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Abstract: Grating orientation discrimination is employed widely to test tactile spatial acuity. We used
functional magnetic resonance imaging (fMRI) to investigate the neural circuitry underlying performance
of this task. Two studies were carried out. In the first study, an extensive set of parietal and frontal cortical
areas was activated during covert task performance, relative to a rest baseline. The active regions included
the postcentral sulcus bilaterally and foci in the left parietal operculum, left anterior intraparietal sulcus,
and bilateral premotor and prefrontal cortex. The second study examined selective recruitment of cortical
areas during discrimination of grating orientation (a task with a macrospatial component) compared to
discrimination of grating spacing (a purely microspatial task). The foci activated on this contrast were in
the left anterior intraparietal sulcus, right postcentral sulcus and gyrus, left parieto-occipital cortex,
bilateral frontal eye fields, and bilateral ventral premotor cortex. These findings not only confirm and
extend previous studies of the neural processing underlying grating orientation discrimination, but also
demonstrate that a distributed network of putatively multisensory areas is involved. Hum Brain Mapp 25:
370-377,2005.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Johnson and Phillips [1981] introduced the use of grating
orientation discrimination to measure tactile spatial acuity.
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They applied gratings consisting of alternating ridges and
grooves to the immobilized human fingerpad and investi-
gated the subjects” ability to discriminate whether the grat-
ings were oriented along or across the long axis of the finger.
They found that this ability increases with groove width and
derived a threshold, expressed as the minimal groove width
required for reliable orientation discrimination. In a corre-
sponding neurophysiologic study of peripheral afferents in
monkeys, the same researchers showed that the spatial res-
olution underlying performance in this task depends on
slowly adapting (Merkel) afferents [Phillips and Johnson,
1981]. Subsequently, a version of this task was developed
and validated as a dependable test of tactile function [van
Boven and Johnson, 1994a]. This test has been used by
several groups to study not only variations in tactile spatial
acuity between different locations [Sathian and Zangaladze,
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1996; van Boven and Johnson, 1994b] but also alterations in
populations such as blind Braille readers [Goldreich and
Kanics, 2003; Grant et al., 2000; van Boven et al., 2000],
dyslexic individuals [Grant et al.,, 1999], finger amputees
[Vega-Bermudez and Johnson, 2002], and patients with hand
dystonia [Bara-Jimenez et al., 2000].

Given the widespread use of grating orientation discrimina-
tion to test tactile ability, it is of considerable interest to under-
stand the central neural processing that takes place during
performance of this task. An earlier study [Sathian et al., 1997]
from our laboratory used positron emission tomography (PET)
to address whether the task recruits visual cortical areas, be-
cause we had observed that tactile discrimination of grating
orientation is accompanied by subjective reports of visual im-
agery. This study used discrimination of grating groove width
as a control task. This control (spacing) task is not associated
with subjective reports of visual imagery. Relative to the spac-
ing task, the orientation task evoked activity in an extrastriate
region of visual cortex contralateral to the stimulated hand, in
parietooccipital cortex (POC). This POC region is also active
during visual discrimination of grating orientation [Sergent et
al., 1992]. We then showed that transcranial magnetic stimula-
tion (TMS) over the POC area interferes with tactile perfor-
mance of this task [Zangaladze et al., 1999], thus establishing
the functional relevance of POC activity. Although both tasks
require microspatial resolution, on the order of about 1 mm,
the tasks differ in the nature of the critical parameter. In the
spacing task, the critical parameter is microspatial, because the
task demands comparison of groove widths. In the orientation
task, the critical parameter is on a larger spatial scale and can be
considered macrospatial. In addition to our studies using grat-
ings [Sathian et al., 1997; Zangaladze et al., 1999], there is
substantial other evidence that macrospatial and microspatial
stimulus parameters are processed differently [Klatzky et al.,
1987; Randolph and Semmes, 1974; Roland et al., 1998; Stoesz
et al., 2003].

The studies in the present report used functional magnetic
resonance imaging (fMRI) to investigate, with greater sensitiv-
ity and spatial resolution, the neural processing involved in
tactile discrimination of grating orientation. In an initial explor-
atory study, we examined the activations during task perfor-
mance relative to a rest baseline, using a scanner with a field
strength of 1.5 T (Study 1). We then conducted a study at 3 T to
show task-specific areas, relative to the spacing control (Study
2). Both studies employed random-effects analyses to allow
generalization of the results to the population, whereas our
previous PET study used a fixed-effects analysis. Preliminary
reports of these studies have been presented previously [Ma-
riola et al., 2003; Zhang et al., 2002, 2003].

SUBJECTS AND METHODS
Subjects

Forty-two neurologically normal subjects took part in the
studies described here, after giving informed consent. All pro-
cedures were approved by the Institutional Review Board of
Emory University. Subjects with callused fingerpads or a his-

tory of injury to the hands or their innervation were excluded,
as were those with a history of dyslexia, which is associated
with tactile impairments [Grant et al., 1999; Sathian et al., 2003].
Twenty subjects (7 males, 13 females; mean age, 36.3 years; age
range, 20-58 years) took part in Study 1. Twenty-two subjects
(12 males, 10 females; mean age, 20.9 years; age range, 18-25
years) took part in Study 2.

Tactile Stimulation

The stimuli (Fig. 1) were taken from a set of commercially
available, dome-shaped plastic gratings, each with equal
groove and ridge width (JVP Domes; Stoelting, Wood Dale,
IL). Gratings were applied manually to the distal part of the
fingerpad, normal to it, with a static indentation that was
maintained for about 1 s. The right hand was stimulated in
all cases. The stimulated finger was immobilized in a plastic
mold using double-sided adhesive tape. For the orientation
task, used in both studies, gratings were applied with the
ridges oriented either along or across the long axis of the
finger (Fig. 1), and subjects verbally reported the orientation
of the grating as “along” or “across”. In the spacing task,
used in Study 2, one of two gratings differing in groove
width was applied in each trial, oriented along the long axis
of the finger (Fig. 1), and subjects judged whether the grat-
ing had wider or narrower grooves (verbal response “big” or
“small”). For both tasks, pseudorandom sequences of the
two alternatives were used. Study 1 used the grating with
the largest groove width in the set, 3 mm, applied to the pad
of either the thumb or little finger. In Study 2, gratings were
applied to the pad of the index finger. Preliminary psycho-
physical testing was carried out to determine which gratings
would be used during scanning for the orientation and
spacing tasks. The criterion was accuracy of 90% or better.
The preliminary testing was carried out outside the scanner
with the subject blindfolded and seated. For the orientation
task, gratings were presented in blocks of 20 trials. The same
grating was used within each block. Testing began with the
largest groove width (3 mm) and continued until perfor-
mance fell below criterion. Preceding each block, five prac-
tice trials with feedback were presented using the grating for
that block; no feedback was given on test trials. Based on this
testing, the gratings chosen for use during scanning had the
following groove widths: 3 mm (n = 7); 2 mm (n = 9); 1.5
mm (n = 4); 1.2 mm (n = 1); and 1 mm (n = 1). A similar
procedure was followed for the spacing task, except that
each block used a pair of gratings that differed in groove
width. The pairs employed during subsequent scanning had
groove widths of: 3 mm, 1.5 mm (n = 4); 3 mm, 1.2 mm (n
=2);2mm, 1.2 mm (n = 7); and 2 mm, 1 mm (n = 9). During
scanning, the subject lay supine in the scanner with the right
arm outstretched and eyes closed.

MR Scanning
Study |

A 1.5-T Philips Intera scanner was used. The subject’s
head was positioned in a head coil and immobilized using
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Figure 1.
Diagram illustrating stimulus in cross-section (A), the grating ori-
entation discrimination task (B), and the grating spacing discrimi-
nation task (C). Example values of groove width (in mm) are
shown in B and C.

a restraining strap and a suction-connected bead bag. The
subject’s arm and hand were immobilized using a mold
and foam padding. Anatomic images were acquired using
a T1l-weighted spin-echo sequence with the following pa-
rameters: repetition rate (TR) 500 ms; echo time (TE) 25
ms; flip angle (6) 90 degrees; matrix 256 X 256; and
in-plane resolution 0.9 X 0.9 mm. Blood oxygenation lev-
el-dependent (BOLD) images were acquired using single-
shot gradient-recalled echo-planar imaging (EPI); param-
eters were: TR/TE/6 = 3 s/40 ms/90 degrees; matrix 64
X 64; and in-plane resolution 3.7 X 3.7 mm. For both
anatomic and functional images, 25 slices of 5-mm thick-
ness were acquired without intervening gaps. A block
design was used in which three stimulation blocks alter-
nated with four rest blocks; block duration was 33 s.
Gratings were applied to the right thumb and little finger
in separate runs. Approximately five stimuli were applied
in each orientation within each block. Subjects were in-
structed to covertly discriminate between the two orien-
tations.

Study 2

This study used a 3-T Siemens Trio whole-body scanner
and a standard head coil. BOLD images were acquired using
an EPI sequence comprising 30 horizontal slices of 4 mm

thickness (TR/TE/6 = 3 s/31 ms/90 degrees, matrix 64
X 64, and in-plane resolution 3.4 X 3.4 mm). High-resolution
anatomic images were acquired using a 3D magnetization-
prepared rapid gradient-echo imaging (MPRAGE) sequence
[Mugler and Brookman, 1990] consisting of 176 sagittal slices
of 1-mm thickness (TR/TE/6 = 2.6 s/3.9 ms/8 degrees,
matrix 208 X 256, and in-plane resolution 1 X 1 mm). Foam
padding under the body and beside the right arm was used
to minimize arm movement and transfer of vibration from
the gradient coil and to ensure the subject’s comfort. Head
restraint straps and foam pads were utilized to minimize
head movement. Ear plugs muffled scanner noise; addi-
tional attenuation of extraneous sounds was provided by
headphones that also served to convey verbal cues (see
below). Once subjects were lying comfortably in the scanner,
they were given instructions and a few examples for each
task.

A block design paradigm was used in which blocks
with and without tactile stimulation alternated. Block du-
ration was 30 s. During the stimulation blocks, an exper-
imenter manually applied the stimuli to the right index
fingerpad for 1 s per trial, with a 2-s interstimulus inter-
val. There were thus 10 trials within each block. In the
interstimulus intervals, the subject pressed one of two
keys on a fiberoptic response box, using the second or
third digit of the left hand, to indicate which stimulus had
just been presented. During the blocks without stimula-
tion (blanks), there was no tactile stimulus but subjects
continued to press the response keys in alternation. Im-
mediately preceding each block, subjects received an in-
structional verbal cue (“along-across” for orientation,
“big-small” for spacing, and “keep tapping” for blanks)
delivered through headphones. Each type of stimulation
block was repeated three times (giving a total of 30 trials
per condition) with the two discrimination tasks inter-
leaved in a randomly ordered sequence (Fig. 2). The se-
quence and timing of stimuli were guided by prepro-
grammed instructions displayed to the experimenter on a
computer screen using the Presentation software package
(Neurobehavioral Systems, Inc., Albany, CA), which was
also used to record responses.

Image Processing and Analysis
Study |

The software used was SPM99 (Wellcome Department of
Cognitive Neurology, London, UK). EPI images from each
scan were realigned to the first image of the series with
motion correction, then coregistered to T1-weighted ana-
tomic images and normalized into Talairach space. A Gauss-
ian kernel with full-width half-maximum (FWHM) of 8 mm
was applied before group analysis. Statistical parametric (t)
maps were generated by analyzing the time-course of the
MRI signal at each voxel, using a random-effects general
linear model with correction for multiple comparisons at the
voxel level.
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Figure 2.
Block design protocol of Study 2. A: Nature and timing of each
block type. B: Pseudorandom sequence of blocks and repetitions.
OR: orientation; SP: spacing.

Study 2

This study used BrainVoyager 2000 v. 4.91 (Brain Innova-
tion, Maastrict, The Netherlands). Each subject’s EPI images
were realigned to the middle image of the series using a
rigid-body transformation procedure. Functional images
were preprocessed utilizing trilinear interpolation for mo-
tion correction, sinc interpolation for slice scan time cor-
rection, and high-pass temporal filtering at 1 Hz to re-
move slow drifts in the data. Anatomic 3-D images were
processed, coregistered with the functional data, and
transformed into Talairach [Talairach and Tournoux,
1988] space. For group analysis, the transformed data was
spatially smoothed with an isotropic Gaussian kernel
(FWHM = 8 mm) and z-normalized. Statistical analysis
used a random-effects general linear model. Correction
for multiple comparisons was accomplished by a cluster
analysis method that takes into account both the extent
and the intensity of activation [Xiong et al., 1995]. The
critical t-value varies inversely with the extent of contig-
uously activated voxels.

For both studies, activations were localized with respect
to 3-D cortical anatomy with the help of an MRI atlas
[Duvernoy, 1999], and Talairach coordinates were used to

compare the locations of activations with those identified
in prior studies.

RESULTS
Study |

As Table I shows, the grating orientation discrimination
task activated a widespread set of brain regions when the
right thumb was stimulated, relative to the rest baseline
used in this study. All the activations detailed survived
correction for multiple comparisons in the entire gray mat-
ter. There was a large activation in the left postcentral sulcus
(PCS) extending posteriorly into the anterior intraparietal
sulcus (aIPS), and a separate focus of activation in the left
parietal operculum. A right PCS focus was also active. Mul-
tiple frontal cortical foci were active, including foci in dorsal
and ventral premotor cortex (PMd and PMv, respectively)
on the left, the pre-supplementary motor area (pre-SMA)
and frontal operculum bilaterally, and the right inferior
frontal gyrus (IFG). In addition, there were active foci in the
right superior temporal gyrus (STG) and the right cerebellar
hemisphere. Activations when the right little finger was
stimulated were generally similar, but smaller and less in-
tense and were not considered further.

Study 2

Accuracy during scanning was comparable in the orien-
tation and spacing tasks. Mean accuracy (= standard error
of the mean [SEM]) was 84 *+ 2% in the orientation task and
86 = 2% in the spacing task. There was no significant dif-
ference in accuracy between tasks (paired t test, t = —0.62; P
= 0.54).

Relative to the blank (no stimulation) condition, each task
elicited activity in a set of regions that was broadly similar to
that identified in Study 1. To isolate task-specific processing,

TABLE I. Activations in Study | for grating orientation
discrimination relative to rest baseline

Site X y z tmax
L PCS —51 -39 45 9.9
L parietal operculum —60 —21 12 6.5
R PCS 48 -39 48 6.5
L PMd —36 -6 63 7.0
L PMv —54 0 42 6.0
Bilateral pre-SMA 3 9 57 6.3
L frontal operculum —60 9 9 8.6
R frontal operculum 60 12 6 6.4
R IFG 60 15 24 7.1
R STG 48 18 -9 6.9
R cerebellum 21 —60 —27 6.7

For extensive activations, the locus of the peak is identified (x, y, z
Talairach coordinates of peak).

PCS, postcentral sulcus; PMd, dorsal premotor cortex; PMv, ventral
premotor cortex; pre-SMA, pre-supplementary motor area; IFG,
inferior frontal gyrus; STG, superior temporal gyrus.
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TABLE Il. Activations in Study 2 on contrast between
grating orientation discrimination and grating
spacing discrimination

Site X y z tmax

Orientation > spacing

L FEF -22 —14 52 54
R FEF 26 -12 50 4.1
L PMv -39 -3 35 3.7
R PMv 42 -3 32 3.3
R PCS 35 -32 40 4.8
L alPS -29 —43 46 41
L POC -15 =70 31 2.9
Spacing > orientation
R AG 40 —62 42 34

For extensive activations, the locus of the peak is identified (x, y, z
Talairach coordinates of peak).

FEF, frontal eye field; PMv, ventral premotor cortex; PCS, postcen-
tral sulcus; aIPS, anterior intraparietal sulcus; POC, parietooccipital
cortex; AG, angular gyrus.

we carried out a contrast between the orientation and spac-
ing conditions. Activations on this contrast are detailed in
Table II. Because most activations in Study 1 were cortical
and we were interested primarily in cortical activations,
these activations were corrected for multiple comparisons
within the cortical volume. Foci more active during the
orientation than spacing condition were present in the fron-
tal eye fields (FEFs) bilaterally, in the right PCS extending
anteriorly into the postcentral gyrus, and the left aIPS (Fig.
3). Less intense activations were also present in the PMv
bilaterally and the left POC. Only one focus was more active
for spacing than for orientation; it was located in the right
angular gyrus (AG). Note that stimuli were applied to the
right index finger in this study.

DISCUSSION

Study 1 showed that grating orientation discrimination
activated multiple parietal and frontal cortical areas bilater-
ally, although stimuli were only applied to the right hand.

Time (scans)

12

Orientation

Spacing

BOLD signal change

0 [ 12
Time (scans)

Orientation

Spacing

Figure 3.

Left: Activations for orientation compared to spacing task (see
text for details and abbreviations), displayed on axial MR slices
taken from one subject. Display threshold: t > 3.6; Talairach
z-value below each image; color t-scale at right of each image.

Ventral premotor cortex (PMv) and parietooccipital (POC) acti-
vations are not shown. Right: Time course of BOLD % signal
change (mean *= SEM) at representative activation peaks. Each
scan in a time series lasted for 3 s. Abbreviations as in text.
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Some of these areas, as well as some other areas, were shown
in Study 2 to be more active during the orientation than
during the spacing task. Again, foci were activated in both
hemispheres despite stimulation being limited to the right
hand. Because there were methodologic differences between
the two studies, we will restrict ourselves to general com-
parisons between the studies.

Somatosensory Cortical Activity

Not surprisingly, primary somatosensory cortex (S1) in
the PCS was activated bilaterally during grating orientation
discrimination relative to rest. This region corresponds to
Brodmann'’s area (BA) 2, based on a study correlating corti-
cal anatomy and cytoarchitectonics [Grefkes et al., 2001].
Bilateral activation of the PCS region has been reported
previously during tactile tasks involving moving gratings
[Burton et al.,, 1997] and is consistent with the bilateral
somatosensory responsiveness [[wamura et al.,, 1994] and
callosal connectivity [Killackey et al., 1983] of BA2 in ma-
caques. There was also an active focus in the left parietal
operculum. There seem to be two somatosensory fields in
this cortical region in humans [Disbrow et al., 2001; Ledberg
et al., 1995]. These fields are thought to correspond to the
second somatosensory cortex (S2) and the parietal ventral
area (PV) of monkeys [Disbrow et al., 2001]. Interestingly,
the right PCS site, but not the left, was selective for orienta-
tion compared to spacing. This orientation-selective right
PCS activation extended anteriorly into the postcentral gy-
rus, so that it probably involved BA1 in addition to BA2.

Posterior Parietal and Parieto-occipital
Cortical Activity

The left PCS activation during grating orientation discrim-
ination, compared to that during rest, extended posteriorly
into the aIPS. The aIPS part was orientation selective. The
alPS is known to be recruited during haptic shape percep-
tion [Binkofski et al., 1999; Bodegard et al., 2001; Stoeckel et
al., 2003]. Other studies have shown that this region is
multisensory, because various foci in this neighborhood are
active during both haptic and visual shape perception
[Grefkes et al., 2002; Zhang et al., 2004], visuo-haptic match-
ing of objects [Grefkes et al., 2002], attending contralaterally
in both vision and touch [Macaluso et al., 2002], mentally
rotating visual stimuli [Cohen et al., 1996], mentally rotating
tactile stimuli [Prather et al., 2004], and motion processing of
visual, auditory, or tactile stimuli [Bremmer et al., 2001].

Another orientation-selective focus was found in the left
POC. This focus was activated on the orientation versus
spacing contrast in our original PET study [Sathian et al.,
1997] and was functionally implicated in the orientation but
not spacing task using TMS [Zangaladze et al., 1999]. The
POC may be the human homolog of an area in the parietooc-
cipital fissure of macaques that has been termed V6 or PO,
and contains many orientation-selective neurons [Galletti et
al., 1991]. This focus is known to be active during visual
discrimination of grating orientation [Sergent et al., 1992]
and during spatial mental imagery [Mellet et al., 1996], and

thus is also multisensory. We have argued previously that
these findings are consistent with the idea that POC involve-
ment in this task reflects visual imagery of the tactile stim-
ulus [Sathian and Zangaladze, 2001]. The aIPS may serve a
distinct role, that of processing tactile stimulus orientation.
Further work is necessary to examine this possible distinc-
tion in the function of the aIPS and POC.

The only focus more active during the spacing than ori-
entation task, in the right AG, was also identified on the
same contrast in our previous PET study [Sathian et al.,
1997], suggesting that this area might be involved specifi-
cally in the spacing discrimination task. Another study
found a focus close to this one to be active during haptic
discrimination of object shape [Stoeckel et al., 2003]. The
precise nature of processing mediated by this area remains
unclear at present.

Frontal Cortical Activity

A number of frontal cortical areas were more active in the
grating orientation task than during rest. These included
prefrontal areas with a right-sided predominance, as found
by others [Hagen et al., 2002], and premotor areas bilater-
ally. Activity in premotor areas was found in both studies,
even though Study 1 required no overt motor responses, and
in Study 2 identical responses were made in the experimen-
tal (orientation) and control (spacing) task. Premotor areas
that were active relative to the rest baseline included both
medial (pre-SMA) and lateral areas (PMd and PMv). This
fits with previous studies that have found activation of
frontal regions involved in motor control, including primary
motor cortex [Francis et al., 2000; Moore et al., 2000], PMd
[Lloyd et al., 2003], and the SMA [Bushara et al.,, 2001],
during tactile stimulation in the absence of a perceptual task.
The exact reason for involvement of these areas is not un-
derstood, but may relate to processes linking sensory input
and motor output, as suggested by neurophysiologic obser-
vations in macaques pointing to a role for neurons in the
SMA and pre-SMA in translating sensory inputs into deci-
sions and ultimately motor output [Romo and Salinas, 2003].

Among premotor areas, the FEF and PMv bilaterally dis-
played orientation selectivity in the present study. The FEF
is close to but separable from PMd [Astafiev et al., 2003].
Subjects’ eyes were closed in both studies, so that activity in
the FEF and other premotor areas is unlikely to be due to
differences between conditions in the number of eye move-
ments. Because the tasks were balanced for difficulty, as
evidenced by similar accuracy during scanning, FEF activa-
tion is also unlikely to be due to attentional differences.
There was also higher activity in the pre-SMA for orienta-
tion compared to that for spacing, but this did not survive
the conservative correction applied for multiple compari-
sons. Broadly speaking, it thus seems that premotor cortical
areas are preferentially involved in processing grating ori-
entation compared to spacing. This selectivity was unex-
pected and the underlying reasons remain obscure. It is of
interest that there is evidence for multisensory neuronal
responses in both FEF [Russo and Bruce, 1989] and PMv
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[Graziano et al., 1997] of macaques. Perhaps these multisen-
sory premotor areas are more effectively recruited by mac-
rospatial than microspatial tasks. This requires further
study.

CONCLUSIONS

In summary, the studies reported in the present work
confirm and extend our previous observations on the
neural circuitry involved in tactile discrimination of grat-
ing orientation. We conclude that an extensive set of
frontal and parietal areas is active during this task, with
many of these areas showing selectivity for orientation
compared to spacing. These areas include the left alPS,
right PCS, left POC, bilateral FEF, and bilateral PMv. All
these areas, with the exception of the right PCS, have been
shown to have multisensory properties. Future work
should focus on identifying how each of these areas con-
tributes to task performance, and the nature of multisen-
sory processing in each area.
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