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Spatiotemporal mapping of brain activity by integration of

multiple imaging modalities
Anders M Dale and Eric Halgren

Functional magnetic resonance imaging (fMRI) and positron
emission tomography measure local changes in brain
hemodynamics induced by cognitive or perceptual tasks.
These measures have a uniformly high spatial resolution of
millimeters or less, but poor temporal resolution (about 1 s).
Conversely, electroencephalography (EEG) and
magnetoencephalography (MEG) measure instantaneously the
current flows induced by synaptic activity, but the accurate
localization of these current flows based on EEG and MEG
data alone remains an unsolved problem. Recently, techniques
have been developed that, in the context of brain anatomy
visualized with structural MRI, use both hemodynamic and
electromagnetic measures to arrive at estimates of brain
activation with high spatial and temporal resolution. These
methods range from simple juxtaposition to simultaneous
integrated techniques. Their application has already led to
advances in our understanding of the neural bases of
perception, attention, memory and language. Further advances
in multi-modality integration will require an improved
understanding of the coupling between the physiological
phenomena underlying the different signal modalities.
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Abbreviations

BOLD  blood-oxygenation-level-dependent
ECD equivalent current dipole

EEG electroencephalography

ERP event-related potential

fMRI functional magnetic resonance imaging
MEG magnetoencephalography

MRI magnetic resonance imaging

NIRS  near infrared spectroscopy

PET positron emission tomography

Introduction

The past decades have shown revolutionary changes in our
ability to non-invasively image human brain activity, with
current spatial and temporal resolutions meeting standards
previously reserved for invasive methods in animal mod-
els. In particular, the development of functional magnetic
resonance imaging (fMRI) has enabled imaging of changes
in blood oxygenation and perfusion, with a potential
spatial resolution of a few hundred microns [1-4].
Similarly, advances in magnetoencephalography (MEG)
and high-density electroencephalography (EEG) have
enabled estimation of brain activity with a temporal
resolution of the order of milliseconds [5-7,8°]. However,

each of these signal modalities is limited either in terms of
its temporal or spatial resolution. Hence, high-resolution
spatiotemporal imaging of brain activity requires integra-
tion of information from multiple signal modalities [9-11].

In this review, we will first discuss what is known about the
physical and physiological basis of the imaging signals and
the coupling between the processes underlying the differ-
ent techniques. Next, we will discuss various approaches
that have been proposed for integrating information across
multiple modalities. Finally, we will discuss future
directions and remaining challenges in the field of
multi-modality integration.

The physical and physiological basis of
imaging signals

A major challenge for multi-modality integration results
from the fact that distinct physiological mechanisms
underlie the signal generation for different imaging
modalities. Broadly speaking, the different imaging modal-
ities can be divided into three main categories: first,
EEG/MEG; second, optical imaging; and third,
fMRI/PET (positron emission tomography).

EEG and MEG signals

The techniques of EEG/MEG are unique in that the
observed signals are directly coupled to neuronal electrical
activity [7,8°,12]. More precisely, EEG and MEG reflect
the electric potential and magnetic field, respectively,
resulting primarily from synaptic trans-membrane currents
in neuronal dendrites [13]. These synaptic currents can be
modeled as sinks (inward currents) and sources (outward
currents) within a passive volume conductor made up of
neuronal tissues, cerebrospinal fluid, skull and scalp [12].
Thus, the transmission of electrical activity within the
brain to the EEG and MEG sensors is effectively instanta-
neous (limited only by the speed of light in tissue). The
propagation of such electric and magnetic fields through
the head, known as the bioelectric/magnetic forward prob-
lem, is relatively well understood, and efficient and
accurate algorithms exist to predict the EEG and MEG
signals [14]. Further incremental advances are still possi-
ble, especially incorporating information regarding
conductance anisotropy within white matter and preferen-
tial current shunts resulting from skull defects and sutures
[15,16°]. However, the so-called inverse problem of
estimating the current sources and sinks on the basis of
EEG and/or MEG recordings alone is fundamentally
ill-posed. That is, for any distribution of EEG and MEG
signals outside the head, there are infinitely many possible
configurations of current sources and sinks within the brain
that are consistent with those recordings —a principle
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originally pointed out by Helmholtz [17]. In order to
disambiguate the inverse problem, it is therefore necessary
to impose additional constraints on the solution [9,18].

Optical signals

The physiological basis of the most common form of non-
invasive optical imaging, known as near infrared
spectroscopy (NIRS), is wavelength-specific absorption of
photons by oxygenated and deoxygenated hemoglobin
[19]. Thus, the contrast mechanism for NIRS signals is
closely related to that of intrinsic optical imaging of
exposed cortex using visible light [20]. The much lower
baseline absorption levels at the longer wavelengths used
in NIRS allow the light to travel further through skin, skull
and brain tissue, thus allowing non-invasive imaging of
hemodynamics, albeit with lower spatial resolution
[21-23]. To a first approximation, the hemodynamic
response to electrical activity can be modeled as the output
of a linear low-pass filter applied to the neuronal response,
effectively suppressing any signal power below 1 Hz [24].
Thus, although it is possible to sample optical signals quite
rapidly (>1 kHz), the effective temporal resolution is
limited by the indirect nature of the coupling of the
hemodynamic processes affecting the optical signals and
the underlying neuronal electrical activity [25].

It should be noted, however, that there is some evidence
that it may be possible to detect optical signals more
directly related to neuronal activation [26—-29]. The physio-
logical basis of these event-related optical signals (EROS)
is not well understood, but may include cell swelling or
membrane polarization associated with neuronal activity,
resulting in local light-scattering changes [25]. Thus, opti-
cal imaging may provide insights into both the
electrophysiological (fast) and hemodynamic (slow)
processes underlying other brain imaging signals.
However, the spatial resolution afforded by optical
methods alone is limited by the diffuse nature of photon
transport through tissue [21].

PET and fRMI signals

In contrast to the signal modalities mentioned above, PET
and fMRI provide unambiguous spatial localization of
activity with a relatively high spatial resolution. PET is
based on the measurement of paired photons that result
from annihilation of positrons emitted by radioactively
labeled markers [30]. PET has been used to measure
blood flow, glucose utilization, and receptor density
[31-33]. fMRI measures a blood-oxygenation-level-depen-
dent (BOLD) response which reflects a number of factors,
including the concentration of deoxygenated hemoglobin,
blood flow, and blood volume [34,35]. With fMRI, it is in
principle possible to image such hemodynamic changes
with a spatial resolution essentially limited only by the
signal-to-noise ratio. However, inferences about neuronal
activity made on the basis of fMRI signals are again
limited by the indirect nature of the coupling between the
observed signals and the underlying neuronal electrical

activity, with the achievable spatial and temporal resolu-
tion determined by the spatiotemporal point-spread
function of the hemodynamic response [36,37].

In order to combine electrophysiological signals with those
related to hemodynamics in a principled way, it is therefore
essential to take into account both the modality-specific
physics governing signal generation and propagation, and
the coupling between hemodynamics and neuronal electri-
cal activity. Although the physics of signal generation and
propagation is generally well understood, the physiological
coupling has not yet been well characterized. However,
there is a growing body of evidence for a strong spatial cor-
relation between local electrical activity and hemodynamic
signals; such evidence is based on comparisons between
maps obtained using voltage-sensitive dyes and using
intrinsic optical signals [38], as well as comparisons
between single-unit recordings and intrinsic optical signals
[39]. The intrinsic signal itself is closely co-localized with
the BOLD response [40]. Recent studies also indicate that
the amplitude of the hemodynamic response correlates
more or less linearly with electrophysiological measures,
based on comparisons between the fMRI BOLD response
and electrophysiological recordings in rat [41,42]. Further
research is needed to enable the precise, quantitative
characterization of the spatiotemporal coupling between
electrophysiological and hemodynamic phenomena essen-
tial for optimal integration of information from different
imaging modalities (see below).

Approaches to multi-modality integration
Efforts to arrive at a fuller understanding of neurocognitive
processes by use of fMRI/PET for localization and
MEG/EEG for timing have ranged from simple juxtaposi-
tion to truly integrated analyses. Simple juxtaposition has
the advantage that the analysis does not assume that the
signals in the different modalities are generated by the
same or similar neural generators; however, this assump-
tion is often implicit in the concurrent interpretation of the
multimodal results. Recent examples of this approach
include applications to attention [10], somatosensory acti-
vation [43], visual flow [44], novelty processing [45-47],
and emotional judgements [48].

Equivalent current dipole models

The most common approach to multi-modality integration is
to assume that the EEG/MEG signals are generated by a
relatively small number of focal sources. Typically, both
hemodynamic and electromagnetic modalities are recorded
during the same task. The activation foci derived from PE'T
or fMRI are used as initial guesses (or ‘seeds’) for dipole
locations, and the positions of the equivalent current dipoles
(ECDs) are adjusted using a non-linear fitting procedure
([18]; see also Figure 1a,b). The orientation and strength
over time of the ECDs can then be estimated using a simple
linear least-squares algorithm. In some cases, this technique
of ‘seeded dipoles’ can lead to significant conclusions regard-
ing neurocognitive processing mechanisms that cannot be
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Figure 1 legend

Examples of multi-modality integration methods applied to a visual size-
judgment task, contrasting novel versus repeated words (see [8°] for
details on the experimental design and analysis). (a) MEG waveforms
recorded from 122 channels. The responses to novel and repeated words
are shown in blue and red, respectively. (b) Result of fitting a single ECD
to the repetition effect (novel minus repeated) at a latency of 540 ms post
stimulus-onset, using the method described in [7]. The dipole location is
indicated by the green arrow, superimposed on a contour plot of the
measured magnetic field. (c) The corresponding statistical parametric
map of cortical activity based on the anatomically constrained current
estimation method described in [8°]. The activity map is displayed on an

‘inflated’ representation of the left cortical hemisphere [9]. (d) Activity map
obtained by using both anatomical and fMRI-based constraints on the
estimates. Note the increased spatial detail revealed by the integration of
the fMRI constraint, relative to that obtained using (b) ECD fitting or (c)
anatomical constraints alone. (e) Time course estimates for neural activity
evoked by novel and repeated words at different cortical locations. The
activity estimates (using both anatomical and fMRI-based constraints)
were averaged across four subjects using a surface-based inter-subject
registration procedure [66]. The background image shows a statistical
parametric map based on inter-subject averaged fMRI activations in the
same task and subjects.

obtained when using either hemodynamic or electromagnetic
techniques in isolation [49,50,51°,52°,53].

The power of dipole-seeding is in providing an objective
initial guess for the ECD locations, thus alleviating the
problem of local minima inherent in non-linear fitting pro-
cedures. There are, however, several potential problems
with this approach. Most cognitive tasks involve many
spatially extensive brain areas. Even simple visual stimuli
activate a large number of distinct occipital, temporal, and
parietal cortical areas [54,55]. Cognitive tasks typically
involve an even more extensive network of sensory, motor,
and association areas, as revealed using fMRI [56] as well
as intracranial recordings [57-59]. The ‘seeded dipole’
approach requires the somewhat arbitrary partitioning of
these extended activation regions into discrete foci to be
represented by the individual ECDs. Furthermore, simu-
lation studies have shown that constraining all generators
of EEG and MEG to co-localize with the hemodynamic
activation foci may result in significant estimation error if
some of the ECD locations are incorrectly specified [60].

Continuous current estimates

These considerations have led some to explore continu-
ous, weighted estimates of activation over the entire
cortical surface using a continuous estimation approach
[9,61°,62°]. In this approach, the cortical surface is parti-
tioned into a large number of small patches, with each
patch represented by an ECD in the middle of the patch,
thus approximating any arbitrary spatial distribution of
synaptic currents within the cortex. Data from fMRI or
PET can then be used to spatially bias the EEG/MEG
inverse solution towards locations that are hemodynami-
cally active during a specific task [9,11]. In order to avoid
potential mismatch between the activity measured by the
different modalities, it is important to use identical exper-
imental designs and stimulus conditions for each. The
recent development of event-related analysis methods
enables the use of identical rapid, randomized experimental
designs with EEG/MEG and fMRI [63-65]. Using this
approach, it is possible to obtain continuous spatiotempo-
ral maps (or movies) of brain activity ([60]; see also
Figure 1c,d). A further refinement of this method is
achieved by normalizing the spatiotemporal estimates for

noise sensitivity, thus vyielding dynamic statistical
para-metric maps of brain activity (for further details, see
[8°]). The spatially continuous nature of such estimates
also allows for averaging of activity across individual
subjects, after aligning the sulcal-gyral patterns across
individuals ([8°,60]; see also Figure 1e).

It should be noted, however, that even when using hemo-
dynamic data to bias the inverse solution, some ambiguity
remains. One approach to quantifying this uncertainty is to
calculate the influence of activity at one location on the
estimated activity at another location, or so-called
‘crosstalk’ [60]. A more general approach, suggested by
Schmidt ¢z al. [67], calls for an explicit characterization of
the space of possible solutions, by sampling the @ posterior:
probability distribution given measurement data and
a priori information.

Remaining challenges and future directions

In order to more accurately integrate EEG/MEG and fMRI,
a better understanding of the coupling between the signals
and the underlying neuronal activity is needed. Using fMRI
and/or optical imaging methods in humans and animals
along with electrophysiological recordings, it may be possi-
ble to obtain a more precise, quantitative model of this
coupling [68,69,70°,71]. Recordings using multi-contact
laminar electrodes and two-dimensional surface grids can
also provide a better understanding of the spatiotemporal
patterns of synaptic current flow in the cortex at microscopic
and mesoscopic scales [72°,73,74]. Because the observed
MEG/EEG signals are directly related to these synaptic
current flows (the dipole moment is the first non-vanishing
term of the multipolar expansion of the laminar current
source density distribution), this information could lead to
greatly improved constraints on the spatiotemporal activity
estimates [7,74]. An important question that can be
addressed using such invasive recordings is the degree to
which the hemodynamic response is related to the phase-
locked (evoked) component of the electrophysiological
activity, or to the non-phase-locked component, which is
eliminated by standard averaging techniques [75,76].

A closely related question, essential to an appropriate
physiological interpretation of fMRI imaging results, is the
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extent to which the BOLD effect reflects excitatory and/or
inhibitory neuronal activity. Early studies using
2-deoxyglucose in animal models showed that strong inhi-
bition could be associated with increased glucose uptake
[77]. However, indirect evidence has recently accumulated
suggesting that inhibition may not be associated with
increased local cerebral blood flow [78,79].

Ultimately, it should be possible to relate the observed electric/
magnetic, optical, and MRI signals to biophysical models of
neuronal circuitry. Because these imaging methods have a
finite resolution, the resulting signals reflect the integrated
activity of thousands or millions of neurons. This suggests
the use of spatially coarse-grained modeling approaches, in
which local populations of neurons are treated as statistical
ensembles [80,81]. Combining such modeling approaches
with the modality-specific forward solutions, specifying the
coupling between the imaging signals and the relevant bio-
physical parameters of the model at the appropriate spatial
scale, it may be possible to relate non-invasive imaging sig-
nals to information processing at the neuronal circuit level.

Acknowledgements

We gratefully acknowledge the creative assistance of Mark Andermann in
preparing this review. Our research was supported by the Human Frontiers
Science Program (AM Dale and E Halgren), the National Foundation for
Functional Brain Imaging (AM Dale and E Halgren), the Whitaker
Foundation (AM Dale), and the National Institutes of Health (AM Dale:
R01-RR13609, P41-RR14075, R01-NS39581; E Halgren: R01-NS18741).

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
¢ of outstanding interest

1. Belliveau JW, Kennedy DN, McKinstry RC, Buchbinder BR,
Weisskoff RM, Cohen MS, Vevea JM, Brady TJ, Rosen BR: Functional
mapping of the human visual cortex by magnetic resonance
imaging. Science 1991, 254:716-719.

2. Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM:
Dynamic magnetic resonance imaging of human brain activity
during primary sensory stimulation. Proc Natl Acad Sci USA 1992,
89:5675-5679.

3. Ogawa S, Tank DW, Menon R, Ellermann JM, Kim SG, Merkle H,
Ugurbil K: Intrinsic signal changes accompanying sensory
stimulation: functional brain mapping with magnetic resonance
imaging. Proc Natl Acad Sci USA 1992, 89:5951-5955.

4.  Kwong K, Chesler D, Weisskoff R, Donahue K, Davis T, Ostergaard L,
Campbell T, Rosen B: MR perfusion studies with T1-weighted echo
planar imaging. Magn Reson Med 1995, 34:878-887.

5. Williamson SJ, Kaufman L, Brenner D: Latency of the neuromagnetic
response of the human visual cortex. Vision Res 1978, 18:107-110.

6. Cohen D, Palti Y, Cuffin BN, Schmid SJ: Magnetic fields produced
by steady currents in the body. Proc Natl Acad Sci USA 1980,
77:1447-1451.

7 Hamalainen M, Hari R, llmoniemi RJ, Knuutila J, Lounasmaa OV:
Magnetoencephalography — theory, instrumetation, and
applications to noninvasive studies of the working human brain.
Rev Mod Phys 1993, 65:413-497.

8. Dale AM, Liu AK, Fischl BR, Buckner RL, Belliveau JW, Lewine JD,

. Halgren E: Dynamic statistical parametric mapping: combining
fMRI and MEG for high-resolution imaging of cortical activity.
Neuron 2000, 26:55-67.

This paper describes a general framework for integrating information from dif-

ferent imaging modalities (including EEG/MEG, and fMRI) with anatomical

information to obtain spatiotemporal maps of brain activity. Activity during
semantic processing of visually presented words is estimated over the cortical
sheet. An initial wave of activity spreads rapidly from occipital visual cortex to
temporal, parietal and frontal areas, and the dynamics of repetition priming
suggest that it arises from network interactions.

9. Dale AM, Sereno MI: Improved localization of cortical activity by
combining EEG and MEG with MRI cortical surface reconstruction:
a linear approach. J Cogn Neurosci 1993, 5:162-176.

10. Heinze HJ, Mangun GR, Burchert W, Hinrichs H, Scholz M, Munte TF,
Gos A, Scherg M, Johannes S, Hundeshagen H et al.: Combined
spatial and temporal imaging of brain activity during visual
selective attention in humans. Nature 1994, 372:543-546.

11. George J, Mosher J, Schmidt D, Aine C, Wood C, Lewine J,
Sanders J, Belliveau J: Functional neuroimaging by combined MRI,
MEG and fMRI. Hum Brain Mapp 1995, S1:89.

12. Nunez PL: Electric Fields of the Brain. New York: Oxford University
Press; 1981.

13. Humphrey DR: Re-analysis of the antidromic cortical response. Il.
On the contribution of cell discharge and PSPs to the evoked
potentials. Electroencephalogr Clin Neurophysiol 1968, 25:421-442.

14. Oostendorp TF, Van Oosterom A: Source parameter estimation
using realistic geometry in bioelectricity and biomagnetism. In
Biomagnetic Localization and 3D Modeling. Edited by Nenonen J,
Rajala HM, Katila T. Helsinki: Helsinki University of Technology; 1992.
[Report TKK-F-A689.]

15. Tuch DS, Wedeen VJ, Dale AM, George JS, Belliveau JW:
Conductivity mapping of biological tissue using diffusion MRI.
Ann NY Acad Sci 1999, 888:314-316.

16. Oostendorp TF, Delbeke J, Stegeman DF: The conductivity of the

. human skull: results of in vivo and in vitro measurements. IEEE
Trans Biomed Eng 2000, 47:1487-1492.

Measurements of the conductivity of the human skull are made both in vivo

and in vitro. The results indicate that the conductance is about five times

higher than the conductance values typically used in the literature — a differ-

ence large enough to produce small but noticeable changes in the ECD

locations estimated by most inverse methods.

17. Helmholtz H: Ueber einige gesetze der vertheilung elektrischer
strome in korperlichen leitern, mit anwendung auf die thierisch-
elektrischen versuche. Ann Phys Chem 1853, 89:211-233, 353-377.
[Title translation: Some laws about the distribution of electrical currents
in volume conductors, with application to animal electric experiments.]

18. Scherg M: Functional imaging and localization of electromagnetic
brain activity. Brain Topogr 1992, 5:103-111.

19. Villringer A, Chance B: Non-invasive optical spectroscopy and
imaging of human brain function. Trends Neurosci 1997,
20:435-442.

20. Grinvald A, Lieke E, Frostig RD, Gilbert CD, Wiesel TN: Functional
architecture of cortex revealed by optical imaging of intrinsic
signals. Nature 1986, 324:361-364.

21. Boas DA, Campbell LE, Yodh AG: Scattering and imaging with
diffusing temporal field correlations. Phys Rev Lett 1995,
75:1855-1858.

22. Gaudette RJ, Brooks DH, DiMarzio CA, Kilmer ME, Miller EL,
Gaudette T, Boas DA: A comparison study of linear reconstruction
techniques for diffuse optical tomographic imaging of absorption
coefficient. Phys Med Biol 2000, 45:1051-1070.

23. Benaron DA, Hintz SR, Villringer A, Boas D, Kleinschmidt A, Frahm J,
Hirth C, Obrig H, van Houten JC, Kermit EL et al.: Noninvasive
functional imaging of human brain using light. J Cereb Blood Flow
Metab 2000, 20:469-477.

24. Mandeville JB, Marota JJA: Vascular filters of functional MRI: spatial
localization using BOLD and CBV contrast. Magn Reson Med
1999, 42:591-598.

25. Stepnoski RA, LaPorta A, Raccuia-Behling F, Blonder GE, Slusher RE,
Kleinfeld D: Noninvasive detection of changes in membrane
potential in cultured neurons by light scattering. Proc Natl Acad
Sci USA 1991, 88:9382-9386.

26. Gratton G, Fabiani M, Corballis PM, Hood DC, Goodman-Wood MR,
Hirsch J, Kim K, Friedman D, Gratton E: Fast and localized event-
related optical signals (EROS) in the human occipital cortex:
comparisons with the visual evoked potential and fMRI.
Neuroimage 1997, 6:168-180.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Spatiotemporal mapping of brain activity by integration of multiple imaging modalities Dale and Halgren 207

Gratton G, Sarno A, Maclin E, Corballis PM, Fabiani M: Toward
noninvasive 3-D imaging of the time course of cortical activity:
investigation of the depth of the event-related optical signal.
Neuroimage 2000, 11:491-504.

Rector DM, Poe GR, Kristensen MP, Harper RM: Light scattering
changes follow evoked potentials from hippocampal Schaeffer
collateral stimulation. J Neurophysiol 1997, 78:1707-1713.

Steinbrink J, Kohl M, Obrig H, Curio G, Syre F, Thomas F, Wabnitz H,
Rinneberg H, Villringer A: Somatosensory evoked fast optical
intensity changes detected non-invasively in the adult human
head. Neurosci Lett 2000, 291:105-108.

Ter-Pogossian MM, Raichle ME, Sobel BE: Positron-emission
tomography. Sci Am 1980, 243:170-181.

Raichle ME, Martin WR, Herscovitch P, Mintun MA, Markham J:
Brain blood flow measured with intravenous H2(15)0. Il
Implementation and validation. J Nucl Med 1983, 24:790-798.

Grafton ST: PET: activation of cerebral blood flow and glucose
metabolism. Adv Neurol 2000, 83:87-103.

Waarde A: Measuring receptor occupancy with PET. Curr Pharm
Des 2000, 6:1593-1610.

Mandeville JB, Marota JJ, Ayata C, Zaharchuk G, Moskowitz MA,
Rosen BR, Weisskoff RM: Evidence of a cerebrovascular
postarteriole windkessel with delayed compliance. J Cereb Blood
Flow Metab 1999, 19:679-689.

Buxton RB, Wong EC, Frank LR: Dynamics of blood flow and
oxygenation changes during brain activation: the balloon model.
Magn Reson Med 1998, 39:855-864.

Engel SA, Glover GH, Wandell BA: Retinotopic organization in
human visual cortex and the spatial precision of functional MRI.
Cereb Cortex 1997, 7:181-192.

Dale AM, Buckner RL: Selective averaging of individual trials using
fMRI. Hum Brain Mapp 1997, 5:329-340.

Shoham D, Glaser DE, Arieli A, Kenet T, Wijnbergen C, Toledo Y,
Hildesheim R, Grinvald A: Imaging cortical dynamics at high spatial
and temporal resolution with novel blue voltage-sensitive dyes.
Neuron 1999, 24:791-802.

Moore ClI, Nelson SB, Sur M: Dynamics of neuronal processing in
rat somatosensory cortex. Trends Neurosci 1999, 22:513-520.

Hess A, Stiller D, Kaulisch T, Heil P, Scheich H: New insights into the
hemodynamic blood oxygenation level-dependent response
through combination of functional magnetic resonance imaging
and optical recording in gerbil barrel cortex. J Neurosci 2000,
20:3328-3338.

Ogawa S, Lee TM, Stepnoski R, Chen W, Zhu XH, Ugurbil K: An
approach to probe some neural systems interaction by functional
MRI at neural time scale down to milliseconds. Proc Natl Acad Sci
USA 2000, 97:11026-11031.

Yang X, Hyder F, Shulman RG: Functional MRl BOLD signal
coincides with electrical activity in the rat whisker barrels. Magn
Reson Med 1997, 38:874-877.

Rossini PM, Pauri F: Neuromagnetic integrated methods tracking
human brain mechanisms of sensorimotor areas ‘plastic’
reorganisation. Brain Res Brain Res Rev 2000, 33:131-154.

Greenlee MW: Human cortical areas underlying the perception of
optic flow: brain imaging studies. Int Rev Neurobiol 2000,
44:269-292.

Opitz B, Mecklinger A, Friederici AD, von Cramon DY: The functional
neuroanatomy of novelty processing: integrating ERP and fMRI
results. Cereb Cortex 1999, 9:379-391.

Linden DE, Prvulovic D, Formisano E, Vollinger M, Zanella FE,
Goebel R, Dierks T: The functional neuroanatomy of target
detection: an fMRI study of visual and auditory oddball tasks.
Cereb Cortex 1999, 9:815-823.

Clark VP, Fannon S, Lai S, Benson R, Bauer L: Responses to rare
visual target and distractor stimuli using event-related fMRI.
J Neurophysiol 2000, 83:3133-3139.

Northoff G, Richter A, Gessner M, Schlagenhauf F, Fell J, Baumgart F,
Kaulisch T, Kotter R, Stephan KE, Leschinger A et al.: Functional
dissociation between medial and lateral prefrontal cortical

spatiotemporal activation in negative and positive emotions: a
combined fMRI/MEG study. Cereb Cortex 2000, 10:93-107.

49. Menon V, Ford JM, Lim KO, Glover GH, Pfefferbaum A: Combined
event-related fMRI and EEG evidence for temporal-parietal cortex
activation during target detection. Neuroreport 1997, 8:3029-3037.

50. Woldorff MG, Fox PT, Matzke M, Lancaster JL, Veeraswamy S,
Zamarripa F, Seabolt M, Glass JH, Gao JH, Martin CC, Jerabek P:
Retinotopic organization of early visual spatial attention effects as
revealed by PET and ERP. Hum Brain Mapp 1997, 5:280-286.

51. Ahlfors SP, Simpson GV, Dale AM, Belliveau JW, Liu AK, Korvenoja A,
. Virtanen J, Huotilainen M, Tootell RB, Aronen HJ, limoniemi RJ:
Spatiotemporal activity of a cortical network for processing visual
motion revealed by MEG and fMRI. J Neurophysiol 1999,
82:2545-2555.
This study combines fMRI and MEG to characterize the temporal pattern of
activity within a number of cortical areas, including MT+, V3A, V1/V2, which
had previously been shown to be activated by visual motion. In addition to the
posterior cortical areas identified by fMRI, evidence was found for MEG gen-
erators in frontal cortex, most probably corresponding to the frontal eye fields.

52. Opitz B, Mecklinger A, Von Cramon DY, Kruggel F: Combining

. electrophysiological and hemodynamic measures of the auditory
oddball. Psychophysiol 1999, 36:142-147.

Dipoles were seeded on the basis of fMRI activation in the superior tempo-

ral plane to model the well-known sequence of EEG potentials evoked by

deviant (‘oddball’) tones. However, an earlier similar study [49] using fMRI-

seeded ECDs localized the EEG response to deviant tones to the supra-

marginal gyrus. Both models appear to be highly simplified compared to the

ten distinct generators demonstrated by IEEG during similar tasks [59].

53. Wang J, Zhou T, Qiu M, Du A, Cai K, Wang Z, Zhou C, Meng M,
Zhuo Y, Fan S, Chen L: Relationship between ventral stream for
object vision and dorsal stream for spatial vision: an fMRI + ERP
study. Hum Brain Mapp 1999, 8:170-181.

54. Felleman DJ, Van Essen DC: Distributed hierarchical processing in
the primate cerebral cortex. Cereb Cortex 1991, 1:1-47.

55. Sereno MI, Dale AM, Reppas JB, Kwong KK, Belliveau JW, Brady TJ,
Rosen BR, Tootell RB: Borders of multiple visual areas in humans
revealed by functional magnetic resonance imaging. Science
1995, 268:889-893.

56. Buckner RL, Koutstaal W, Schacter DL, Rosen BR: Functional MRI
evidence for a role of frontal and inferior temporal cortex in
amodal components of priming. Brain 2000, 123:620-640.

57. Halgren E, Baudena P, Heit G, Clarke JM, Marinkovic K: Spatio-
temporal stages in face and word processing. 1. Depth-recorded
potentials in the human occipital, temporal and parietal lobes.

J Physiol (Paris) 1994, 88:1-50.

58. Halgren E, Baudena P, Heit G, Clarke JM, Marinkovic K, Chauvel P:
Spatio-temporal stages in face and word processing. 2. Depth-
recorded potentials in the human frontal and Rolandic cortices.
J Physiol (Paris) 1994, 88:51-80.

59. Halgren E, Marinkovic K, Chauvel P: Generators of the late cognitive
potentials in auditory and visual oddball tasks. Electroencephalogr
Clin Neurophysiol 1998, 106:156-164.

60. Liu AK, Belliveau JW, Dale AM: Spatiotemporal imaging of human
brain activity using fMRI constrained MEG data: Monte Carlo
simulations. Proc Natl Acad Sci USA 1998, 95:8945-8950.

61. Uutela K, Hamalainen M, Somersalo E: Visualization of
. magnetoencephalographic data using minimum current
estimates. Neuroimage 1999, 10:173-180.
This paper describes the use of minimum L1-norm estimation for localizing
MEG signals, applied to simulation data as well as actual data from senso-
ry stimulation and picture naming. The L1-norm estimate (corresponding to
the solution with the least mean absolute dipole currents) is shown to pro-
duce less spatial blurring of focal activity than the more common L2-norm
estimate (corresponding to the solution with the least mean squared dipole
currents). However, the non-linear, time-varying nature of the estimation pro-
cedure results in temporal discontinuities in the estimated waveforms, thus
complicating interpretation of the results.

62. Rinne T, Alho K, limoniemi RJ, Virtanen J, Naatanen R: Separate time
. behaviors of the temporal and frontal mismatch negativity
sources. Neuroimage 2000, 12:14-19.
A cortical-surface-constrained minimum norm estimate, similar to that
described in [8°], is used to localize activity evoked by auditory stimuli on the
basis of combined EEG and MEG recordings. The results suggest that the
mismatch negativity to ignored deviant stimuli includes both frontal and tem-
poral generators, with different time-courses.



208 Cognitive neuroscience

63. Burock MA, Buckner RL, Woldorff MG, Rosen BR, Dale AM:
Randomized event-related experimental designs allow for
extremely rapid presentation rates using functional MRI.
Neuroreport 1998, 9:3735-3739.

64. Dale AM: Optimal experimental design for event-related fMRI.
Hum Brain Mapp 1999, 8:109-114.

65. Friston KJ, Zarahn E, Josephs O, Henson R, Dale AM: Stochastic
designs in event-related fMRI. Neuroimage 1999, 10:607-619.

66. Fischl B, Sereno MI, Tootell RB, Dale AM: High-resolution
intersubject averaging and a coordinate system for the cortical
surface. Hum Brain Mapp 1999, 8:272-284.

67. Schmidt DM, George JS, Wood CC: Bayesian inference applied to
the electromagnetic inverse problem. Hum Brain Mapp 1999,
7:195-212.

68. Heeger DJ, Boynton GM, Demb JB, Seidemann E, Newsome WT:
Motion opponency in visual cortex. J Neurosci 1999, 19:7162-7174.

69. Heeger DJ, Huk AC, Geisler WS, Albrecht DG: Spikes versus
BOLD: what does neuroimaging tell us about neuronal activity?
Nat Neurosci 2000, 3:631-633.

70. Rees G, Friston K, Koch C: A direct quantitative relationship
. between the functional properties of human and macaque V5. Nat
Neurosci 2000, 3:716-723.

This study measured the BOLD response within human area V5/MT as a func-
tion of motion coherence. A striking similarity was found between the observed
BOLD response amplitude and previously observed single-unit spiking activi-
ty in the macaque monkey. The authors of [68] similarly found good qualitative
agreement between BOLD signals in human area MT+ and single-unit spiking
activity in macaque area MT and adjacent motion-sensitive brain areas.

71. Logothetis NK, Guggenberger H, Peled S, Pauls J: Functional
imaging of the monkey brain. Nat Neurosci 1999, 2:555-562.

72. Ulbert |, Karmos G, Heit G, Halgren E: Early discrimination of

. coherent vs incoherent motion by multiunit and synaptic activity in
human putative MT+. Hum Brain Mapp 2001, in press.

In a single human subject, laminar electrodes were used to estimate popu-

lation synaptic currents and action potentials, and each was integrated

across cortical lamina to provide global estimates of neuronal activity during
coherent and incoherent visual motion. Although both aspects of neuronal
activity usually changed in the same ways as the previously described hemo-
dynamic responses (see [68,69,70°]), clear dissociations were also noted.
The results suggest that the relationship between BOLD and the underlying
neuronal activity may be complex and variable.

73. Barth DS, MacDonald KD: Thalamic modulation of high-
frequency oscillating potentials in auditory cortex. Nature 1996,
383:78-81.

74. Nicholson C, Freeman JA: Theory of current source density analysis
and determination of the conductivity tensor for anuran
cerebellum. J Neurophysiol 1975, 38:356-368.

75. Klopp J, Halgren E, Marinkovic K, Nenov V: Face-selective event-
related spectral changes in the human fusiform gyrus. Clin
Neurophysiol 1999, 110:677-683.

76. Tallon-Baudry C, Bertrand O: Oscillatory gamma activity in humans
and its role in object representation. Trends Cogn Sci 1999,
3:151-162.

77.  Ackermann RF, Finch DM, Babb TL, Engel J Jr: Increased glucose
metabolism during long-duration recurrent inhibition of
hippocampal pyramidal cells. J Neurosci 1984, 4:251-264.

78. Waldvogel D, van Gelderen P, Muellbacher W, Ziemann U, Immisch |,
Hallett M: The relative metabolic demand of inhibition and
excitation. Nature 2000, 406:995-998.

79. Wenzel R, Wobst P, Heekeren HH, Kwong KK, Brandt SA, Kohl M,
Obrig H, Dirnagl U, Villringer A: Saccadic suppression induces focal
hypooxygenation in the occipital cortex. J Cereb Blood Flow Metab
2000, 20:1103-1110.

80. Wilson HR, Cowan JD: A mathematical theory of the functional
dynamics of cortical and thalamic nervous tissue. Kybernetik 1973,
13:55-80.

81. Pinto DJ, Brumberg JC, Simons DJ, Ermentrout GB: A quantitative
population model of whisker barrels: re-examining the Wilson-
Cowan equations. J Comput Neurosci 1996, 3:247-264.



