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Functional Heterogeneity of the Supplementary
Motor Area

Gyung Ho Chung, Young Min Han, Su Hyun Jeong, and Clifford R. Jack, Jr.

BACKGROUND AND PURPOSE: The purpose of this study was to assess supplementary
motor area (SMA) activation during motor, sensory, word generation, listening comprehension,
and working memory tasks by using functional MR imaging (fMRI). Human supplementary
motor area (SMA) has been shown to play roles in motor control and other various functions
such as sensory, speech expression, and memory. However, topographical localizations of these
functions in the SMA remain unclear. The purpose of this study was to assess SMA activation
during motor, sensory, word generation, listening comprehension, and working memory tasks
by using functional MR imaging (fMRI).

METHODS: Sixteen healthy right-handed subjects (nine men and seven women) were imaged
on a Siemens 1.5T system. Whole-brain functional maps were acquired by using blood oxygen-
ation level–dependent echo-planar imaging sequences in the axial plane. Each paradigm
consisted of five epochs of activation versus the control condition. The activation tasks con-
sisted of left-finger complex movement, heat sensory stimulation of the left hand, word gener-
ation, listening comprehension, and working memory. The reference function was a boxcar
waveform. Activation maps were thresholded at an uncorrected P � .0001. The thresholded
activation maps were placed into MNI (Montreal Neurologic Institute) stereotactic coordinates,
and the anatomic localization of activation within the SMA was compared across tasks.

RESULTS: SMA activation was observed in 16 volunteers for the motor task, 11 for the
sensory task, 15 for the word generation task, five for the listening comprehension task, and 15
for the working memory task. Although not statistically significant, qualitative differences in
the location of activation within the SMA were present by task. The rostral aspects of the SMA
tended to activate during word generation and working memory tasks, and the caudal aspect of
the SMA tended to activate during the motor and sensory tasks. Right (contralateral) SMA
activation was observed during the motor and sensory tasks, and left SMA activation during the
word generation and memory tasks.

CONCLUSION: Our results suggest that SMA is involved in a variety of functional tasks,
including motor, sensory, word generation, and working memory. Some are tasks that are
traditionally associated with this area (such as motor and sensory), and others are not (such
as word generation and working memory). Qualitatively, the anterior and posterior portions of
the SMA appeared to be engaged by different types of tasks.

The supplementary motor area (SMA) occupies the
medial portion of Brodmann cortical area 6. As de-
fined by electrical stimulation, this area is located

anterior to the primary motor area of the foot and
superior to the cingulate sulcus (1–5). Studies of the
human SMA by using a variety of brain mapping
methods, including functional MR imaging (fMRI)
and positron-emission tomography (PET), have
shown it to be involved in aspects of motor control,
including task sequencing, intrinsic task complexity,
and movement initiation (3–18). Responses elicited
by electrical stimulation include bilateral movements
of the extremities with assumption of characteristic
postures, vocalization, sensory symptoms, aphasia,
and autonomic changes (1–3). Evidence exists to in-
dicate that the SMA is involved in various other
functions, including sensory, listening comprehen-
sion, speech expression, and working memory (1–3,
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18–31). The topographic relationships among areas
activated by different functional tasks, however, are
unclear. The purpose of this study was to assess SMA
activation during motor, sensory, word generation,
listening comprehension, and working memory tasks
by using fMRI.

Methods

Sixteen healthy right-handed volunteers (nine men and
seven women, 25–41 years old) were studied. All had English
as a second language, no history of neurologic disorder, and at
least a college-level education. Scanning was performed with a
1.5T whole-body MR imaging system (Vision; Siemens, Erlan-
gen, Germany) by using a standard head coil. The participants
were instructed to hold their heads still. Sponges and straps
were used to stabilize the head.

Anatomic 2-mm-thick reference axial images were acquired
with a magnetization-prepared rapid-acquisition gradient echo
pulse sequence with parameters of 9.7 s/4 ms/1 (repetition
time/echo time/excitations), a 240 � 240 field of view (FOV),
and a 256 � 256 matrix. Functional MR imaging studies with 20
axial sections covering the whole brain were performed by
using a multisection gradient recalled echo single shot echo-
planar imaging pulse sequence. During the acquisition of the
echo-planar images, five rest periods were alternated with five
task periods. Each period was 21.9 seconds in duration. Func-
tional MR images were acquired with parameters of 3599
ms/41 ms (repetition time/echo time), a 220 � 220 mm FOV, a
64 � 64 matrix, and a 6-mm section thickness. A total of 1200
images were acquired (60 images per section) during the 219
seconds required for each functional MR imaging run.

The activation tasks consisted of left-finger complex move-
ment, heat sensory stimulation of the left hand, word genera-
tion, listening comprehension, and working memory. For com-
plex movement, the left thumb was apposed against each of the
other fingers a different number of times, twice against the
index finger, once against the middle finger, three times against
the ring finger, and twice against the little finger, and then
repeated in reversed order (7). For the heat sensory stimula-
tion task the investigator alternately placed and removed a
glove filled with water heated to 50°C on the left palm of each
subject. For the word generation task, the subject silently gen-
erated as many words as possible beginning with a presented
letter for each task period. For the listening comprehension
task, materials were sampled from an English-language novel.
The novel was divided into five blocks, and the five blocks had
story continuity. Although all of the volunteers comprehended
English, their native language was Korean. The same set of
language material was used in all studies. The volunteers were
instructed to pay attention to the story, to understand the
contents of the hearing blocks, to relax, and to make an effort
to not recall or think about the contents of the sentences that
had been presented (23). The two-back memory task was used
to activate working memory. The stimuli consisted of numbers
shown as a random sequence and displayed at the center of a
screen. N-back refers to how far back in the sequence of stimuli
the subject had to recall. The two-back working memory task
required subjects to continually update their mental set while
responding to stimuli presented two sequences earlier. The
remainder of the working memory paradigm was conducted
with eyes open at rest (29–31).

The SMA was defined as the area in the medial portion of
the superior frontal gyrus (Brodmann cortical area 6) in front
of the primary motor cortex and superior to the cingulate
sulcus. The midline defined its medial limit, and its anterior
boundary was defined by a line passing perpendicularly through
the rostrum of the corpus callosum (1–4). The SMA was
divided into a rostral and caudal aspect by the V line. The V

line is a vertical line traversing the posterior margin of the
anterior commissure.

The time course of the signal intensity in each pixel over 219
seconds was plotted and compared with a reference function by
cross-correlation analysis. Time-series images were motion-
corrected by using a realignment program. Images were nor-
malized to a standard space by using an eight-parameter linear
transformation implemented in SPM 99 (Welcome Depart-
ment of Cognitive Neurology, London, United Kingdom). Nor-
malized images were smoothed by using an 8.0-mm Gaussian
kernel in SPM. The fMRI SPM 99 statistics program was used
to estimate the effects of conditions at each voxel according to
the general linear model. The analysis was entered as an epoch
design of the fixed response/boxcar form. Activation maps were
thresholded at an uncorrected P � .0001. Activated pixels on
functional images were overlaid on to corresponding anatomic
reference images by using an image processing program. The
resulting activation maps for each subject were then standard-
ized into MNI (Montreal Neurologic Institute) stereotactic
coordinates by using SPM 99 (32–34). Axial, sagittal, and vol-
ume-rendered activation maps were generated with the group
analysis tools in SPM 99.

The number of volunteers demonstrating any activation of
the SMA as defined was tabulated and compared across the
various tasks. The Hotelling T2 test was used to test that the
spatial location of the activation maximum within the SMA
differed among tasks within each subject.

Results

SMA activation was observed in 16 volunteers for
the motor task, 11 for the sensory task, 15 for the
word generation task, five for the listening compre-
hension task, and 15 for the working memory task.
The coordinates of these activated regions in MNI
space were computed, and the local maxima of the
activation clusters inside the SMA are listed in Table 1.

Motor, sensory, word generation, and working
memory tasks produced SMA activation by group
analysis, but the listening comprehension task did not
(Fig 1). Differences in the location of activation max-
ima were noted qualitatively among the tasks admin-
istered, although these differences did not achieve
statistical significance. The rostral aspect of the SMA
tended to activate during the word generation and
working memory tasks, and the caudal aspect of the
SMA tended to activate during the motor and sensory
tasks (Fig 2). As would be expected, predominantly
right (contralateral) SMA activation was observed in
the motor and sensory tasks. Predominantly left-side
activation was noted for the word generation and
memory tasks (P � .05; Fig 3).

Discussion

The SMA has traditionally been defined as an area
in the frontal agranular cortex, corresponding to the
medial part of Brodmann cortical area 6, which is
involved with complex motor and motor planning
tasks. The traditionally defined SMA has more re-
cently been divided into rostral and caudal portions.
The rostral SMA is particularly active during the
learning of new sequential procedures. By contrast,
the caudal SMA proper is active during the perfor-
mance of sequential movements (2–5, 12–15). Recent
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studies, including the present one, show that the SMA
should no longer be regarded as a functionally ho-
mogenous area, but rather as one composed of sub-
regions with distinct functional roles (4, 11, 17–31).
During complex motor and heat sensory tasks, acti-
vation tended to occur in the contralateral posterior
portion of the SMA. By contrast, the word generation
and working memory tasks tended to produce activa-
tion in the anterior portion SMA particularly on the
left side. The listening comprehension task produced
significant activation in only five of 16 volunteers.

PET studies on the lateralization of the SMA acti-
vation during motor tasks have typically shown bilat-
eral activation that is predominantly contralateral to
the moving hand (4, 7, 14, 15, 35). The results of the
present study are in concordance; SMA was activated
predominantly contralaterally in 10 subjects and ipsi-
laterally in six subjects during complex motor tasks
(Table 1). Because we examined only left-hand com-
plex motor tasks, it was not possible to determine
whether the apparent lateralization of activity within
the SMA was an effect of unilateral movement or of

Coordinates (x, y, z) represent the local activation maxima in the SMA by task for each subject in the coordinate system of the MNI atlas

V

Mo Se Wo Me Li

x y z x y z x y z x y z x y z

1 �6 �8 56 �8 �4 60 �8 4 58 �5 0 57 x x x
2 8 5 56 11 3 52 �7 13 60 4 9 49 x x x
3 �3 �9 60 1 �2 50 �7 4 48 �6 �2 61 x x x
4 �4 �7 45 x x x 1 20 46 3 11 54 5 8 54
5 8 6 59 8 �1 49 �4 12 47 �8 14 46 x x x
6 5 �9 52 4 2 46 x x x 2 18 47 x x x
7 6 0 44 6 �7 47 �5 0 44 �4 0 52 x x x
8 �4 �4 61 x x x 0 18 46 �4 �2 60 x x x
9 7 3 52 �6 �9 58 �6 8 54 x x x x x x

10 �2 �4 47 7 4 48 �2 6 57 6 2 46 8 �7 50
11 2 �6 46 x x x �7 1 68 7 4 60 �4 0 60
12 1 2 61 x x x 8 16 54 8 8 47 x x x
13 5 5 62 6 �5 52 �4 23 50 �3 8 55 2 6 57
14 3 �2 46 x x x �1 3 52 �6 4 54 x x x
15 �6 1 47 �5 4 55 �8 6 46 �8 13 44 x x x
16 6 �4 48 1 �12 60 4 7 47 �7 �3 51 �6 �8 58
Average 1.6 �1.9 53 2.3 �2.3 53 �3.1 9.4 52 �2.2 5.6 52
Stdev 5.1 5.2 6.6 6.3 5.5 5.1 4.7 7.2 6.7 5.5 6.6 5.7

Note.—V indicates volunteer; Mo, complex motor; Se, hot sensory; Wo, word generation; Me, working memory; Li, listening comprehension. The
coordinates were obtained after transforming the brain images of individual studies onto the MNI atlas and are shown in millimeters. x indicates
distance to right (�) or left (�) or mid sagittal line; y, distance anterior (�) or posterior (�) to vertical plane through anterior commissure; and z,
distance above (�) or below (�) anterior commissure—posterior commissure line.

FIG 1. Functional MR images showing activation in the supplementary motor area during motor (A), sensory (B), word generation (C),
working memory (D), and listening comprehension (E) tasks in volunteer 13. Volume-rendered functional MR images showing activation
in the SMA for the entire group are illustrated for the motor (F), sensory (G), word generation (H), working memory (I), and listening
comprehension (J) tasks.
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hemispheric dominance. To clarify this, it would be
necessary to repeat this experiment using the right
hand.

The SMA receives input not only from the motor
and premotor cortices, but also from the sensory
cortex (2, 36). PET studies have shown that painful
heat sensory stimuli increase regional cerebral blood
flow in the contralateral SMA (22). We observed
activation in the contralateral SMA in eight subjects
and in the ipsilateral SMA in three of 11 subjects
during heat sensory stimulation task. Areas of sensory
activation in the SMA tended to occur in the same
location as motor responses (i.e., posterior and con-

tralateral) (19). Of the five subjects who showed no
SMA activation during the sensory task, all showed
smaller-than-average volumes of activation during the
motor task, which indicates that these subjects may be
generically poor fMRI responders.

Speech disturbances are observed in patients with
tumors involving the SMA and also in cases of ante-
rior cerebral artery infarction (25, 26, 37–40). In func-
tional activation comparisons of healthy control sub-
jects and aphasic stroke patients, the most consistent
compensatory activation found in patients was lo-
cated in the SMA, more prominently on the left than
on the right side. Significant activation of the left
SMA in aphasic stroke patients, therefore, may indi-
cate functional reorganization of speech to the SMA,
which is still intact because of its location outside the
territory of the left middle cerebral artery (41). The
SMA is involved in the modulation and expression of
speech, speech initiation, and the maintenance of
speech fluency and volume. Speech disturbance is
usually observed only after resection of the dominant
SMA. The role of the nondominant SMA in speech
production is controversial. For example, resection of
the nondominant SMA may occasionally be associ-
ated with speech dysfunction (2, 25, 37, 40–43). In
cases of unilateral SMA damage, the impairment of
speech is often transient and the prognosis for recov-
ery is usually good. This may result from bilateral
participation of the SMA in the generation of speech
(25). We observed SMA activation in the left side in
12 subjects and in the right side in three subjects
during word generation tasks (Table 1).

Nakai et al (23) examined the relationship between
the level of language comprehension and brain acti-
vation by using fMRI. SMA activation was observed
in both English- and Japanese-language tasks for sub-
jects who comprehended both languages. The SMA
was not activated during language tasks that were not
comprehended by the subject. Demand placed on
syntactic or semantic processing during listening com-
prehension tasks may be greater for a non-native than
a native speaker of the language in question. In our
study, all subjects spoke English, but as a second
language. During the listening comprehension task,
we observed SMA activation in the right side in three
and in the left side in two of the five subjects who did
activate the SMA (Fig 1J).

SMA activation was also observed in the working
memory task. Prior N-back memory studies that spe-
cifically examined the relationship between working
memory load and the SMA have demonstrated that
increasing working memory load produces increasing
left SMA activation (28–30). During the two-back
working memory tasks, we observed the greatest ac-
tivation in the left hemisphere, in the anterior portion
of the SMA.

Conclusion
Our fMRI results suggest that significant functional

heterogeneity exists within the SMA. The SMA par-
ticipated in a variety of functional tasks, including

FIG 2. Sagittal functional MR group maps of complex motor,
hot sensory, listening comprehension, word generation, and
working memory tasks. Functional MR images showing SMA
activation during complex motor (red), heat sensory (yellow),
word generation (green), and working memory (blue) tasks. The
rostral aspect of the SMA tended to activate during word gen-
eration and working memory tasks, and the caudal aspect of the
SMA during motor and sensory tasks. These differences, how-
ever, did not reach statistical significance.

FIG 3. Axial functional MR group maps of complex motor (red),
heat sensory (yellow), listening comprehension (magenta), word
generation (green), and working memory (blue) tasks. Right (con-
tralateral) SMA activation was observed during motor, and sen-
sory tasks, and left SMA activation during word generation and
memory tasks.
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motor, sensory, word generation, and working mem-
ory. Our results also support the notion that function-
ally specific subregions exist within the SMA.
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