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Functional magnetic resonance imaging (fMRI) can
serve to localize activity in the cerebral cortex. The present
study was performed to develop a quantitative means of
describing the cortical location activated during voluntary
smiling in multiple subjects and to determine whether this
location is specific to smiling when compared with other
motor tasks. Five human subjects were instructed to smile
or to tap the fingers of both hands. Both tasks were per-
formed in a blocked-trial paradigm that consisted of al-
ternating 15-second blocks of a repetitive motor task and
15 seconds of rest. Smiling was also performed as an
event-related paradigm in which the subject smiled briefly
once every 15 seconds for 20 repetitions that were com-
bined to produce an average response to a single smile. A
series of 300 images was acquired using an echo-planar
imaging sequence (24-cm field of view; 5-mm slice thick-
ness; repetition time/echo time, 1000/27.2 msec). Each
subject’s three-dimensional brain images were trans-
formed to Talairach coordinates by stretching or com-
pressing the brain images to fit the standard brain as
defined in the Talairach atlas. This allowed data from five
subjects to be combined for a numeric description. Func-
tional activation maps acquired by use of the event-related
paradigm contained significantly fewer motion artifacts
than maps acquired with the blocked-trial paradigm, al-
lowing better visualization of functionally active areas.
Three-dimensional Talairach coordinates to describe the
locations of peak cortical activity after smiling and finger
tapping were established. These coordinates were consis-
tent among subjects. During smiling, statistically signifi-
cant activation was seen in the motor cortex, primarily
along the precentral sulcus; this was inferior and anterior
to the region that was associated with finger tapping. This
study demonstrates that motion artifacts associated with
traditional blocked-trial fMRI protocols can be overcome
by employing an event-related paradigm to obtain an av-
erage response from a single smile. With the implemen-
tation of new imaging paradigms with fMRI, an area of the
cerebral cortex has been identified that is specifically ac-
tivated during voluntary smiling, and remains consistent
among subjects. Quantification of fMRI data represents a
powerful tool by which to study the cortical response to

motor activity and to monitor possible alteration in this
activity after injury or surgery. When combined with
biofeedback therapy, this technique may help to improve
the outcome of facial reanimation procedures in the
future. (Plast. Reconstr. Surg. 108: 1136, 2001.)

Facial expression represents a delicate bal-
ance between relaxation and contraction of
numerous facial muscles. Both motor and emo-
tional components are involved in the cortical
control of these activities. The ability to image
cortical control of smiling has several implica-
tions. Imaging would facilitate cortical map-
ping for specific motor activities. It would also
serve to detect subtle changes in this map, or
cortical plasticity, that may occur after injury or
surgery. Functional magnetic resonance imag-
ing (fMRI) has been used as a noninvasive tool
locating specific brain functions for almost 10
years.1–4 It has been used to investigate the
neuronal control of a variety of tasks from
motor, auditory, and visual processing to cog-
nitive tasks.5–7 The mapping of different re-
gions of cortical activation during various mo-
tor tasks (known as somatotopic mapping) has
been done previously by use of direct electrical
stimulation.8 Therefore, it is already known
that voluntary smiling is controlled in a slightly
different region in the brain compared with
finger tapping. This difference, or somatotopy,
has not yet been observed with fMRI. Voluntary
smiling on command is not the same as emo-
tionally activated smiling. However, the imme-
diate outcome of facial reanimation surgery in
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patients with facial paralysis is to restore volun-
tary control to facial muscles activated during
smiling. It is important to first establish the
feasibility of localizing the specific region of
activation from voluntary smiling before pro-
gressing to more complex studies such as cor-
tical plasticity and pathways activated during
emotionally activated smiling. Unlike positron
emission topographic scans, fMRI is capable of
measuring and mapping brain function with-
out the use of contrast materials.9

The present study uses blood oxygenation
level-dependent fMRI (BOLD-fMRI) to investi-
gate the response of the cerebral cortex to
voluntary muscular activity. This technique can
be used to investigate cortical control of smil-
ing, thereby identifying sites in the motor cor-
tex that are activated during smiling by a par-
adigm that is presumed to contain no
emotional components. The physiologic basis
of BOLD-fMRI is shown in Figure 1. After the
onset of a voluntary task, there is an increased
neuronal activity in a particular area of the
cerebral cortex corresponding to the task. This
results in an increased metabolic rate of the
active neurons, leading to vasodilatation and
subsequent increase in blood flow to the re-
gion activated.10–13 The amount of oxygen in
the blood vessels delivered to the site of activa-
tion exceeds what is needed metabolically,
thereby increasing the local level of oxyhemo-
globin and decreasing the local level of deoxy-
hemoglobin.14 Deoxyhemoglobin is slightly
paramagnetic, and oxyhemoglobin is slightly
diamagnetic.15 This magnetic difference can be
detected with magnetic resonance imaging,

with a decrease in the presence of a paramag-
netic substance resulting in signal increase.15–18

Investigation of tasks involving movement of
bone or tissue near the region of the brain
being imaged has resulted in significant image
artifacts. Examples of these have been gross
motor movements, overt word production, and
swallowing. Movement of the jaw, ocular mus-
cles, and facial muscles has also resulted in
significant image artifacts.19 –21 Blocked-trial
paradigms, in which motor tasks are repeated
for a set block of time followed by a set period
of rest, have for a long time been the standard
BOLD-fMRI protocol (Fig. 2, above).22 How-
ever, blocked-trial paradigms yield conflicting
information in separating that component of
the magnetic resonance signal that results
from motion and that which results from neu-
ronal activation, especially when the motion is
associated with the performance of the task. To
overcome these image artifacts and enable one
to acquire fMRI images reflecting true neuro-
nal activity, an event-related imaging paradigm
was developed (Fig. 2, below). An event-related
paradigm involves performing a task (or pre-
senting a stimulus) for only brief periods of
time, separated by a designated period of rest.
The resultant magnetic resonance signal con-
tains both motion artifacts and the ideal BOLD
response. However, the BOLD response is rel-
atively slow, rising to a peak value 5 to 6 sec-
onds after the onset of the task, and returning
to baseline 6 to 7 seconds after cessation of the
task, whereas the motion-induced signal
change occurs at the same time as the smiling
task. The ideal BOLD response can be calcu-
lated from the magnetic resonance signal ei-
ther by ignoring the time points occurring dur-
ing the motion or, more accurately, by
subtracting the expected motion artifact.

The present study was performed to develop
a quantitative means of describing the cortical
location achieved during voluntary smiling, to
demonstrate if the location is specific to volun-
tary smiling as compared with an unrelated
motor task, and to confirm whether the ana-
tomical regions of cortical activation are con-
sistent among multiple subjects.

METHODS

Five human volunteers were studied by use
of protocols approved by the Institutional Re-
view Board of the Medical College of Wiscon-
sin. Three sets of echo-planar magnetic reso-
nance images were acquired during voluntary

FIG. 1. The physiologic basis of the BOLD-fMRI response.
BV, blood volume; BF, blood flow; oxy-Hb, oxyhemoglobin;
Deoxy-Hb, deoxyhemoglobin.
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motor activity in each subject. Both a blocked-
trial paradigm consisting of a 15-second repet-
itive task followed by 15 seconds of rest and an
event-related paradigm consisting of a single
task briefly performed every 15 seconds were
used. Twenty repetitions of each task were per-
formed, with voluntary tasks consisting of ei-
ther smiling or bilateral finger tapping. The
brief smiling task consisted of a single smile,
whereas the brief finger-tapping task consisted
of a single tap, touching the thumb to each

finger once. These 20 episodes were later com-
bined to produce an average response to a
single smile. Images from eight slices of the
brain were obtained each second by use of a
rapid echo-planar magnetic resonance imag-
ing technique with an in-plane resolution of
3.75 � 3.75 mm. A total of 300 images in time
of each slice were obtained from each subject
(matrix size, 64 � 64; field of view, 24 cm; slice
thickness, 5 mm; repetition time, 1000 msec;
echo time, 27.2 msec; field strength, 3 Tesla).

FIG. 2. (Above) Blocked-trial paradigm. A specified motor task is repeated
for a set block of time followed by a set period of rest, resulting in BOLD signal
changes and motion-induced signal changes on magnetic resonance imaging.
Because the two signal changes overlap in time, it is difficult to separate which
component of the magnetic resonance signal represents the BOLD cortical
response and which component results from motion. (Below) An event-related
paradigm. A motor task is performed for only a brief period of time, separated
by a designated period of rest. BOLD signal changes are delayed relative to
the motion-induced signal changes after the task.
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Regions of cortical activity were detected by
correlating the signal intensity time course
within each pixel with a function representing
the ideal BOLD response.22 In previous studies,
it has been found that a gamma-variate func-
tion closely fit the observed BOLD-fMRI signal
change.23 The theoretical expected response to
a series of repeated task performances was ob-
tained by convolving a function representing
the stimulus timing (when the task was per-
formed) with the gamma-variate function. The
correlation analysis then determines in what
regions of the brain the signal changes in this
pattern. Motion artifacts were reduced in the
event-related paradigm both by realigning the
images in the time course and by removing
large signal changes occurring during the task
performance. This removal was accomplished
by identifying a pixel, typically at the edge of
the brain, with large signal changes (signifi-
cantly greater than the baseline noise) during
the task and only small signal changes at other
times. This time course was used as an addi-
tional regressor in the correlation analysis.22,24

An example of subtracting motion artifact
from the observed BOLD signal is illustrated in
Figure 3. The large triangular spike in the
observed BOLD signal occurred during the
task and is part of the convolution. This trian-

gular signal was significantly greater than base-
line noise and was identified as motion artifact.
Subtraction of motion artifact from the ob-
served signal resulted in the ideal BOLD signal.
Because different slices were acquired at differ-
ent points in time, a separate motion regressor
was used for each slice.

A functional activation map was generated
by assigning colored regions according to the
amplitude of the magnetic resonance signal
that correlated with the assigned task. A BOLD-
fMRI response that correlated closely with the
task was designated by a color in the yellow-red
spectrum, and a BOLD-fMRI response that was
negatively correlated with the task (where the
signal decreased after task performance) was
designated by a color in the blue spectrum.
These latter changes are not typically observed
as a result of neuronal activity and are most
likely the result of image artifacts such as mo-
tion. A statistical threshold was applied to these
maps such that only regions with statistically
significant signal changes matching the ex-
pected BOLD response are displayed.

Higher resolution anatomical scans were ob-
tained and used to transform each subject’s
three-dimensional brain image to Talairach co-
ordinates. Talairach coordinates are a means
of aligning the brain by means of identification
of anatomical subcortical structures and com-
pressing or stretching the brain image to ac-
commodate a standard brain size. This is done
to facilitate the comparison between two or
more brain maps. Detected regions of activa-
tion were averaged across the five subjects.

RESULTS

Specific regions of activation in the primary
and supplementary motor cortexes were
clearly identified in all five subjects studied.
The BOLD-fMRI response to a blocked-trial
smiling paradigm is demonstrated after thresh-
olding (Fig. 4, left). Activity outside the cere-
bral cortex represents a motion artifact. Within
the cerebral cortex, only a few points demon-
strate the expected response; these are shown
toward the red end of the spectrum after
thresholding. Negative signal changes, which
are not characteristic of BOLD signal changes,
fall in the blue range of the spectrum and
therefore do not reflect the neuronal activity
associated with smiling. The BOLD-fMRI re-
sponse to an event-related smiling paradigm is
also demonstrated (Fig. 4, right). Activation is
now much more specific to the anatomic re-

FIG. 3. The BOLD-fMRI signal shows drift from the ideal
BOLD response because of associated motion artifact. In an
event-related paradigm, the ideal BOLD response can be
calculated from the BOLD-fMRI signal by subtracting the
expected motion artifact.
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gion of the cerebral cortex. The functional
activation map shows all motion artifacts to be
cancelled after the known motion is sub-
tracted. This results in a highly specific BOLD-
fMRI response in the designated regions of the
cerebral cortex. Motion artifact with smiling
was found to be maximum at time zero when
the task was initiated and was minimal by 3
seconds after the task when the BOLD-fMRI
response was peaking. There was minimal mo-
tion artifact after finger tapping because tap-
ping the fingers does not result in significant
head movement. The BOLD-fMRI response
peaked 3 seconds after initiation of the task.
This temporal difference in the signal response
to motion and the BOLD signal change was
used to distinguish motion artifacts from signal
changes representing neuronal activity.

A series of axial images taken during an
event-related smiling paradigm in one subject
is demonstrated, with the axial images ar-
ranged from inferior to superior (Fig. 5, above).
Activated regions are indicated in color. Most
of the BOLD-fMRI activity was located on axial
images 3 and 4. Comparable axial images taken
during an event-related finger tapping para-
digm in the same subject are also shown (Fig.
5, below). The majority of the task-specific
BOLD-fMRI response was seen in axial images
4 through 6, which was superior in anatomic
location to the BOLD-fMRI response after sin-
gle-trial smiling. Axial reconstruction averag-
ing the peak activity in all five subjects demon-
strates the central focus for smiling (Fig. 6,

above, left) to be located anterior to that for
finger tapping (Fig. 6, above, right). Coronal
reconstruction of peak activity demonstrates
the central focus for smiling (Fig. 6, below, left)
to be located inferior to that for finger tapping
(Fig. 6, below, right).

This information was translated into Ta-
lairach coordinates to localize cortical activity
in three dimensions. Numeric coordinates
were assigned to the areas of peak activity on
the basis of a right or left axis, a posterior-
anterior axis, and a superior-inferior axis.
Mean data characterizing smiling and finger
tapping by Talairach coordinates localized
both activities to the region of the precentral
gyrus (Table I). However, peak activity for mo-
tor control of smiling was located anterior and
inferior to peak activity for motor control of
finger tapping.

DISCUSSION

The use of fMRI to image activity in the
cerebral cortex of the human brain was first
reported in 1992.1–4 Since then, numerous in-
vestigators have reported on the use of fMRI to
localize cortical activity in humans.25 Early
fMRI studies of the motor cortex focused on
validating the results by comparing with other
imaging modalities such as positron emission
topography9 or direct electrical stimulation.26

The somatotopic organization has been stud-
ied in the primary cortex27 and subcortical ar-
eas28 and in specialized regions of the primary
motor cortex.29 Other studies have focused on

FIG. 4. (Left) The BOLD-fMRI response to a blocked-trial smiling paradigm is demonstrated after threshholding. The
expected response falls in the red end of the spectrum after thresholding, and negative signal changes that are not characteristic
of BOLD signal changes fall in the blue range of the spectrum after thresholding. Activity outside the cerebral cortex represents
motion artifact. Within the cerebral cortex, only a few points demonstrate the expected BOLD response. (Right) The BOLD-fMRI
response to an event-related smiling paradigm is demonstrated after thresholding. All motion artifact has been cancelled after
the known motion is subtracted, resulting in a highly specific BOLD-fMRI response in the designated regions of the cerebral
cortex.
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the laterality of motor control.30 More recent
studies have demonstrated cortical plasticity in
the motor cortex after hemiparesis or
hemispherectomy.31–34

Previously, such imaging protocols could
only be performed by use of positron emission
topographic imaging. Positron emission topog-
raphy remains the imaging technique of
choice for obtaining specific physiologic infor-
mation about the cerebral cortex, such as glu-

cose delivery and neuronal metabolism.35 How-
ever, fMRI has several advantages over positron
emission topographic scanning: fMRI has
higher temporal and spatial resolution than
does positron emission topographic scanning;
most hospitals have greater accessibility and avail-
ability to magnetic resonance imaging than to
positron emission topography; fMRI does not
require use of a radioisotope contrast material,
whereas positron emission topography does; and

FIG. 5. (Above) A series of axial images taken during an event-related
smiling paradigm in one subject is demonstrated, with the axial images
arranged from inferior (upper left) to superior (lower right). Most of the
BOLD-fMRI activity is located on axial images 3 and 4 in the region of the
precentral gyrus. (Below) A comparable series of axial images taken during an
event-related finger tapping paradigm in one subject is demonstrated. The
majority of the task-specific BOLD-fMRI response is located on axial images
4 through 6, superior to that identified after smiling in the same subject.
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fMRI is considered to be noninvasive and is
therefore without significant health risks. This
enables a subject to be scanned a repeated num-
ber of times, allowing changes in the neuronal
activity to be tracked over long periods of time.
This advantage has been used in fMRI studies of

motor learning, such as the learning of complex
new finger movements.36

In the past, it has been difficult to distin-
guish motion artifacts from fMRI signal
changes in images, especially when the motion
occurs as a result of the task being performed.
This is because fMRI relies on detecting rela-
tively small signal changes over time, and small
amounts of subject movement can result in
large signal changes. As a result, subject mo-
tion is particularly detrimental to fMRI studies.
This difficulty has recently been examined and
reduced by use of an event-related paradigm
instead of the traditional blocked-trial para-
digm.24 However, limitations of fMRI remain.
Functional contrast (the ability to detect func-

FIG. 6. Axial reconstruction averaging the peak activity in all five subjects demon-
strates the central focus for smiling (above, left) to be located anterior to that for finger
tapping (above, right). Coronal reconstruction averaging the peak activity in all five
subjects demonstrates the central focus for smiling (below, left) to be located inferior
to that for finger tapping (below, right).

TABLE I
Regions of Activation

Task Talairach Coordinates Anatomical Name

Smiling �46 (R), 8 (P), 38 (S) Right precentral gyrus
50 (L), 11 (P), 37 (S) Left precentral gyrus

Finger tapping �37 (R), 21 (P), 50 (S) Right precentral gyrus
44 (L), 23 (P), 50 (S) Left precentral gyrus

R, right axis; P, posterior-inferior axis; S, superior-inferior axis; L, left axis.
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tionally active areas) is usually increased by use
of a high magnetic field strength and by use of
imaging techniques that are sensitive to small
changes in the magnetic environment. These
latter techniques are necessary to detect the
small difference in magnetism between oxyhe-
moglobin and deoxyhemoglobin, the concen-
trations of which change during increased neu-
ronal activity. Unfortunately, these sequences
are also highly sensitive to other sources of
magnetic field distortions that are more pro-
nounced at high field strengths. Regions near
the base of the brain in close proximity to bone
cavities, which induce magnetic field distor-
tions, are therefore difficult to image. Al-
though greater imaging time may be required,
recent advances have been made that may help
to recover lost signal in these areas.37–39 The
imaging paradigm proposed in the present
study is one solution by which to localize activ-
ity in these cortical regions during a task that
involves a brief movement.

CONCLUSIONS

We have demonstrated that motion artifacts
associated with traditional blocked-trial fMRI
protocols can be overcome by employing an
event-related paradigm to obtain an average
response from a single smile. With the imple-
mentation of new imaging paradigms using
fMRI, an area of the cerebral cortex has been
identified that is specifically activated during
voluntary smiling and remains consistent
among subjects. Quantification of fMRI data
represents a powerful tool by which to study
the cortical response to motor activity and to
monitor possible alteration in this activity after
injury or surgery. Furthermore, the ability to
localize those regions in the cerebral cortex
that are responsible for the motor control of
smiling independent of emotional input may
have significant therapeutic value. Biofeedback
therapy is often used after facial reanimation
surgery to maximize spontaneity and to aid in
the development of facial symmetry during
smiling. Monitoring the cortical response and
providing feedback to the individual during
smiling may help to achieve the goal of an
appropriate and symmetric smile after facial
reanimation surgery. Recent technologic ad-
vances have made it possible to acquire the
magnetic resonance images, compute the loca-
tion of activated regions, and display this infor-
mation in real time.40 Synkinesis, involving the
uncontrolled activation of numerous facial

muscles when the patient attempts to smile,
remains an unsolved problem after facial rean-
imation surgery. Should fMRI help patients to
distinguish cortical tracts specifically activated
during voluntary smiling versus those tracts ac-
tivated during synkinesis, it would provide a
major advance in the surgical management of
facial paralysis. The information from such
biofeedback treatments may serve as a poten-
tial indicator of a patient’s ability to integrate
the emotional and motor control needed to
produce spontaneous facial expression after
facial nerve injury or surgery.
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