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Abstract: Multimodal integration in the field of human brain mapping has evolved from
structural-functional co-registrations toward functional-functional combinations. This paper
briefly reviews fMRI-EEG, fMRI-NIRS, EEG-NIRS, and fMRI-EEG-NIRS combinations.
OCIS codes: Inverse problems (100.3190); Functional monitoring and imaging (170.2655); Medical and biological
imaging (170.3880); Physiology (170.5380); Time-resolved imaging (170.6920); Tomography (170.6960).

1. Functional neuroimaging and multimodal integration
After years of incubation [1], noninvasive functional imaging of the human brain came of age in the 1990s [2] with
discovery and utilization of the intrinsic BOLD (blood oxygen level dependent) signal of fMRI (functional magnetic
resonance imaging) [3-5]; the establishment in 1993 of two journals, NeuroImage and Human Brain Mapping; and
the inaugural 1995 meeting in Paris of the Organization of Human Brain Mapping. The field flourished in the
2000s in an upward trend that shows no sign of abating, e.g., as indexed by PubMed. Queries for each year from
2000 to 2010 indicate that fMRI-related publications increased steadily by about 1660 per year. In the same period,
EEG/ERP (electroencephalography and event-related potential) publications increased about 370 per year; those for
MEG/ERF (magnetoencephalography and event-related field) increased about 22 per year; and brain NIRS
(near-infrared spectroscopy) [6] publications increased about 15 per year.
Thus, fMRI techniques substantially dominate human brain mapping (following the lead of PET—positron
emission tomography—in the 1980s). In addition, (except for PET) fMRI and functional neuroimaging are nearly
synonymous terms in the cognitive neuroscience literature [7]. Nevertheless—following the brain’s own tendency
to integrate multiple sensory modalities (visual, auditory, somatosensory, etc.)—multimodal integration of different
neuroimaging techniques has been a recurring theme in the field. Initially, the emphasis was integration with
structural imaging—in particular, structural MRI (sMRI)—as a common, anatomical backdrop for mapping the
results of each functional modality [8]. Subsequently, methodologists have worked to improve spatiotemporal
resolution by combining two or more functional techniques [9], most typically, fMRI (a hemodynamic modality
with approximately uniform ~3 mm spatial resolution, but low temporal resolution, on the order of several seconds)
with MEG or EEG (which reflect neuroelectric activity with ~1 ms temporal resolution, but ambiguous and variable
spatial resolution: at best a few mm, at worst a few cm). A related aim of multimodal functional integration has
been to investigate the phenomenon of neuroelectric-hemodynamic coupling, i.e., neurovascular coupling, the
complex mechanism which is the basis for fMRI neuroimaging [10].
The modalities fMRI, EEG, MEG, and NIRS may be paired in six ways. (i) MEG and EEG have a common
biophysical basis [11] (despite extreme differences of instrumentation), and concurrent MEG-EEG recordings are
routine [12]. However, (ii) concurrent fMRI-MEG measurements are prevented for physical reasons; and (iii)
reports of concurrent MEG-NIRS recordings [13] have not reached a critical mass. The remaining three
combinations—(iv) fMRI-EEG, (v) fMRI-NIRS, and (vi) EEG-NIRS—support concurrent measurements, and have
significant literatures, which we review with an eye towards the prospect of fMRI-EEG-NIRS integration.
2. fMRI-EEG
Technical issues with concurrent fMRI-EEG recordings (principally, RF pulse, gradient switching, and
ballistocardiogram artifacts) have been largely resolved; commercial solutions are available; and a recent book has
been devoted to the topic [14]. On the frontier are analysis methods for extracting new information from the
concurrent data. On one hand, model-driven fusion algorithms fit parameters of biophysically detailed models
conjointly to fMRI-EEG data, producing Bayesian inferences about unobserved underlying neuronal activity [15].

At the opposite extreme, data-driven fusion algorithms like joint or parallel ICA (independent component analysis)
uncover statistically independent sources of conjoint fMRI-EEG features [16] without neuroelectric-hemodynamic
coupling models. In between are methods which employ functional models of the hemodynamic response [17].
3. fMRI-NIRS
The fMRI BOLD signal derives from magnetic susceptibility effects of deoxy-hemoglobin, which serves as an
intrinsic paramagnetic contrast agent [3], whereas NIRS (based on photon absorption and scattering) is sensitive to
changes in the micromolar concentrations of both deoxy- and oxy-hemoglobin [6]. Consequently, simultaneous
fMRI- NIRS recordings [18] have been employed principally to disentangle different vascular and metabolic
components of the hemodynamic response to electrophysiological activity, as reviewed in [19]. As expected
theoretically, the BOLD signal correlates very highly with the NIRS measure of deoxy-hemoglobin, and correlates
less with oxy- and total hemoglobin [20-22]. Also, high resolution NIRS tomographic mapping studies have
revealed good correspondence with fMRI findings [23, 24]. Concurrent measures have been used to investigate the
BOLD post-stimulus undershoot [25], and to assess the contribution of oxygen extraction fraction to the nonlinearity
of the BOLD response [26]. More recently, fMRI-NIRS has been used to quantify the cerebral metabolic rate of
oxygen without hypercapnia [27, 28], and to assess when NIRS may be substituted appropriately for fMRI [29].
4. EEG-NIRS
EEG and NIRS measurements depend on different physical properties (conductivities; absorption and scattering
coefficients) of the same head tissues such as scalp, skull, cerebrospinal fluid, gray matter, and white matter; so that
forward models are needed to estimate neuroelectric sources or cerebral hemodynamic states in a common
anatomical space (e.g., derived from sMRI) using suitable inverse methods. As with fMRI-EEG, a principal
interest of EEG-NIRS is to study neuroelectric-hemodynamic coupling, e.g., related to the alpha rhythm [30, 31], or
in epilepsy [32]. In addition, noninvasive detection of an ERP-like fast optical signal (FOS) due to changes of
scattering properties in neural tissue [33] has been a topic of considerable interest, and also controversy [34,35] due
to its low theoretical and experimental signal to noise ratio. However, a recent report used simultaneous ERP and
NIRS measurements to demonstrate robust fast temporal correlations between EEG-derived ICA components and
NIRS-derived ICA components [36]—thus showing that concurrent EEG may facilitate FOS detection.
5. Prospects for fMRI-EEG-NIRS
A recent paper demonstrated the scientific and potential clinical usefulness of nonlinear Volterra kernel estimation
of neurovascular coupling for both fMRI-EEG and EEG-NIRS in epilepsy [32]—an approach we also have been
developing for analysis of concurrent fMRI-EEG [37]. The authors of [30] likewise used both fMRI-EEG and
EEG-NIRS fruitfully in parallel. Thus, taken together with considerations reviewed above, three-fold simultaneous
fMRI-EEG-NIRS measurements may prove valuable from multiple points of view. Higher order multimodal
relationships become possible, e.g., cerebral metabolic rate of oxygen estimated with fMRI-NIRS [27] could be
related to EEG. Another suggestion is that head model parameters for EEG-NIRS might be “calibrated” with fMRI
in a joint fMRI-EEG-NIRS session—thereby improving subsequent standalone EEG-NIRS inverse solutions.
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