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Abstract: Functional MRI can be used to assess brain plasticity over time. To confidently attribute changes
in activation patterns to cortical plasticity, it is important to establish the stability of cortical activation pat-
terns. Because little is known concerning the stability of somatosensory-evoked brain responses, we assessed
the reproducibility of within-subject responses in key somatosensory regions [thalamus, primary and sec-
ondary cortex (S1, S2)] to tactile and painful stimuli using threshold-dependent and threshold-independent
analyses. Six subjects underwent four biweekly scanning sessions during which tactile and painful stimuli
were applied to the hand. Standard thresholding and voxel counting techniques were compared with a
novel threshold-independent method utilizing percent signal change within the regions of interest. Contra-
lateral S1 and S2 were qualitatively reproducible during tactile stimulation, with overlapping activations
>85% of the time. S2 was also highly reproducible during painful stimulation (88%), whereas S1 was less re-
producible (44%). However, activation in the thalamus to both tactile and painful stimulation was highly
variable. Ipsilateral activation was consistent within S2 but sparse within S1 and thalamus. Deactivations
within ipsilateral S1 occurred 48% of the time with tactile stimuli, and 90% of the time with painful stimuli.
Within contralaterally activated regions intraclass correlations (ICCs) were very high using the unthre-
sholded method regardless of the type of stimulation, whereas much lower ICCs arose from the thresholded
analyses. These data indicate that a threshold-independent analysis can produce more reproducible out-
comes than a standard threshold-dependent analysis. Hum Brain Mapp 30:1947–1962, 2009. VVC 2008Wiley-Liss, Inc.
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INTRODUCTION

Serial fMRI is a powerful tool to examine how the brain
changes over time in individual subjects. Several groups
have used serial fMRI to study cortical plasticity in patho-
logical and nonpathological conditions including stroke,
amputation, nerve injury, and learning [Karni et al., 1995;
Loubinoux et al., 2003; Manduch et al., 2002; Napadow
et al., 2006]. A critical assumption in serial fMRI studies is
that task-evoked brain responses in individual subjects are
consistent and stable over time in terms of the response
location, volume, and signal intensity. The within- and
between-subject stability of cortical activations patterns is
thought to be relatively stable in the motor and visual
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systems, and for language and higher cognitive processes
[Cohen and DuBois, 1999; Fernandez et al., 2003; Machiel-
sen et al., 2000; Marshall et al., 2004; McGonigle et al., 2000;
Miki et al., 2001a; Tegeler et al., 1999; Wagner et al., 2005;
Waldvogel et al., 2000; Wexler et al., 1997; Yetkin et al.,
1996]. Although studies focusing on the motor system
clearly have a sensory component, the reproducibility of
stimulus-evoked responses to tactile tasks with no motor
component, and during painful stimulation is not clear.
The criteria used to define and determine what consti-

tutes an ‘‘activation’’ is a critical factor in interpreting repro-
ducibility data. Yetkin et al [1996] investigated test–retest
reliability of somatosensory-evoked cortical activations
across two runs within a single scanning session. Although
this study provides useful information regarding the
within-session stability of tactile-related brain responses,
the stability of responses over time is not known. Because
of our interest in plasticity of the tactile and pain systems,
we sought to determine the reproducibility of cortical
responses to nonpainful tactile and painful stimuli in brain
regions that are common to both systems, namely the sen-
sory-discriminative regions, which include contralateral
thalamus and the contralateral primary and secondary
somatosensory cortices (S1 and S2). Because the focus of the
study was to quantify tactile- and pain-related responses
using simple devices that are routinely used in the clinic,
we have not interrogated in detail those cortical areas that
are known to be influenced by attention and motivation,
such as the anterior cingulate cortex and insula. These areas
require more extensive control of attentional resources and
such fine attentional controls are unlikely to be included in
general clinical imaging assessments.
All fMRI studies rely on predefined criteria of brain

responsiveness, but there is no gold standard for choosing
these criteria. There are two basic types of statistical
approaches that can be used to assess cortical responses over
time. The most popular statistical approach is the threshold-
dependent method that is typically based on choosing a sta-
tistical threshold with the aim of reaching an overall cor-
rected P value of 0.05. The choice of this threshold is arbi-
trary and often fairly conservative, which may preclude
detecting potentially interesting fMRI signal changes that lie
below the chosen threshold. Serial fMRI studies typically
determine how activations differ between sessions based on
the number of voxels (volume—also known as extent), the
intensity of the signal change (peak activation—also known
as height), or a combination of both (height 3 extent) that
exceeds the predefined statistical threshold within an ana-
tomically defined region of interest [Davis, 2006].
Reproducibility concerning the number of voxels above a

set threshold has been examined by several groups. In one
study that examined the stability of the motor and visual sys-
tems, voxel counts varied by as much as 750% across four ses-
sions [Cohen and DuBois, 1999]. Another group that also
investigated the motor and visual system, found that activa-
tion patterns varied by 1,150% for visual stimuli and 433% for
motor stimuli in the most variable subject [Waldvogel et al.,

2000]. Despite this high level of variability, longitudinal clini-
cal studies still tend to use the number of voxels above thresh-
old as their main measure [Pineiro et al., 2001; Small et al.,
2002]. Although these particular studies imply that the motor
and visual systems are highly variable, studies utilizing dif-
ferent statistical criteria and response measures have reported
stable visual and motor cortical activation patterns. For exam-
ple, Miki et al. [2001a,b] calculated a reproducibility ratio for
the size (R size) and location (R overlap) of activation during
visual flash stimuli and found that R size ranged from 0.88 to
0.97 and R overlap ranged from 0.72 to 0.86 [Miki et al.,
2001b] (0 5 no reproducibility and 1 5 perfect reproducibil-
ity). Yetkin et al. [1996] examined reproducibility in the motor
and sensory systems, and based on the ratio of the number of
pixels activated in both runs of the task to the number of pix-
els activated in either run, the activation ratio for exactly the
same pixel was 0.57 (where 0 5 no reproducibility and 1 5
perfect reproducibility), whereas the activation ratio for the
same pixel or its nearest neighbor resulted in pixel precision
ratios of 0.81 (motor) and 0.82 (sensory) [Yetkin et al., 1996].
These studies highlight the importance of robust and sensi-
tive statistical analysis criteria.
The second type of statistical approach to assess the sta-

bility of activations over time is a threshold-independent
method. With this method, the percent signal change is
determined for a priori defined regions of interest (ROIs).
The advantage of this approach is that consideration is
given to all voxels within the ROIs. To our knowledge, no
studies have examined the percent signal change using
this approach. However, the reliability of percent signal
changes measures in a posteriori defined ROIs (i.e. percent
signal change averaged across voxels that reached a set
threshold) has been examined [Waldvogel et al., 2000].
This method gave more reproducible results than those
obtained by voxel counting [Waldvogel et al., 2000].
Therefore, in this study, our main aim was to examine

the reproducibility of nonpainful and painful mechani-
cally-evoked activations in the contralateral thalamus, S1,
and S2 using threshold dependent and independent tech-
niques. We also examined the stability of ipsilateral activa-
tions and deactivations within these brain regions using
the threshold-dependent method.

METHODS

Subjects

Six right-handed healthy subjects [3 males, 3 females; 24–52
years old (326 12)] with no history of neurological injury, par-
ticipated in the study. Handedness was determined using the
Edinburgh handedness inventory [Oldfield, 1971]. All subjects
gave informed written consent to procedures approved by the
University Health Network research ethics board.

Experimental Procedures

Each subject participated in four, biweekly (i.e., every
2 weeks) scanning sessions. Sessions were held at the same
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time of day, and subjects were instructed not to consume
caffeinated beverages for at least 2 h before imaging. Non-
painful mechanical stimuli consisted of brushing the dorsal
aspect of the hand at �1 Hz with a soft brush. Painful me-
chanical stimuli were applied to the dorsal aspect of the
hand at 1 Hz with a von Frey filament. For each subject, a
von Frey filament was chosen before the first scanning ses-
sion that elicited pain at an intensity of 4 on a scale from
0 (no pain) to 10 (most intense pain imaginable). The same
filament was used for subsequent scans. Subjects were asked
to rate the pain from 0 to 10 at the end of each run during
which the painful stimuli were applied. Stimuli were
applied to left and right hands in separate runs, for a total of
four runs per session (left and right, noxious and innocu-
ous). The order of runs was held constant across sessions to
avoid inconsistent inter-run interactions. Each run consisted
of 20 s stimulation blocks interleaved with 20 s rest blocks,
for a total of 12 blocks of stimulation and 13 blocks of rest.

The first 6 s (3TRs) of data acquired from each run (total
scan time 5 8 min 26 s) was discarded to allow for fMRI sig-
nal equilibration. Subjects were instructed to keep their eyes
closed throughout scanning and to focus on the stimuli.

Data Acquisition

All data was acquired using a 1.5 T MRI system (GE
Echospeed) fitted with a standard quadrature head coil. A
three-dimensional high resolution anatomical scan of the
whole brain [124 sagittal slices, 24 3 24 cm field of view
(FOV), 256 3 256 matrix, 1.5 3 1.07 3 1.07 mm voxels]
was acquired with a T1-weighted 3D spoiled gradient echo
(SPGR) sequence (flip angle 5 458, echo time (TE) 5 5 ms,
repetition time (TR) 5 25 ms). fMRI was acquired with a
T2*-weighted one-shot spiral gradient echo sequence (25
axial slices, FOV 5 20 3 20 cm, 64 3 64 matrix, 3.125 3
3.125 3 4 mm voxels, TE 5 40 ms, TR 5 2,000 ms).

Figure 1.

Extent of tactile- and pain-evoked activations (thresholded

method). (A) The mean (6 SE) number of voxels (across all

subjects) activated during tactile (filled bars) or painful stimula-

tion (gray bars) is displayed for each brain region. There was a

significant interaction between brain region and type of stimula-

tion; post hoc testing revealed the presence of significantly more

activated voxels in the contralateral S1 during tactile stimulation

than during painful stimulation (P < 0.001; t 5 6.23; denoted by

asterisk), but there were no significant differences in the number

of voxels activated by tactile versus painful stimulation in the

contralateral S2 and thalamus or in ipsilateral regions (P > 0.05).

(B) The mean (6 SE) number of voxels activated over all left

(filled bars) or right (gray bars) brain regions are displayed.

Three-way ANOVAs indicated no significant main effect of stim-

ulation side. (S1, primary somatosensory cortex; S2, secondary

somatosensory cortex).
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Data Analysis

Data were preprocessed and analyzed using Brainvoy-
ager QX v1.8 (Brain Innovation, Maastricht, the Nether-
lands). Preprocessing included: motion correction, slice
timing correction, linear trend removal, high pass filtering
(six cycles per run), and spatial smoothing with a 6 mm
FWHM Gaussian kernel. fMRI datasets were interpolated
to 3 3 3 3 3 mm3, registered to the anatomical image, and
transformed to Talairach space. Voxels are reported as 1 3
1 3 1 mm3. For each subject, a voxel by voxel general lin-
ear model analysis (GLM) was performed for each run in
each session and activation maps were constructed for the
contrast ‘‘stimulation minus rest.’’ Two further analyses
were run as mentioned in the following sections.

Thresholded method

Activation maps were thresholded at a corrected value
of P < 0.05 (derived from an uncorrected P < 0.0001 and
120 mm3 contiguous voxels as previously reported by
Downar et al. [2003], and also validated by running a
Monte Carlo Simulation with the AlphaSim application
implemented in the Analysis of Functional NeuroImages
software) and the number of voxels above threshold deter-
mined for both contralateral and ipsilateral S1, S2, and
thalamus. In addition, the number of deactivated voxels
above threshold was also determined. Intraclass correlation
coefficients (ICCs) were then derived for the number of
voxels above threshold across all four sessions for each
subject, task, and stimulation site using the Statistical Package

for the Social Sciences v13.0 (SPSS, Chicago). The intraclass
correlation coefficient is a measure of reliability that can be
used when there are multiple replications of a measure-
ment for each subject [Shrout and Fleiss, 1979]. It is the
ratio of the between-subject variance to the total variance,
where total variance is the combination of between-subject
variance and within-subject variance:

ICC ¼ r2
between subjects

r2
between subjects þ r2

within subjects

ICCs approaching 1 indicate that the variance between
subjects is much greater than the variance within subjects
[Johnstone et al., 2005]. Therefore, a value close to 1 indi-
cates good within-subject reliability. Here we report ICCs
that require average absolute agreement between measures
and consider ICCs greater than 0.50 with P � 0.05 satisfac-
torily reproducible [Manoach et al., 2001]. Negative ICC
values indicate that there is more variability within than
between subjects and therefore indicate unstable within-
subject brain responses.
‘‘Count maps’’ were constructed for each subject and

task to visualize consistent activations across sessions.
Construction of the count maps required coding voxels
that reached threshold with a value of one, and coding
voxels that were below threshold with a value of zero.
Subsequently, maps for a given subject, task and location
could be summed across all four sessions, resulting in a
single map that indicated the number of sessions a particular

Figure 2.

Strength of tactile- and pain-evoked activations (unthresholded

method). (A) The mean (6SE) % signal change within each pre-

defined ROI is displayed for tactile and painful stimulation. The

3-way ANOVA detected a significant interaction between brain

region and stimulation type. The asterisk indicates greater per-

cent signal change in the contralateral S1 during tactile stimula-

tion than painful stimulation (post hoc testing: P < 0.001; t 5
5.94). No difference was detected for contralateral S2 or thala-

mus (P > 0.05). (B) Mean (6 SE) % signal change is displayed

for left and right brain regions; there was no significant effect of

side. (S1, primary somatosensory cortex; S2, secondary somato-

sensory cortex).
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voxel reached threshold. A separate map was constructed
for each subject. In addition, deactivations were displayed
on a separate set of count maps in the same format (i.e.

separate count maps for each subject, task, and location for
significantly deactivated voxels). For visualization clarity,
voxels reaching threshold in only one session were not

Figure 3.

Count maps of tactile-evoked activations shown for each of the

six subjects. Each column represents one subject. Stimuli were

applied to the dorsal aspect of the right (top panel) or left

(bottom panel) hand. Individual subject and session maps were

thresholded at a corrected P 5 0.05. The colour code (yellow,

orange, red) is used to designate those voxels activated in four,

three or two sessions. Brain regions active in only one session

are not shown.
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displayed. A score of 100% was assigned if a brain region
displayed overlapping activation in four sessions. Like-
wise, a score of 75% was assigned in cases with overlap-

ping activation in three sessions and cases with two over-
lapping sessions received a score of 50%. These scores did
not consider the extent of activation (i.e., the number of

Figure 4.

Count maps of pain-evoked activation shown for each of the six

subjects. Each column represents one subject. Stimuli were

applied to the dorsal aspect of the right (top panel) or left

(bottom panel) hand. Individual subject and session maps were

thresholded at a corrected P 5 0.05. The colour code (yellow,

orange, red) is used to designate those voxels activated in four,

three, or two sessions. Brain regions active in only one session

are not shown.
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voxels with overlapping activation) because we wished
only to quantify whether a particular brain region was
qualitatively reproducible.

Unthresholded method

To locate a peak voxel for the placement of a standar-
dized ROI for each individual session a conjunction
analysis was performed across all four sessions for each
subject and task separately, resulting in four sets of con-
junction maps for each subject (left and right, pain and tac-
tile). The peak voxel from each of these maps within the
contralateral S1, S2, and thalamus was identified and used
for the placement of a 1,000 mm3 ROI within the brain
region. The average percent signal change within each of
these single subject ROIs (S1, S2, and thalamus) was then
extracted for each session separately. ICCs were then cal-
culated to determine the within-subject reproducibility for
each brain region (S1, S2, and thalamus) and stimulus type
(pain and tactile). In all cases the peak location was well
within the desired anatomical region of interest (see
below).
In addition, a three-way analysis of variance (ANOVA)

was performed using SPSS to determine the impact of the
side of stimulation (left or right), region of activation (contra-
lateral S1, S2, and thalamus), and type of stimulation (innocu-
ous or noxious). This was done for each dependent variable
(i.e., the number of voxels and the percent signal change).
For both analysis methods the boundaries of S1, S2, and

thalamus were defined as follows: (1) S1 included voxels
within the postcentral gyrus from the most superior axial sli-
ces down to a level where the central sulcus and postcentral
sulcus were no longer clearly identifiable (i.e., a level at
which cortical representation of the face and lips resides); (2)
S2 was confined to the region of cortex directly ventral to the
primary sensory cortex within the parietal operculum. Ante-

rior and posterior boundaries were identified by drawing a
line from the central and postcentral sulci to the lateral sul-
cus; (3) the thalamus included gray matter bounded laterally
by the genu and posterior limb of the internal capsule and
medially by the third ventricle. As subsequent analyses
were to involve calculation of the number of voxels above a
strictly defined threshold or the placement of a defined ROI
on a peak voxel (for extraction of the average percent signal
change), the definition of the anatomical regions of interest
was allowed to be fairly liberal as the subsequent analyses
would restrict the analysis to the appropriate brain regions.
These boundaries were defined on single subject bases, as
opposed to using group average anatomical images, as
group maps are extremely blurred and do not provide spe-
cific anatomical detail. Furthermore, it was our intention to
examine within-subject reproducibility (not between-subject
reproducibility) and our previous experience has demon-
strated considerable anatomical variation between-subjects
(especially for S1) even after Talairaching. Therefore, defin-
ing anatomical boundaries on a single subject basis was the
most appropriate method for our purposes.

RESULTS

All six subjects successfully completed the four imaging
sessions. The Edinburgh Handedness Inventory laterality
quotient was 100 for all subjects, indicating that all subjects
were strongly right-handed. Pain ratings reported at the
end of each painful run were 3.0 6 0.7 (range 2–5) and 3.0
6 0.7 (range 2–5) for stimulation of the right and left
hands, respectively. ICCs were calculated to evaluate the
stability of pain ratings within an individual across imag-
ing session and the ICC was 0.72 for right hand stimula-
tion and 0.37 for left hand stimulation. Thus, stimulation
of the right hand resulted in stable pain ratings, whereas

TABLE I. Summary of count maps: A qualitative examination of the thresholded analysis within

contralateral brain regions

Tactile stimulation Painful stimulation

S1 S2 Thalamus S1 S2 Thalamus

L R L R L R L R L R L R

Subject 1 100 (4) 100 (4) 75 (3) 100 (4) 75 (3) 0 (0) 50 (2) 100 (4) 100 (4) 100 (4) 50 (2) 50 (2)
Subject 2 100 (4) 100 (4) 100 (4) 100 (4) 0 (0) 0 (0) 75 (3) 75 (3) 100 (4) 100 (4) 0 (0) 0 (0)
Subject 3 75 (3) 100 (4) 100 (4) 75 (3) 0 (0) 0 (0) 50 (2) 0 (0) 100 (4) 75 (3) 0 (0) 0 (0)
Subject 4 100 (4) 75 (3) 100 (4) 75 (3) 0 (0) 0 (0) 100 (4) 75 (3) 100 (4) 100 (4) 0 (0) 0 (0)
Subject 5 100 (4) 100 (4) 100 (4) 100 (4) 0 (0) 0 (0) 0 (0) 0 (0) 100 (4) 100 (4) 0 (0) 0 (0)
Subject 6 100 (4) 75 (3) 100 (4) 0 (0) 0 (0) 50 (2) 0 (0) 0 (0) 75 (3) 0 (0) 0 (0) 0 (0)
Average 95.8 91.7 95.8 75.0 12.5 8.3 45.8 41.7 95.8 79.2 8.3 8.3
Average (L&R) 93.8 85.4 10.4 43.8 87.5 8.3

For this table S1, S2, and Thalamus are the cROIs. L and R are the sides.
Values indicate the number of sessions in which the same voxels were activated within a specified contralateral brain region over two
or more sessions. A score of 100 indicates activation of one or more voxels across all four sessions for a given brain region, and a score
of zero indicates no overlapping activation (in any voxels) for that brain region. (cROI, contralateral region of interest; S1, primary soma-
tosensory; S2, secondary somatosensory cortices).
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stimulation of the left hand did not. No significant head
motion was detected from any subject or run (< 2 mm),
therefore all data was included in subsequent analyses.

Thresholded Analysis: Extent of

Contralateral Activations

A 3-way ANOVA was used to examine the impact of
stimulus type (tactile vs. pain), brain region (S1, S2, and
thalamus), and side of stimulation (left and right) on the
extent of contralateral activations (i.e., number of voxels).
Interestingly, a significant interaction was found between
the type of stimulus and brain region [F (2, 275) 5 24.48, P
< 0.05]. As can be seen in Figure 1A, the extent of activa-
tion within the contralateral S1 was significantly greater
during tactile stimulation than during painful stimulation
(P < 0.001, t 5 6.23). However, the extent of activation
within the contralateral S2 and thalamus were not statisti-
cally different for the tactile and painful stimuli [P 5 0.51,
t 5 0.65 (s2); P 5 0.58, t 5 0.55 (thalamus)]. No significant
main effect was observed for the side of stimulation [F (1,
275) 5 0.24, P 5 0.63; Fig. 1B], indicating that stimulation
of the left and right hands resulted in the same extent of
activation in the contralateral S1, S2, and thalamus.

Unthresholded Analysis: Contralateral

Activation Strength

A 3-way ANOVA was also used to determine the
impact of stimulus type, brain region and side on the
strength (i.e., percent signal change) of activations. This
analysis revealed the same pattern of region X stimulation
interaction [F (2, 275) 5 20.83, P < 0.05; Fig. 2A] as the
activation analysis noted earlier. As shown in Figure 2A,
the percent signal change within the contralateral S1 was
significantly greater during tactile stimulation than during
painful stimulation (P < 0.001, t 5 5.94), whereas the con-
tralateral S2 and thalamus were activated similarly for
both types of stimulation [P 5 0.57, t 5 0.56 (S2); P 5 0.42,
t 5 20.81(thalamus)]. No significant main effect was
observed for the side of stimulation [F (1, 275) 5 0.41, P 5
0.52; Fig. 2B].

Stability of Contralateral Responses

(Thresholded Method)

The incidence of activation across sessions for each
subject is depicted in the count maps shown in Figure 3
(for tactile stimulation) and Figure 4 (for painful stimula-
tion) and quantified in Table I. Reproducibility was
qualitatively characterized by the presence of activation
across two, three, or four sessions within each brain
region for each subject. For each subject, type of stimula-
tion, and brain region a score out of four sessions (or
100%) is given (see Table I). This score merely describes
the occurrence of overlapping activation and does not
take into account the extent or strength of activation. As

Figure 5.

Effect of time on the number of contralateral voxels above

threshold. Mean (6 SE) number of voxels activated above

threshold for sessions 1–4 within contralateral S1 (A), S2 (B),

and thalamus (C). Each graph displays the bi-weekly averages for

right and left, tactile and painful stimulation.
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shown in Figure 3 and summarized on the left side of Ta-
ble I, tactile-evoked activations within the contralateral S1
and S2 were highly reproducible, with overlapping supra-
threshold responses detected 93.8% and 85.4% of the
time, respectively. However, consistently activated tha-
lamic voxels in two or more sessions occurred only 10.4%
of the time. Pain-evoked activations [Table I (right side)
and Fig. 4] across all subjects and sessions were consist-
ent for the contralateral S2 with an incidence of overlap-
ping activation of 87.5%. In contrast, pain-evoked activa-
tion within the contralateral S1 and thalamus was highly
variable showing consistent activation only 43.8% and
8.3% of the time, respectively. Figure 5 shows the number
of voxels activated on average, across all subjects, for
each session, brain region, and type of stimulation. It can
be seen in Figure 5A that tactile stimulation activated
more voxels within S1, on average, than painful stimula-
tion. In contrast, tactile and painful stimulation activated
a similar volume within contralateral S2 and thalamus.
Repeated measures ANOVA performed across sessions
did not identify significant between-session differences
for any brain region or type of stimulation.
ICCs were calculated to quantify the within subject

reproducibility of the suprathreshold extent of activation
(based on the voxel counts) for tactile- and pain-evoked
responses (see Table II). Tactile stimulation produced acti-
vation in the contralateral S1 across all four sessions with
ICCs of 0.781 (P < 0.01) for left S1 and 0.823 (P < 0.01) for
right S1 indicating good within-subject reproducibility.
Painful stimulation resulted in ICCs of 20.224 (P 5 0.56)
for left S1 and 0.650 (P 5 0.05) for right S1. Therefore,
when considering the number of voxels above threshold,
pain-evoked responses elicited by stimulation of the left
hand resulted in stable brain responses within a subject,
whereas stimulation of the right side did not. Tactile and
painful stimulation evoked stable brain responses in the

contralateral S2 for left hand stimulation only. Finally, con-
tralateral thalamus displayed stability during noxious
stimulation of the left hand; however, painful stimulation
of the right hand and tactile stimulation of either the left
or right side did not result in stable thalamic responses
(see Table II for ICCs and their associated P-values).

Stability of Contralateral Responses

(Unthresholded Method)

Figure 6 displays the percent signal change for each ses-
sion averaged across all subjects within a given brain
region (Figs. 6A–C for S1, S2, and thalamus, respectively)
and type of stimulation. As with the number of voxels
above threshold analysis, the average percent signal
change was significantly higher in the contralateral S1
during tactile, as opposed to painful stimulation. This
difference was not observed within contralateral S2 and
thalamus. Furthermore, no significant between-session
differences were identified using a repeated measures
ANOVA that was performed separately for each brain region
and type of stimulation.
The ICCs calculated for the unthresholded technique

(i.e., percent signal change measures) are also displayed in
Table II. In all but one case, ICCs demonstrate a high
degree of within subject reproducibility (i.e., ICCs > 0.74).
Tactile stimulation resulted in ICCs > 0.74 for all contralat-
eral brain regions (S1, S2, and thalamus). ICCs were
slightly lower, on average, during painful stimulation than
during tactile stimulation [average ICC 5 0.886 (tactile) vs.
5 0.768 (painful stimulation)]. During painful stimulation
the left S1 was the only brain region that was not found to
be reproducible; however the ICC for this brain region
was 0.490, indicating a modest amount of stability.
For comparison, Figure 7 shows the average ICCs for

both types of stimulation (tactile vs. painful) and analysis

TABLE II. Intraclass class correlation coefficients (ICC) for tactile and painful stimulation calculated for

thresholded and unthresholded analysis methods within contralateral brain regions

cROI

Unthresholded method: Contralateral activations Thresholded method: Contralateral activations

Tactile (% sig) Painful (% sig) Tactile (# voxels) Painful (# voxels)

ICC P ICC P ICC P ICC P

Left S1 0.909 0.000 0.490 0.143 0.781 0.010 20.224 0.556
Right S1 0.978 0.000 0.771 0.012 0.823 0.004 0.650 0.051
Left S2 0.925 0.000 0.866 0.001 20.078 0.490 0.430 0.183
Right S2 0.740 0.019 0.934 0.000 0.848 0.002 0.752 0.016
Left Thalamus 0.893 0.000 0.831 0.003 20.158 0.528 0.612 0.092
Right Thalamus 0.873 0.001 0.719 0.025 0.473 0.154 0.763 0.014
Average 0.886 0.768 0.448 0.497

ICCs approaching one indicated high within subject reproducibility. P-values < 0.05 indicate ICCs that are significantly different from
zero (i.e., good reproducibility) and the gray-shaded boxes designate ICCs deemed reproducible. Negative ICC values indicate that there
is more variability within subjects than between subjects, and are therefore not reproducible. To emphasize the apparent advantage of
the unthresholded analysis technique over the thresholded method the average ICCs for tactile and painful stimulation are displayed in
the bottom row. (cROI, contralateral region of interest; S1, primary somatosensory; S2, secondary somatosensory cortices).
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techniques (number of voxels above threshold and percent
signal change). Although not significant [F (3, 20) 5 2.81,
P 5 0.066)] the percent signal change analysis led to
higher ICCs on average than the number of voxels above
threshold analysis, indicating more reproducible results
with this analysis technique.

Additional Findings on the Ipsilateral Side:

Activations and Deactivations

A 3-way ANOVA was used to examine the influence of
stimulus type, brain regions, and side of stimulation on
the number of voxels above threshold in brain regions ip-
silateral to stimulation. No significant main effects were
observed for the side of stimulation; [F (1, 275) 5 1.75, P
5 0.19; Fig. 1B] or type of stimulation [F (1, 275) 5 1.41, P
5 0.24; Fig. 1A]. However, a significant main effect of
brain region [F (2, 275) 5 31.16, P < 0.001] was observed.
Post hoc testing revealed that more voxels were activated
in the ipsilateral S1 and S2 compared with the ipsilateral
thalamus [P < 0.001, t 5 6.7 (S1 vs. thal); P < 0.001, t 5
10.5 (S2 vs. thal)]; no differences in the number of voxels
above threshold were observed between ipsilateral S1 and
S2 [P 5 0.10, t 5 2.9(S1 vs. S2)].
Tactile- and pain-evoked deactivations were often

observed in the ipsilateral S1, but rarely if at all in S2,
thalamus or contralateral S1 (see Fig. 9). Therefore, we
determined the impact of stimulation type and side of
stimulation on the number of deactivated voxels in ipsilat-
eral S1 using a two-way ANOVA. A significant main effect
of stimulation type was found [F (1, 92) 5 19.91, P < 0.001;
Fig. 8A] such that painful stimulation elicited significantly
more ipsilateral deactivation that tactile stimulation [P <
0.001, t 5 6.31]. There was no significant main effect of the
side of stimulation [F (1, 92) 5 1.52, P 5 0.22; Fig. 8B].
The count maps created to display contralateral activa-

tions (Figs. 3 and 4) also display consistently activated
voxels within ipsilateral ROIs. Table III qualitatively dis-
plays the presence of activation across two, three, or four
sessions within each ipsilateral brain region for each sub-
ject. For each subject, type of stimulation, and brain region
a score out of four sessions (or 100%) is given. Regardless
of the type of stimulation, repeatable activation was found
within the right ipsilateral S2 71% of the time. The left ip-
silateral S2 was active in response to painful stimulation
50% of the time, whereas tactile stimulation only elicited
consistent activation in this brain region 33% of the time
(Table III). Ipsilateral S1 demonstrated very little activa-
tion, with only one subject demonstrating any consistently
activated voxels. Furthermore, the ipsilateral thalamus was
not consistently activated during either type of stimulation
for any subject.
Count maps were also created to display the incidence

of deactivation in the ipsilateral S1 (the brain region that
was most consistently deactivated across subjects, tasks
and sessions) (see Fig. 9). Consistent deactivations within
ipsilateral S1 were observed during tactile stimulation

Figure 6.

Effect of time on % signal change within contralateral, positively

activated brain regions. Mean (6 SE) percent signal change

across sessions 1–4 within contralateral S1 (A), S2 (B), and thal-

amus (C). Each graph displays the bi-weekly averages for right

and left, tactile and painful stimulation.
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48.0% of the time (Table IV). Painful stimulation was
found to elicit consistent ipsilateral deactivations within S1
89.6% of the time.

ICCs were calculated to assess the within-subject stabil-
ity of ipsilateral activations and deactivations [see Table V
(ipsilateral activations) and Table VI (ipsilateral deactiva-

Figure 7.

Intraclass correlation coefficients (ICCs) for percent signal

change (unthresholded analysis) and number of voxels above

threshold (thresholded analysis) are shown for tactile and painful

stimulation. ICCs close to 1 indicate strong within subject repro-

ducibility. Hatched line demarcates ICCs of 0.50; ICCs above

0.50 are considered satisfactorily reproducible. Negative ICCs

indicate that between-subject variance is greater than within and

are therefore not reproducible. Note: Only ICCs related to acti-

vation of contralateral ROIs are shown for the direct compari-

son of unthresholded and thresholded techniques (i.e. ICCs

from ipsilateral activations and deactivations are not shown).

Figure 8.

Extent of tactile- and pain-evoked deactivations within ipsilateral

S1 (thresholded method). (A) The mean (6 SE) number of vox-

els (across all subjects) deactivated during tactile or painful stim-

ulation is displayed for S1. A two-way ANOVA identified a signif-

icant main effect of task such that painful stimulation elicited

more deactivated voxels in the ipsilateral S1 than tactile stimula-

tion (P < 0.001, t 5 6.31). (B). The mean (6 SE) number of

voxels deactivated over all left or right brain regions is displayed.

The 2-way ANOVA indicated no significant main effect of stimu-

lation side. (S1, primary somatosensory cortex).
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tion with S1)]. During tactile stimulation only the right S1
and S2 demonstrated stable ipsilateral activations with
ICCs of 0.78 and 0.85, respectively. During painful stimula-
tion both left and right S1 and S2 demonstrated stable
within subject activations, with an average ICC 5 0.85
across these four regions (see Table V). The thalamus was
not consistently activated and this resulted in low ICCs.
For deactivation in the ipsilateral S1 both tactile and pain-
ful stimulation lead to stable within subject ICCs, with an
overall average ICC 5 0.72 (see Table VI).

DISCUSSION

In this study we determined the within-subject reprodu-
cibility of tactile- and pain-evoked brain responses in
healthy subjects with both a standard thresholded
approach and a threshold-independent analysis. The
results highlight several main findings: (1) Tactile stimula-
tion evokes robust and reproducible contralateral cortical
activations, whereas pain-evoked activations are less reli-
able. (2) A threshold-independent analysis can uncover
more reproducible tactile- and pain-related responses
(based on ICCs) than the standard method of thresholding
and voxel counting. (3) Tactile stimuli evoke stronger and
larger activations within S1 compared with painful stimuli.
(4) Tactile and painful stimulation elicit smaller and less
reliable activation within ipsilateral ROIs in the S1, S2, and
thalamus. (5) Ipsilateral deactivation of S1 occurs fairly
consistently with tactile stimulation, and is further
enhanced, in terms of frequency and extent of activation,
with painful stimulation. Furthermore, these ipsilateral
deactivations have high ICCs indicating good within-sub-
ject reproducibility.
The reproducibility of fMRI data has been investigated

in response to motor, visual, language, and cognitive stim-
uli [Cohen and DuBois, 1999; Fernandez et al., 2003;

Machielsen et al., 2000; Marshall et al., 2004; McGonigle
et al., 2000; Miki et al., 2001a; Tegeler et al., 1999; Wagner
et al., 2005; Waldvogel et al., 2000; Wexler et al., 1997; Yet-
kin et al., 1996]. In general these systems were found to be
‘‘satisfactorily reproducible’’ [Wagner et al., 2005]; how-
ever, the choice of an appropriate index of activation can
lead to different conclusions. For example, substantial vari-
ability has been demonstrated in studies that have exam-
ined the measure ‘‘number of voxels above threshold’’.
However, if other measures, such as ‘‘percent signal
change’’ within a thresholded region of interest, are uti-
lized reproducible outcomes are attained [Waldvogel et al.,
2000]. This variability in the number of suprathreshold
voxels may be related to differences in background noise
which could directly effect statistical calculations. For
example an increase in the variance results in smaller t-
scores, which could render a voxel active in one imaging
session but inactive in another session. There are several
potential sources of noise such as the variation because of
scanner shimming, partial volume effects, and patient
motion, attention, arousal, and habituation [Cohen and
DuBois, 1999; McGonigle et al., 2000; Wagner et al., 2005].
In our study head motion was determined to be within an
acceptable range (<2 mm for all subjects across all ses-
sions). An attempt to maintain a stable level of arousal
and attention was made by ensuring that scanning was
performed at the same time of day for each subject over
repeated sessions and by limiting caffeine intake prior to
scanning. However, although scanner performance was
not measured to determine if intersession variance could
be attributed to instability in data acquisition, this possibil-
ity is unlikely as several brain regions demonstrated excel-
lent reproducibility with high ICCs.
In an attempt to monitor subjective pain from one session

to the next, pain ratings were acquired at the end of each
painful imaging run. ICCs revealed that the pain ratings for

TABLE III. Summary of count maps: A qualitative examination of the thresholded analysis within

ipsilateral brain regions

Tactile stimulation Painful stimulation

S1 S2 Thalamus S1 S2 Thalamus

R L R L R L R L R L R L

Subject 1 50 (2) 0 (0) 75 (3) 50 (2) 0 (0) 0 (0) 100 (4) 100 (4) 100 (4) 50 (2) 0 (0) 0 (0)
Subject 2 0 (0) 0 (0) 100 (4) 50 (2) 0 (0) 0 (0) 0 (0) 0 (0) 100 (4) 50 (2) 0 (0) 0 (0)
Subject 3 0 (0) 0 (0) 50 (2) 50 (2) 0 (0) 0 (0) 0 (0) 0 (0) 50 (2) 0 (0) 0 (0) 0 (0)
Subject 4 0 (0) 0 (0) 50 (2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 100 (4) 100 (4) 0 (0) 0 (0)
Subject 5 0 (0) 0 (0) 50 (2) 50 (2) 0 (0) 0 (0) 0 (0) 0 (0) 75 (3) 100 (4) 0 (0) 0 (0)
Subject 6 0 (0) 0 (0) 50 (2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Average 8.3 0 70.8 33.3 0 0 16.7 16.7 70.8 50 0 0
Average (L&R) 4.2 52.1 0 16.7 60.4 0

For this table S1, S2, and thalamus are the iROIs; and L and R are the sides.Values indicate the number of sessions in which the same
voxels were activated within a specified ipsilateral brain region over two or more sessions. A score of 100 indicates activation of one or
more voxels across all four sessions for a given brain region, and a score of zero indicates no overlapping activation (in any voxels) for
that brain region. (iROI, ipsilateral region of interest; S1, primary somatosensory; S2, secondary somatosensory cortices).
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Figure 9.

Count maps of deactivations elicited by tactile and painful stimu-

lation are shown for each of the six subjects. Each column rep-

resents one subject. Stimuli were applied to the dorsal aspect of

the right or left hand. Individual subject and session maps were

thresholded at a corrected P 5 0.05. The colour code (green,

turquoise, blue) is used to designate those voxels deactivated in

four, three, or two sessions. Brain regions active in only one ses-

sion are not shown.



stimulation of the right hand were stable, whereas pain rat-
ings for stimulation of the left were not. Rosier et al. [2002]
studied the reproducibility of pain measurements over four
repeated testing sessions with painful thermal stimuli. The
authors reported session-to-session variations in pain rat-
ings on the order of 1–1.5 points (on a scale from 0 to 10)
depending on whether brief or prolonged heat pain was
applied [Rosier et al., 2002]. In our study, ICCs indicated
that pain ratings were not consistent when the left hand

was stimulated. However, examination of individual pain
ratings demonstrates that no subject had session-to-session
variability greater than 1.5 VAS points. Furthermore,
because average pain ratings were 3 6 0.7 for both left and
right hands with a range across subjects of 2–5, it is likely
that this small spread combined with the small sample size
(six subjects) resulted in unstable ICCs.
Imaging studies of somatosensation employing electrical

stimulation, vibration, proprioception, and touch [Blanken-
burg et al., 2003; Davis et al., 1998; Disbrow et al., 2001;
Hlushchuk and Hari, 2006; Moore and Schady, 2000] have
consistently reported activation in the contralateral S1 and
S2. Although it was not our intention to directly compare
tactile and pain related activations, our findings of less
pronounced pain-related activation in S1 compared with
tactile activations add to the growing body of literature
that debate whether S1 is the primary sensory-discrimina-
tive cortical area for pain. Arguably, our finding could be
slightly confounded by the difference in surface area
stimulated as the brush extended over a somewhat larger
surface area than the von Frey stimuli. However, previous
imaging studies have also noted inconsistent activation of
this region with painful stimuli [Bushnell et al., 1999].
Furthermore, although nociceptive neurons do exist within
the primate S1, the number of cells identified are small
and are far outnumbered by tactile encoding neurons
[Kenshalo and Isensee, 1983; Kenshalo et al., 1988, 2000]
(for a discussion of these issues see see [Davis, 2003]).
However, support of a role for S1 in nociception comes
from a recent meta-analysis that combined multiple imag-
ing modalities to find S1 activation in �75% of imaging
studies [Apkarian et al., 2005].
This study also has important implications for protocol

design. It has become common practice in fMRI studies to
contrast the condition of interest with a second condition
that lacks the specific attribute under investigation. For
example, in a pain experiment a non-noxious tactile
‘‘baseline’’ may be contrasted against the pain-related stim-

TABLE VI. Intraclass class correlation coefficients (ICC)

for tactile and painful stimulation calculated for the

number significantly deactivated voxels (thresholded

analysis) within ipsilateral S1

Thresholded method: Ipsilateral deactivations

Tactile (# voxels) Painful (# voxels)

ICC P ICC P

Left S1 0.732 0.022 0.647 0.039
Right S1 0.606 0.050 0.900 0.000
Average 0.67 0.77

ICC approaching one indicated high within subject reproducibil-
ity. P-values < 0.05 indicate ICCs that are significantly different
from zero (i.e., good reproducibility) and the gray shaded boxes
designate ICCs deemed reproducible. (S1, ipsilateral primary
somatosensory cortex).

TABLE V. Intraclass class correlation coefficients (ICC)

for tactile and painful stimulation calculated for the

number of voxels above threshold (thresholded analysis)

within ipsilateral brain regions

Thresholded method: Ipsilateral activations

Tactile (# voxels) Painful (# voxels)

ICC P ICC P

Left S1 20.954 0.763 0.764 0.003
Right S1 0.782 0.010 0.849 0.001
Left S2 20.048 0.476 0.864 0.002
Right S2 0.848 0.001 0.935 0.000
Left Thalamus 0.000 0.451 0.000 0.451
Right Thalamus 0.510 0.113 0.363 0.224
Average 0.190 0.629

ICC approaching one indicated high within subject reproducibil-
ity. P-values < 0.05 indicate ICCs that are significantly different
from zero (i.e., good reproducibility) and the gray shaded boxes
designate ICCs deemed reproducible. Negative ICC values indi-
cate that there is more variability within subjects than between
subjects, and are therefore not reproducible. S1, primary somato-
sensory; S2, secondary somatosensory cortices.

TABLE IV. Summary of count maps: A qualitative

examination of the thresholded analysis for ipsilateral

deactivation of the primary sensory cortex

Ipsilateral deactivations in S1

Tactile Painful

R L R L

Subject 1 50 (2) 0 (0) 100 (4) 100 (4)
Subject 2 75 (3) 75 (3) 100 (4) 100 (4)
Subject 3 75 (3) 0 (0) 100 (4) 100 (4)
Subject 4 50 (2) 0 (0) 100 (4) 100 (4)
Subject 5 75 (3) 100 (0) 75 (3) 75 (3)
Subject 6 75 (3) 0 (0) 75 (3) 50 (2)
Average 66.7 29.2 91.7 87.5
Average (L&R) 48.0 89.6

Values indicate the number of sessions in which the same voxels
were deactivated within ipsilateral S1 over two or more sessions.
A score of 100 indicates deactivation of one or more voxels across
all four sessions, and a score of zero indicates no overlapping
deactivation (in any voxels) (iS1, ipsilateral primary somatosen-
sory cortex).
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uli to reveal brain regions responding to pain. However, if
a tactile stimulus results in greater activation than the nox-
ious stimulus the resulting map may reveal no activation
or deactivations. Therefore an appropriate task-free base-
line is required (see Davis, 2003 and Davis, 2006 for a
review of these issues).
Studies of cortical plasticity in human and animal stud-

ies have demonstrated that additional ipsilateral brain
areas become active following a wide range of interven-
tions such as peripheral nerve deafferentation and during
recovery from stroke [Lindberg et al., 2007; Pelled et al.,
2007]. Thus, ipsilateral responses, be it activations or deac-
tivations, and an understanding of their stability in healthy
controls may be important for a complete understanding
of plasticity in pathological and nonpathological condi-
tions. Currently, there is some debate as to the involve-
ment of ipsilateral S1 and S2 during contralateral sensory
stimulation in healthy controls. Several recent studies have
reported ipsilateral activations and deactivations following
unilateral tactile stimulation of the hand and/or face. For
example, a recent study by Blatow et al. [2007] demon-
strated ipsilateral S1 and S2 activation 67 and 100% of the
time in response to pneumatically driven tactile stimula-
tion of digits 1 and 2 [Blatow et al., 2007]. While we found
scant consistent ipsilateral S1 activations, ipsilateral S2 was
found to be consistently active 50–60% of the time regard-
less of the type of stimulation. One interesting finding was
the deactivation of the ipsilateral S1 evoked by tactile stim-
ulation �50% of the time, and by painful tactile stimula-
tion nearly 90% of the time. Moreover, the ICCs corre-
sponding to these painful and tactile deactivations within
ipsilateral S1 demonstrated very good within-subject
reproducibility (ICCs > 0.6). A recent study by Kastrup
et al. [2008] also identified negative BOLD signals within
ipsilateral S1, elicited by electrical median nerve stimula-
tion, in eight out of nine subjects [Kastrup et al., 2008].
Furthermore, Hlushchuk and Hari [2006], identified ipsilat-
eral deactivations within the primary sensory cortex fol-
lowing pneumatic tactile stimulation. The authors attribute
these deactivations to transcallosal inhibition [Hlushchuk
and Hari, 2006]. Additionally, these authors reported con-
tralateral deactivation of the primary motor cortex [Hlush-
chuk and Hari, 2006]. Although it was not our aim to spe-
cifically investigate this brain region we also observed
deactivation of contralateral motor cortex during painful
stimulation. One could speculate that these deactivations
are related to an attempt to suppress withdrawal move-
ments, as painful stimuli elicit the desire to withdraw the
limb from the stimulus.
To date, thresholded analysis techniques have been the

standard in fMRI data processing. Using this method the
number of voxels above threshold or the mean percent sig-
nal change within the suprathreshold region of interest
can be interrogated. The disadvantage of this method is
that a fairly conservative P-value is usually implemented.
Any data below this threshold is discarded which can lead
to false negatives. The other option is to use a threshold-

independent technique, such as the unthresholded method
described in this article. This method assesses the percent
signal change within an anatomically or functionally
defined region of interest. The disadvantage of this tech-
nique is that the results may be influenced by the size of
the designated ROI; larger ROIs may result in a ‘‘wash-
out’’ effect where the signal is diluted with the signal of
the entire ROI. Thus consideration must be given to choice
of size and location of the ROI. Furthermore, the lack of
thresholding may lead to increased type 1 errors. The
advantage of the unthresholded method is that no arbi-
trary threshold is required and no data is discarded.
Therefore, one can examine changes over time within sub-
threshold responsive portions of the ROI.
In this study, we demonstrated that the unthresholded

method produces higher ICCs than standard thresholding
and voxel counting, indicating that in healthy controls the
choice of an unthresholded data analysis technique leads
to more reproducible results than with standard threshold-
ing and voxel counting. We also identified ipsilateral deac-
tivations evoked by tactile stimulation and (more pro-
foundly) by painful mechanical stimulation.
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