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Abstract. Functional near-infrared spectroscopy (fNIRS) is an increasingly important noninvasive method in
neuroscience due to its high temporal resolution and ability to independently measure oxy- and deoxy-hemo-
globin. However, the relatively low spatial resolution of fNIRS makes it difficult to relate this signal to underlying
anatomy. Simultaneous functional magnetic resonance imaging (fMRI) can complement fNIRS with superior
spatial resolution and the ability to image the entire brain, providing additional information to improve fNIRS
localization. However, current simultaneous fMRI/fNIRS acquisition methods are not optimal, due to the
poor physical compatibility of existing MR coils and fNIRS optodes. Here, we present a technique to manufacture
a true multimodal fMRI/fNIRS probe in which both modalities can be used with maximal sensitivity. To achieve
this, we designed customMR coils with integral fNIRS optodes using three-dimensional printing. This multimodal
probe can be used to optimize spatial (1.2 × 1.2 × 1.8 mm) and temporal resolution (2.5 Hz) of fMRI, and it pro-
vides maximal MRI sensitivity, while allowing for high flexibility in the location and density of fNIRS optodes within
the area of interest. Phantom and human data are shown to confirm the improvement in sensitivity in both modal-
ities. This probe shows promise for addressing fundamental questions of the relation of fNIRS to physiology. ©
2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.2.4.045004]
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1 Introduction
Functional near-infrared spectroscopy (fNIRS)1 has become a
widely used noninvasive measurement technique to investigate
brain functions, along with techniques such as electroencephalog-
raphy and functional magnetic resonance imaging (fMRI). It
detects changes in light absorption and scattering in tissue caused
by changes in concentration of oxy- (Δ½HbO�) and deoxy-hemo-
globin (Δ½Hb�), thought to indirectly reflect neural activity
through neurovascular coupling. The most commonly used
form of fNIRS is continuous wave (CW) fNIRS.2 Major technical
advantages of CW fNIRS include high temporal resolution (∼25
to 100 Hz) of hemoglobin concentration measurements and the
ability to distinguish between oxy- and deoxy-hemoglobin. Major
challenges include (1) relatively poor spatial resolution (1 to
3 cm3) caused by scattering of light in tissue and the geometry
of the light sources and detectors on the surface of the head,
(2) the limited penetration depth (1 cm of cerebral cortex3),
and (3) the fact that data measured are a mixture of signals com-
ing from various layers of the head, including skin, scalp, super-
ficial layers, and cortex.4–7 Various studies have tried to address
the sensitivity of fNIRS to these superficial layers.8–13 Techniques
such as those we developed here, which directly map the neuronal
and physiological sources observed by fNIRS, can be highly
advantageous for the field of fNIRS.

One technique used to improve fNIRS localization is to
employ simulations to derive a more accurate sensitivity distri-
bution by using a physically realistic photon propagation model.
Simulations are based on the finite element method14,15 or
Monte Carlo method.16 This can include using realistic head
templates in the Monte Carlo simulation. The results support
general assumptions about fNIRS sensitivity, such as that larger
source–detector separation leads to increased sensitivity toward
brain activation farther from the scalp.17–20 In addition, they
show the strong contribution of the scalp to fNIRS signals.21

However, while this does refine localization, these simulations
are still static representations of the brain and do not account for
physiological contributions. Recently, it has been shown that the
fNIRS signal is influenced even more by non-neuronal physio-
logical interferences than previously thought.13

In addition to simulation, concurrent fMRI/fNIRS studies are
widely used to assess sensitivity of the fNIRS signal, because
fMRI has high spatial resolution (∼2 to 3 mm) with whole-
brain coverage (for a review, see Ref. 22). These studies include
sensitivity adjustments to the fNIRS profiles23 as well as mea-
surements of specific influences to fNIRS, including the
influences from extra-cerebral layers,24 cerebral blood flow,25

extra-cranial impact thought to come from skin veins,12,13 and
pial veins.11 However, all described concurrent studies face
physical challenges to combine fMRI and NIRS (Fig. 1
shows that with current dense phased array fMRI coils, little
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space is available for NIRS optodes), which leads to com-
promises in one or both modalities, such as (1) low fMRI spatial
resolution (∼3 × 3 × 3 mm11–13,23–25), which prevents the clear
separation of extra-cerebral layers due to insufficiently small
voxel size to separate signals in these narrow areas; additionally,
the low spatial resolution and sensitivity can lead to a failure to
detect small activation patterns, such as when using older, less

powerful coil arrays (e.g., the study by Kirilina et al.12 is the only
one mentioned above that used the newest 32-channel coil
instead of less powerful coils; however, as a result, she did
not actually conduct simultaneous measurements but separated
NIRS and fMRI measurements); (2) low fMRI temporal reso-
lution, which results in aliasing of higher-frequency signals
in fMRI, such as cardiac and respiratory signals, confounding
activation patterns [e.g., all mentioned studies acquired data
at ∼2 s repetition time (TR)11–13,23–25]; (3) the lack of flexibility
in the positioning of the fNIRS probe to any desired location;
(4) limitations on the density of fNIRS source–detector pairs,
which is critical for depth sensitivity; (5) poor coupling of
the fNIRS optodes to the scalp in the fNIRS probe, which
leads to reduced sensitivity and more motion artifacts; and
(6) limited accuracy in matching the fNIRS optode locations
to fMRI [e.g., Gagnon et al.11 used vitamin E fiducial markers,
which can result in location inaccuracies of as much as 2 to
3 mm (Ref. 26)]. Resolving these problems will permit experi-
ments that can not only deepen our understanding of the sources
of fNIRS signals and lead to better interpretation of the fNIRS
signal, but also help us to validate and develop methods, such as
the use of different source–detector distances,27 aiming to
remove extra-cerebral noise.

In this study, we address the above-mentioned problems by
developing a true multimodal probe (Fig. 2). With the design of
this probe, we introduce three concepts: (1) we manufacture our
own MR coil to fit fNIRS; (2) we introduce three-dimensional
(3-D) printing technology to print the fMRI/fNIRS probe with
unprecedented flexibility for the density and location of fNIRS
optodes in the critical area and the volume covered with fMRI;
(3) we introduce area-specific probe making, which can ulti-
mately be extended to subject-specific probe designs, for maxi-
mum sensitivity and data quality.

2 Methods

2.1 Probe Design

Unlike previous fMRI/fNIRS studies where fNIRS optodes are
made to fit the MR coil, in this probe, the MR coil is designed to

Fig. 1 Higher sensitivity of the MR coils leads to MR coil designs
which leave nearly no space for functional near-infrared spectroscopy
(fNIRS) optodes. (a) The Siemens 12-channel MR coil is depicted [left
panel in (a)]. A functional magnetic resonance imaging (fMRI)-com-
patible probe designed to fit into the coil is shown in the right three
pictures. (b) However, to take advantage of the current standard
for fMRI acquisition, especially its high spatial resolution, coils as
in the Siemens 32-channel phased array coil [left panel in (b)] are
manufactured. These are closer to the head, leaving little to no
space for fNIRS optodes to be placed. The coil leaves ∼5 mm
space between the head and coil in the front. This leaves only the
possibility to compromise highly on the location and density of
fNIRS optodes as seen in our previous design, in which we used
right-angle prisms machined out of plexiglas, which could be
squeezed below a small part of the frontal lobe.

(a) (c)

(e)

(b) (d)

Fig. 2 Multimodal probe design. The various parts of the multimodal probe are shown. (a) First the base
can be printed with the 3-D printer. (b) Next, MR coils were manufactured and fixed on the base (MR
coils). (c) As a last step, matching fNIRS fiber holders were printed, which fit snugly into the holes in the
base (NIRS holders). (d) The combination of all parts can be seen as in the Google Sketchup diagram,
which was used to generate the final printed objects (multimodal probe). (e) Its realistic view on a phan-
tom and on a participant lying in the scanner (indented picture on the right).
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fit the fNIRS optodes. Since we are only interested in the voxels
in the vicinity of the fNIRS probe, we abandoned whole-brain
coverage in exchange for high spatial and temporal resolution in
a restricted region, here the prefrontal cortex. This region was
selected for two reasons. (1) The prefrontal cortex is a region
frequently imaged in clinical studies of mental disorders, so
we chose a region for which subsequent results would have
high implications in the field. (2) Activation in the prefrontal
cortex is more localized than that of motor activation and there-
fore a good candidate to test the spatial specificity of the probe.

2.1.1 MR coil design

As stated above, our goal was to design a probe in which the MR
coil is designed to fit the fNIRS optodes. A number of criteria
had to be taken into account in order to achieve high spatial and
temporal resolution. Spatial resolution in fMRI is a function of
many parameters, including field of view (FOV), number of
voxels across the FOV, sampling bandwidth, number of
phase encode lines, and the total amount of time allotted for
recording a slice, all of which interact. Moreover, the slice
acquisition time determines the number of slices which can
be recorded within a given repetition time (thus setting the ulti-
mate temporal resolution of the fMRI acquisition). Therefore,
the smaller the number of slices acquired per repetition, the
higher the possible temporal resolution of fMRI.

In practice, we can stack multiple acquisition blocks and
reduce the FOV in the phase encode direction to decrease the
slice acquisition time and, hence, increase the temporal resolu-
tion but also preserve spatial coverage.28 As an alternative (but
only when available in the facility), we can use the multiband
sequence acquisition.29,30 We limited the imaging volume to a
10 × 10 cm2 area with a phased array of three RF coils in order
to enhance the signal-to-noise ratio (SNR) at high spatial reso-
lution and capture only a focal area (here the prefrontal cor-
tex).31,32 The RF coils were fixed to a base [Fig. 2(b)]
(printed on a 3-D printer with acrylonitrile butadiene styrene
(ABS) material, uPrint SE 3D, Stratasys, Eden Prairie,
Minnesota), which was shaped to the prefrontal area of the
head. Because 3-D printing allows printing of arbitrary shapes,
shaping the base of the probe to a high-resolution anatomical
image of the specific participant’s head is straightforward; how-
ever, for the coil (first generation) used in this study, we physi-
cally measured the curvature of the subjects’ forehead and fitted
an approximate geometrical form to it in Google SketchUp™.
This was done to prove the concept and simplify the procedure.
In the future, we will use a standard brain template [i.e., MNI152
(Montreal Neurological Institute)] and the subject’s anatomical
scan to maximize the applicability of the probe. The 3-D printed
base [Fig. 2(a)] fits to the shape of the scalp over the prefrontal
cortex, which results in close and stable contact of the coil and
the head. This is important in order to decrease motion artifacts
and maximize received signal strength at the cortical surface.

The circular coils had a diameter of ∼5 cm resulting in a pen-
etration depth of ∼2.5 cm. Because fNIRS is unable to detect
signal deeper than ∼2 cm beneath the skull, this radius was
chosen to give the smallest coil diameter which would image
the sensitive region of fNIRS at high-fMRI SNR. The
receive-only MR coils were tuned to 123.25 MHz to match
the center frequency of the Siemens 3T. We used geometrically
orthogonal coils in the almost Olympic configuration31–33 in
order to minimize mutual inductance [Fig. 2(b)]. Additional
decoupling was accomplished using preamp decoupling

(a low-input impedance preamplifier is transformed to a high
impedance at the coil terminals with a quarter wave cable to
isolate the various elements of an array). The coil was interfaced
to the scanner through a four-channel preamplifier interface
(Stark Contrast, Erlangen, Germany).

In summary, we developed a phased array with three over-
lapping RF coils in an equilateral triangle shape, which were
mounted on a base shaped to the desired area of the head,
here the prefrontal cortex.

2.1.2 Integration of functional near-infrared spectroscopy
probes

The design of the fNIRS probe is of critical importance in the
study in order to ensure good contact with the skin (high SNR),
avoid motion artifacts, ensure subject comfort, and allow for the
desired spatial coverage and depth sensitivity. To achieve these,
different criteria (other than those for the MR coil) have been
considered. We decided to incorporate at least six source–detec-
tor pairs (SD1 to SD6) with different source–detector separa-
tions (two detectors with three sources each at 2-, 3-, and 4-
cm separation), to assess the depth sensitivity of fNIRS and
cover most of the area of interest. In the example study described
below, we used exactly six sources and one detector, resulting in
six NIRS channels (each source–detector pair is defined as an
NIRS channel). The probe is capable of accommodating more
channels. The holders for the fNIRS detector and source fibers
[Fig. 2(c)] are made with the 3-D printer. The printing material is
ABSplus plastic, which is nonferromagnetic and does not cause
susceptibility artifacts in the fMRI data. The material is also
lightweight, which ensures the subject’s comfort. In addition,
we can control the thickness and color of the material used
in the probe, which can block or absorb the external light. In
this study, we used white ABSplus plastic, and given the size
and position of the region of interest (ROI), a quadrant of an
oblate spheroid was chosen, with a thickness of 2.4 mm and
the following internal dimensions: an equatorial radius of
10.2 cm and a semiminor radius of 7.62 cm.

The probes were directly integrated into the base onto which
the coils were fixed to ensure stability and avoid motion artifacts
[Fig. 2(c)]. This integration was achieved by drilling (or print-
ing) holes into the base between the coils. These cylindrical hol-
low tubes (probe holders) allow optical fibers to be freely
adjusted to ensure good contact with the skin. There are two
reasons for making the fNIRS holders separate from the
base. The first is to make adjustment of the hair below the
sources and detector fibers easy. These holes were snug enough
that we could place the cylindrical probe holders in them with-
out additional fastening mechanism. Through the holes, hair
could be shifted out of the probe area beforehand. The second
reason was to improve the quality of the probe. 3-D printed
materials have different strengths along different axes. By print-
ing the base and the holders separately, we were able to maxi-
mize the strength of each component.

An additional problem in simultaneous fMRI and fNIRS
studies is the precise registration of fNIRS optode locations
with the MR data to accurately determine the sensitive region
of the fNIRS measurements. Normally, localization measure-
ments such as the 10-20 system or vitamin E MR markers
are used, with clear limitations. The former is known to be a
rough estimate, and the latter lacks accuracy due to the vitamin
capsule size (∼10 × 5 × 5 mm) and the chemical shift image
displacement of the lipid contents of the capsule.26 We
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incorporated MR visible markers into the probe by filling tygon
tubing with dilute solution of a gadolinium MR contrast agent
(Prohance) in water. The tube’s diameter was ∼3 mm, and it was
wrapped around all NIRS optodes to make them visible in both
the structural and functional MR images (not shown). We used
the marker’s location on the higher structural scans to locate the
optodes and registered them (using FSL toolbox img2imgcoord)
to the functional scans.

2.2 Data Acquisition

To rigorously test the performance of the fMRI component of
the multimodal probe, we tested its performance against the
Siemens 32-channel phased array coil. Both phantom as well
as human data were taken for complete comparison. To show
an example of the potential of the combination of fNIRS and
fMRI with high spatial and temporal resolution, we also con-
ducted a task-evoked paradigm study in a single subject. The
McLean Hospital institutional review board approved all
human experimental acquisitions, and participants were com-
pensated for their participation.

2.2.1 Magnetic resonance imaging signal-to-noise ratio

For the comparison between the SNR of the 32-channel coil and
the multimodal probe, data were acquired from a biomedical infor-
matics research network phantom34 and from a participant lying
quietly in the scanner. All MR data were acquired on a Siemens
TIM Trio 3 Tesla whole-body MR scanner. Multiband echo
planar imaging (EPI) data were obtained (University of
Minnesota sequence cmrr_mbep2d_bold R01129,30) with the fol-
lowing parameters: TR∕TE ¼ 525∕30 ms, flip angle 66 deg,
matrix 96 × 96 on a 172 × 172 mm FOV, multiband factor ¼
3, 24 × 1.8 mm slices with no gap. Slices were prescribed tangent
to the surface of the head at the location of the receiving fibers. We
acquired 720 time points (378 s).

2.2.2 Validation experiment

For the task-evoked paradigm experiment, functional data from
the multimodal probe were acquired for three tasks: (1) a rapid
semantic task, (2) a null or control task for the rapid semantic
task, and (3) a subtraction task, which was repeated twice. The
tasks were partly replicated from earlier studies.12 The duration
of the first, rapid semantic task block was 15 s, during which
abstract or concrete words were presented for 1 s with 1 s inter-
stimulus interval, resulting in eight stimuli in one block. The
participant had to press the right button when an abstract
word preceded a concrete word (e.g., for “Thought”+“Cup”
or “Liberty”+“Pen”). Otherwise, the participant had to press
the left button. The control task was identical in all regards,
except that the right button was pressed only if a specifically
determined word combination occurred (e.g., every time
“Cup” preceded “Thought”). The semantic and control tasks
were separated by a 30 s rest period. The subtraction task con-
sisted of two blocks of 15 s separated by a 20 s rest period,
where a pair of numbers was shown on the monitor—a large
number followed by a smaller one, which had to be sequentially
subtracted from the first number (e.g., 365–13). The participant
was reminded each time to breath normally. The entire run of all
tasks (30 s rest, 15 s semantic task, 30 s rest, 15 s null semantic
task, 30 s rest, two blocks of 15 s subtraction separated by 20 s)
lasted 192 s and was repeated five times.

Magnetic resonance imaging data acquisition. A high-
resolution anatomical image was obtained using the body
coil in order to give uniform intensity images for registration
[MPRAGE, repetition time/inversion time/echo time
(TR/TI/TE)=2530/1100/[3.31, 6.99, 8.85, 10.71], 256 × 256 ×
128 voxels over a 256 × 256 × 170 mm sagittal slab, general-
ized autocalibrating partially parallel acquisition factor of 2, 1 ×
1 mm in plane isotropic with slice thickness of 1.33 mm]. For
the functional acquisition, we deviated from the above-men-
tioned protocol to show that even without advanced acquisition
sequences as the multiband sequence, data quality can be as high
or higher in spatial and temporal resolution and provides mean-
ingful data, which can be replicated in any facility. Afterward,
we serially imaged multiple adjacent subvolumes (segments) of
the brain.28 Each segment consisted of a stack of five 1.8 mm
consecutive slices with no gap. For each acquisition, segments
were acquired parallel to the surface of the coil (from only the
scalp layer toward further inside the brain), and each acquisition
was a stimulus-evoked scan lasting 192 s with the following
parameters. EPI data were obtained with the following param-
eters: TR∕TE ¼ 400∕30 ms, flip angle 42 deg, matrix 128 × 64
on a 150 × 75 mm FOV. Slices were prescribed perpendicular to
the surface of the head in an oblique plane between the trans-
verse and coronal planes at the location of the receiving fibers.
We acquired 480 time points per stack with a brief pause (∼10 s)
between each consecutive stack scan. All acquisitions were per-
formed twice, once with the multimodal coil, and once with the
Siemens 32-channel phased array.

fNIRS data acquisition. fNIRS data were recorded contin-
uously during, and for several minutes before and after, the
fMRI acquisition. The optical device used in this experiment
was a near-infrared tissue imager (Imagent, ISS, Champaign,
Illinois) comprising 16 laser sources at 690 and 830 nm (average
power of ∼1 mW) and four optical detectors (photomultiplier
tubes, Hamamatsu Photonics R928). The imager was placed
in the control room, and 10-m-long optical fibers (illumination
fibers with 400 μm core diameter) and fiber bundles (a bundle of
50 μm fibers 3 mm in diameter) were used to connect the laser
diodes and detectors with optical probes in the 3T scanner. The
fibers were made of glass with plastic at the end of the detector
fiber (high susceptibility artifacts were not found).
Measurements were acquired from six source–detector pairs.
A detector was one collection fiber, and a source was a pair
of illumination fibers (690 and 830 nm). The separation between
the collection and illumination fibers was 2, 3, and 4 cm along
two lines at 90 deg to each other. The sampling rate of the fNIRS
data acquisition was 6.25 Hz, as predetermined by the ISS
instrument for the source–detector configuration. The probe
geometry is shown in Fig. 2(c).

2.3 Analysis

2.3.1 Magnetic resonance imaging signal-to-noise ratio

MRI data were processed in FSL FEAT [FMRIB Expert
Analysis Tool, v5.0.7 (Ref. 35), Oxford University, United
Kingdom).36 For the comparison of the SNR between the
coils, standard preprocessing steps were applied to the data:
temporal high-pass filter (cut-off frequency ¼ 0.01 Hz
to remove very slow instrumental drifts) and motion correction
(FSL FLIRT37,38). In the beginning of the temporal time course,
20 volumes were discarded to allow for T1 relaxation. In order
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to calculate the SNR, an ROI was chosen, and the mean intensity
of the signals divided by the mean standard deviation of the sig-
nals at each time point was calculated over a sphere of 7 mm
(∼59 voxels). In addition, the mean intensity of the signals di-
vided by the mean standard deviation over the entire time course
over the same region was calculated to estimate temporal SNR.
SNR and temporal SNR are separate measures of the coils’ spa-
tial and temporal performance, which we can compare between
coils. An additional preprocessing step for the temporal standard
deviation was to smooth voxels with a 1.8 mm kernel. Because
of the geometry of the multimodal probe, the SNR advantage
relative to the 32-channel coil will be greatest at the scalp.
For the human participant, the anatomical voxel used was vis-
ually selected in the center of the most sensitive area of the mul-
timodal probe (centered ∼2 cm from the surface of the head), to
make the best estimate of the effective SNR. This is close to the
maximum depth of penetration for fNIRS, and as the B1 sensi-
tivity of the multimodal coil is much less uniform than that of
the 32-channel coil in the ROI used, this comparison will tend to
favor the 32-channel coil. We were unable to make comparisons
with only a subset of the 32-channel coils due to the algorithmi-
cally selected coils (including remote ones) with multiband.

2.3.2 Validation experiment

For the fMRI data of the task-evoked study, each of the five
fMRI slice stacks was preprocessed as described above. In addi-
tion, data were prewhitened and the five preprocessed fMRI
slice stacks were concatenated in the slice direction (fslmerge)
prior to a general linear model analysis. The stimulation proto-
col was convolved with the hemodynamic response function.
The significance threshold at the voxel level was set to
z ¼ 2.3with a cluster threshold of p ¼ 0.05 (applied to the clus-
ters remaining after the local voxel threshold). The fMRI data
were also coregistered to the paricipant’s structural scan, where
fNIRS markers are visible. Moreover, we calculated fNIRS sen-
sitivity profiles below these source–detector pairs in order to
analyze the spatial overlap between fMRI and fNIRS data.
The photon probability densities were calculated using an
updated version of a locally written program to calculate the
Banana path using the models described in Ref. 39. The original
version of this software was used in the analyses in Ref. 23.
Briefly, the user specifies the coordinates on the neuroimaging
informatics technology initiative anatomic image where the
source and detector fibers are placed. The software finds the tan-
gent plane to the head at each fiber location and constructs a plane
which intersects the line between the two points and is
perpendicular to each of the tangent planes. The line between
the source and detector is the x axis, and the line perpendicular
to the x axis lying in the constructed plane is the z axis. The prob-
ability density is then calculated using Eq. (13) from Ref. 39.

Each pair of raw fNIRS time courses (690- and 830-nm data)
was converted into two time courses representing oxy-
(Δ½HbO�) and deoxy-concentration change (Δ½Hb�) using
the modified Beer–Lambert law40,41 in MATLAB® (The
Mathworks, Natick, Massachusetts). For the differential path
length factors, we used published values of 6.51 at 690 nm
and 5.86 at 830 nm.42 The low-frequency component (0.01
to 0.2 Hz) of Δ½HbO� and Δ½Hb� was obtained by using a
zero-delay Fourier-domain band-pass filter in MATLAB®.
The low cutoff was chosen to adapt the frequency region in
which the activation was expected. The fNIRS data correspond-
ing to the five fMRI scans were extracted into separate time

courses. The individual fNIRS time courses were then
detrended, despiked, motion corrected,43 and normalized (di-
vided by their standard deviation). Folding averages (an average
over the identical periods of a task paradigm) for all task periods
were calculated by averaging over all five repetitions of the task.
We compared the average time course to the task paradigm by
convolving the task paradigm with the hemodynamic response
function.

3 Results

3.1 Magnetic Resonance Imaging Signal-to-Noise
Ratio

The SNR of the signals acquired by the multimodal probe and
the 32-channel coil in both phantom and human data are shown
in Fig. 3. In both cases, the SNR of the multimodal probe
exceeded that of the 32-channel coil in the ROI (Fig. 3).

3.1.1 Probe functional magnetic resonance imaging
signal-to-noise ratio test—phantom

For the phantom data (Fig. 3, left panels), we found an SNR of
366.33� 2.73 for the multimodal probe compared to an SNR of
259.43� 4.64 for the 32-channel coil, an improvement of 41%.
The temporal SNR was 248.75 for the multimodal probe and
116.68 for the 32-channel coil, a 113% improvement.

3.1.2 Probe functional magnetic resonance imaging
signal-to-noise ratio test—human data

When the probe was tested on a human subject (Fig. 3, right
panel), we found an SNR of 61.74� 3.73 for the multimodal
probe and an SNR of 29.70� 1.87 for the 32-channel coil in
the same cortical region, a 108% improvement. The temporal
SNR was 57.85 for the multimodal probe and 28.55 for the
32-channel coil, a 103% improvement.

3.2 Validation Experiment

The results of the fMRI data in the task-evoked experiment show
the effect of the high data quality for the multimodal probe fMRI
data (Fig. 4), both in the spatial (1.2 × 1.2 × 1.8 mm) as well as
the temporal domain (2.5 Hz). Tasks are shown in green (rapid
semantic task), yellow (control task for rapid semantic task), and
blue (subtraction task). Brain activations of all tasks were
detected with statistical significance (for the rapid semantic
task, the control task, and the subtraction task, z ¼ 9.94,

Fig. 3 Multimodal probe acquires data with superior signal-to-noise
ratio (SNR). To compare quality performance of the MRI component
of the multimodal probe, the SNR and the temporal SNR were calcu-
lated for the latest Siemens coils, the 32-channel MR coil, on a phan-
tom (left panels) as well as a human participant (right panels).
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8.64, and 11.55, respectively). These localized small activation
patterns below the fNIRS probes (Fig. 4, black diamonds mark
position of fNIRS optodes) are visible for all tasks. An example
BOLD time course of one voxel is shown (Fig. 4, lower panel),
in which all three tasks are visible. Original data were plotted in
blue, showing the cardiac signal, overlaid by a low-pass filtered
version in red to show the brain response to the tasks. Task
blocks were overlaid with their corresponding color.

fNIRS data were high in quality with clearly visible cardiac
pulsations in each channel. The results for the fNIRS data in the
task-evoked paradigm experiment in Fig. 5 show the advantage
of the high flexibility and density of fNIRS probes. Three
source–detector pairs (SD1 to SD3) are depicted. The density
and accurate location of fNIRS source–detector pairs allowed
us to both capture the brain activation and separate the signal
contributions from different depths [Fig. 5(b), yellow–red].
The fMRI activation patterns for the three different tasks
were spatially merged into one activation pattern for all tasks
[Fig. 5(a), green]. This was only done for visualization purposes
as they overlapped below the fNIRS probes SD1 to SD3 (also
see Fig. 4). Folding averages of the fNIRS Δ½Hb� data over five
trials are depicted in Fig. 5(b). Task activation patterns are

clearly visible in the long-distance measurements SD3
(3 cm). The correlation between the NIRS time courses
(from SD3 and SD1) and the hemodynamic convolved stimu-
lation paradigm was r ¼ 0.29 and r ¼ 0.77, respectively. The
greater the spatial overlap between the location of the MRI acti-
vation pattern and the sensitivity profile of the fNIRS data, the
more pronounced the task-activation pattern in the fNIRS data
itself.

The powerful combination of optimized sensitivity and
simultaneous recording of fMRI and fNIRS is shown in
Fig. 6. Time courses of the fNIRS Δ½Hb� and fNIRS Δ½HbO�
folding averages over five trials for SD1 [Fig. 6(a)] and SD6
[Fig. 6(b)] (both 4 cm source–detector pair separation) are
depicted. In addition, enlarged fMRI activation patterns
below the source–detector pairs from Fig. 4 are shown. The
MR activation patterns differed greatly from each other, espe-
cially in their magnitude. The activation patterns below SD6
were so small that standard fMRI acquisition might not even
have detected them at all, especially when smoothing clustered
voxels. In fNIRS data, although task activation was visible in
Δ½Hb� in both source–detector pairs, there was a notable differ-
ence in the fNIRS Δ½HbO� task response. SD1 showed an
increase in fNIRS Δ½HbO� for each task block, while SD6
did not. This distinction would not be possible with fMRI
alone as it cannot independently measure oxy- and deoxy-hemo-
globin, demonstrating that combining these modalities has the
potential to enhance our understanding of brain activation.

4 Discussion
In this study, we present an integrated multimodal probe, con-
structed with purpose-built MR coils and a 3-D printed frame to
simultaneously measure fNIRS and fMRI signals. We developed
an MRI coil array, which we optimally tuned with high spatial
resolution (1.2 × 1.2 × 1.8 mm) and temporal resolution
(2.5 Hz) on a restricted FOV. We fixed these coils on a 3-D
printed base, shaped to the head, and directly integrated
fNIRS optodes into the design, allowing for stable contact of
the fNIRS probes to the head. The 3-D printed design allowed
for flexibility in the location and density of the fNIRS optodes,
even in the center of the MRI coils, maximizing the spatial res-
olution of fMRI signals directly at the fNIRS optode locations.
Moreover, we used gadolinium-doped markers to accurately
register fNIRS optode locations. This allowed for a truly opti-
mized multimodal measurement, which is a powerful tool for
neuroimaging.

4.1 Simple and Cheap Fabrication

The design we show is easy to fabricate and relatively in-
expensive. Fabrication of the base through 3-D printing allows
for a flexible design, which can be easily replicated. The 3-D
printed base is a simple shape, which can be rendered to any
desired form. This can optimize the probe to different locations
on the head and can even customize it to a participant’s head for
longitudinal studies. The reconfiguration of the probe only
requires printing a new base. The entire probe base can be
printed in under 5 h, and the materials cost is under $10.
Most of the radiofrequency parts are reusable between probes
(they are affixed to the base with screws), so reconfiguring
the probe uses under $10 in materials. In total, the entire
probe costs around $1000 when made from scratch without
the preamplifier, which can be purchased separately and can
be reused for additional probes.

Fig. 4 Maximal sensitivity of fMRI. Activation patterns of the different
tasks are shown in green (rapid semantic task), yellow (control task),
and blue (subtraction task). fNIRS optode locations are shown as
black diamonds (sources 1 and 6 are marked with S1 and S6). In addi-
tion, an example BOLD time course is depicted (lower panel) in which
all activations are visible. Original data were plotted in blue, overlaid
by a low-pass filtered version in red to show the response to the tasks.
Task blocks were overlaid with their corresponding color.
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Fig. 5 Maximization of flexibility in fNIRS location and density. (a) fMRI task activation patterns of all
tasks combined (green) and sensitivity profiles of three source–detector pairs (SD1 to SD3) with 4-,
3-, and 2-cm source–detector separation (red–yellow), respectively. (b) Corresponding folding average
of the fNIRS Δ½Hb� data over five trials. Gray overlaid bars indicate the activation blocks.

(a) (b)

Fig. 6 Powerful fNIRS–fMRI combination to distinguish activation patterns. fNIRS Δ½Hb� and Δ½HbO�
folding averages over five trials for (a) source–detector pair 1 (SD1) and (b) source–detector pair 6
(SD6) are depicted. Gray overlaid bars indicate the activation blocks. In addition, the corresponding
enlarged fMRI activation patterns below the source–detector pairs from Fig. 4 are depicted.
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4.2 High-Quality Data for Both Functional
Near-Infrared Spectroscopy and Functional
Magnetic Resonance Imaging

Both fMRI and fNIRS data were of high quality. In our area of
interest, the SNR of the multimodal probe exceeded that of a
Siemens 32-channel phased array coil, which is the current stan-
dard for fMRI acquisition, both in phantom as well as human
brain data (Fig. 3). Small activation patterns (∼3 mm) are local-
ized, and moreover, the overlapping patterns could be resolved
(Fig. 4). These extremely small differences in activation patterns
would have been lost with the bigger voxel size required in most
concurrent fMRI studies. In addition, even one of the fastest
physiological signals, the cardiac signal (∼1 Hz), could be mea-
sured directly in fMRI, allowing the separation of the relevant
task-related signal from confounding signals through simple
spectral filtering, without aliasing of these signals as is usually
seen in fMRI studies. Equally important, the multimodal probe
allowed for high-quality fNIRS data in all the channels. This is
achieved by the matching contours between the multimodal
probe shape and the head, which gave the best optical coupling
between the head and the fNIRS source and detectors.

4.3 Sensitivity of Functional Magnetic Resonance
Imaging

This optimized multimodal measurement allows us to address
questions regarding the spatial sensitivity of fNIRS signals
with much higher accuracy. This is a difficult problem as the
fNIRS signal comes from different layers within the head,
and separating these layers is not easy with typical fMRI acquis-
ition. Various methods have been employed to address this ques-
tion as discussed in Sec. 1. Moreover, empirical approaches such
as multidistance measurements44,45 are being applied on the
basis of these sensitivity profiles,27,46 in particular to capture
and remove the fNIRS signal contributions from the superficial
layer. These methods also need to be validated.

With concurrently acquired fMRI data with superior spatial
resolution, the multimodal probe allows us to address the ques-
tion of NIRS sensitivity without relying on probability-
based models regarding the path of the photon propagation.
We know exactly where the fNIRS optodes are in relation
to the changes in each layer below the optodes with 1.2 × 1.2 ×
1.8 mm3 spatial resolution. In Fig. 5, we demonstrate that the
short distance measurement, although spatially positioned above
the activation, cannot detect the activation due to its depth in
accordance with the sensitivity profile of the fNIRS. We also
show that this changes when longer measurements are taken
and the depth of the fNIRS sensitivity profile increases. In
this longer source–detector separation measurement, the activa-
tion pattern is detected. There is even a visible difference
between the fNIRS signal of 3 cm (r ¼ 0.29with task paradigm)
and 4 cm (r ¼ 0.77 with task paradigm), showing that the more
the activation location is within the sensitivity profile of the
fNIRS, the better the activation is detected. These results are
in accordance with the photon-propagation models described
before and previous findings showing high spatial overlap
between the fMRI and NIRS activation patterns,23,24,47 support-
ing these results. However, these studies also showed small var-
iations for different tasks at different locations between fMRI
and fNIRS activation patterns, which could not be explained.24

With the multimodal probe, we might be able to reevaluate these
differences and determine the precise overlap between the

modalities. The observations, although only from one partici-
pant, demonstrate the potential of this unique probe to address
one of the major questions in the fNIRS field; this is the subject
of a study currently underway in our laboratory.

4.4 Oxy- and Deoxy-Hemoglobin Measurement

Another fundamental question in the fNIRS field is the spatial
sensitivity to oxy- and deoxy-hemoglobin. Task-specific fNIRS
changes were often detected by both oxy- and deoxy-hemoglo-
bin, but sometimes only by one of them.24 Moreover, spatial dis-
congruencies between these species were found.24,47 It is
hypothesized that differences between the hemoglobin measure-
ments stem from differences in susceptibility to local versus
global changes. fNIRS Δ½HbO� is thought to be more closely
related to cerebral blood volume and global effects,48 whereas
fNIRS Δ½Hb� is more closely linked to regional activity.49

We showed in Fig. 6 that the small and spatially scattered
brain activations (reflected in the fMRI map) can only be
detected by the fNIRS Δ½Hb� signal, while relatively large
and clustered brain activations can be detected by both
fNIRS Δ½HbO� and Δ½Hb� signals. This observation is consis-
tent with previous findings. Moreover, due to the high spatial
resolution of our data and accurate localization of the fNIRS
probe, we can specify and quantify the conditions (e.g., size
of the activation pattern) in which this observation is true
and try to understand the physiology underlying it.

In summary, we have manufactured and validated a new true
multimodal probe and have demonstrated the potential of this
unique probe to address fundamental questions in the fNIRS
field. As stated in Sec. 2, we abandoned whole-brain coverage
in order to maximize sensitivity and spatial and temporal reso-
lution in a restricted region. This limits the applicability of this
probe for resting state studies. This work is primarily for the
comparison between fNIRS and fMRI and the investigation
of the sensitivity of fNIRS, for which a restricted region is suf-
ficient. As more data are collected, we hope to have a more
thorough understanding of the sensitivity and specificity of
the fNIRS signal.
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