan et al., 2007).
to force 
transducer

Fig. 1 – A. The spring compression task. The spring held betwee
as much as possible without buckling. The level of compression
dynamic manipulation. B. Force recording during performance o
index finger. 10 cycles of spring compressions were performed fo
C – 15 s of sustained spring compression, I-II – 5 s of verbal ins
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Earlier functional neuroimaging studies identified a bilat-
eral fronto-parietal-striatal network for object manipulation
(dorsal and ventral premotor cortex, SMA, CMA, insula,
intraparietal cortex and basal ganglia) that is active during
dexterous manipulation (Binkofski et al., 1999a, 1999b;
Ehrsson et al., 2000, 2001; Kawashima et al., 1998; Kuhtz-
Buschbeck et al., 2001, 2008). In recent fMRI studies manip-
ulation of unstable objects, which puts a larger demand on
the on-line control of the fingertip forces preventing the
object to buckle and slip out of the hand, was investigated
(Mosier et al., 2011; Holmstrom et al., 2011). The unstable
objects were constructed by compression springs that can be
built with different requirements for strength (i.e., stiffness)
and dexterity (i.e., propensity to buckle), respectively (Valero-
Cuevas et al., 2003, Dayanidhi et al., 2013). It was discovered
that specific parts of the network for dexterous manipulation
are more involved in the control of the direction of the
fingertip force vector (i.e., bilateral primary motor cortex, left
premotor cortices and intraparietal sulcus, right somato-
sensory cortex and bilateral cerebellum), while different parts
of the left primary sensory–motor cortices and bilateral
cerebellum are more involved in the control of force
magnitude.

In this study we investigated how the activity in the
neural network for dynamic manipulation of unstable objects
was influenced when the tactile information from the finger-
tips was blocked, thus removing a crucial source for on-line
control of fingertip forces. In particular, we wanted to see
whether there was a difference in the part of the network that
n the thumb and index finger is supposed to be compressed
is indicative of the neural control capabilities to stabilize
f the spring compression task. Blue line – thumb, red line –

r each sensory condition. Inset I-I – 5 s of verbal instruction I,
tructions II and R – 15 s of rest.

n network for dynamic manipulation of unstable objects is
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was more engaged in fingertip force vector direction control
than in force magnitude control.
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Fig. 3 – Significant activations from the conjunction analysis
between contrasts Compression (T)–Rest (T) and
Compression (noT)–Rest (noT) (cluster-level correction, FWE,
po0.05, number of voxels4400) on three-dimensional
rendering of the anatomical template (SPM-96). The
significant clusters of activations are presented in Table 1.
2. Results

2.1. Task performance

The participants could perform the sustained spring com-
pression task with cutaneous anesthesia of the thumb and
index finger. However, the mean fingertip force with ordinary
sensation was significantly higher (198.8 g740.2 (mean7SD)),
than with anesthesia (166.7 g744.4; p¼0.019) (Fig. 2A). Yet,
the stability of the fingertip forces (SD, see Section 4) during
the plateau periods was similar in the two conditions
(Fig. 2B). In the pilot subgroup of six subjects task perfor-
mance without tactile and visual input was not possible.

2.2. Brain activation with and without tactile input.

2.2.1. Conjunction between contrasts Compression(T)–Rest(T)
and Compression(noT)–Rest(noT)
Conjunction analysis was performed to reveal activations
during the task performance common for both conditions,
i.e., contrasts: Compression(T)–Rest(T) and Compression (noT)–
Rest(noT). A widespread bilateral network of areas was found
(Fig. 3, Table 1). The largest cluster of activation included the left
sensory–motor cortex and supramarginal gyrus. Large clusters
were also observed bilaterally in insula. Both of these later
clusters extended to pallidum, and right – to precentral gyrus
(PMv). On the right side of the brain, the largest cluster of
activation was in the intraparietal sulcus.

2.2.2. Comparison between two conditions
Anasthesia did not cause any decrease in activity in any part
of the brain: comparisons of images during spring compres-
sions in the contrast Compression(T)–Compression(noT),
showed no significant difference.

On the other hand, contrast Compression(noT)–Compres-
sion(T) showed one cluster of significant activation bilaterally
in the dorsal premotor cortex (Fig. 4, Table 1).
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Fig. 2 – A. Mean force (þSE) produced during the performance o
modality. B. Variation of the grip force (mean SD (þSE)). The reco
separate experiment.
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3. Discussion

The aim of the present study was to compare the neural
network for dynamic manipulation during a dexterous task
before and after acute removal of tactile input by a digital
nerve block. We found that brain activity with full access to
tactile information did not exceed cortical activity without
tactile information in any part of the brain: all activity
present with tactile input was also present without tactile
input. This corresponded to a successful task performance in
both conditions as the subjects were able to compress the
spring, albeit to a different level of instability.

In previous studies, anesthesia to the fingers has led to
higher finger forces during manipulation of the stable objects,
presumably to obtain larger safety margins (Westling and
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n network for dynamic manipulation of unstable objects is
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Table 1 – Contrasts*.

Area Cluster-level Peak-level x y z

PFWE T Z

Conjunction between Compression(T)–Rest(T) and Compression(noT)–Rest(noT) conditions
1. Left postcentral gyrus (S1) 0.001 5.45 4.55 �31 �24 36
Left supramarginal gyrus 4.14 3.71 �48 �28 23
Left supramarginal gyrus 4.18 3.71 �55 �31 36
2. Left insula 0.008 5.15 4.36 �41 0 5
Left superior temporal gyrus 3.77 3.40 �41 �14 0
Left pallidum 3.59 3.27 �17 0 5
3. Right insula 0.005 4.22 3.73 45 7 0
Right superior frontal gyrus (PMv) 4.15 3.68 55 7 23
Right pallidum 3.73 3.38 21 0 5
4. Right supramarginal gyrus 0.001 4.21 3.73 58 �21 27
Right intraparietal sulcus 4.15 3.68 41 �45 41
Right supramarginal gyrus 3.98 3.56 48 �24 36
Contrast Compression(noT)–Compression(T)
Right precentral gyrus (PMd) 0.017 4.90 4.20 17 �14 63
Left precentral gyrus (PMd) 3.70 3.35 �21 �17 50

n Cluster-level correction (FWE, po0.05),4400 voxels.

Fig. 4 – Significant activations in the contrast Compression
(noT)–Compression (T) (cluster-level correction, FWE,
po0.05, number of voxels4400) on three-dimensional
rendering of the anatomical template (SPM-96). The
significant clusters of activations are presented in Table 1.
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Johansson, 1984; Johansson and Cole, 1994; Nowak et al., 2001).
An opposite effect is observed for the unstable spring compres-
sion task in the present study: the task is performed with lower
force under local anesthesia. Contrary to the simpler tasks with
stable objects, the spring compression task is constructed to
determine maximal sensorimotor performance capabilities
(Dayanidhi et al., 2013) and is therefore sensitive to deficit in
sensorimotor integration, as reported in a similar sensory
occlusion study (Venkadesan et al., 2007). Since the maximal
sensorimotor performance capability is expressed by the max-
imal level of compression of the spring, lower force is expected
when sensorimotor integration is somewhat compromised as in
case of tactile input block.
Please cite this article as: Pavlova, E., et al., Activity in the brai
robust to acute tactile nerve block: An fMRI study. Brain Resear
The network, activated in both sensory conditions in the
present study, corresponds to a well described network for
object manipulation including sensory–motor and premotor
areas, intraparietal cortex, insula, cerebellum and basal gang-
lia (Binkofski et al., 1999a; Ehrsson et al., 2000, 2001;
Kawashima et al., 1998; Kuhtz-Buschbeck et al., 2001, 2008;
Holmstrom et al., 2011; Mosier et al., 2011). So, similar brain
mechanisms, both with and without tactile information, app-
ear to support on-line task monitoring and operation of the
internal models involved in performance of dexterous tasks.
3.1. Role of other sensory modalities

Participation of the dexterity network in the on-line monitor-
ing of movements supports the idea that, in the absence of
tactile input, other sensory information is responsible for the
activation of these areas. Our experimental paradigm allowed
contribution of visual and muscle spindle afferents to the
dexterity network. However, as it has been shown in previous
studies, when joints and skin are anaesthetized, leaving only
muscle afferents for proprioception, detection of the fingers
position is impaired (Gandevia and McCloskey, 1976;
Gandevia et al., 1983). We can therefore expect a minor
impact of proprioception by muscle spindle afferents when,
as in our study, the subjects compress a slender spring with
anaesthetized fingers.

In the present study motor performance was relatively
preserved in presence of vision but, as we show here in a pilot
subgroup of subjects, was not possible without vision: the
spring flipped out of their hand when trying to compress it. It
has been demonstrated in behavioral and modeling studies
(Jenmalm et al., 1999, 2000; Jenmalm and Johansson, 1997;
Venkadesan et al., 2007) that in the absence of tactile input
vision plays a compensatory role. When a slender spring, fixed
to the table, was compressed by the thumb (Venkadesan et al.,
2007), presence of vision resulted in greater improvement of
n network for dynamic manipulation of unstable objects is
ch (2015), http://dx.doi.org/10.1016/j.brainres.2015.05.016
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performance when tactile information was not present. Jen-
malm et al. have studied adaptation of fingertip forces to a
stable object's shape and curvature. Digital anesthesia caused
little impairment of grip force control when the subjects could
see the objects, but performance was severally impaired with-
out vision and somatosensory input (Jenmalm et al., 1999, 2000;
Jenmalm and Johansson, 1997).

There is also evidence that vision can activate the dexter-
ity network in the absence of the tactile input. Neurons in the
intraparietal cortex, an important part of the dexterity net-
work, have multisensory input and respond both to somato-
sensory and visual stimulation (Colby and Duhamel, 1991;
Galletti et al., 1996; Marconi et al., 2001; Mishkin and
Ungerleider, 1982). It has been shown that the inferior
parietal cortex receives connections from the visual cortex
and sends the efferents to the frontal cortex (Mishkin and
Ungerleider, 1982), where the motor cortices, which also
constitute an essential part of the dexterity network, are
situated. Moreover, the dorsal premotor cortex is one of the
most important targets for the intraparietal cortex, as it has
been shown during visual control of movements in monkeys
(Marconi et al., 2001). Normally this area receives a combina-
tion of somatosensory and visual information from the
medial intraparietal area for the guidance of arm movement
(Colby and Duhamel, 1991; Galletti et al., 1996). The dorsal
premotor cortex, involved in movement preparation, contri-
butes in turn to the activation of the contralateral somato-
sensory cortex, thus supporting corrective movements.

Consequently one can state that in the absence of the
tactile input vision plays a profound role for the activation of
the dexterity network and for performance of the task. And
this compensatory role of vision has been reported for this
task (Venkadesan et al., 2007).

3.2. Why is there an increase in the brain activity after
anasthesia?

Peripheral deafferentation of parts of the body of the adult
mammalian leads to the rapid (minutes to hours) reorganiza-
tion of the somatosensory cortex (Chen et al., 2002). As a
result, the cortical representation of the deafferented body
part is occupied by representation of neighboring body areas.
The main mechanism proposed to explain this rapid cortex
reorganization is unmasking of previously present, but func-
tionally inactive connections. Another possible mechanism,
the growth of new connections, would take longer (He et al.,
2004).

It is shown in several studies that the excitability of the
motor cortex increases after removal of tactile input from the
forearm (Nowak et al., 2001, Brasil-Neto et al., 1992, 1993;
Sadato et al., 1995; Ziemann et al., 1998a, 1998b). Within
minutes after the loss of tactile input, motor-evoked poten-
tials amplitude elicited by transcranial magnetic stimulation
increase several-fold (Brasil-Neto et al., 1992, 1993). In a PET
study an increase of regional cerebral blood flow was
observed in the primary sensorimotor area bilaterally at rest
after transient anesthesia of the right forearm (Sadato et al.,
1995).

Interestingly, in a previous fMRI study, more cortical activity
of the dexterity network was observed when less tactile
Please cite this article as: Pavlova, E., et al., Activity in the brai
robust to acute tactile nerve block: An fMRI study. Brain Resear
information (in the form of smoother contact surfaces for the
springs) was provided during a spring compression task (Talati
et al., 2005). However, changes in surface roughness induce
changes in the nature of the tactile sensation that are likely very
different to the effects of removing all tactile input.

One can speculate that the increase in excitability after
tactile deprivation is not restricted to the primary sensorimotor
area. Tight connectivity patterns between somatosensory cor-
tex, premotor cortex and dexterity network in general provides
the ground for synchronization of excitation changes between
these areas. Increased cortical excitability combined with the
presence of the on-line visual information and higher dexterity
requirements without tactile input might therefore constitute
the mechanism underlying the elevation of the activity in the
premotor cortex after disruption of tactile input. This is a
possible explanation for the results of our study.

3.3. Dorsal premotor cortex

Involvement of the dorsal premotor cortex has been shown in
different contexts when the performance of the motor task is
difficult for the subject. The reason for the task difficulty
could be a neurological deficit (Bestmann et al., 2010; Konrad
et al., 2002; Samuel et al., 1997; van Nuenen et al., 2009) or a
large complexity of the task (Catalan et al., 1998; Sadato et al.,
1996; Winstein et al., 1997). Stronger activation in the dorsal
premotor cortex was also observed in patients with chronic
stroke who had experienced substantial motor recovery such
as improved hand function (Fridman et al., 2004; Johansen-
Berg et al., 2002; Seitz et al., 1998; Weiller et al., 1992).

Since compensatory activation of the dorsal premotor
cortex is persistently found under different circumstances,
e.g. disease and performance of complex tasks, its engage-
ment could reflect the general demand for additional support
during performance of motor tasks difficult for the subject. It
might, for example, reflect a general shift from automatic to
more conscious planning of movements. We could also
speculate that during memory-based sensorimotor transfor-
mation, the incoming sensory information would engage
motor programs formed under more favorable conditions.

3.4. Are there adaptations on the different levels of the
central nervous system?

According to a hierarchical view of motor control (Kawato
et al., 1987; Loeb et al., 1999; Konen and Kastner, 2008)
dexterous manipulation capabilities, such as the compres-
sion of an unstable spring prone to buckling, are likely not
exclusively controlled by the neo- and somatosensory cor-
tices (Lawrence et al., 2014; Lemon, 1993; Schieber, 2011)
but involve also subcortical and spinal structures (Lawrence
et al., 2014). Even if we presume a limited role of the spinal
cord in movement generation in humans, the spinal cord can
certainly shape the motor commands coming from suprasp-
inal structures by gating, inhibiting, or disinhibiting the
behavior of spinal circuitry (Pierrot-Deseilligny and Burke,
2005). Dynamic manipulation tasks (such as spring stabiliza-
tion) occur at time scales for which spino-cortico-spinal
delays would compromise closed-loop control. Neuroanato-
mists and electrophysiologists since the time of Sherrington
n network for dynamic manipulation of unstable objects is
ch (2015), http://dx.doi.org/10.1016/j.brainres.2015.05.016
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have sought to map the circuitry in the spinal cord (Pierrot-
Deseilligny and Burke, 2005) to understand such short-
latency spinally-mediated excitation–inhibition mechanisms
that enable voluntary function. These ideas were supported
in previous studies where the spring compression task was
employed (Mosier et al., 2011, Lawrence et al., 2014). Mosier
et al. (2011) found that the level of instability achieved
showed a strong association with increase in the BOLD sig-
nal in basal ganglia and in the cerebellar–parietal network.
Lawrence et al. (2014) showed that spinal circuits are likely
heavily involved in the regulation of instabilities during spr-
ing compressions. In the present study these findings are
extended: activity was revealed in the basal ganglia, both
with and without tactile input. In addition, performance of
the task on a lower force level in the lack of major changes in
the forebrain dexterity network during loss of tactile input
strongly suggests adaptations at the level of spinal circuitry.
Future studies of cortico-subcortico-spinal connectivity and
spinal excitability are necessary to disambiguate interactions
across hierarchical or distributed levels of neural control for
different sensory conditions and manipulation tasks.

3.5. Potential limitations

One of the limitations of our study can be a uniformed order
of condition presentation: conditions without tactile input
were always performed after conditions with tactile input. It
can theoretically results in the learning effects in conditions
without tactile input. However, we consider this possibility as
negligible, as the subjects were trained in spring compression
to reach a stable level before the first behavioral session.

Lack of learning is confirmed in the behavioral experi-
ments performed before and after fMRI sessions: lower force
is observed in the spring compression test with the tactile
block, which corresponds to lower dexterity.

3.6. Conclusions

Our finding that all brain activity present during performance
of a motor task with full access to sensory information is also
present after digital anesthesia indicates robustness of the
brain to acute loss of tactile input. This finding in combina-
tion with a compensatory activation of the right premotor
cortex, can explain a relatively well-preserved fine motor
control after acute tactile deafferentation, which is so critical
to robust manipulation abilities under a variety of sensory
conditions in everyday life.

Further experiments are necessary to delineate which
other sensory modalities, in addition to tactile, and which
other circuits, in addition to cortical, participate in monitor-
ing of the fine motor movements performance.
4. Experimental procedures

4.1. Subjects

Twenty-one subjects without previous history of neurological
disorders participated in the study. Two subjects were
excluded from the analysis because of movement artifacts,
Please cite this article as: Pavlova, E., et al., Activity in the brai
robust to acute tactile nerve block: An fMRI study. Brain Resear
and one subject because instructions were not followed.
Eighteen subjects (20–49 years, mean age 33 years, 6 males,
12 females) were included in the final analysis. All subjects
were right-handed, handedness was tested with the Edin-
burgh Hand Inventory. The Ethical Committee of the Karo-
linska Hospital (Stockholm) approved the study, and all
subjects gave informed consent.

4.2. A spring compression task

A spring compression task was employed under two sensory
conditions: with and without local anesthesia to the thumb
and index finger. Validity of the spring compression task as
an instrument to measure dexterity has been shown in
several studies (Valero-Cuevas et al., 2003; Dayanidhi et al.,
2013; Pavlova et al., 2014). Subjects were placed in a supine
position in an MR scanner. Subjects used low forces (below
300 g) of the thumb and index finger to compress a compliant,
MR-compatible non-ferromagnetic spring of stainless steel
(Fig. 1A). Because the instability of the spring increases as it is
compressed, reaching and holding for 15 s the maximal level
of compression (just before buckling or pressing all coils
together) is indicative of the maximal level of instability the
nervous system can control. The subjects could observe their
hand during the task via a mirror. Two types of instructions
to the subjects were given via headphones: 1) compress the
spring as far as possible and hold the compression (instruc-
tion I); 2) lie still while simply holding the spring without
compressing it (instruction II).

4.3. Experimental design

During data acquisition, 10 cycles of spring compressions
were performed for each sensory condition (i.e. with and wit-
hout local anesthesia). Every cycle consisted of 5 s of verbal
instruction I, 15 s of sustained spring compression, 5 s of ver-
bal instructions II and 15 s of rest (Fig. 1B). Conditions with
full sensory control always preceded those with cutaneous
anesthesia.

4.4. Digital anesthesia

The patient table of the scanner was pulled out, while the
subject remained in the same position and was instructed
to avoid displacement of the head. A digital nerve block was
applied by injection of Lidocaine, (2-(dietylamino)-N-(2,6-dime-
tylfenyl)acetamid) at the base of the index finger and the base
of the thumb on the right hand. The motor nerves to the
muscles used to perform the task remained unaffected thro-
ughout the trial. Total loss of sensation (touch, pressure and
nociception) of the fingertips was tested and confirmed bef-
ore the second part of the experiment. This procedure took
about 15 min.

4.5. Fingertip forces

Fingertip forces (Fig. 1B) were recorded by two miniature
compression load cells (ELFF B4-10L, Measurement Specialties,
Hampton, VA) mounted on the spring endcaps and a represen-
tative force time series was created based on an average of the
n network for dynamic manipulation of unstable objects is
ch (2015), http://dx.doi.org/10.1016/j.brainres.2015.05.016
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measured index finger and thumb force time series using a
custom MATLAB© program (Mathworks, Natick, MA). These
forces are used as dexterity measure, for details see Dayanidhi
et al. (2013). The fingertip forces were captured in separate
sessions outside the MR scanner using a mock MR scanner
under the same conditions as in the fMRI experiment. The
participants were lying supine in the scanner with the MR coil
around their heads while they observed their hand via a mirror).
Initial 10min training was allowed, which led to a stable
performance. Fingertip forces were measured first with full
sensation before the recordings in the MR scanner. Second,
fingertip forces were measured after the MR recordings were
completed and while the fingers were still anesthetized. Ten
cycles of compressions were recorded in each session. A subset
of subjects (n¼6) were asked to try to perform the task with
closed eyes when the fingers were anaesthetized.

As no further learning was expected after the initial
training (Venkadesan et al., 2007), and as conditions of the
task performance were very similar in the mock and real
scanners, we extrapolated the data obtained in these beha-
vioral experiments to the performance during MR scanning.

4.6. Brain imaging

Whole-brain imaging was conducted on a 1.5T scanner
(Sigma Excite, GE Medical Systems, Milwaukee, WI, USA)
equipped with an eight-channel head coil. First, a high-
resolution three-dimensional spoiled gradient echo T1-
weighted anatomical image volume was collected (voxel size
1�1�1 mm3). Then functional images were collected using a
gradient-echo, echo-planar (EPI) T2nweighted sequence with
blood oxygenation level-dependent (BOLD) contrast
(Logothetis, 2001). The following scanning parameters were
used: echo time (TE)¼40 ms, field of view (FOV)¼22 cm,
matrix size¼64�64, flip angle¼901, repetition time (TR)¼
2.5 s. Twenty-nine continuous axial slices of 5-mm thickness
were collected in each volume.

fMRI data were collected in four separate runs. Between the
first two runs and the second two runs local anesthesia of the
first and second digit was performed. For each run a total of 160
images were collected. The total duration of each run was 410 s,
which corresponded to 10 spring compression cycles. To allow
for equilibration effect, four “dummy” volumes were scanned,
but not saved, at the beginning of each run.

4.7. Data analysis

Behavioral data were analyzed in a MATLAB© program. We
identified the sustained compression phases based on the com-
pression force magnitude and rate of change (i.e., first time
derivative of force). We defined the sustained compression
phase as the period of time during each hold attempt for which
the force rate was bounded within one standard deviation of
the mean force rate. The start was identified when the rate was
close to zero and the end when the rate went out of bounds and
the force dropped towards baseline. As in previous studies by
Venkadesan et al. (2007) and Dayanidhi et al. (2013), the mean of
the force during the sustained compression was calculated for
all the hold attempts for each subject. Mean force values and
standard deviations (SD) were calculated for each plateau period
Please cite this article as: Pavlova, E., et al., Activity in the brai
robust to acute tactile nerve block: An fMRI study. Brain Resear
separately for two fingers and averaged thereafter. After this,
means over all plateaus were obtained for each sensory condi-
tion for each individual.

The fMRI data were processed and analyzed in SPM8
(Welcome Department of Imaging Neuroscience, London,
UK). The fMRI volumes were realigned, co-registered to each
individual's anatomical T1-weighted image, segmented, nor-
malized to the Montreal Neurological Institute (MNI) template
brain and spatially smoothed with an isotropic Gaussian filter
of 8 mm full-width-at-half-maximum (FWHM).

We estimated the task specific effects using the general
linear model (GLM) (Worsley and Friston, 1995). Periods, when
the spring was compressed (15 s), as well as rest periods (15 s)
were entered as regressors into the model, separately for
each run. Six movement parameters from each run, repre-
senting six degrees of freedom, were modeled to reduce the
effect of the head displacement. Periods of verbal instructions
(5 s) were also included as regressors and thereafter disre-
garded in the analysis. A 128-s high-pass filter was used to
remove signal drifts. Canonical hemodynamic response func-
tion was employed in the model.

Fixed-effect analysis was performed to delineate the signifi-
cant activations on the individual level. The significance of the
condition-specific effects was assessed using t-statistics for every
voxel of the brain to create statistical parametric maps. Two
linear contrasts in which the tactile condition was contrasted to
the corresponding rest were created: 1) Compression(T)–Rest(T)
and 2) Compression(noT)–Rest(noT), where T and noT stand for
conditions with and without tactile input, respectively.

A second-level random effect analysis was then done to
allow inferences on the group level. Full factorial design with
the factor Compression with two levels was used. Individual
images from the fixed-effect analysis were entered for each
level. Change in force between two conditions (recorded during
spring compressions outside the MR camera) was entered as a
covariate. Four contrasts were created: 1) Compression(T)–Rest
(T) and 2) Compression (noT)–Rest(noT); 3) Compression(T)–
Compression (noT) and 4) Compression(noT)–Compression(T).

To reveal the overlap in brain activity in two sensory condi-
tions, we conducted a “minimum statistic compared to the
conjunction null” analysis (Nichols et al., 2005) in SPM5 (option
Conjunction). Correction for multiple comparisons on a cluster
level (FWE, po0.05) was used to control for false positives.

Labeling of the activation regions was done with the help
of the SPM anatomy toolbox (Eickhoff et al., 2005) and
probability maps from Mayka et al. (2006).
Conflict of interest statement

Francisco J. Valero-Cuevas holds US Patent no. 6,537,075 on
some of the technology used, but has no active or pending
licensing agreements with any commercial entity. All other
authors report no conflicts of interest.
Acknowledgments

We acknowledge Rita Almeida for consulting in statistical
analysis. The work is supported by Promobilia, ALF and
n network for dynamic manipulation of unstable objects is
ch (2015), http://dx.doi.org/10.1016/j.brainres.2015.05.016

http://dx.doi.org/10.1016/j.brainres.2015.05.016
http://dx.doi.org/10.1016/j.brainres.2015.05.016
http://dx.doi.org/10.1016/j.brainres.2015.05.016


b r a i n r e s e a r c h ] ( ] ] ] ] ) ] ] ] – ] ] ]8
Norrbacka-Eugenia foundations, Swedish Research Council
(5925), Swedish Brain Foundation, Swedish Foundation for
Strategic Research, Berzelii Center Stockholm Brain Institute
(Vinnova & Swedish Research Council), Strategic Neu-
roscience Program at Karolinska Institutet and Foundation
Frimurarna Barnhuset. Research reported in this publication
was supported in part by NIAMS of the National Institutes of
Health under award numbers R01AR050520 and R01AR052345
Grants to FVC. The content is solely the responsibility of the
authors and does not necessarily represent the official views
of Karolinska Institute or the National Institutes of Health.

r e f e r e n c e s

Bestmann, S., Swayne, O., Blankenburg, F., Ruff, C.C., Teo, J.,

Weiskopf, N., Driver, J., Rothwell, J.C., Ward, N.S., 2010. The

role of contralesional dorsal premotor cortex after stroke as

studied with concurrent TMS-fMRI. J. Neurosci. 30,

11926–11937.
Binkofski, F., Buccino, G., Posse, S., Seitz, R.J., Rizzolatti, G.,

Freund, H., 1999a. A fronto-parietal circuit for object

manipulation in man: evidence from an fMRI-study. Eur. J.

Neurosci. 11, 3276–3286.
Binkofski, F., Buccino, G., Stephan, K.M., Rizzolatti, G., Seitz, R.J.,

Freund, H.J., 1999b. A parieto-premotor network for object

manipulation: evidence from neuroimaging. Exp. Brain Res.

128, 210–213.
Brasil-Neto, J.P., Cohen, L.G., Pascual-Leone, A., Jabir, F.K., Wall, R.

T., Hallett, M., 1992. Rapid reversible modulation of human

motor outputs after transient deafferentation of the forearm:

a study with transcranial magnetic stimulation. Neurology 42,

1302–1306.
Brasil-Neto, J.P., Valls-Sole, J., Pascual-Leone, A., Cammarota, A.,

Amassian, V.E., Cracco, R., Maccabee, P., Cracco, J., Hallett, M.,

Cohen, L.G., 1993. Rapid modulation of human cortical motor

outputs following ischaemic nerve block. Brain 116 (Pt 3),

511–525.
Catalan, M.J., Honda, M., Weeks, R.A., Cohen, L.G., Hallett, M.,

1998. The functional neuroanatomy of simple and complex

sequential finger movements: a PET study. Brain 121, 253–264,

Pt 2.
Chen, R., Cohen, L.G., Hallett, M., 2002. Nervous system

reorganization following injury. Neuroscience 111, 761–773.
Colby, C.L., Duhamel, J.R., 1991. Heterogeneity of extrastriate

visual areas and multiple parietal areas in the macaque

monkey. Neuropsychologia 29, 517–537.
Dayanidhi, S., Hedberg, A., Valero-Cuevas, F.J., Forssberg, H., 2013.

Developmental improvements in dynamic control of fingertip

forces last throughout childhood and into adolescence. J.

Neurophysiol. 110, 1583–1592.
Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G.R.,

Amunts, K., et al., 2005. A new SPM toolbox for combining

probabilistic cytoarchitectonic maps and functional imaging

data. NeuroImage 25, 1325–1335.
Ehrsson, H.H., Fagergren, A., Jonsson, T., Westling, G., Johansson,

R.S., Forssberg, H., 2000. Cortical activity in precision- versus

power-grip tasks: an fMRI study. J. Neurophysiol. 83, 528–536.
Ehrsson, H.H., Fagergren, E., Forssberg, H., 2001. Differential

fronto-parietal activation depending on force used in a

precision grip task: an fMRI study. J. Neurophysiol. 85,

2613–2623.
Flanagan, J.R., Bowman, M.C., Johansson, R.S., 2006. Control

strategies in object manipulation tasks. Curr. Opin. Neurobiol.

16, 650–659.
Please cite this article as: Pavlova, E., et al., Activity in the brai
robust to acute tactile nerve block: An fMRI study. Brain Resear
Fridman, E.A., Hanakawa, T., Chung, M., Hummel, F., Leiguarda, R.

C., Cohen, L.G., 2004. Reorganization of the human ipsilesional

premotor cortex after stroke. Brain 127, 747–758.
Galletti, C., Fattori, P., Battaglini, P.P., Shipp, S., Zeki, S., 1996.

Functional demarcation of a border between areas V6 and V6A

in the superior parietal gyrus of the macaque monkey. Eur. J.

Neurosci. 8, 30–52.
Gandevia, S.C., McCloskey, D.I., 1976. Joint sense, muscle sense,

and their combination as position sense, measured at the

distal interphalangeal joint of the middle finger. J Physiol 260,

387–407.
Gandevia, S.C., Hall, L.A., McCloskey, D.I., Potter, E.K., 1983.

Proprioceptive sensation at the terminal joint of the middle

finger. J Physiol. 335, 507–517.
He, H.Y., Rasmusson, D.D., Quinlan, E.M., 2004. Progressive

elevations in AMPA and GABAA receptor levels in deafferented

somatosensory cortex. J. Neurochem. 90, 1186–1193.
Holmstrom, L., de Manzano, O., Vollmer, B., Forsman, L., Valero-

Cuevas, F.J., Ullen, F., Forssberg, H., 2011. Dissociation of brain

areas associated with force production and stabilization

during manipulation of unstable objects. Exp. Brain Res. 215,

359–367.
Jenmalm, P., Dahlstedt, S., Johansson, R., 1999. Visual and tactile

information about curvature of grasped surfaces control

manipulative fingertip forces. Acta Physiol. Scand. 167,

A25–A26.
Jenmalm, P., Dahlstedt, S., Johansson, R.S., 2000. Visual and tactile

information about object-curvature control fingertip forces

and grasp kinematics in human dexterous manipulation. J.

Neurophysiol. 84, 2984–2997.
Jenmalm, P., Johansson, R.S., 1997. Visual and somatosensory

information about object shape control manipulative fingertip

forces. J. Neurosci. 17, 4486–4499.
Johansen-Berg, H., Rushworth, M.F., Bogdanovic, M.D., Kischka,

U., Wimalaratna, S., Matthews, P.M., 2002. The role of

ipsilateral premotor cortex in hand movement after stroke.

Proc. Natl. Acad. Sci. USA 99, 14518–14523.
Johansson, R.S., Cole, K.J., 1994. Grasp stability during

manipulative actions. Can. J. Physiol. Pharmacol. 72, 511–524.
Johansson, R.S., Flanagan, J.R., 2009. Coding and use of tactile

signals from the fingertips in object manipulation tasks. Nat.

Rev. Neurosci. 10, 345–359.
Kawashima, R., Matsumura, M., Sadato, N., Naito, E., Waki, A.,

Nakamura, S., Matsunami, K., Fukuda, H., Yonekura, Y., 1998.

Regional cerebral blood flow changes in human brain related

to ipsilateral and contralateral complex hand movements – a

PET study. Eur. J. Neurosci. 10, 2254–2260.
Kawato, M., Furukawa, K., Suzuki, R., 1987. A hierarchical neural-

network model for control and learning of voluntary

movement. Biol. Cybern. 57, 169–185.
Konen, C.S., Kastner, S., 2008. Two hierarchically organized neural

systems for object information in human visual cortex. Nat.

Neurosci. 11, 224–231.
Konrad, C., Henningsen, H., Bremer, J., Mock, B., Deppe, M.,

Buchinger, C., Turski, P., Knecht, S., Brooks, B., 2002. Pattern of

cortical reorganization in amyotrophic lateral sclerosis: a

functional magnetic resonance imaging study. Exp. Brain Res.

143, 51–56.
Kuhtz-Buschbeck, J.P., Ehrsson, H.H., Forssberg, H., 2001. Human

brain activity in the control of fine static precision grip forces:

an fMRI study. Eur. J. Neurosci. 14, 382–390.
Kuhtz-Buschbeck, J.P., Gilster, R., Wolff, S., Ulmer, S., Siebner, H.,

Jansen, O., 2008. Brain activity is similar during precision and

power gripping with light force: an fMRI study. NeuroImage

40, 1469–1481.
Lawrence, E.L., Fassola, I., Werner, I., Leclercq, C., Valero-Cuevas,

F.J., 2014. Quantification of dexterity as the dynamical
n network for dynamic manipulation of unstable objects is
ch (2015), http://dx.doi.org/10.1016/j.brainres.2015.05.016

http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref1
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref1
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref1
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref1
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref1
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref2
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref2
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref2
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref2
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref3
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref3
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref3
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref3
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref4
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref4
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref4
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref4
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref4
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref5
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref5
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref5
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref5
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref5
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref7
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref7
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref7
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref7
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref8
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref8
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref9
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref9
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref9
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref10
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref10
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref10
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref10
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref11
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref11
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref11
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref11
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref12
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref12
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref12
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref13
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref13
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref13
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref13
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref14
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref14
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref14
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref16
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref16
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref16
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref17
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref17
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref17
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref17
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref101
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref101
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref101
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref101
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref102
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref102
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref102
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref18
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref18
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref18
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref19
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref19
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref19
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref19
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref19
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref21
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref21
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref21
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref21
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref22
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref22
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref22
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref22
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref23
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref23
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref23
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref25
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref25
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref25
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref25
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref26
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref26
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref27
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref27
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref27
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref28
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref28
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref28
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref28
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref28
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref29
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref29
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref29
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref32
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref32
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref32
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref33
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref33
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref33
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref33
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref33
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref34
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref34
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref34
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref35
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref35
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref35
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref35
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref38
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref38
http://dx.doi.org/10.1016/j.brainres.2015.05.016
http://dx.doi.org/10.1016/j.brainres.2015.05.016
http://dx.doi.org/10.1016/j.brainres.2015.05.016


b r a i n r e s e a r c h ] ( ] ] ] ] ) ] ] ] – ] ] ] 9
regulation of instabilities: comparisons across gender, age,
and disease. Front. Neurol. 5, 53.

Lemon, R.N., 1993. The G.L. Brown Prize Lecture. Cortical control
of the primate hand. Exp. Physiol. 78, 263–301.

Loeb, G.E., Brown, I.E., Cheng, E.J., 1999. A hierarchical foundation
for models of sensorimotor control. Exp. Brain Res. 126, 1–18.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., Oeltermann, A.,
2001. Neurophysiological investigation of the basis of the fMRI
signal. Nature 12, 150–157.

Mayka, M.A., Corcos, D.M., Leurgans, S.E., Vaillancourt, D.E., 2006.
Three-dimensional locations and boundaries of motor and
premotor cortices as defined by functional brain imaging: a
meta-analysis. NeuroImage 31, 1453–1474.

Marconi, B., Genovesio, A., Battaglia-Mayer, A., Ferraina, S.,
Squatrito, S., Molinari, M., Lacquaniti, F., Caminiti, R., 2001.
Eye-hand coordination during reaching. I. Anatomical
relationships between parietal and frontal cortex. Cereb.
Cortex 11, 513–527.

Mishkin, M., Ungerleider, L.G., 1982. Contribution of striate inputs
to the visuospatial functions of parieto-preoccipital cortex in
monkeys. Behav. Brain Res. 6, 57–77.

Mosier, K., Lau, C., Wang, Y., Venkadesan, M., Valero-Cuevas, F.J.,
2011. Controlling instabilities in manipulation requires
specific cortical–striatal–cerebellar networks. J. Neurophysiol.
105, 1295–1305.

Nichols, T., Brett, M., Andersson, J., Wager, T., Poline, J.B., 2005.
Valid conjunction inference with the minimum statistic.
Neuroimage, 653–660.

Nowak, D.A., Hermsdorfer, J., Glasauer, S., Philipp, J., Meyer, L.,
Mai, N., 2001. The effects of digital anaesthesia on predictive
grip force adjustments during vertical movements of a
grasped object. Eur. J. Neurosci. 14, 756–762.

Pavlova, E., Kuo, M.F., Nitsche, M.A., Borg, J., 2014. Transcranial
direct current stimulation of the premotor cortex: effects on
hand dexterity. Brain Res. 12, 52–62.

Pierrot-Deseilligny, E., Burke, D., 2005. The Circuitry of the Human
Spinal Cord: Its Role in Motor Control and Movement
Disorders. Cambridge University Press, UK.

Sadato, N., Campbell, G., Ibanez, V., Deiber, M., Hallett, M., 1996.
Complexity affects regional cerebral blood flow change during
sequential finger movements. J. Neurosci. 16, 2691–2700.

Sadato, N., Zeffiro, T.A., Campbell, G., Konishi, J., Shibasaki, H.,
Hallett, M., 1995. Regional cerebral blood flow changes in
Please cite this article as: Pavlova, E., et al., Activity in the brai
robust to acute tactile nerve block: An fMRI study. Brain Resear
motor cortical areas after transient anesthesia of the forearm.

Ann. Neurol. 37, 74–81.
Samuel, M., Ceballos-Baumann, A.O., Blin, J., Uema, T., Boecker,

H., Passingham, R.E., Brooks, D.J., 1997. Evidence for lateral

premotor and parietal overactivity in Parkinson’s disease

during sequential and bimanual movements. A PET study.

Brain 120 (Pt 6), 963–976.
Schieber, M.H., 2011. Dissociating motor cortex from the motor. J.

Physiol. 589, 5613–5624.
Seitz, R.J., Hoflich, P., Binkofski, F., Tellmann, L., Herzog, H.,

Freund, H.J., 1998. Role of the premotor cortex in recovery

from middle cerebral artery infarction. Arch. Neurol. 55,

1081–1088.
Talati, A., Valero-Cuevas, F.J., Hirsch, J., 2005. Visual and tactile

guidance of dexterous manipulation tasks: an fMRI study.

Percept. Mot. Skills 101, 317–334.
Valero-Cuevas, F.J., Smaby, N., Venkadesan, M., Peterson, M.,

Wright, T., 2003. The strength–dexterity test as a measure of

dynamic pinch performance. J. Biomech. 36, 265–270.
van Nuenen, B.F., van Eimeren, T., van der Vegt, J.P., Buhmann, C.,

Klein, C., Bloem, B.R., Siebner, H.R., 2009. Mapping preclinical

compensation in Parkinson’s disease: an imaging genomics

approach. Mov. Disord. 24 (Suppl. 2), S703–S710.
Venkadesan, M., Guckenheimer, J., Valero-Cuevas, F.J., 2007.

Manipulating the edge of instability. J. Biomech. 40, 1653–1661.
Weiller, C., Chollet, F., Friston, K.J., Wise, R.J., Frackowiak, R.S.,

1992. Functional reorganization of the brain in recovery from

striatocapsular infarction in man. Ann. Neurol. 31, 463–472.
Westling, G., Johansson, R.S., 1984. Factors influencing the force

control during precision grip. Exp Brain Res 53, 277–284.
Winstein, C.J., Grafton, S.T., Pohl, P.S., 1997. Motor task difficulty

and brain activity: investigation of goal-directed reciprocal

aiming using positron emission tomography. J. Neurophysiol.

77, 1581–1594.
Worsley, K.J., Friston, K.J., 1995. Analysis of fMRI time-series

revisited–again. NeuroImage 2, 173–181.
Ziemann, U., Corwell, B., Cohen, L.G., 1998a. Modulation of

plasticity in human motor cortex after forearm ischemic

nerve block. J. Neurosci. 18, 1115–1123.
Ziemann, U., Hallett, M., Cohen, L.G., 1998b. Mechanisms of

deafferentation-induced plasticity in human motor cortex. J.

Neurosci. 18, 7000–7007.
n network for dynamic manipulation of unstable objects is
ch (2015), http://dx.doi.org/10.1016/j.brainres.2015.05.016

http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref38
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref38
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref39
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref39
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref40
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref40
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref104
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref104
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref104
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref41
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref41
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref41
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref41
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref42
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref42
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref42
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref42
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref42
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref43
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref43
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref43
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref45
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref45
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref45
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref45
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref103
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref103
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref103
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref47
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref47
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref47
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref47
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref48
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref48
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref48
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref49
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref49
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref49
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref51
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref51
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref51
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref52
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref52
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref52
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref52
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref53
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref53
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref53
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref53
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref53
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref54
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref54
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref55
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref55
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref55
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref55
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref56
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref56
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref56
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref57
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref57
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref57
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref58
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref58
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref58
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref58
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref59
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref59
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref60
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref60
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref60
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref105
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref105
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref61
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref61
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref61
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref61
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref62
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref62
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref63
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref63
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref63
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref64
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref64
http://refhub.elsevier.com/S0006-8993(15)00402-3/sbref64
http://dx.doi.org/10.1016/j.brainres.2015.05.016
http://dx.doi.org/10.1016/j.brainres.2015.05.016
http://dx.doi.org/10.1016/j.brainres.2015.05.016

	Activity in the brain network for dynamic manipulation of unstable objects is robust to acute tactile nerve block: An...
	Introduction
	Results
	Task performance
	Brain activation with and without tactile input.
	Conjunction between contrasts Compression(T)–Rest(T) and Compression(noT)–Rest(noT)
	Comparison between two conditions


	Discussion
	Role of other sensory modalities
	Why is there an increase in the brain activity after anasthesia?
	Dorsal premotor cortex
	Are there adaptations on the different levels of the central nervous system?
	Potential limitations
	Conclusions

	Experimental procedures
	Subjects
	A spring compression task
	Experimental design
	Digital anesthesia
	Fingertip forces
	Brain imaging
	Data analysis

	Conflict of interest statement
	Acknowledgments
	References




