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ARTICLE INFO ABSTRACT

Keywords:

An important tactile function is the active detection of small-scale features, such as edges or asperities, which

fMRI depends on fine hand motor control. Using a resting-state fMRI paradigm, we sought to identify the functional

Functional connectivity
Perceptual learning
Resting-state network
Somatosensory

connectivity of the brain network engaged in mapping tactile inputs to and from regions engaged in motor
preparation and planning during active touch. Human participants actively located small-scale tactile features
that were rendered by a computer-controlled tactile display. To induce rapid perceptual learning, the contrast

between the target and the surround was reduced whenever a criterion level of success was achieved, thereby
raising the task difficulty. Multiple cortical and subcortical neural connections within a parietal-cerebellar-
frontal network were identified by correlating behavioral performance with changes in functional connectiv-
ity. These cortical areas reflected perceptual, cognitive, and attention-based processes required to detect and use
small-scale tactile features for hand dexterity.

1. Introduction

During the dexterous manipulation and exploration of rigid objects,
touch can detect many relevant features that are not available to the
other senses. Concomitantly, the successful identification of objects by
touch relies on the detection of small-scale features that are at the origin
of their surface topography and of their structural geometry. In other
words, rapid manipulation and object identification fundamentally
depend on locating small-scale geometric features such as edges and
asperities. In the course of these activities, tactile information guides
goal-oriented motor control, while at the same time, specific motor ac-
tions enhance accrued tactile information.

Studies which have examined sensorimotor transformations in the
coordination of grasping forces (Ehrsson et al., 2003; Schmitz et al.,
2005) suggest that updating sensorimotor representations for feedfor-
ward control involves a fronto-parietal network, whereas updating for
feedback control involves the cerebellum and cingulate cortex. In
addition to the primary and secondary somatosensory cortices, areas SI
and SII, regions involved in the sensorimotor network include the visual
cortex (Ricciardi et al., 2007; Sani et al., 2010), intraparietal sulcus
(Bremmer et al., 2001; Wacker et al., 2011), inferior frontal gyrus
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(Stoesz et al., 2003), prefrontal cortex (Pleger et al., 2006), premotor
cortex, supplementary motor area and the cerebellum (Blakemore et al.,
1999; Bremmer et al., 2001; van Boven et al., 2005). These regions have
been found to show increased activation during the perception of haptic
properties.

A recent study on perceptual learning during haptic spatial
discrimination suggested that perceptual learning depends on plasticity
of perceptual readout by decision processes. Greater activation after
training was found in pre-SMA, putamen, cerebellum and thalamic
motor nuclei (Sathian et al., 2013). Effective connectivity analysis
determined that the majority of paths in which connection weights
changed after perceptual learning involved posterior parietal, prefron-
tal, or subcortical regions implicated in motor and/or decision pro-
cesses. Therefore, we hypothesized that perceptual learning to actively
identify small-scale geometric features in the workspace would require
an increase in functional connectivity (FC) between brain areas involved
in somatosensory processing and those engaged in motor-related deci-
sion processes.

Numerous studies have also shown that brain networks linked to the
cerebellum play a major role in the transformation of somatosensory
signals into motor commands and in sensorimotor learning (Shadmehr
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and Holcomb, 1997; Imamizu et al. 2000, 2003; Nezafat et al., 2001;
Ehrsson et al., 2003; Schmitz et al., 2005; Vahdat et al., 2011 Herzfeld
et al., 2014; Babadi et al., 2021). Thus, we hypothesized that the func-
tional connectivity (FC) between the cerebellum and regions active
during somatosensory processing would increase following tactile
perceptual learning.

We analyzed FC in the resting-state network before and after learning
to investigate network connections engaged in the transformations from
touch to action and action to touch. Our paradigm was based on the
well-accepted assumption that, after learning, a remnant connectivity
trace remains among the regions of the brain associated with the per-
formance of a sensorimotor task (Albert et al., 2009; Vahdat et al., 2011;
van Vugt et al., 2020). To induce rapid tactile perceptual learning, we
created a task with a tactile display device that was programmed to
render a strip of isolated small-scale tactile features set against a sur-
rounding region populated with similar small scale features. The device
could be moved freely for searching. When the scale of the surround
features was low compared to the strip, participants could effortlessly
locate the strip. However, the search was made increasingly more
difficult by increasing the scale of the surround features, hence
decreasing contrast. Resting-state fMRI was conducted before and after
exploration and learning sessions to identify changes in FC associated
with learning. A behavioral performance index quantified the amount of
learning and was incorporated into the analysis as a constraint to
exclude network connections for which the change in FC was uncorre-
lated with behavioral performance. This ensured that changes in FC that
were unrelated to the perceptual learning task were excluded in the
learning network.

2. Materials and methods
2.1. Participants

Sixteen right-hand dominant participants (nine female, seven male,
age: 25.2 + 3.7) with no neurological conditions and no prior experi-
ence with the task took part in this study which was approved by the
Kantonale Ethikkommission Ziirich and conducted in accordance with
the Declaration of Helsinki. The study was conducted at the Neurora-
diology Clinic of the Universitatspital Ziirich. All participants gave
written informed consent to the procedures.
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2.2. Experimental setup

2.2.1. Apparatus

We employed a high-resolution tactile display that operated on the
principle of distributed differential traction on the fingertip skin (Latero,
Tactile Labs, Montréal Canada). This device, illustrated in Fig. 1A,
delivered fine spatiotemporal tactile stimuli using an 8 x 8 matrix of
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Fig. 2. A. Traction array consists of 64 traction elements arranged in an 8 x 8
matrix. B. Traction elements can be deflected to the left or right stretching the
glabrous skin of the index finger. C. Movement of the slider over a distance
equal to the spacing of 3 traction columns results in the traction elements of
columns 5 to 7 deflecting to the right, creating the illusion of passing over
a ridge.
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Fig. 1. A. Latero (lateral traction array) consists of a mouse-like slider in which traction elements are incorporated and moves over a horizontal surface. B. Schematic
of the Latero. The black square represents the traction array where the finger is placed. The dashed lines represent a possible location of the target strip. C. General

experimental protocol and sequence of procedures.
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traction elements spaced 1.2 mm apart (Fig. 2A). The display produced
subsurface strains in the glabrous skin of the tip of the right index finger
(Fig. 2B) by imposing traction gradients at the boundary of the skin
within a region of one square centimeter (see Wang and Hayward (2010)
for technical details). The Latero display device has been shown to
provide vivid and highly repeatable tactile stimuli in a variety of settings
(Hayward et al., 2014; Konkle et al., 2009; Petit et al., 2008). The
display head, on which the fingertip rested for stimulation, was housed
in a contoured slider (8 cm x 6 cm x 10 cm) which glided over a smooth
Teflon surface, approximately 30 cm x 20 cm (Fig. 1A). The slider was
gripped between the thumb and remaining fingers and moved in a
similar fashion to a computer mouse. The position of the display head
was measured via a lightweight two-link arm instrumented with
high-resolution optical encoders (Fig. 1B). The position data were ac-
quired at 250 Hz.

2.2.2. Stimuli

The activation of the traction elements was controlled in such
fashion that the resulting sensation was that of brushing over closely
spaced raised features fixed in space not unlike the bristles of a brush.
The target stimulus was an 8.4 mm strip oriented along a sagittal axis
(Fig. 1B), which was generated by deflecting successive columns of the
traction elements as the slider moved over the target strip (Fig. 2C). The
amplitude of the commanded deflection of the traction elements was
kept constant over the target strip. The amplitude of the deflection
outside of the target strip was initially zero but could be increased to
create tactile “noise” relative to the tactile “signal” representing the
target strip.

2.3. Learning procedure

Each session began with a 5-min baseline task during which partic-
ipants were instructed to slide the display head back and forth to explore
the entire workspace. Vision was occluded by means of opaque ski
goggles such that subjects were forced to rely solely on somatosensation
to perform all tasks. During an initial baseline exploration task, the
features rendered by the traction elements were varied in a random
manner as a function of region of the workspace and elapsed time. The
objective of the baseline task was to provide the sensation of differences
in small-scale tactile features without linking sensation to discrimina-
tion or goal-directed movement. Thus, the baseline task provided so-
matosensory input to the brain without perceptual learning. The
baseline task was followed immediately by a pre-learning resting-state
fMRI scan which took place in the adjacent MRI suite. The pre-learning
scan provided a reference baseline for changes in FC after learning by
accounting for the baseline level of functional connectivity related
purely to the somatosensory input. The pre-learning scan was followed
by a perceptual learning task which was immediately followed by a post-
learning resting-state scan aimed to monitor changes in functional
connectivity (AFC) associated with perceptual learning.

The participants learned to discriminate the strip from the surround
by actively searching. A pilot experiment determined that 40% of the
maximum deflection was sufficient to unambiguously locate the strip
when the deflection in the surround was zero, i.e. when the surround
was smooth. This value was kept constant for the target strip throughout
training. Participants moved the slider at their preferred speed under the
constraint that they locate the target strip within 10 s. They were
instructed to stop at the location where they perceived the target strip
and if correct, the target strip was randomly moved to a new location
500 ms later. If they did not correctly locate the target strip within 10 s,
the trial was designated as unsuccessful and the target strip was
immediately moved to a new random location. The new position of the
target strip alternated between the left and right half of the workspace.
Training was administered in blocks of eight trials. Initially, the traction
elements were only deflected over the target strip such that there were
no perceived tactile features outside of the target strip. Subsequently, if
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the participant succeeded in correctly locating the strip for at least five
trials within a block, tactile noise was introduced outside the target strip
by incrementing the deflection amplitude of the traction elements by
3.125% of their deflection amplitude over the target strip. This reduced
the tactile contrast between the target strip and the surround. This
allowed for 30 possible tactile noise levels, i.e. ranging from 0 to
90.375% of the deflection amplitude over the target strip (tactile signal).
If the participant did not succeed on at least five trials, the tactile noise
remained unchanged. The perceptual learning session was divided into
two 10-min segments separated by a short break.

2.4. Experimental procedure

Immediately after completing the baseline task, participants under-
went a pre-learning fMRI scan in an adjoining MRI suite. This scan re-
flected the state of the participant’s brain, untrained, yet adapted to the
stimuli. Upon completion of the pre-learning scan, participants engaged
in the perceptual learning task and, thereafter, directly underwent a
post-learning fMRI scan. The experimental protocol is summarized in
Fig. 1C.

2.5. Behavioral analysis

After having completed N blocks, behavior performance (BP) was
quantified by summing the number of successful trials S; within each

N
block i weighted by a difficulty index D;, i.e. BP =} §;D;. The difficulty
1

index of a trial was defined as the amplitude of the deflections in the
surround relative to that of the target strip. The index was equal to one
when the contrast was zero and zero when the contrast was maximum.
At regular intervals, the experimenter informed the subject of the per-
formance score to provide motivation. The BP was used in the subse-
quent FC analyses.

2.6. fMRI protocol

Brain scans were acquired using a 3.0 T S Magnetom Skyra MR
scanner at the Neuroradiology Clinic of the Universitatspital Ziirich.
Participants were in a supine position with their head resting in the head
coil in a comfortable position. Foam pads minimized head movements
and ear plugs reduced scanner sounds. A simultaneous multi-slice To*-
weighted EPI sequence (Setsompop et al., 2012; Feinberg and Setsom-
pop, 2013) was used to acquire whole-brain functional data (parallel
imaging; 32 head-coil channels; multi-band acceleration factor = 3;
spatial resolution 2.75 x 2.75 x 2.75 mm?, isotropic; slice thickness
2.75 mm, 48 slices; TE = 36.40 ms; TR = 1.10 s). Pre-learning scanning
began with a short auto-alignment acquisition, followed by two 8-min
resting-state fMRI scans. Participants fixated on a cross displayed in-
side the scanner and relaxed during resting-state scans. The pre-learning
resting-state scans were followed by a 4-min GRE field mapping scan
and an 8-min block-design task-based fMRI scan. The purpose of the
block-design task was to activate the brain areas involved in haptic
identification. Each block consisted of 30 s of the task and 30 s of rest.
During the 30 s of the task, a randomly selected object was placed in the
palm of the participant’s right hand for 6 s and then replaced by another
randomly selected object every 6 s. Participants had no prior knowledge
of the objects and could not see them. They silently attempted to identify
the objects from their shapes and texture. This task alternated with 30 s
of rest. The results of the task-based scan were used to determine ROI
coordinates of brain regions for functional connectivity analysis.
Post-learning scanning was identical to the pre-learning scanning,
except that the task-based scan was replaced by a Tj-weighted
anatomical scan (spatial resolution 0.94 x 0.94 x 0.94 mm?, isotropic;
slice thickness 0.94 mm; TE = 2.46 ms; TR = 1900 ms).
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2.7. fMRI analysis

FSL software packages (FMRIB Software Library v6.0), Oxford, UK
(Smith et al., 2004; Jenkinson et al., 2012) were used to process the
images. We adapted a method described by Vahdat et al. (2011) to
pre-process the resting-state fMRI data using the first-level FEAT toolbox
(Woolrich et al., 2001).

The pre-processing pipeline was performed in the following order:
five volumes in each scan were removed (to ensure equilibrium
magnetization had been reached); non-brain removal using BET (Brain
Extraction Tool); motion correction using the 6 DOF rigid body trans-
formation implemented in FLIRT (FMRIB Linear Image Registration
Tool); spatial smoothing (Gaussian kernel of FWHM, 5.5 mm); temporal
high-pass filtering (Gaussian-weighted least-squares straight-line fitting
with 6 = 100 s, equivalent to a cut-off frequency of 0.01 Hz); global
intensity normalization.

After the preliminary processing, a regression-based approach was
used to model and remove additional artifacts. In addition to the linear
motion parameters (three for translations, three for rotations), further
motion outliers due to more complex artifacts such as slice by slice
changes in motion were detected in the resting-state time series. We
used Boundary-Based Registration (BBR) (Greve and Fischl, 2009) and
nonlinear registration to obtain spatial transformations between func-
tional and MNI standard space (MNI 152 2 mm brain). The optiBET
algorithm (Lutkenhoff et al., 2014) was applied to the T;-weighted
anatomical images to improve brain extraction. Then the extracted
T1-weighted image of the brain of each participant was segmented by
FAST (FMRIB’s Automated Segmentation Tool), resulting white matter
and CSF masks (Fig. S1) were thresholded to ensure 90% tissue type
probability and the image was transferred to functional space (Zhang
et al., 2001). The average BOLD signals within white matter and CSF
masks were calculated and used as confound regressors to remove
physiological (cardiac and respiration) noise (Shehzad et al., 2009).
Once the regressor confounds, consisting of motion parameters, white
matter and CSF, were modeled in a General Linear Model (GLM) on a per
participant basis, the residual signal was band-pass filtered (0.01-0.10
Hz) using a 5th-order Butterworth filter with zero-phase lag. The neural
activity-related signal in resting-state fMRI was expected to lie within
this frequency range (Fox and Raichle, 2007).

2.8. ROI identification

To determine the coordinates of ROIs for later seed-based analysis,
we analyzed the task-based fMRI scans. The task-based data were pre-
processed as follows: non-brain removal using BET (Brain Extraction
Tool); motion correction using the 6 DOF rigid body transformation
implemented in FLIRT (FMRIB Linear Image Registration Tool); motion
outliers detection; spatial smoothing (Gaussian kernel of FWHM, 5 mm);
temporal high-pass filtering (Gaussian-weighted least-squares straight-
line fitting with ¢ = 85 s); global intensity normalization. A regressor for
activity versus the rest condition was modeled with a boxcar function as
well as a regressor for the temporal derivative of the task timing, then
the two regressors were convolved with a gamma hemodynamic
response function. Z-score images were obtained from participant-level
GLM analysis in FEAT and were then input to the higher-level FEAT for
group-level analysis (Woolrich et al., 2004). For the group-level anal-
ysis, a mixed-effects model in FEAT with stringent cluster thresholding
(Z > 3.5, cluster significance threshold of p = 0.01, corrected for com-
parisons using Gaussian random field theory) was used.

We identified and selected ROIs based on the resulting activation
maps in the MNI standard space and prior knowledge about sensori-
motor learning and processing of somatosensory information. These
areas included ipsilateral cerebellum (CB), superior frontal gyrus (SFG),
contralateral primary motor cortex (M1), dorsal premotor cortex (PMd),
supplementary motor area (SMA), primary somatosensory cortex (SI),
secondary somatosensory cortex (SII), posterior parietal cortex (PPC),
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basal ganglia (BG), visual cortex (VC) and thalamus (TL). Since we
observed strong activations in some ipsilateral areas, we added ROIs in
ipsilateral PMd, SI, SII and BG. Each ROI was defined as a 5.5 mm-radius
sphere with the center located on the peak activity from the group Z-
score activation maps. We used Harvard-Oxford cortical and subcortical
(Desikan et al., 2006), Juelich histological (Eickhoff et al., 2007),
probabilistic cerebellar (Diedrichsen et al., 2009) and Oxford-Imanova
structural striatal atlases (Tziortzi et al., 2011) to identify anatomical
labels of selected seed ROIs. Spatial coordinates of the center of each ROI
in MNI standard space, Z-value of the peak activity and corresponding
anatomical labels are listed in Table 1 and the whole brain activation
maps are shown in Fig. 3.

2.9. Functional connectivity analysis associated with behavioral
performance

The objective of the functional connectivity (FC) analysis was to
investigate the brain networks that were modulated by perceptual
learning during a haptic task. We sought to identify the connections
between brain areas for which the change in the strength of FC from the
pre-to post-training scans, AFC, was correlated with BP. The average
time series of all voxels in each of the seed ROIs from the pre-processed
resting-state data were calculated on a per-participant basis and the
correlation between this regressor and any other voxels in the brain was
assessed in a participant-level GLM. Since the hemodynamic response
function may vary among different subjects, sessions and regions of the
brain, the temporal derivative of each seed ROI's regressor was also
included in the GLM to take into account possible variations in the he-
modynamic delay. After FC analysis at the participant level, a GLM
analysis consisting of a mean regressor and a regressor to model the
contrast between the pre-learning and post-learning sessions (—1 and 1)
was conducted. Finally, group-level analysis was performed across
participants using a mixed-effects model (Z > 2.5, cluster significance
threshold p = 0.05, corrected for comparisons using Gaussian random
field theory) to generate thresholded Z-score FC maps and clusters
corresponding to each seed ROI (Woolrich et al., 2004). The lower Z
threshold of 2.5 for resting-state compared to 3.5 for task-based analysis
was required since activity levels in the resting state are much lower
than during active performance of a task (Babadi et al., 2021; Vahdat
et al., 2011, 2014). In order to identify networks whose FC was modu-
lated by improvement in the task performance, BP was included as an

Table 1

Selected ROIs from a task-based fMRI scan during touching different objects.
Each ROI is a sphere with the radius of 5.5 mm whose center is located at the
activation peak. The table gives MNI coordinates and Z value of center of ROIs as
well as anatomical labels. R, right hemisphere; L, left hemisphere.

ROI Anatomical label x y z Z value
SI primary somatosensory cortex BA1, L —44 —-28 56 7.53
SI primary somatosensory cortex BA3b, L —40 -32 58 6.60
SI primary somatosensory cortex BA2, R 48 —28 48 6.46

SII secondary somatosensory cortex OP1, L —48 —22 18 7.40
SII secondary somatosensory cortex OP3, L —38 -6 12 6.51

SII secondary somatosensory cortex OP1, R 54 —20 16 5.65
CB cerebellum V, R 4 —62 -16 7.39
CB cerebellum VI, R 24 —64 —24 6.55
CB cerebellum VII, R 16 —-70 —48 6.52
M1 primary motor cortex BA4, L -32 -18 66 6.61
PMd dorsal premotor cortex BA6, L —-34 -14 64 6.61
PMd dorsal premotor cortex BA6, R 32 -12 62 6.57
SMA  supplementary motor area -2 -2 58 5.60
PPC posterior parietal cortex SPL, L -38 —-40 52 5.59
PPC posterior parietal cortex IPL, L —-56 —-22 26 5.64
SFG superior frontal gyrus, R 18 0 64 5.69
BG basal ganglia putamen, L -22 -2 6 7.46
BG basal ganglia caudate, R 16 18 6 5.65
vC visual cortex, L —48 —64 -6 6.53
TL thalamus, L -12 —20 4 7.46
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Fig. 3. Whole brain activation maps for the object identification task.

additional regressor in the group-level GLM, as previously described
(Vahdat et al., 2011, 2014; Babadi et al., 2021). Correction for multiple
comparisons (multiple ROIs) was performed by considering only clusters
with p values less than 0.05/20 = 0.0025 (20 is the number of ROIs) as
statistically significant. In addition, we calculated mean absolute values
of FC in pre-learning and post-learning sessions and performed linear
regression between AFC and BP. Only those connections for which there
was a statistically significant correlation between BP and AFC for
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individual subjects were retained. Thus, there were two controls for
non-specific changes in FC incorporated into the analysis. The first was
in the GLM used to find significant changes in FC since BP was incor-
porated into the GLM and the second was the linear regression. In a
previous study (Vahdat et al., 2011) with 13 participants, a difference of
at least 90% of baseline FC was found by the effect of motor learning
with the standard deviation of 60%. Hence, fourteen participants would
provide 90% power at a significance level of 99% (@ = 0.01) to detect a
change in connectivity from pre-to post-learning. To ensure that we had
sufficient statistical power in our study, we increased our sample size to
16 participants. Furthermore, in a pilot perceptual learning experiment,
involving 10 participants performing similar tactile discrimination, we
found a large range in behavioral performance. This ensured that a
sample size of 16 participants would also be sufficient to detect statis-
tically significant correlations between FC and BP.

3. Results

Fig. 4 shows the searching movements of one participant in typical
trials. The search could begin in either direction, often initially moving
away from the target strip. Participants typically searched back and
forth with movements of increasing amplitude when they failed to locate
the target strip during their initial movement. Occasionally, they were
able to stop on the target strip without first completely crossing it, e.g.
Fig. 4A. However, for about 90% of the successful trials (984,/1085), the
target strip was completely crossed at least once, requiring one or more
movement reversals before terminating the movement at the correct
location. Fig. 5 shows the distribution of number of target strip crossings
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Fig. 4. Representative trials in which the target strip is successfully located. The location of the target strip is displayed by the dashed lines. The x-trajectory of the
slider is plotted against time. A. Movement stops on the first encounter of the target strip. B. Movement stops on the target strip after crossing it and returning. C.
Movement stops on the target strip after crossing it twice. D. Movement stops on target strip after passing over it five times.
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Fig. 5. Histogram of the number of times the target strip was crossed on trials
in which the target strip was successfully located within 10 s. A crossing was
counted each time the slider entered the target strip. Thus, a value of one
represents stopping on the target strip without completely crossing it.

on successful trials. Fig. 6 provides an overview of the relative perfor-
mance across the group of participants. Almost all participants (14/16)
were able to progress beyond the lowest D; and almost half (7/16) were
able to progress to a D; of 0.375. All participants required more than one
trial block, for at least one D;, to progress to the next D;. This indicates
that learning was required to progress, i.e. no participant reached their
final D; without failures in more than one preceding trial block. The D;
achieved by individual participants ranged from 0 to 0.5625 (mean =
0.348, standard deviation = 0.203), which was significantly greater
than zero (p < 0.00001). The BP for individual participants ranged from
0 to 1182 (mean = 573, standard deviation = 392), which was also
significantly greater than zero (p = 0.000012).

The results of the FC analysis are summarized in Table 2 which in-
dicates the clusters corresponding to each ROI, consisting of MNI co-
ordinates and Z value of the peak activity along with significance level

45+
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Fig. 6. Histogram of the mean number of blocks completed by each participant
for each difficulty index. Blocks were counted only if the participant was able to
successfully complete a difficulty index. Numbers at the top of each histogram
bar indicate the number of participants who completed each difficulty index.
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within each cluster. The top panel in Fig. 7 shows that there was a sig-
nificant correlation between AFC and BP for a neural connection be-
tween right PMd and right SI, including regions in both BA1 and BA3b.
The FC bar plot shows an increase in the magnitude of connectivity in
conjunction with learning. Participants with high BP showed greater
AFC for this link (regression plot, right panel). Likewise, the middle
panel in Fig. 7 shows that AFC between SII and bilateral clusters in SI
(BA1) increased significantly in relation to BP after training. For these
two neural pathways, FC was positive in the pre-learning session and its
magnitude increased after training. The bottom panel shows the only
negative FC map. It represented a negative correlation between BP and
the link between the right SFG and clusters in inferior parietal lobule
(IPL) and intraparietal sulcus (IPS). The mean FC decreased from a
positive to a less positive value such that subjects with higher BP had
greater reduction in FC after training. The upper panel in Fig. 8 shows an
increase in FC between cerebellum (lobule VII) and superior parietal
lobule (SPL) which was again positively correlated with BP. For this
neural pathway, FC was positive in the pre-learning session and its
magnitude increased after training. The lower panel in Fig. 8 shows a
neural connection between cerebellum (lobule V) and clusters mainly in
right amygdala whose AFC was also positively correlated with BP.
Although the mean FC for this link was initially close to zero, it increased
to a significant positive value in the post-learning scan. Fig. 9 depicts the
connectivity between brain regions whose functional connectivity was
significantly modified by our tactile perceptual learning task.

4. Discussion

Using resting-state analysis, we identified neural substrates of
perceptual learning of sensorimotor transformations during active
touch. We developed an approach which identified learning-related
changes in functional connectivity between brain regions engaged in
the transformations between somatosensory inputs and motor com-
mands. Our approach was based on excluding changes in functional
connectivity that were uncorrelated with perceptual learning. A baseline
exploration task was employed to activate the brain regions engaged by
active touch in the absence of learning, which provided baseline func-
tional connectivity in the sensorimotor network. Functional connectiv-
ity in the sensorimotor network was again determined after learning to
locate a tactile target by active touch as tactile contrast was progres-
sively reduced. By incorporating a behavioral performance (BP) mea-
sure to constrain the functional connectivity analysis, we excluded
connections to the sensorimotor network for which the change in FC
(AFC) was uncorrelated with the perceptual learning. This approach
enabled us to exclude non-specific changes in functional connectivity
and to identify network connections whose AFC was highly correlated
with perceptual learning.

We found that AFC between right (ipsilateral) PMd and SI was
positively correlated with BP. The fact that significant correlation was
found in the ipsilateral hemisphere merits discussion. There is evidence
that neural activation in PMd is generally less lateralized and more
effector-independent than in M1 (Cisek et al., 2003). Christensen et al.
(2007) found activation in multiple ipsilateral areas during task-based
fMRI while interacting with different objects. They proposed that the
premotor cortex participated in proprioception by predicting the so-
matosensory consequences of voluntary movements. It has also been
shown that unilateral somatosensory inputs can be processed and rep-
resented bilaterally in the left and right SI (Sutherland and Tang, 2006).
As task difficulty increased, perceptual training under increasing task
difficulty may have necessitated the recruitment of ipsilateral sensori-
motor regions in addition to the usual contralateral regions. It was
found, for example, that activity in the ipsilateral premotor cortex in-
creases when finger movements become more complex (Rao et al.,
1993). If we lower our threshold for statistical significance from Z = 2.5
to Z = 2.3, we do see a change in FC between ipsilateral PMd and both
ipsilateral and contralateral SI, although the cluster size in the
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Table 2
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Summary of the results for the functional connectivity analysis in relation to the performance score. The table gives details of clusters whose functional connectivity
significantly changed in conjunction with the behavioral performance (BP) corresponding to each ROI after the training task. Peak Z value and MNI coordinates are
related to the peak activity of the cluster and p cluster is associated with the significance level. Mean FC values across all participants before and after training are also
represented. Anatomical labels for ROI and corresponding clusters are given in the first and second columns. PMd, dorsal premotor cortex; SII, secondary somato-
sensory cortex; CB, cerebellum; SFG, superior frontal gyrus; R, right hemisphere; L, left hemisphere.

ROI Cluster label p cluster Peak Z value x y Z FC (Pre) FC (Post)
PMd, R primary somatosensory cortex BA1 & BA3b; R 1.88 x 10°° 4.32 40 -18 44 8.64 11.25
SII OP1, L primary somatosensory cortex BAl; L & R 0.0001 4.38 —46 —24 60 5.09 6.83
CB VII, R posterior parietal cortex SPL; L 0.0002 5.34 -30 —58 52 3.13 4.99
CBV,R amygdala; R 7.7 x 107° 4.56 14 0 -16 0.22 2.73
SFG, R inferior parietal lobule PF, anterior intraparietal sulcus; L 0.0001 3.64 -50 —40 38 6.52 3.76

Fig. 7. Functional connectivity (FC) maps in

&0

PMd (2=62)

S (BA1)

Amygdala

CBV (X=4) Y=-2

|

@lb

CB VIl (X=16)

p=0.02, r=0.55
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Each row represents an ROI whose change in FC with
other brain areas, from the pre-to the post-training
scan, was significantly correlated with the BP. Posi-
tive maps are depicted as red to yellow and negative
maps are depicted as dark to light blue. Left column
shows the location of the ROI displayed as a magenta
dot. The second and third columns show the cluster
locations of the functionally connected regions. The
fourth column shows the mean and standard error of
FC values averaged across all subjects. The last col-
umn shows the linear regression between change in
the FC (AFC) and BP on a per-subject basis with the
significance level p and the Pearson correlation co-
efficient r. PMd, dorsal premotor cortex; SFG, supe-
rior frontal gyrus; IPL, inferior parietal lobule; IPS,
intraparietal sulcus; R, right hemisphere; L, left
hemisphere. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 8. Functional connectivity maps for ROIs in the right cerebellum (CB). SPL, superior parietal lobule.

contralateral hemisphere is approximately 30% of the cluster size in the
ipsilateral hemisphere. This suggests that AFC between premotor and
primary sensory areas in the ipsilateral hemisphere are vital for
discrimination of increasingly small differences in tactile features.
Changes in neural activity in PMd have been implicated in decision
making during movement planning for action selection, both in visual
(Thura and Cisek, 2014) and somatosensory discrimination tasks (Ros-
si-Pool et al., 2017). Thus, the identification of a link between SI and
PMd was consistent with our second hypothesis, namely that functional
connectivity would increase between brain areas involved in somato-
sensory processing and areas engaged in motor decision processes. Areas
BA1 and BA3b of SI are key for first-level processing of tactile infor-
mation. Increased functional connectivity between ipsilateral SI and
PMd was likely related to perception of the target strip since subjects

who could perceive smaller differences in tactile features between the
target and background (higher BP scores) showed greater changes in
functional connectivity. It is likely that the change in functional con-
nectivity was related to adjustments in perceptual sensitivity such that
higher performing subjects were able to amplify somatosensory inputs to
PMd by increasing functional connectivity. In this way, the perceptual
readout by motor decision processes would have been reweighted, as
suggested by Sathian et al. (2013), allowing subjects to decide when a
difference in tactile features was encountered. Those subjects who were
able to detect smaller differences in tactile features demonstrated the
greatest reweighting, i.e. the largest change in functional connectivity.

Functional connectivity between SI (area BA1) and SII (area OP1)
increased after training. The participants who performed the task suc-
cessfully for the smallest contrast also had the greatest AFC. We did not
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Fig. 9. Connectivity between seed ROIs and brain regions for which changes in
functional connectivity were correlated with behavioral performance,
comprising a network for detecting small-scale tactile features in active touch.

anticipate, however, that functional connectivity between SII and SI
would increase bilaterally. The analysis could not distinguish whether
projections from SI to SII or from SII to SI were responsible for AFC. The
right SI would have received minimal sensory input since the task was
performed with the right hand. Therefore, AFC between the left SIT and
right SI must have been due to callosal projections (Manzoni et al.,
1986). On the other hand, AFC between the left SII and the left SI may
have involved ipsilateral and contralateral pathways. It is likely that
functional connectivity from SI to SII increased as the task became more
difficult since SII was expected to participate in tactile discrimination
(Jiang et al., 1997; Pleger et al., 2003), along with attentional modu-
lation (Hsiao et al., 1993), and past sensory history (Romo et al., 2002).
It is also possible that functional connectivity from SII to SI might have
increased to enhance the information being supplied by SI back to SIIL.

Consistent with the anatomically documented connection between
cerebellum and PPC (Strick et al.,, 2009) and its potential role in
perceptual processing, we found a positive AFC between the right cer-
ebellum (lobule VII) and the left SPL. Vahdat et al. (2011) found an
increase in functional connectivity between cerebellum and SPL that
was dependent on both motor learning and perceptual learning. The
prominent dependence of the cerebellum on sensory feedback for error
correction (Imamizu et al., 2000) and the significantly greater role of left
(contralateral) SPL in tactile localization than recognition (Reed et al.,
2005) suggest that functional connectivity between these areas is
required for fine sensorimotor control.

In contrast with the above findings, the functional connectivity be-
tween the cerebellum (lobule V) and the amygdala was not initially
significantly different from zero. An increase in functional connectivity
and a strong correlation between AFC and BP suggests that the amygdala
was progressively recruited during attentional engagement as the search
task became more difficult. The amygdala was previously shown to
modulate cerebellar learning via somatosensory inputs in rodents (Far-
ley et al., 2016), suggesting a role which involved an attention-based
mechanism (Gallagher and Holland, 1994).

The negative correlation between AFC and BP for functional con-
nectivity between right SFG and left IPL/anterior IPS indicates that the
better participants performed, the more they reduced the strength of this
connection. The ROI was centered in the posterior part of SFG (Table 1),
which has been identified as belonging to the SMA (Li et al., 2013). Area
IPL is thought to be involved in multisensory integration (Binkofski
et al., 2016) and visuomotor transformations (Fogassi and Luppino,
2005), particularly in the context of tactile object recognition (Jancke
et al., 2001; Reed et al., 2005). Neurons in the anterior IPS in monkey
(Sakata et al., 1995) and human (Frey et al., 2005; Tunik et al., 2005)
have been shown to have visual and motor properties suggesting roles
related to visuomotor transformations and visual control of dexterous
finger movements (Fogassi and Luppino, 2005). It has been shown,
through effective connectivity analysis, that connectivity between IPS
and SMA is reduced as working memory or cognitive demands increase
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(Harding et al., 2015). The reduction in functional connectivity between
SFG and areas IPL and IPS of the parietal cortex is, therefore, likely due
to the cognitive demands required to detect the target strip. Further-
more, higher cognitive demands would be required as the tactile noise in
the surround increased relative to the tactile signal representing the
target strip, such that participants who achieved higher BP scores would
have experienced higher cognitive demands than those who performed
less well, explaining the negative correlation (greater reduction in
functional connectivity) between AFC and BP.

There have been numerous studies of brain areas involved in pro-
cessing of somatosensory information emanating from the hand,
including tactile discrimination. However, these studies do not combine
the two defining elements of our study, namely improved tactile
discrimination (perceptual learning) with transformation of sensory
input to motor output (goal-directed movement). Furthermore, our
study differs from studies of motor adaptation, which generally involve a
perturbation which alters the sensory signal and requires remapping
between sensory input and motor output. In our study, the salient sen-
sory signal (target strip) did not change. Our study design focused on
changes in functional connectivity in the resting state that were corre-
lated with perceptual learning. Therefore, it provides an understanding,
not only of where sensorimotor transformation takes place, but of how it
takes place, i.e. by strengthening functional connections between spe-
cific regions of the brain. In particular, we suggest that functional con-
nections between region OP1 of contralateral SII and bilateral SI are
strengthened to amplify signals used in high level processing of tactile
information. Similarly, we suggest that strengthening of functional
connections between ipsilateral PMd and SI represents reweighting of
decision processes based on changing somatosensory signals. Strength-
ening of functional connections between the cerebellum and amygdala
likely represents increased attention to small differences in somatosen-
sory signals, necessary as the tactile signal to noise ratio decreases. We
suggest that the observed reduction in functional connectivity between
the superior frontal gyrus (identified as part of the SMA) and inferior
parietal cortex is related to the nature of the task, in which cognitive
demands increased as the tactile signal to noise ratio decreased. The
magnitude of changes in functional connectivity between nodes in this
network (Fig. 9) appears to be directly related to the ability to detect and
utilize small-scale tactile features to guide dexterous manipulation.
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