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ABSTRACT

Blind sour e separation (BSS) de omposes a multidimensional time series into a set of sour es, ea h with
a one-dimensional time ourse and a xed spatial distribution. For EEG and MEG, the former orresponds
to the simultaneously separated and temporally overlapping signals for ontinuous non-averaged data; the
latter orresponds to the set of attenuations from the
sour es to the sensors. These sensor proje tion ve tors give information on the spatial lo ations of the
sour es. Here we use standard Neuromag dipole- tting
software to lo alize BSS-separated omponents of MEG
data olle ted in several tasks in whi h visual, auditory, and somatosensory stimuli all play a role. We
found that BSS-separated omponents with stimulusor motor-lo ked responses an be lo alized to physiologi al and anatomi ally meaningful lo ations within
the brain.
1.

INTRODUCTION

Blind sour e separation (BSS) algorithms, su h as Infomax (Bell and Sejnowski, 1995), se ond-order blind
identi ation (SOBI) (Belou hrani et al., 1993), and
fICA (Hyvarinen and Oja, 1997) have been applied su essfully to ele troen ephalography (EEG) and magnetoen ephalography (MEG) data resulting in several
important te hni al and s ienti advan es. These algorithms an separate neuronal a tivity from various
artifa ts (Makeig et al., 1996; Vigario et al., 1998; Jung
et al., 1998; Tang et al., 1999), su h as eye-blinks,
whi h often ause fairly large amounts of data to be disarded. In ontrast with methods that rely on the use
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of a template, BSS removes these artifa ts without any
prior assumptions about the nature of the waveforms.
Another te hni al improvement is that BSS-separated
sour es are suÆ iently lean to show evoked responses
in single trials (Jung et al., 1999; Tang et al., 2000).
When oupled with the millise ond temporal pre ision
of the EEG or MEG, this apability to perform single
trial analysis permits the study of the pre ise timing of
populational neuronal evoked responses (Tang et al.,
2000) and allows one to distinguish between the absen e of rhythmi a tivity and the absen e of phaselo ked rhythmi a tivity (Makeig et al., 1999a).
Sin e ea h of the BSS-separated omponents has
a sensor proje tion, one an attempt to lo alize the
generator(s) that give rise to the sensor proje tion
by nding the best tting dipole(s) using a forward
model. Thus far, lo alization of BSS-separated omponents has not been attempted. Due to distortion
and redu tion of low spatial frequen ies of the ele tri eld signal by the skull, lo alization of generators
from EEG data is ill posed. Consequently, it is diÆ ult
to relate the EEG independent omponents to spe i
neuronal populations in spe i brain stru tures. In
fa t, resear hers have arefully avoided making neuroanatomi al interpretations of BSS-separated omponents (Makeig et al., 1996, 1997, 1999b). In magnetoenephalography, the magneti eld penetrates the skull
with little distortion (Williamson and Kaufman, 1981).
The pre ision of spatial lo alization of neural magneti
sour es an be on the order of a few millimeters under optimal onditions and su h lo alization has been
performed routinely in both basi resear h and linial studies (George et al., 1995). Given MEG's spatial
resolution, it seems reasonable to map BSS-separated
MEG omponents to neuronal populations within spei brain stru tures by lo alizing these omponents.
Asso iations between the BSS-separated omponents and underlying brain stru tures have been sug-
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gested by the omponents' temporal pro les and the
spatial patterns of their sensor proje tions (Tang et al.,
2000). These asso iations are qualitative. In this paper, we use the standard Neuromag sour e modeling
software to lo alize BSS-separated omponents as single ECDs, whi h provides a quantitative asso iation between BSS-separation omponents and neuroanatomial areas.
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2.

METHODS

We tested four right-handed subje ts (2 females and
2 males) in four visual rea tion time tasks (90 or 270
trials per task). During these tasks, a pair of olored
abstra t forms were presented on ea h half of the display s reen, one of whi h was the target. The subje t
was instru ted to press either the left or right button
when the target appeared on the left or right respe tively. In all tasks, the target was never des ribed to
the subje t prior to the experiment. The subje t was
to dis over the target by trial and error using auditory
feedba k (low and high tones orresponded to orre t
and in orre t responses, respe tively). All subje ts disovered the rule within a few trials. The tasks di ered
in the diÆ ulty with whi h the target ould be determined and in their potential dependen y on a parti ular brain stru ture. For the purpose of this paper,
intra-task di eren es will not be dis ussed. The goal
of this paper is to investigate whether BSS an separate
omponents that orrespond to fo al neuronal populations during tasks that involve natural multi-modality
sensory stimulation.
Blind separation by SOBI (Belou hrani et al., 1993)
was performed on 122- hannel ontinuous data sampled at 300Hz band- ltered at 1{100Hz, (see Tang
et al. (1999, 2000)). For all 122 re overed omponents, stimulus- or response-lo ked averages were alulated. Components with signal-to-noise ratios below
a threshold value of 2.5 were not onsidered for this
analysis. Typi ally, there are no more than 20 omponents in ea h experiment that had peaks in stimulusor response-lo ked averages with S/N ratios above this
threshold. For this small subset of omponents, dipole
tting was performed to lo alize a potential generator.
We used the Neuromag bundled software for this single
ECD tting.
We expe ted visual, auditory, and somatosensory
omponents to be separated be ause the tasks involve
visual stimulus presentation, auditory feedba k, and
somatosensory stimulation due to a button press. Somatosensory sour es were identi ed by a peak response
between 20 and 50ms after the button press. Visual sour es were identi ed by a peak response be-

−2

−2.2
−800

−600

−400

−200

0
Time (ms)

200

400

600

800

Figure 1: Lo alization of BSS-separated somatosensory omponent (Subje t 3 Sour e 007). (top). Eventlo ked average for the omponent. Single trials (90)are
aligned by the button press and then averaged. (middle) Contour plots of the eld maps (left, dorsal, and
right view). (bottom) omponent lo alized as a single
ECD, superimposed on the MRIs. Radiologi onvention: left on the right and right on the left.
tween 70 and 140ms. Auditory sour es (auditory feedba k triggered by button press) were identi ed by a
peak response between 50 and 140ms after the button
press. Although for ea h sensory modality multiple orti al areas supporting primary and se ondary pro essing have been identi ed, and poly-sensory areas have
also been dete ted using MEG, for the purpose of this
paper we fo used on neuronal populations within the
primary visual, auditory, and somatosensory orti es
rather than on se ondary sour es.
3.

RESULTS

SOBI-separated somatosensory, visual, and auditory
omponents are shown in event-lo ked averages and
ontour plots along with tted dipoles super-imposed
on MRI images (3 of the 4 subje ts had MRI). All omponents in luded in the analysis were rst s reened by
their S/N ratio (> 2:5) and then by the on den e
volumes of their dipole ts (< 10mm3 ). Somatosen-
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Figure 2: Lo alization of BSS-separated somatosensory
omponent (Subje t 1 Sour e 010).

Figure 3: Lo alization of BSS-separated somatosensory
omponent (Subje t 2 Sour e 012).

We were able to identify omponents
with button-press-lo ked responses having laten ies of
38:3  4:8ms, and with dipoles lo alized to the hand
region of the somatosensory ortex (Fig. 1, 2, and 3),
whi h indi ates their somatosensory origin. In all three
subje ts, we show a tted dipole in the right hemisphere (bottom panels). Be ause a thumb button press
was required and thumb movement should stimulate
the median nerve, it was expe ted that these putative
somatosensory omponents would be lo alized in the
same region that is normally a tivated by median nerve
stimulation (Hari and Forss, 1999).
The goodness of ts for these BSS-separated omponents were 73:6  8:36%. These ts are far superior
to the 40:7  5:4% of somatosensory sour es modeled
using the event-lo ked average from the best sensor, the
onventional method. Compared to the goodness of ts
reported in the literature for median nerve stimulation,
these numbers may appear to be low. However this is
to be expe ted, be ause, unlike the pre isely ontrolled
median nerve stimulation, the somatosensory sour es
modeled here re e t the more natural and more variable stimulation of the larger somatosensory area involved during the thumb button-press.
Visual Sour es. Early visual responses to olored
arbitrary forms with a laten y of 109:47  10:4ms were

identi ed. Fig. 4 shows one su h omponent lo alized to the o ipital lobe, onsistent with the literature (Aine et al., 1995; Hashimoto et al., 1999; Portin
et al., 1999). A ross subje ts, the pre ise lo ation of
this sour e within the o ipital lobe di ers: some are
more medial and some more dorsal. The goodness of
ts are 76:0  3:1%, mu h better than the goodness of
ts of 65:8  5:02% for the same type of sour es modeled
using the onventional pro edure.
Auditory Sour es.
Auditory responses to the
low/high tone feedba k with peak laten ies of 101:5 
18:0ms were found for a subset of tasks. This auditory omponent an be lo alized to the primary auditory ortex in the lateral ssure. Fig. 5 shows one
su h lo alized auditory sour e. The goodness of t is
59:3  5:7%, whi h is poorer than the somatosensory
and visual sour es. This is reasonable given the relative
insigni an e of auditory pro essing during a large portion of the task. The goodness of t is also poor when
ompared to the literature (over 90%). The small number of trials (90) and la k of expli it attention ould
both ontribute to this di eren e. Using onventional
methods, we failed to identify any auditory responses
at all in the event-lo ked average from the best sensor. Therefore, using BSS, we an identify and lo alize
sour es that are not identi able at all using previous

sory Sour es.
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Figure 4: Lo alization of BSS-separated visual omponent. Same as Fig.1 through Fig. 3 but responses were
lo ked onto visual stimulus onset (Subje t 1 Sour e
027.)
methods.
4.

DISCUSSION

We analyzed a data set from four tasks originally designed for a memory study. Ea h of the tasks involves sensory stimulation from visual, auditory, and
somatosensory modalities whi h intera t in a \natural" ontext. In ontrast to isolated stimulation of
ea h sensory modality using extremely well ontrolled
stimuli, su h as visual forms with very small visual angle, median nerve stimulation, and pure tones delivered monaurally, the visual stimuli used in this study
have large visual angles, the somatosensory stimuli to
the thumb and the asso iated mus les and nerves were
generated by the subje t's own button presses, and the
auditory stimuli were provided binaurally as a onsequen e of (and as feedba k for) the button-press motor
a tion. The responses to these sensory stimuli were
strongly modulated by task demands, su h as di erential attention to di erent sensory modalities. Initially attention was dire ted to visual stimulation, but
as soon as a button press response was made the subje t needed to dire t attention to the auditory stimulus
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Figure 5: Lo alization of BSS-separated auditory omponent. (Subje t 1 Sour e 011.)
to determine whether the response was orre t. Attention to auditory feedba k be ame unne essary after
the subje t dis overed whi h stimulus was the target
using the auditory feedba k (low versus high frequen y
tones). Pro essing of somatosensory stimulation due
to button-presses was never an expli it part of the task
and re eived no expli it attention. This type of attentional shift from one sensory modality to another embodies another aspe t of natural sensory information
pro essing.
One diÆ ulty in studying sensory pro essing in su h
omplex \natural" tasks is that stimulation to ea h
modality was embedded in the ontext of the stimulation of another modality and also in the ontext of
motor a tion. The lose temporal proximity among
neuronal responses asso iated with these multiple sensory modalities and the motor response make the separation and identi ation of signals arising from distin t
neuronal populations diÆ ult to a omplish. Eventrelated eld generators are typi ally modeled by rst
sele ting single response peaks in single hannel waveforms. Using this method, if two generators have overlapping peaks, separation be omes impossible. Another diÆ ulty in studying these types of tasks is the
variability in the fo us of attention throughout the task
and a ross modalities, and variability in the states of

pro essing asso iated with ea h modality whi h may
serve to prime the subsequent pro essing. These variabilities redu e the S/N ratio, therefore requiring averaging over a large number of trials. These diÆ ulties
may have ontributed to the fa t that to date most
studies of sensory pro essing with MEG have been ondu ted under either more ontrolled or single modality
stimulation.
We take advantage of one parti ular blind sour e
separation algorithm whi h utilizes information available in the ne temporal stru tures of the signals assoiated with di erent underlying eld generators. The
pro ess of identifying or separating neuronal sour es
does not involve signal averaging a ross trials, nor does
it require the subsequent identi ation of a peak response from potentially overlapping peaks in the averaged sensor signals. Instead, ontinuous non-averaged
data are provided as input to the algorithm whi h generates multiple one-dimensional time series (i.e. omponents.) Ea h omponent potentially orresponds to
some magneti eld generator(s). The algorithm outputs as many su h omponents as there are sensors in
the data a quisition system. Those with stimulus- or
motor-lo ked responses are andidates for being neuronal generators. Those with responses lo ked onto
other external events, su h as eye-blinks or heart beats
dete ted using EOG and EKG, are onsidered known
noise sour es. The rest remain as generators from unknown noise sour es that are not task related. Along
with the time series for ea h omponent, the algorithm also generates a eld map for ea h omponent,
whi h shows how strongly the putative generator an
in uen e ea h sensor. When the pattern of the eld
map agrees with known neuronal generators and when
the time ourse of the omponent mat hes that of the
same generator based on past MEG studies and other
neuroanatomi al onstraints, the omponents are onsidered to re e t the a tivity of a neuronal generator (Tang et al., 2000). Following su h a pro edure,
neuronal and non-neuronal generators with temporally
overlapping responses have been separated and identied (Tang et al., 1999, 2000). Be ause the algorithm
simultaneously separates noise from neuronal omponents, the time series of the neuronal omponents is
mu h leaner than the sensor time series. When performing event-lo ked averages using the separated omponents, fewer trials should be needed than when using
the sensor time series.
We obtained MRIs for ea h individual subje t and
used standard Neuromag software to model the omponents with single equivalent urrent dipole (ECD). The
input to the software is the eld pattern and the output is the lo ation of the ECD proje ted onto the sub-

je t's MRI. From the earlier dis ussed omplex tasks,
we were able to separate and identify visual, auditory,
and somatosensory omponents that show appropriate
event-lo ked responses with response laten ies onsistent with past literature. Despite the large variability asso iated with stimulation indu ed by the subje ts' self-dire ted button presses, somatosensory omponents with an average peak laten y of approximately
40ms were identi ed. Sin e this somatosensory stimulation was aused by a thumb button-press, the omponents are lo alized to the same region where sour es for
median nerve stimulation have been found (Hari and
Forss, 1999). Despite the la k of strong attentional demand and the rapidly redu ing attentional demand for
auditory stimuli during the ourse of the experiments,
auditory omponents were identi ed with an average
peak laten y of approximately 100ms and were lo alized to the vi inity of the lateral ssure, onsistent with
previous studies (Cansino et al., 1994). Finally, despite
the large visual angles of the visual stimuli, early visual omponents were lo alized to regions within the
o ipital lobe with an average peak laten y of approximately 110ms a ross four subje ts, whi h is also onsistent with previous studies (Aine et al., 1995; Hashimoto
et al., 1999; Portin et al., 1999).
Establishing that BSS-separated omponents are
not simply an arbitrary ombination of multiple disontiguous neuronal sour es but an in fa t be lo alized to meaningful brain regions is only the rst step in
demonstrating the usefulness of BSS algorithms. The
next question is whether BSS provides any advantages
in sour e lo alization. In prin iple, one ould expe t
improved sour e lo alization be ause BSS simultaneously separates known and unknown sour es of noise
from neuronal omponents. The BSS-separated neuronal omponents are leaner than the raw sensor data,
and therefore should have better S/N ratios and better
pre ision of lo alization in terms of goodness of t. We
ompared lo alized sour es from BSS-separated omponents and from original sensor data. Our results
showed that (1) while for some sensory modalities, su h
as the auditory system, the onventional analysis proedure ompletely failed to identify any dipole sour es
at all due to a failure to dete t peaks in the averaged
sensor signal, BSS-separated omponents orrespond
learly to neuronal a tivity originating in primary auditory ortex in terms of their response laten ies and
their sour e lo ations; (2) When the onventional analysis method does result in lo alization of dipole sour es,
the BSS-separated sour es always have tted dipoles
with greater goodness of t than dipoles tted to the
averaged sensor data. These observations suggest that
BSS an serve to improve sour e lo alization by im-

proving goodness of t and in identifying dipoles under
hallenging experimental onditions (low sensor S/N
ratios). BSS an be viewed as a pre-pro essor to any
existing sour e lo alization method. The next step is to
systemati ally study the e e t of BSS on sour e lo alization when ombined with more sophisti ated sour e
lo alization algorithms than single ECD modeling.
Through the appli ation of a BSS algorithm to
MEG data, we have previously shown that (1) BSS
is apable of separating various artifa ts from neuronal
sour es (Tang et al., 1999); (2) BSS is apable of separating neuronal sour es at di erent pro essing stages
along the visual pathways; and (3) BSS is apable of
supporting single-trial analysis (Tang et al., 2000). In
this paper, we show that BSS-separated omponents
an be further lo alized to meaningful spatial lo ations
within the brain. Lo alization of BSS-separated omponents provides the riti al link between the independent omponents and their orresponding generators in
the brain. This link allows us to relate fun tions, revealed by responses in time, to stru tures spe i ed in
spa e.
5.

REFERENCES

Aine, C. J., Supek, S., and George, J. S. (1995). Temporal
dynami s of visual-evoked neuromagneti sour es: e e ts
of stimulus parameters and sele tive attention. Intern. J.
Neuros ien e, 80:79{104.
Bell, A. J. and Sejnowski, T. J. (1995). An informationmaximization approa h to blind separation and blind deonvolution. Neural Computation, 7(6):1129{1159.
Belou hrani, A., Meraim, K. A., Cardoso, J.-F., and
Moulines, E. (1993). Se ond-order blind separation of
orrelated sour es. In Pro . Int. Conf. on Digital Sig.
Pro ., pages 346{351, Cyprus.
Cansino, S., Williamson, S., and Karron, D. (1994).
Tonopoti organization of human auditory asso iation
ortex. Brain Res., 663:38{50.
George, J. S., Aine, C. J., Mosher, J. C., S hmidt, D. M.,
Ranken, D. M., S hlitt, H. A., Wood, C. C., Lewine,
J. D., Sanders, J. A., and Belliveau, J. W. (1995).
Mapping fun tion in the human brain with magnetoenephalography, anatomi al magneti resonan e imaging,
and fun tional magneti resonan e imaging. J. Clin. Neurophysiol., 12:406{431.
Hari, R. and Forss, N. (1999). Magnetoen ephalography in
the study of human somatosensory orti al pro essing.
Phil. Trans. R. So . Lond. B, 354:1145{1154.
Hashimoto, T., Kashii, S., Kiku hi, M., Honda, Y.,
Nagamine, T., and Shibasaki, H. (1999). Temporal pro le
of visual evoked responses to pattern-reversal stimulation
analyzed with a whole-head magnetometer. Exp. Brain
Res., 125(3):375{382.
Hyvarinen, A. and Oja, E. (1997). A fast xed-point algo-

rithm for independent omponent analysis. Neural Com, 9(7).
Jung, T.-P., Humphries, C., Lee, T.-W., Makeig, S., M Keown, M. J., Iragui, V., and Sejnowski, T. (1998).
Extended i a removes artifa ts from ele troen ephalographi re ordings. In NIPS*97 (1998).
Jung, T.-P., Makeig, S., Wester eld, M., Townsend, J.,
Cour hesne, E., and Sejnowski, T. J. (1999). Analyzing and visualizing single-trial event-related potentials.
In Advan es in Neural Information Pro essing Systems
11, pages 118{124. MIT Press.
Makeig, S., Bell, A. J., Jung, T.-P., and Sejnowski, T. J.
(1996). Independent omponent analysis of ele troenephalographi data. In Advan es in Neural Information
Pro essing Systems 8, pages 145{151. MIT Press.
Makeig, S., Jung, T. P., Bell, A. J., Ghahremani, D., and
Sejnowski, T. J. (1997). Blind separation of auditory
event-related brain responses into independent omponents. Pro . Natl. A ad. S i. USA, 94(20):10979{10984.
Makeig, S., Townsend, J., Jung, T.-P., Engho , S., Gibson, C., Sejnwoski, T. J., and Cour hesne, E. (1999a).
Early visual evoked response peaks apper to be sums of
a tivity in multiple alpha sour es. So . Neuros i. Abstr.,
25(652.8).
Makeig, S., Wester eld, M., Jung, T.-P., Covington, J.,
Townsend, J., Sejnwoski, T. J., and Cour hesne, E.
(1999b). Fun tionally independent omponents of the
late positive event-related potential during visual spatial
attention. J. Neuros i., 19(7):2665{2680.
NIPS*97 (1998). Advan es in Neural Information Pro essing Systems 10. MIT Press.
Portin, K., Vanni, S., Virsu, V., and Hari, R. (1999).
Stronger o ipital orti al a tivation to lower than upper visual eld stimuli. Exp. Brain Res., 124:287{294.
Tang, A. C., Pearlmutter, B. A., Zibulevsky, M., Hely,
T. A., and Weisend, M. P. (2000). An MEG study of
response laten y and variability in the human visual system during a visual-motor integration task. In Advan es
in Neural Information Pro essing Systems 12, pages 185{
191. MIT Press. To appear.
Tang, A. C., Pearlmutter, B. A., Zibulevsky, M., and Loring, R. (1999). Blind separation of neuromagneti responses. In Computational Neuros ien e. To appear as
a spe ial issue of Neuro omputing.
Vigario, R., Jousmaki, V., Hamalainen, M., Hari, R., and
Oja, E. (1998). Independent omponent analysis for identi ation of artifa ts in magnetoen ephalographi re ordings. In NIPS*97 (1998).
Williamson, S. and Kaufman, L. (1981). Magneti elds
of the erebral ortex. In Erne, S., Hahlbohm, H., and
Lubbig, editors, Neuromagnetism, pages 353{402. Walter
de Gruyter, Berlin.
putation

