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Mapping of the Central Sulcus with Functional
MR: Active versus Passive Activation Tasks
Christine C. Lee, Clifford R. Jack, Jr, and Stephen J. Riederer

PURPOSE: Our purpose was to assess the pattern of functional MR activation obtained with
a passive sensory versus an active sensorimotor hand stimulus paradigm.
METHODS: Eight functional MR runs, four with an active sensorimotor (sponge-squeezing)
task and four with a passive sensory (palm-finger brushing) reception, were acquired for each
of 10 healthy volunteers. Activation maps were generated by thresholding cross-correlation
maps. Regions of interests (ROIs) were drawn around the precentral and postcentral gyri on
T1-weighted images according to established anatomic criteria, and the number of activated
pixels inside the ROIs was ascertained. Displacement of the sensorimotor and sensory activation centroids within the ROIs from the central sulcus as well as from each other was measured.
RESULTS: Active sensorimotor stimulation produced a significantly greater number of
activation pixels than did passive sensory stimulation. Run-to-run variability was equivalent
between sensorimotor and sensory activation tasks. On average, the sensorimotor and sensory
activation centroids were located in the postcentral gyrus, and their spatial locations were not
significantly different.
CONCLUSION: Active and passive activation tasks produce largely equivalent results. Presurgical mapping of the sensorimotor area can be performed with functional MR imaging using
a passive palm-finger brushing task in patients who are physically unable to perform active
finger-tapping or hand-squeezing sensorimotor activation tasks.
Functional magnetic resonance (MR) imaging is a
noninvasive way to image brain areas activated by a
given task or stimulus. Active finger-tapping or
sponge-squeezing tasks are often used to specifically
elicit a sensorimotor response, but patients with surgical abnormalities near the central sulcus frequently
have hand weakness or motor impairment that may
preclude them from executing these tasks, or, in their
efforts to comply, induce greater head motion than
that of unimpaired volunteers. A passive sensory
stimulus, such as brushing of the palm and fingers,
may be a useful alternative to an active sensorimotor
task in these patients.
When the location of the functional central sulcus
can be ascertained with confidence by functional MR
imaging, subsequent intraoperative mapping typically
corroborates the functional MR results obtained pre-

operatively (1–7). However, for many sensorimotor
activation studies, functional activation may extend
over two to three sulci or gyri in the perirolandic
region on axial functional MR acquisitions, resulting
in ambiguous identification of the central sulcus (Fig
1). Any level of ambiguity is unacceptable for surgical
mapping. One approach to reduce ambiguity in anatomic localization of spatially distributed functional
activation, which we used in this work, is to calculate
the activation centroid or center of mass of the activation pixels.
We compared a passive sensory (S) stimulus paradigm to an active sensorimotor (SM) paradigm in
healthy volunteers. Insight gained by comparing the
results of active stimulation versus passive stimulation
in healthy volunteers may translate to more confident
and accurate functional MR interpretations in patients. The goals of this work were twofold: first, to
assess whether S and SM tasks are equivalent markers
for identification of the central sulcus and, second, to
determine the spatial relationship between the anatomic central sulcus and the activation centroids generated by S and SM activation tasks. We addressed
four specific aims, which are expressed as questions:
1) Is the number of pixels within the region of interest
(ROI) the same for SM and S tasks? In other words,
is the magnitude of the functional MR response different for an SM task than for an S task? 2) Is there
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brushing, the same two experimenters brushed the left and
right hands of each of the volunteers during all 40 of the S
functional MR runs.

FIG 1. Functional MR activation superimposed onto T1weighted anatomic image. Functional MR sensory activation
scattered over several sulci/gyri makes it difficult to unambiguously identify the central sulcus on the basis of the functional MR
activation pattern, particularly in the right hemisphere.

a difference in the run-to-run variability in the number of activation pixels within the ROIs for an S
versus an SM task? 3) What is the spatial relationship
between the central sulcus and the centroids for an
SM versus an S activation task? and 4) Are the locations of the centroids for SM and S activation tasks
different from each other?

Methods
Functional MR Imaging Acquisition
Scanning was performed on a 1.5-T MR imager using a
standard bird-cage head coil. Ten healthy right-handed volunteers (nine men and one woman, 25 to 49 years old) were
studied. The two activation tasks, squeezing sponges (SM activation task) and passively receiving brushing stimuli on the
palms and fingers (S activation stimulus), were demonstrated
until the subjects were comfortable and could satisfactorily
execute them. The participants were instructed to hold their
heads still and informed that an aim of the study was to
compare the two tasks. Sponges and straps were used to stabilize the head, and nine contiguous, 5-mm-thick T1-weighted
axial anatomic images transecting the somatotopic hand area
were acquired. Functional MR imaging studies over the same
nine axial sections were performed using a multisection gradient-recalled-echo single-shot echo-planar imaging (EPI) pulse
sequence. Imaging parameters were 1080/45 (repetition time/
echo time) with a flip angle of 72° (Ernst angle). The field of
view (FOV) was 24 cm and the in-plane resolution of the
functional MR images was 3.75 3 3.75 mm. A total of 648
images were acquired (72 images per section) during the 81
seconds that elapsed for each functional MR run. No hand
stimulus was performed during the first 3 seconds of each run
in order to reach steady-state magnetization of the anatomic
sections of interest. The stimulus paradigm during the following 78 seconds of each functional MR run involved three cycles
of hand activation with alternation of hands occurring five
times every 13 seconds. Visual cues to change hands were
triggered by the pulse sequence. Four SM functional MR runs
and four S functional MR runs were performed for a total of
eight functional MR runs per volunteer. To ensure consistent

Activation Map
For each functional MR run, compensation was made for
linear baseline drift of the functional MR signal (8). Crosscorrelation of the signal with a sinusoidal function at the primary stimulus frequency (9) was generated on a pixel-by-pixel
basis for intracranial pixels only. The number of intracranial
pixels (3.75 3 3.75 mm) varied from 1000 to 1800 pixels depending on the size of the volunteer’s head and the particular
anatomic section under consideration. Each intracranial pixel
in the correlation map was associated with a functional MR
signal containing 72 samples (ie, images in the time series). For
each intracranial pixel, the chronological ordering of the 72
time samples was randomized 10 times, and a correlation coefficient was calculated each time (10). This was done for all
the relevant anatomic sections so that for each section, there
were 10 000 to 18 000 correlation coefficients, the specific
number dependent on the number of intracranial pixels. By
reshuffling the data in this manner, a probability density function was created whose values were distributed under the null
hypothesis that no significant correlation existed between the
stimulus input function and signal intensity fluctuation in individual pixels in the functional MR time series while capturing
some of the noise properties of the functional MR data itself.
To threshold the activation map, a pixel in the original functional MR time series was considered significantly activated if
the probability of generating its calculated correlation coefficient under the null hypothesis was less than P 5 .001. As a
result, the cross-correlation threshold value varied slightly
across the different time series, but the probability of a falsepositive activation was held constant at P , .001 over all time
series.
The correlation phase term f 5 arctan(rs /rc), where rs and
rc are the correlation of the time series with a sine and a cosine,
respectively, was calculated for each pixel (8). The maximum
cross-correlation coefficient was calculated over a range of 360°
in phase increments of 15° or, equivalently, time intervals of
1.08 seconds. The phase at which the maximum pixel correlation coefficient was observed was used to segment the final
activation map into pixels associated with right-hand activation
(f 5 0° to 90°, left hemisphere) and those associated with
left-hand activation (f 5 180° to 270°, right hemisphere). This
convention of assigning pixels was based on the observations
about blood oxygenation level– dependent (BOLD) hemodynamics by Bandettini et al (11) and Lee et al (8), and has been
used by others (12).
Analysis
First, regions of interest (ROIs) were drawn around the preand postcentral gyri using standard neuroanatomic criteria on
T1-weighted anatomic images by a neuroradiologist who was
blinded to the functional MR results (13–20). Second, the right
and left hemispheric thresholded activation maps for each of
the eight functional MR runs were superimposed on the T1weighted images with the ROIs, and the number of activation
pixels within the ROIs was tabulated. In addition, the standard
deviation of the number of activation pixels inside the ROIs
was calculated for each run. Third, the activation centroids or
centers of mass of the activation pixels within the ROIs were
determined with weighting by the cross-correlation coefficients.
These are illustrated in Figure 2. Fourth, for the purpose of aim
3, we identified the nearest tangential point in the central
sulcus relative to the activation centroid in each hemisphere
(Fig 3). The displacement of the centroid of functional activity
with respect to the central sulcus was decomposed into x and y
components and directionality was assigned on the basis of the
following convention. Taking the point identified in the fourth
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FIG 2. ROIs and centroids.
After the ROIs were drawn around the pre- and postcentral gyri using standard neuroanatomic criteria (A), the number of activation
pixels within the ROIs was tabulated (B) and the centroids of the activation pixels within the ROIs were determined (C). The centroid
is indicated by the white pixels (arrows) in each hemisphere.

FIG 3. Distance analysis.
A and B, The black-bordered white circle indicates the nearest tangential point in the central sulcus relative to the activation centroid
indicated by white pixels (arrows) for each hemisphere. B is an enlargement of the boxed region in A. In the right hemisphere, the
distance between the central sulcus and the activation centroid for an S task was x 5 4.7 mm and y 5 0 mm. In the left hemisphere,
both distances were 0 mm, as the activation centroid was located in the central sulcus.

step above as the reference, the following were computed:
displacement of the centroid laterally from the central sulcus
(along the right-left or x direction on an axial image) was given
a “1” sign; displacement of the centroid medially from the
central sulcus was given a “2” sign; displacement of the centroid posterior to the central sulcus (along the anteroposterior
or y direction on axial images) was given a “2” sign; and
displacement of the centroid anterior to the central sulcus was
given a “1” sign. Fifth, for the purpose of aim 4, the relative
displacements between the SM and S activation centroids in
terms of x and y distance components were calculated using the
S activation centroid as the reference point. The same conventions for directionality described above were used.

Results
Figure 4 illustrates typical data from one volunteer.
The activation maps of one section have been super-

imposed on its T1-weighted anatomic image with previously identified ROIs. Comparison of the activation
from the four SM functional MR runs and the four S
functional MR runs suggests that the SM activation
task elicits a greater response than the S activation
task (Fig 4A). The activation centroids for both the
SM and the S tasks tend to be located immediately
posterior to the central sulcus (Fig 4B and C).
To address specific aim 1, Table 1 illustrates the
average number of functional MR activation pixels
for the SM and S activation paradigms separately for
the right and left hemispheres. A significantly greater
number of activation pixels is associated with an SM
than with an S activation task (P , .01, t test). In
addition, the number of functional MR activation
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FIG 4. A functional MR study.
This figure illustrates typical functional MR imaging activation patterns obtained in one section over the four SM functional MR runs
and the four S functional MR runs (A). The four SM activation centroids calculated for the four SM functional MR runs are shown in B,
and the four S activation centroids are shown in C. The numbers adjacent to the centroids indicate the functional MR run(s) from which
they were obtained; some of the centroids were equivalent for different functional MR runs. Note the greater response for SM tasks
relative to S tasks (A) and the tendency of the centroids for both activation tasks to lie in the postcentral gyrus.
TABLE 1: Magnitude of functional MR response. The average of the
number of pixels within the ROIs on the thresholded activation map
are calculated by task and by hemisphere.
TASK
Sensorimotor (SM)
Sensory (S)
P , .01

HEMISPHERE
Right

Left

9.9
7.7

7.1
5.9

P Value
,.01
,.01

pixels within the ROIs for an SM as well as an S
functional MR study was significantly greater in the
right than the left hemisphere (P , .01, t test).
To address specific aim 2, Table 2 illustrates that
there was no significant difference in the run-to-run
variability in the number of activation pixels either
between hemispheres or between SM and S tasks (t
test).
To address specific aim 3, Table 3 indicates that
with both SM and S tasks, the centroids of functional
MR activation were lateral and posterior to the cen-

TABLE 2: Run-to-run variability. The standard deviations of the
number of activation pixels within the ROIs over the four SM functional MR runs and the four S functional MR runs were calculated
by hemisphere, and the averages of these values over all 10 volunteers are shown.
TASK
Sensorimotor (SM)
Sensory (S)
NS

HEMISPHERE
Right

Left

2.91
2.72

2.38
2.40

Difference
NS
NS

Note.—NS indicates not significant.

tral sulcus. The lateral displacement (Table 3A) was
more pronounced for an S than for an SM task (P ,
.01, t test), and the posterior displacement (Table 3B)
was more pronounced for an S than for an SM task
(P , .02, t test). These results effectively place the
centroids for both SM and S tasks in the postcentral
gyrus. The interpretation of the data is made more
clear by a consideration of the neuroanatomy of the
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TABLE 3: Distance analysis. Normal vectors between the central sulcus and the centroids were decomposed into x and y components
with their distances shown in (A) and (B), respectively. For convention, directional signs were assigned according to the position of
the centroid with respect to the central sulcus, which is described
in the test.
x Distance, mm
Right

Left

Sensorimotor (SM)
Sensory (S)
P , .01

0.25
1.17

1.56
2.25

A

y Distance, mm

Sensorimotor (SM)
Sensory (S)
P , .02

Right

Left

20.66
21.97

22.16
22.33

P Value
,.01
,.01

P Value
P , .01
NS

B Note.—NS indicates not significant.
TABLE 4: Relative distance analysis. Each vector drawn from the
sensory centroid to the sensorimotor centroid was decomposed into
its x and y components. The directionality signs reflect the position
of the sensorimotor centroid relative to the sensory centroid using
the convention described in the text.
HEMISPHERE

x Distance, mm
y Distance, mm

Right

Left

22.29 (NS)
20.01 (NS)

20.20 (NS)
20.44 (NS)

central sulcus, which angles medial to lateral as one
moves posterior to anterior. The postcentral gyrus lies
lateral and posterior to the central sulcus along its
oblique course, accounting for the lateral or “1”
displacement of the activation centroid along x, and
for the posterior or “2” displacement of the activation centroid along y.
To address specific aim 4, Table 4 tabulates the
mean displacements between the positions of SM and
S centroids from each other. These measurements
were decomposed into x and y components for both
hemispheres. The positions of the SM centroids were
not significantly different from those of the S centroids in either hemisphere (t test).

Discussion
The impetus for this work grew out of the uncertainty that may be encountered when interpreting
sensorimotor functional MR studies in patients who
are candidates for surgery in the perirolandic region.
We used functional MR techniques and activation
stimuli that are commonly used in the field: gradientecho-based single-shot EPI, multisection axial image
acquisitions, cross-correlation for generation of the
activation map, hand-squeezing for the motor task,
and hand brushing for the sensory task. Using a different scanning technique and processing strategy to
investigate sensory and sensorimotor activation, Puce
et al (2) found considerable overlap in the anatomic
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distribution of functional MR activation between
sponge-squeezing and brushing tasks. By inspecting
the activation maps, these authors concluded that
motor activation occurred anterior to and within the
central sulcus, and that brushing produced activation
posterior to the central sulcus. We also found significant spatial overlap in SM and S activation. Although
final activation maps showed slightly more anterior
extent for SM activation than for S activation, both
SM and S centroids tended to be located in the
postcentral gyrus. Comparison of the coordinates of
anatomic landmarks between the single-shot echoplanar and T1-weighted images revealed no discrepancy, thereby eliminating the possibility of anatomic
misregistration as a confounding factor. PET measurements of regional cerebral blood flow (rCBF) in
the primary motor and primary sensory cortices for
active sensorimotor versus passive sensory-only hand
stimuli have generally yielded greater changes in
rCBF with sensorimotor activation paradigms (21–
26). This supports the results obtained in this work. It
is not surprising that the loci of signal change in both
the SM and S paradigms overlapped. Both palmfinger brushing and sponge squeezing (proprioception, tactile stimulation) would be expected to activate the primary sensory cortex. In addition,
Brodmann’s area 4 (primary motor) and areas 3, 1,
and 2 (primary sensory) are richly interconnected, so
that primary activation of either one would elevate
the rate of neuronal depolarization in the other.
Location of the functional MR signal in large cortical draining veins results in spatial nonspecificity,
which in turn diminishes the accuracy of the technique for functional mapping. Gao et al (27) investigated the effect of acquisition parameters on the site
of origin (brain versus vein) of the functional MR
signal and found that with single-section gradientrecalled echo acquisitions, inflow effects dominated
the functional MR signal, thus placing the functional
MR signal source within cortical draining veins. Conversely, with multisection single-shot EPI acquisitions
(with TRs greater than 1 second), the BOLD effect
dominated. The BOLD contrast locus can be in capillaries, veins, or tissue adjacent to vascular structures.
High field strengths (greater than 1.5 T) and radiofrequency refocused echoes favor microvascular localization, although sensitivity to the BOLD effect is
dramatically enhanced with gradient-refocused echoes.
Nonetheless, the long TR multisection single-shot EPI
acquisitions used in our study have substantially greater
microvascular/parenchymal signal weighting than do
single-section short TR acquisitions, which are dominated by venous inflow effects.
The run-to-run standard deviation in the number of
activation pixels (s 5 2 to 3) may seem excessive
(Table 2). However, for a specific activation task, the
average distance between the centroids of the first
functional MR run and that of subsequent functional
MR runs across all volunteers was less than 5.5 mm.
That is, the position of the centroid was highly stable
from run to run. This is illustrated in left hemispheric
activity in Figure 4, where the run-to-run variability in
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the number of activation pixels within the ROIs for
the S functional MR runs (Fig 4A, bottom) was 3 SD.
Despite this variability, the centroid positions (Fig
4C) for functional MR runs 2 to 4 were less than 4
mm away from the centroid position of functional
MR run 1.

Conclusion
SM and S tasks produce essentially equivalent results. The run-to-run variability is equivalent between
S and SM tasks, and the location of the two centroids
for S and SM activation was not significantly different
between them. However, the number of activated
pixels is typically greater with an SM than an S task,
and on average the centroid of S activation is located
more posterior and lateral to the central sulcus than
that of SM activation. While the position of the functional MR imaging centroid varied across different
sections and among subjects, on average the S and
SM activation centroids were located slightly posterior and lateral to the central sulcus (ie, in the postcentral gyrus). Therefore, when presented with the
scatter of activation pixels typically found in functional MR imaging, calculating the centroid can reduce ambiguity of central sulcus localization for surgical mapping.
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