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Abstract— The effect of stimulus frequency on the activation of
the primary (SI) and secondary (SII) somatosensory cortices
during electric median nerve stimulation was investigated by
means of functional magnetic resonance imaging (fMRI). This
study aimed at ascertaining whether the BOLD response in SII
varied with the stimulus frequency, as was previously observed
in SI. The electric stimulus was delivered to the right median
nerve in 19 right handed healthy volunteers. Four frequencies
(0.5Hz, 1Hz, 2Hz, 4Hz) were used, while the stimulation
current was set at a level eliciting a sustained, but painless,
thumb twitch. FMRI was performed at 1.5 T according to a
block paradigm alternating states of stimulation and control.
Statistical analysis of fMRI data was performed using the
general linear model. Individual and group analysis showed
significantly activated areas in SI and SII at all stimulation
frequencies. Activation in SI significantly increased with
stimulation frequency, while activation in SII did not show
significant differences at different frequencies. These results
confirm that SII is not primarily involved in simple coding of
somatosensory stimulus properties such as frequency or total
energy.
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I. INTRODUCTION

Functional magnetic resonance imaging (fMRI) during
the electrical median nerve stimulation has become a widely
used method for the mapping of the responses of
somatosensory cortex. Previous evidence [1] has shown that
primary somatosensory cortex (SI) presents an increase of
the Blood Oxygen Level Dependent (BOLD) response with
increasing stimulation frequency in the range of 5-100 Hz.
Noteworthy, the responses of SI and secondary
somatosensory cortex (SII) to stimulations delivered at
lower frequencies are poorly known. This is an important
gap, since the sensorimotor component due to the thumb
twitch accompanying the median nerve stimulation affects
much less low than high frequencies. The present study
aimed at investigating the BOLD response of SI and SII
after the stimulation of the median nerve at frequencies
ranging from 0.5 Hz to 4 Hz.

II. METHODS

19 healthy volunteers ranging in age from 19 to 24 years
(9 males, 10 females) were enrolled in this study. All
subjects were right handed according to the Edinburgh
Inventory and all of them gave their written informed
consent according to the Declaration of Helsinki. The
general procedures were approved by the local Institutional
Ethics Committee.
The electric stimulus was a rectangular pulse with 200 us
duration and was delivered to the right median nerve at the
wrist via non magnetic AgCl electrodes. Four frequencies of
stimulation were used: 0.5 Hz, 1 Hz, 2 Hz, and 4 Hz. The
stimulation current was set at a level eliciting a sustained,
but painless, thumb twitch and was assessed outside the
scanner just before the fMRI session. The mean stimulation
current across subjects was 12.2 £ 0.4 mA.
BOLD contrast functional imaging was performed with a
SIEMENS MAGNETOM VISION scanner at 1.5 T by
means of a T2*-weighted echo planar imaging (EPI) free
induction decay (FID) sequence with the following
parameters: TR 3 s, TE 60 ms, matrix size 64x64, FOV 256
mm, in-plane voxel size 4 mm x 4 mm, flip angle 90°, slice
thickness 4 mm and no gap. A standard head coil was used
and the subject’s head was fixed by foam pads to reduce
involuntary movement. Functional volumes consisted of 22
transaxial slices parallel to the AC-PC line including the
cortical regions of interest (SI, SII). The experimental
paradigm was a block design alternating a state of
stimulation of 36 s with a control state having the same
duration. For each stimulus frequency a run of 100 volumes
was acquired starting with a control period.
A high-resolution structural volume was acquired at the end
of the session via a 3D MPRAGE sequence with the
following features: axial, matrix 256 x 256, FoV 256 mm,
slice thickness 1 mm, no gap, in-plane voxel size 1 mm x 1
mm, flip angle 12°, TR = 9.7 msec, TE = 4 msec.
Raw data were analyzed by means of the Brain Voyager 4.9
software (Brain Innovation, The Netherlands). Due to Tl
saturation effects, the first 4 scans of each run were
discarded from the analysis. Preprocessing of functional
scans included motion correction and removal of linear
trends from voxel time series. A three-dimensional motion
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correction was performed by means of a rigid body
transformation to match each functional volume to the
reference volume (the fifth volume, since the first four were
discarded to avoid the T1 saturation effect) estimating three
translation and three rotation parameters. Preprocessed
functional volumes of a subject were coregistered with the
corresponding structural data set. Since the 2D functional
and 3D structural measurements were acquired in the same
session, the coregistration transformation was determined
using the Siemens slice position parameters of the functional
images and the position parameters of the structural volume.
In some cases, after accurate visual inspection, this
transformation was adjusted to account for subject
movement between functional and anatomical scans.
Structural and functional volumes were transformed into the
Talairach space [2] using a piecewise affine and continuous
transformation. Functional volumes were resampled at a
voxel size of 3mm X 3mm X 3mm.

Statistical analysis was performed for individual subjects
and stimulus frequencies using the general linear model
(GLM) [3]. To account for the hemodynamic delay, the
boxcar waveform representing the rest and task conditions
was convolved with an empirically founded hemodynamic
response function [4]. No spatial or temporal smoothing was
performed in this analysis.

To search for activated areas that were consistent for the
entire group of subjects, a statistical group analysis was
performed after the time series from each run and subject
were z-normalized and concatenated.

Individual and group statistical maps were thresholded at p
< 0.0004 at the voxel level and a cluster size of at least four
voxels was required. These thresholds and an estimate of the
spatial correlation of voxels were used as input in a Monte-
Carlo simulation [5] in order to assess the overall
significance level (the probability of a false detection for the
entire functional volume). In this way we obtained P<0.05
as the significance level corrected for multiple comparisons.
Individual thresholded statistical maps were then
superimposed on the respective structural scans for the
localization of significantly activated areas, while
thresholded group activation maps were superimposed on
the (Talairach transformed) structural scan of one of the
subjects.

Regions of interest (ROIs) in the primary and secondary
somatosensory cortices were determined from the group
analysis by considering the mask obtained from voxels
activated at any stimulus frequency. The subject’s responses
to different stimulation frequencies were characterized by
evaluating the relative BOLD signal variation between
baseline (rest period) and activation (stimulation period).
The regional comparison of activation was undertaken by
means of the analysis of variance (ANOVA) for repeated
measures. The dependent variable of the ANOVA analysis
was the relative variation of the BOLD signal between the
stimulation and rest conditions.
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III. RESULTS

Individual and group analysis showed significantly
activated areas in contralateral SI and bilateral SII at all
stimulation frequences (Fig. 1). Preliminary results obtained
with the ANOVA on the individual BOLD responses
revealed that SI activation significantly increased (p<0.05)
with stimulation frequencies, whereas in ipsilateral and
contralateral SII no significant differences in the BOLD
responses at different frequencies were observed (Fig. 2).

Fig. 1. Activated areas (P< 0.05, corrected) in contralateral SI and
contralateral SII during electrical stimulation of median nerve (group
activation map superimposed on the inflated cortex of the left hemisphere).
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Fig. 2. BOLD response in the ST and SII cortices at the four stimulus
frequencies. Error bars are standard errors.
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I'V. DISCUSSION

In this study, we evaluated the effects of galvanic
median nerve stimulation at different frequencies on the
BOLD response of SI and SII. A contralateral activation of
SI and a bilateral activation of SII were observed at all
stimulation frequencies. Preliminary results showed that the
activity of the contralateral SI but not of the bilateral SII
increased as a function of the frequency rate. These results
confirm that SII has a bilateral functional organization and
suggest that it is not primarily involved in simple coding of
somatosensory stimulus properties such as frequency or total
energy.
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