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Abstract. Physiological fluctuations at low frequency (<0.1 Hz) are prominent in functional near-infrared spec-
troscopy (fNIRS) measurements in both resting state and functional task studies. In this study, we used the high
spatial resolution and full brain coverage of functional magnetic resonance imaging (fMRI) to understand the
origins and commonalities of these fluctuations. Specifically, we applied a newly developed method, regressor
interpolation at progressive time delays, to analyze concurrently recorded fNIRS and fMRI data acquired both in a
resting state study and in a finger tapping study. The method calculates the voxelwise correlations between blood
oxygen level dependent (BOLD) fMRI and fNIRS signals with different time shifts and localizes the areas in the
brain that highly correlate with the fNIRS signal recorded at the surface of the head. The results show the wide
spatial distribution of this physiological fluctuation in BOLD data, both in task and resting states. The brain areas
that are highly correlated with global physiological fluctuations observed by fNIRS have a pattern that resembles
the venous system of the brain, indicating the blood fluctuation from veins on the brain surface might strongly
contribute to the overall NIRS signal. © 20177 Society of Photo-Optical Instrumentation Engineers (SPIE). IDOI: 10.1117/1.3638128]
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1 Introduction

Functional near-infrared spectroscopy (fNIRS) has become an
increasingly common imaging technique due to its high tempo-
ral resolution, relative motion insensitivity, and cost-efficiency.
However, in contrast to direct measurements of neuronal ac-
tivity such as electroencephalography, fNIRS is an indirect
measurement of brain function. It is sensitive to the hemody-
namic changes caused by neuronal activity, but also by phys-
iological processes, such as heartbeat, respiration, and low
frequency oscillations.! Concentration changes in both oxy-
(A[HbO]) and deoxygenated hemoglobin (A[Hb]) can be cal-
culated with fNIRS.

Regional brain activations have been detected by {NIRS dur-
ing functional tasks. These brain areas include: 1. the motor
cortex activated by motor tasks like finger tapping,” 2. occipital
cortex for visual tasks (reversing checkerboard),>* 3. Broca’s
or Wernicke’s area during auditory stimulation,>¢ and 4. frontal
cortex during cognitive tasks.”!? In the task periods, increases
of A[HbO] accompanied by decreases in A[Hb] are commonly
observed in the fNIRS signal, which can be explained by the
Balloon model.!! The model states that a higher metabolic rate
evoked by brain activation causes an increase in regional blood
flow in the capillary bed, resulting in an oxygenated blood flush
into the activated brain region (increase in A[HbO]) and dilution
of local [Hb] (decrease in A[Hb]). fNIRS measures brain activ-
ity by capturing the blood changes in the capillary bed caused
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by brain function. However, in order to reach the capillary bed
on the surface of the cerebral cortex, near-infrared light must
traverse intervening compartments. The contributions of these
layers, especially extra-cerebral ones (skin, skull), have been the
focus of many studies.

Various studies have found significant contribution of the
extracerebral layers to the overall {NIRS signal. Monte Carlo
studies based on magnetic resonance imaging (MRI) generated
3D head models'? suggest that the signals from the superficial
layers affect fNIRS detection and become the dominant signal
in short source-detector pairs [0.2 to 0.4 cm]. Concurrent fNIRS
and transcranial laser Doppler studies of the human brain found
high correlations between the signal derived from fNIRS and
the laser Doppler skin blood flow, which implies a substan-
tive contribution of the blood in the skin to the overall fNIRS
signal.!>!* Further support is provided by McCormick et al.'
They separately injected indocyanine dye into the external and
internal carotid arteries and observed signal changes of simi-
lar magnitude with both short and long source-detector pairs
of fNIRS probes in the first case (external carotid artery in-
jection), whereas only the signal from the long source-detector
pair showed meaningful changes in the second case (internal
carotid artery injection). Young et al.'® demonstrated similar ef-
fects of the superficial layers by comparing the fNIRS signals
while consecutively removing skin, skull, and dura under the
detector or source during surgery. In summary, all these studies
suggest that the surface signals are present in the fNIRS signal
and that this contribution becomes more pronounced when the
source-detector distance becomes smaller [<1 cm)].
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Functional MRI (fMRI) is the most popular imaging tool
to study brain functions due to its accuracy and noninvasive-
ness. Like fNIRS, fMRI indirectly measures neuronal activation
through hemodynamic changes. Blood oxygen level dependent
(BOLD) contrast causes the change of the fMRI signal inten-
sity with changing local blood oxygenation and volume. Unlike
fNIRS, fMRI offers much higher spatial resolution (2 to 3 mm
versus 1 to 2 cm) and, more importantly, the ability to image the
whole brain. These features make fMRI an excellent tool to study
the sources of fNIRS signals. Concurrent fMRI and fNIRS stud-
ies have been conducted in order to compare the temporal trace
of fNIRS signal and BOLD fMRI during functional tasks.'%!7
They found that spatially task-related regions of activation de-
tected by fNIRS overlap with that of fMRI and within these
regions, the temporal traces of the fNIRS signal (A[HbO] and
A[HDb]) are highly correlated with that of BOLD fMRI. Those
findings support the conclusion that the fNIRS signal does sam-
ple the activated capillary bed during functional tasks. However,
these studies cannot thoroughly answer the question of the rel-
ative contribution to the fNIRS signal from the capillary bed
versus the intervening layers for two reasons. The first reason is
that most of these studies were done in functional tasks and are
preprocessed to emphasize the task response at the expense of
other signals. The second reason is that the regions of interest
(ROJ) studied in detail were confined to the corresponding acti-
vated region directly underneath the fNIRS probes. fNIRS data
collected from the resting state, as well as the data from those
probe locations remote from the activated area in the functional
task, have rarely been studied in this way. The voxelwise cor-
relation between fNIRS signal and BOLD fMRI throughout the
whole brain have revealed some unexpected sources or features
of the fNIRS signal.!®

In this paper, we would like to extend these concurrent fMRI
and fNIRS studies in order to understand the source of the fNIRS
signal in the resting state and functional studies. We would uti-
lize a method called regressor interpolation at progressive time
delays (RIPTiDe)! in which fNIRS signals with various time
shifts are utilized as regressors in an fMRI analysis, employ-
ing the general linear model (GLM). The method considers the
temporal relationship between the signals in both modalities
and correlates the BOLD signals from the whole brain with the
fNIRS signal at various time shifts.

The RIPTiDe method has been applied to both resting state
and functional studies, and demonstrates that, in addition to neu-
ronal activity, fNIRS captures a great deal of the signal arising
from global circulatory variations in many fNIRS channels. This
global signal is highly correlated with the BOLD signal changes
seen in the cerebrovascular system (especially large vessels),
suggesting that a significant portion of the fNIRS signal reflects
hemodynamic variations in the veins at the surface of the cortex.

2 Methods
2.1 Protocols and Instrumentation

To understand the source of fNIRS signal both during a rest-
ing state and task-related activation, we revisited two previously
conducted concurrent fMRI/fNIRS studies, one of resting state
activity and the other of motor response to a block finger tapping
task. The details of the instrumentation and protocol have been
previously described'”'® (and are summarized in the Appendix).
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Both acquisition protocols were approved by the McLean Hos-
pital Institutional Review Board.

2.1.1  Concurrent resting state study

A concurrent fNIRS and fMRI resting state study was conducted
on six healthy volunteers (four male and two female, aged 28.0
+ 4 years). A MRI-compatible fNIRS probe was placed on the
right side of the prefrontal area of each subject (roughly between
Fp1 and F7 according to the 10-20 system) to collect fNIRS data
while he/she was scanned by a Siemens TIM Trio 3T scanner
(Siemens Medical Systems, Malvern, Pennsylvania). The probe
was designed to collect data from short and long source-detector
pairs (1.0, 3.0 cm) at prefrontal cortex, where a well-known
resting state network exists [Fig. 1(a)]. The total scan time was
about 6 min and 30 s with 1.5 s repetition time (TR). The
acquisition rate of fNIRS was 12.5 Hz. The fNIRS probe had
three detector fibers and two source fibers with source-detector
distances at 1 or 3 cm [Fig. 1(a)].

2.1.2  Concurrent finger tapping study

A block design finger tapping task was performed by a healthy
subject (male, aged 30 years). The task included six periods
of right-hand tapping alternated with rest periods (20 s tapping
and 20 s rest). The MRI-compatible fNIRS helmet was worn
by the subject during the experiment. The helmet consisted of
four detectors and 16 sources arranged in a configuration that
covered both hemispheres [Fig. 1(b)]. The acquisition rate of
fNIRS was 6.25 Hz, while the TR was 2.02 s.

2.2 Functional Near-Infrared Spectroscopy
and Functional Magnetic Resonance Imaging
Data Analysis

In order to localize the source of fNIRS signal, we applied
a newly-developed method (RIPTiDe) based on GLM to an-
alyze both fNIRS and BOLD fMRI data together.'® In brief,
this method treats the temporally evolving blood related signal
detected by both modalities as dynamic and progressive sig-
nals. Therefore, it uses the fNIRS signal and its temporal shifts
(in both directions) as regressors into the voxelwise correlation
with BOLD fMRI. The combined high-correlation map derived
from this method includes all of the voxels that highly corre-
late with the fNIRS signal over a range of time lags. These
voxels can be used to identify sources of fNIRS signals in the
brain. All fMRI data processing was performed using FEAT,
as part of the FSL analysis package (FMRIB Expert Analysis
Tool, v5.98, http://www.fmrib.ox.ac.uk/fsl, Oxford University,
United Kingdom).?°

2.2.1 Resting state data analysis

In the case of resting state studies, four steps were required:
1. raw fNIRS time courses (690 and 830 nm data) were con-
verted into two time courses representing A[HbO] and A[Hb]
according to the differential path length factor method?! using
Matlab (The Mathworks, Natick, Massachusetts); 2. the time
courses of A[HbO] from C1 (due to its high SNR for all sub-
jects) and its temporally shifted versions (61: —7.2to +7.2s
with steps of 0.24 s) were then anti-aliased and down-sampled to
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Fig. 1 Schematic diagrams of the optical probes and their placement in the (a) resting state and (b) finger tapping studies.

the fMRI acquisition frequency of 0.67 Hz (1/1.5 s), which had
260 data points; 3. each down-sampled time course was used as
a regressor in fMRI data analysis, a total of 61 analyses were
performed; and 4. the resulting 61 z-statistic maps were com-
bined and the maximum z value was chosen for each voxel. The
final maximum z-statistic map would include all of the voxels
that had high correlation with fNIRS at certain time points.

2.2.2  Ffinger tapping experiment and data analysis

In order to study the contralateral and ipsilateral brain activation
under the finger tapping task, the NIRS probe was designed to
have the maximal coverage of motor cortex areas on both sides
[Fig. 1(b)]. Both NIRS and fMRI data were simultaneously
collected. A similar RIPTiDe procedure was applied on the fin-
ger tapping data with the following modifications: 1. The time
course of A[HbO] and its time-shifted versions (21 time shifts:
—2.4to + 2.4 s with steps of 0.24 s) from each source-detector
pair were used as regressors in the analysis. In total, 21 analy-
ses were performed for each source-detector pair; 2. In order to
separate the neuronal motor activation from the physiological
signal in fNIRS and BOLD fMRI data, the block diagram of the
finger tapping periods was convolved with the hemodynamic de-
lay function. The convolved timecourse and its derivative were
utilized as the first two regressors in the BOLD fMRI analy-
sis, followed by the delayed fNIRS regressor. The derivative is
included to compensate for variations in the hemodynamic re-
sponse and slice timing. In this case, we were interested in the
localization of the source of the physiological signal that over-
lays the neuronal signal in fNIRS. By using the task timecourse
as well as the data from fNIRS as the regressors, the convolved
finger tapping timecourse and its derivative were treated as con-
founds to regress out any task-related portion of the fNIRS re-
gressor, leaving the corresponding z-statistic maps of the fNIRS
regressor to show only the significant response to the physio-
logical signal. Figure 2 shows three regressors for one particular
channel (C3) directly over the activated area as an example:
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1. the finger tapping task (boxcar function) convolved with the
hemodynamic function (double gamma function offered by the
FSL package), 2. the temporal derivative, and 3. the resampled
time traces of A[HbO] for C3.

3 Results
3.1 Resting State Result
3.1.1  Temporal traces

Figure 3 shows the resampled time traces of A[HbO] and A[Hb]
measured at C1 and B1 on the foreheads of six subjects in the
resting state studies. The resampling was required so that the
fNIRS data could be used as regressors in the GLM analysis
of the fMRI data. The anti-aliasing filter used in resampling
applies a low pass filter (low pass = 0.3 Hzdue to TR = 1.5 5).8

Block derivative I’
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2 -
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Fig. 2 Three regressors used in the analysis of the fMRI data obtained
during a finger tapping task: 1. block diagram; 2. derivative of the block
diagram; 3. resampled temporal trace of the A[HbO] from C3. Shaded
areas indicate the tapping periods.
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Fig. 3 Resampled temporal trace of the A[HbO] (solid black line) and A[Hb] (dotted black line) obtained during resting state from six subjects
calculated from (a) C1 and (b) B1. To demonstrate the similarities between time traces of A[HbO] and A[Hb] measured in C1 and B1 for all subjects,
(c) resampled temporal traces of the A[HbO] in B1 (gray) and C1 (black) were plotted for every subject, while in (d) resampled temporal traces of

the A[Hb] in B1 and C1 were plotted.

Therefore, the heart beat signal is not visible in Fig. 3. Prominent
features of the data are: 1. the A[HbO] signal is much bigger than
that of A[Hb] as seen in Figs. 3(a) and 3(b), which is probably
due to the high oxygenation of the blood throughout and 2. the
phase of A[HbO] is not always 180 deg (anticorrelated) from
that of A[Hb]. In fNIRS studies, a 180 deg phase difference
between A[HbO] and A[HDb] obtained by fNIRS is commonly
observed in the activated brain areas. However, the relationship
between A[HbO] and A[Hb] in fNIRS resting state studies is
not fully understood;?? and 3. the A[HbO] measured from B1 (1
cm separation) in the same subject is highly correlated [as seen
in Figs. 3(c) and 3(d)] with that from C1 (3 cm separation). The
same is true for the A[Hb]. The average correlation coefficients
are 0.82 and 0.80, respectively. This indicates that a significant
proportion of the fNIRS signal recorded by both source-detector
pairs (which are collinear but with different distances) is the
same, which in turn means that either the source of most of the
signal is within the range of both probes or the source of B1,
which is at a shallow region and source of C1, which is at a deep
region are highly correlated.

3.1.2  Spatial distribution

In order to better locate the source of the fNIRS signal (in
C1 and B1), we conducted voxelwise correlation between the
fNIRS signals and the BOLD fMRI using RIPTiDe.'? Because
A[HbO] has a much higher signal to noise ratio (SNR), and is
demonstrated to be highly correlated with cerebral blood flow,?
the results of using A[HbO] were the focus of the discussion.
Figure 4 depicts the maximum z-statistic results of six subjects
and the average of all subjects using A[HbO] from C1 [Fig. 4(a)]
and A[HbO] from B1 [Fig. 4(b)]. The coronal (in the middle
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panel) and axial (in the right panel) views of Figs. 4(a) and 4(b)
were chosen to show the prefrontal area underneath the probe
(the markers of the probe is visible in both graphs). In the re-
sult corresponding to C1 [Fig. 4(a)], the voxels underneath the
probe were highly correlated with the fNIRS signal as expected.
However, the activation patterns are global and symmetrical
throughout the brain (the probe was on the right side only). The
highest correlation was present in the voxels resembling the su-
perior sagittal sinus, the inferior sagittal sinus, and straight sinus
as displayed in the left panels of Fig. 4(a). Detailed discussion
and graphs on the similarities of the correlation patterns of the
subjects and their venous system (mainly on the surface of the
cortex) were presented in our previous work, '® in which the same
resting state data was analyzed. In short, a 3D-rendered image of
all of the activated voxels was similar to the phase contrast image
(MRI technique to map the blood vessel only) and the passing
of the activated voxels throughout the brain followed the same
passage of the cerebral blood flow and matched the time of blood
circulation. These findings indicate that part of the A[HbO] sig-
nals obtained by fNIRS probes (C1) might reflect the changes
in the vein and venules on the surface of the brain. The fact that
the brain area underneath the fNIRS probe and its contralateral
equivalent were prominently visible in Fig. 4, implies that the
neuronal signal (e.g., resting state network) may also be present
in the fNIRS data. The results corresponding to B1 [Fig. 4(b)]
are, to a large extent, similar to the ones shown in Fig. 4(a), as
the symmetrical venous system. This is not surprising regard-
ing the similarities between A[HbO] from C1 and B1 [seen in
Fig. 3(c)]. However, for most of the subjects, smaller regions
of activation underneath the probe were observed for Bl in
Fig. 4(b), which is even more obvious in the averaged results,
shown at the bottom of Fig. 4. To further quantitatively assess
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Fig. 4 Maximum z-statistic maps for six subjects in resting state studies
were obtained by employing the RIPTiDe for A[HbO] from (a) C1
and (b) B1. The z-statistic maps were registered onto the averaged
anatomical head images of the subjects. The averaged z-statistic maps
for all subjects are shown in the bottom. The markers of the fNIRS
probe can be seen in the green circles.

the difference in the activated areas (obtained from B1 and C1),
we defined a ROI (on the averaged head of six subjects) under-
neath the probe that covers a big area from the surface of the
cortex to 2.5 to 3.0 cm deep into the brain [Fig. 5(a)]. All of the
activated voxels (z > 2.3) observed by B1 and C1 within this
ROI were counted for each subject. The ratios (number of vox-
els from B1/C1) were calculated and showed in Fig. 5(b). From
Fig. 5(b), we can see that only subject 4 has the ratio bigger
than 1 (1.11 to be exact), indicating that a slightly bigger area

was observed for B1. For the rest of the five subjects, the ratios
are smaller than 1 (ranging from 0.10 to 0.88), which confirmed
that the smaller regions of activation underneath the probe were
observed for B1. This indicates that most likely the sensitivity of
B1 is lower in the cortex than that of C1, but it may nevertheless
reach the surface veins.

3.2 Finger Tapping Result
3.2.1 Temporal correlation

A detailed analysis of the neuronal response to finger tapping
in fMRI and fNIRS can be found in our previous work.'” Tn
this study, we will primarily focus on the physiological signal
detected by fNIRS as opposed to the neuronal activity. Figure 6
shows the time traces of A[HbO] and A[Hb] for each channel
surrounding four detectors. First, task activation was detected
in C3 and C7, which were located over the motor cortex con-
tralateral to the tapping hand. On the ipsilateral side, task-related
deactivations were observed in A3 and A7 with negative z-values
(z= —4.4 and — 3.7 obtained from the correlation with task
regressor). The reason why the finger tapping task evoked “ac-
tivation” and “deactivation” on the contralateral and ipsilateral
side of the brain is unclear and more subjects are needed to
confirm the phenomenon. However, even in these task-related
channels (C3, C7, A3, and A7), the physiological signal was nev-
ertheless visible on top of the activation/deactivation patterns.
In the other channels where task activation was not obviously
visible, the physiological signal became the dominant signal. To
further understand the internal relationship between the physio-
logical signal detected by all of the channels, a high pass filter
was applied to all 20 channels that are shown in Fig. 6, with low
cutoff frequency at 0.025 Hz to filter out the neuronal effects of
the finger tapping task (1/40 s = 0.025 Hz). The resulting time
traces of A[HbO] and A[Hb] are shown in Figs. 7(a) and 7(c),
respectively. The correlation coefficients among these channels
are illustrated as tables in Figs. 7(b) and 7(d). Figure 7(a) shows
that the temporal courses of A[HbO] from Al to D7 (except
A3 and A7) are highly correlated with each other despite their
distributed (spatial) locations. This is further demonstrated by
the correlation coefficient table in Fig. 7(b) in which the average
correlation coefficient (except A3 and A7) is 0.69. This global
correlation implies a strong underlying physiological fluctuation
that affects most channels. The temporal traces of A[HbO] in
A3 and A7 are correlated to each other with a correlation with

0.8

0.6

Ratio

041

0.2-

* b)

2 3 4 5 6

Subjects

Fig. 5 (a) 3D rendered average head with ROI (gray blob) chosen underneath the NIRS probe. (b) Ratios between activated voxels (within the ROI)

observed by B1 and that by C1 for each subject.
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Fig. 6 Resampled temporal traces of A[HbO] (solid line) and A[Hb] (dotted line) obtained in (a) finger tapping task by detector A and its surrounding
five sources (indicated by the numbers next to the temporal traces), (b) detector B, (c) detector C, and (d) detector D. Shaded areas indicate the
tapping periods.

8 NAAANAAANANNANANA A~ MMM»—\.(a)- Al
A~ Nt A2
6 W/'\wv%ngmﬂ\f'\f'\rﬁm“‘- A3
AN AN~ T NN A A7
A~~~ AN AN A~ A~ A8 S
— SN~ AN~ AN~ AN~ B3
% WMAAANAANANAN A SN A AN B4 |
T o MNAANAAANA NN A A A B5 Y
= MAANNAAANAALAAA S A~ B6
A AN~ AN A~ - B7
C|>.) 0~~~ ~—AN N~ ——~——— A — C1
= NAAANNAAMNA\ NANANA AN AAR~ c2
Ko} A AN AN N~ C3
&.) -2 S AN~ A ANNA A A A A AN — C7
MANNNAANANNANANAA AAA~A— c8 =
— 4 fr— \/ e~ A— D3 N
A~ IAA N A~ D4 1
A— AN~ AN~ A— D5
_6 SAANAN AN S~ AAAA— D6
A~ — ANAANAS N~ A D7
-8 . . : A1 A2 A3 A7 A8 B3 B4 B5 B6 B7 C1 C2C3 C7 C8D3 D4 D5 D6 D7
2 T - - - (d)
Ve By N e o~ A(C)
wx AN AN AT AV
NN ~ NN AN A 0.5
1 A——— T\ N~ A~
3 VAN~ V\/‘-ww—mv
VAN '\/‘\/vx/\;m/‘-\,/"‘\,./'\z\_,\/v
:IZ: N"\N% AN NN Y
WA AN NN
Q O~ A IV AT 0.1
= VAV A AN A A,
< WIS AN AN S S AN
&) AN 1\ — /NN
A AP M A NN
—1 P~ e It A~
L amme ena e A e
WA -4/\,\_/\'\4\.—/\—-\./‘ NN
v,,-'\,..,w\. AN A eSS NS
VAN SN M, Ny
—2p— A AVANSUA U ) O VPR
50 100 150 200 250 300 A1A2A3A7A8B3B4B5B6B7C1C2C3C7C8D3D4D5D6D7

Channels

Time (s)

Fig. 7 High pass filtered resampled temporal traces of (a) A[HbO] and (c) A[Hb] from all the channels in the finger tapping task. The correlation
coefficient table of temporal traces of (b) A[HbO] and (d) A[Hb]. Shaded areas indicate the tapping periods.

Journal of Biomedical Optics 106005-6 October 2011 * Vol. 16(10)



Tong, Hocke, and Frederick: Isolating the sources of widespread physiological fluctuations in functional near-infrared...

o —
P
O
—
L e

0

@
65

m\& 13

(@
D

\
/

Fig. 8 z-statistic maps of the finger tapping task block diagram registered on (a) the subject’s anatomical head and (b) its 3D rendered image with
marked fNIRS probe. The maximum z-statistic maps obtained by RIPTiDe corresponding to the physiological fluctuation of C3 registered (c) on the
subject’s anatomical head and (e) its axial images. (d) 3D rendered images of the averaged maximum z-statistic maps of 20 channels (corresponding

to the physiological fluctuation) and (f) their axial images.

coefficient as high as 0.93. Figure 7(c) displays the timecourses
of A[Hb] from A1 to D7. Unlike A[HbO], in which the global
correlation was observed, the location of the highly correlated
channels of the A[Hb] are more (spatially) clustered. For exam-
ple, high correlation was observed in the following groups: 1.
A3 and A7; 2. B4, B5, B6, B7, and C1; and 3. C7 and D7. The
average correlation coefficient is only 0.37.

3.2.2  Spatial location

In order to localize the global signal observed in almost every
channel [Fig. 7(a)], we applied the modified RIPTiDe for each
channel as described in Sec. 2. The depiction of the A[HbO]
from channel C3 (in Fig. 2) was chosen to demonstrate that
when used as a regressor in conjunction with the task regressor,
the portion highly correlated with the finger tapping signal was
essentially removed from the fNIRS regressor, allowing sep-
arate detection of the effect of the task and the physiological
signal superimposed on the task response (removing the corre-
lated portion of the two regressors). Figures 8(a), 8(c), and 8(e)
show the corresponding z-statistic results of channel C3 in the
brain areas activated by the task in Fig. 8(a) and the brain ar-
eas highly correlated with the physiological signal of fNIRS in
Fig. 8(c) and their axial slices in Fig. 8(e). The corresponding
averaged z-statistic results from all 20 channels were calculated
and overlayed onto the structure brain of the subject and ren-
dered into 3D images depicted in Figs. 8(b) and 8(d). The axial
slices of the averaged results are also illustrated in Fig. 8(f).
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The activation of the finger tapping task was clearly observed
in both Figs. 8(a) and 8(b) as expected. More interestingly,
the voxels correlated with the global physiological fluctuations,
shown in Figs. 8(c)-8(f), are symmetrically spreading through-
out the brain as visible in Fig. 4. Since we did not perform the
whole head fMRI scan for the subject during the finger tap-
ping task, only the middle portion of the brain is depicted in
Figs. 8(c)—-8(f). Nevertheless, the results show that areas that are
highly correlated with the physiological signal seem to overlay
the cerebrovascular system, especially the veins and venules as
discussed in Sec. 3.1.2 of the spatial distribution of the resting
state. This is further supported by the dynamic pattern of phys-
iological activation generated by time-shifted NIRS regressors
that follows the course of the circulating blood (data not shown).

4 Discussion

4.1 Likely Location of the Source of the Functional
Near-Infrared Spectroscopy Signal

fNIRS has been proven to be sensitive to the area resembling
a banana shape under the source-detector pair.* Thus, many
concurrent fMRI and fNIRS studies focused on the area directly
underneath the fNIRS probe.!”>? In this study, we extended
our analysis to the whole brain using a new analyzing method
(RIPTiDe) for the fNIRS signal and BOLD fMRI together. The
method is able to localize the voxels correlating with the fNIRS
signal at different time lags. The results depicted in Figs. 4
and 8(c)-8(f), show that the voxels, which highly correlate with
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A[HbO] measured by fNIRS, are found in the regions where
blood vessels and especially the surface veins reside. This indi-
cates that one likely location for the source of the fNIRS signal
may be the veins on the surface of the cortex. This argument
is further supported by three observations. First, anatomically,
compared to arteries that deliver the blood through the mid-
brain, the massive and symmetrical distributed veins cover the
surface of the cortex,? collect the blood, and drain it through
larger veins, such as the superior sagittal sinus. There are arteri-
oles on the surface of the cortex as well, however, they are much
smaller. Because of the high density of the veins over the surface
and the high concentration of blood in these veins, any blood
fluctuation in them would change the absorption of the photons
and make it detectable by the fNIRS probe. This physiological
signal could become dominant if no other signal from the sur-
rounding capillary bed evoked by brain function surpasses it.
Second, the amount of blood in the extracerebral layers is small
compared to that at the surface of the cortex. This is even more
true when the blood is further squeezed out of the skin by the
pressure of the fNIRS probe. The third observation comes from
our previous study,'® which demonstrated that the blood signal
from the veins are highly correlated with each other. Therefore,
the global signal observed in Fig. 7(a) is likely to be the signal
derived from the veins detected by multiple fNIRS channels at
largely distributed locations, but still highly correlated with each
other. The other possible source of this physiological fluctuation
comes from the surface layers of the brain (skin and skull) as
discussed in the introduction. We were not able to calculate the
reliable correlation between the BOLD signal from the surface
layers and the signal from fNIRS due to the low SNR of the
BOLD caused by limited blood presented in these layers. Our
results do not contradict this argument, but rather point out that
if this argument is true, the blood fluctuations from the surface
layers have to temporally correlate (with/without time delays)
with that of the veins on the cortex. In summary, our results
demonstrate the pervasiveness of this physiological blood fluc-
tuation in the fNIRS signal.

This global physiological fluctuation was detected by fNIRS
in both resting state studies (Fig. 4) as well as functional studies
[Fig. 8(c)-8(f)]. In both cases, the NIRS signal is likely to be
the sum of the neuronal activation of the brain function (mainly
from the capillary bed) and the physiological fluctuation. Which
signal dominates the overall fNIRS signal, the neuronal activa-
tion (resting state or task related signal) or the physiological
fluctuations (vein signals), depends on the location of the fNIRS
probe and the strength of the neuronal activation (from the cap-
illary bed). In Fig. 6(c), A[HbO] from C3 and C7 clearly shows
the neuronal activation as the dominant signal due to the place-
ment of these source detector pairs directly above the activation
sites [Fig. 1(b)] and the strong signal caused by the finger tap-
ping task. In some other channels, such as C1, C2, and C8, the
physiological fluctuations are dominant due to the location of
the probes (off the site of activation).

In resting state data, we demonstrate that part of the fNIRS
signal is due to this global physiological fluctuation. Since the
brain function in the resting state is not as predictable as in
the case of finger tapping, the neuronal activation pattern (com-
monly called “resting state network™) is harder to isolate from
the physiological fluctuations. Many efforts have been put into
the fNIRS resting-state networks research to single this noise
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out.?’3% Among them, Mesquita et al.”® averaged the time se-
ries over all fNIRS channels on the head to identify the global
signal and later remove it, while White et al.?’ used the same
procedure, but averaging the data collected only from the short
source-detector distance pairs. Zhang et al.>* used independent
component analysis to separate the global noise from the signal.
The contributions of our research is twofold. First, we associate
this global fluctuations with the veins or venules on the surface
of the cortex. As a consequence, this signal is symmetric and
widely detectable by fNIRS. Second, we propose to use the RIP-
TiDe method in order to remove this global dynamic fluctuation
from the fNIRS data by dedicating a single confound source-
detector pair to capture only the global blood signal (e.g., by
placing the pair over the superior sagittal sinus).

4.2 A[HbO] and A[Hb]

In this study, the analyses were done using the A[HbO] calcu-
lated from fNIRS data. The reasons are threefold. First, A[HbO]
has a much higher SNR than that of A[Hb], thus, using A[HbO]
as a regressor can produce more reliable results. Second, utiliz-
ing an animal model, Hoshi et al. demonstrated that A[HbO]
consistently correlated with rCBF, which is not the case in
A[Hb],? thus, A[HbO] more accurately reflects the dynam-
ics in the blood than A[Hb] does. Third, A[HbO] has been
widely used in the resting state network analysis due to its high
SNR,3%3! therefore, understanding the source of A[HbO] could
be beneficial to these studies.

Temporal traces of A[Hb] are also depicted in Figs. 3, 6,
and 7. In resting state data (Fig. 3), most A[Hb] signals anti-
correlate with A[HbO] from the same channel with no or small
time lag (~1.5 s). Anticorrelation was observed in four out of six
subjects ranging from — 0.67 to —0.91, whereas two subjects
had very low correlations (<0.1). There have been a few studies
on the correlations between A[HbO] and A[HDb] in resting state
measurements.>>>* Our data suggests that anticorrelation be-
tween the changes in the two hemoglobin species in the resting
state indicate that fNIRS might measure the blood flow changes
after all.

In the motor activation study, in the channels covering the
brain area where finger tapping related activation was visible [C3
and C7 in Fig. 6(c)], A[Hb] was anticorrelated with A[HbO]
as predicted. However, the relationship between A[Hb] and
A[HbO] was not as straightforward in the study of the fluctu-
ations superimposing the finger tapping related activities. This
is demonstrated in Fig. 7(c) in which the high pass filter was
applied on A[Hb] to remove the finger tapping related signals.
The correlation coefficients between corresponding A[Hb] and
A[HbO] pairs are ranging from + 0.8 to —0.8. Among them,
weak negative correlation and some positive correlations were
observed only in Al, A2, A3, and A7 (with correlation coef-
ficients as —0.16 0.16, 0.80, 0.48, respectively), the rest of
the sixteen channels showed the negative correlations (with the
mean correlation coefficient and its standard deviation as — 0.62
+ 0.16). This result indicates that in most channels, even af-
ter removing the finger tapping related signals, anticorrelation
exists between A[HbO] and A[Hb].

Cui et al.» explored the relationship between A[HbO] and
A[Hb] in fNIRS studies and used positive correlations to iden-
tify the motion artifacts. However, in our study, the motion
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parameters calculated by FSL could not explain the positive
correlations we observed in channels A2, A3, and A7. There-
fore, we argue that although motion artifacts generate positive
correlations between A[HbO] and A[Hb], it seems not true that
all of the positive correlations are due to motion artifacts.

Unlike the global correlation found in A[HbO] [Fig. 7(a)
and 7(b)], the correlations in A[Hb] regionally happened as
discussed in Sec. 3.2.1. This is supported by the research of
Hoshi et al.>*36 suggesting that the direction of A[Hb] would
be locally decided by two opposite factors, namely venous blood
oxygenation and blood volume.

4.3 frequency of the Functional Near-Infrared
Spectroscopy Signal

In our studies, fNIRS signal was downsampled to the acqui-
sition frequencies of fMRI (1/1.5 and 1/2.02 s, respectively).
The downsampling procedure acted as a low pass filter on the
fNIRS data with cutoff frequencies around 0.3 and 0.25 Hz (de-
termined by the TR). Therefore, the physiological signal from
the heartbeat was removed from the fNIRS signal. Furthermore,
in the FEAT analysis, a high pass filter of 0.01 Hz was applied
to the regressors as well as to the BOLD fMRI signal in or-
der to remove very low frequency oscillations mainly caused
by instrumental noise. As a result, the analyzed signal spectrum
ranged between 0.01 to 0.3/0.25 Hz. The signal of this range is of
great interest in both BOLD fMRI and fNIRS, because it covers
the signal frequency from most functional block design studies
(e.g., finger tapping). Moreover, the signal of spontaneous low
frequency oscillation (LFO), defined between 0.01 to 0.1 Hz,
is a crucial factor in determining the resting state network.”-33
Our previous work'® implied that one major component of these
LFOs originated outside of the brain and propagated along the
cerebrovascular system. The present study indicates that this
physiological LFO is prone to be detected by the fNIRS probes
in both resting state and during functional tasks at multiple lo-
cations of the brain.

4.4 Short Distance versus Long Distance Functional
Near-Infrared Spectroscopy Measurement

It has been suggested that by incorporating a source-detector
pair with short distance (less than 1 cm), the signal mainly
from the extracerebral layers can be sampled and later removed
from the adjacent long source-detector probe that is supposed
to pick up the signal from both the extracerebral as well as
the intracerebral regions. The method is normally referred to
as the subtraction (linear regression) method.>**" In our study
of the resting state, we used both short (1 cm) and long dis-
tance (3 cm) probes on the same area [B1 and C1 in Fig. 1(a)].
Figures 3(c) and 3(d) compares the temporal traces of A[HbO]
and A[HD] detected by these two probes for all six subjects,
where the high correlation between the corresponding time
traces is prominent for all subjects. The same RIPTiDe analyses
were applied using A[HbO] from both short and long source-
detector pairs (B1 and C1) yielding similar results [Figs. 4(a)
and 4(b)]. Thus, our data suggests another possible explanation,
besides the surface layer contribution, namely that the signal
detected by the fNIRS probe of short distance (1 cm) is influ-
enced by the veins from the surface of the cortex as is that of
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the long distance probe. The difference between the signal ob-
tained from short and long source-detector pairs would be that
the probe with long source-detector distance could, in addition
to the vein signal, also sample the capillary bed surrounding
the vein due to its extended depth of sensitivity. This is demon-
strated by the difference in the results obtained by utilizing
A[HbO] from C1 and B1 (as shown in Figs. 4 and 5). Smaller
regions of activation underneath the probe were observed for
B1, indicating that B1 has smaller depth of sensitivity. When
the signal from the short source-detector pair was subtracted
from that of the long source-detector pair, the vein signal (phys-
iological) might have been mostly removed, leaving the signal of
the capillary bed. Therefore, the subtraction method would also
work.

The subtraction method was applied in our resting state study,
however, due to the very limited fNIRS coverage (small probe)
in the studies, it is not easy to interpret the results and more
research has to be done concerning this issue.

5 Conclusion

In this study, a novel method called RIPTiDe was applied to
the data concurrently collected by fNIRS and fMRI to explore
the origins of the global fluctuations observed in fNIRS sig-
nal in both resting state and functional studies. The method
was based on voxelwise correlation between the fNIRS sig-
nal (A[HbO]J) and BOLD fMRI in order to identify the brain
area highly correlatated with the fNIRS signal of certain time
lags. Our results show high correlation between the synchro-
nized blood fluctuation in the surface veins of the cortex and
the fNIRS signal regardless of the location of the probes. This
physiological fluctuation seems widely present, even dominat-
ing some fNIRS signals in the resting state, while superimposing
neuronal activation signals in functional studies. Since this sig-
nal is related to global cerebral blood flow (not to neuronal
activation) and is widely accessible by fNIRS, we argue that
great caution is needed in fNIRS studies, especially in studies
on resting state networks.

Appendix A: Functional Magnetic Resonance
Imaging Acquisition

Both MR data from resting state and finger tapping were ac-
quired on a Siemens TIM Trio 3T scanner (Siemens Medical
Systems, Malvern, Pennsylvania) using a 12-channel phased ar-
ray head matrix coil. In each resting state scan, a high-resolution
anatomic image set was acquired for slice positioning and co-
registration of the functional data [T1 weighted multiecho MP-
RAGE3D,* resolution (RL, AP, SI) of 1.33 x 1 x 1 mm, TI
= 1100 ms, TR/TE1,TE2 = 2530/3.31,11.61 ms, more accu-
rately (FOV) = 171 x 256 x 256 mm, 128 x 256 x 256 pixels,
2x GRAPPA, total imaging time 4 min 32 s]. This was fol-
lowed by the RS scans with identical parameters (two dummy
shots, 260 time points, TR/TE = 1500/30 ms, flip angle 75
deg, matrix = 64 x 64 on a 220 x 220 mm FOV, 29 3.5 mm
slices with 0.5 mm gap parallel to the AC-PC line extending
down from the top of the brain, GRAPPA acceleration factor of
3). In the finger tapping scan, after localization and shimming, a
series of fMRI images are acquired. Image parameters are as fol-
lows: gradient echo EPI, TE/TR = 30/2020 ms, 64 x 64 image
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matrix, full k-space acquisition, FOV 220 x 220, 30 interleaved
coronal slices (R/L readout), 3 mm thick, 0 mm gap, with the
slice stack centered on the motor strip. A total of 120 time points
are acquired after 12 dummy shots.

Appendix B: Functional Near-Infrared
Spectroscopy Acquisition

In both resting state and finger tapping studies, NIRS data was
collected by means of an MRI compatible fNIRS probe placed
on each participant’s head. The probe consisted of the collection
and illumination of optical fibers. Each illumination fiber deliv-
ered light from two laser diodes emitting at wavelengths of 690
and 830 nm. The laser diodes and the optical detectors (photo-
multipliers tubes, Hamamatsu Photonics R928) were housed in
a near-infrared tissue imager (Imagent, ISS, Inc., Champaign,
Illinois), which was placed in the MRI control room. The optical
probe and the Imagent instrument were connected by 10 m long
optical fibers. The sampling rate of fNIRS data acquisition was
12.5 Hz in resting state sudies and 6.25 Hz in the finger tapping
study. The exact locations of the probe and its source-detector
pairs are known by the MR-visible markers or the imprints left
by the fibers on the anotomical scans.
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