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Abstract
Blood Oxygen Level Dependent (BOLD) functional magnetic resonance imaging (fMRI) changes
in blood oxygenation, which is affected by physiological processes, including cardiac pulsation,
breathing, and low frequency oscillations (LFO). It is challenging to identify spatial and temporal
effects of these processes on the BOLD signal because the low sampling rate of BOLD leads to
aliasing of higher frequency physiological signal components. In this study, we used concurrent
functional near infrared spectroscopy (fNIRS) and fMRI on 6 subjects during a resting state scan.
To reduce aliasing, the BOLD fMRI acquisition was repeatedly performed on a set of sequentially
acquired slice stacks to lower the TR to 0.5 sec while retaining high spatial resolution. Regressor
interpolation at progressive time delays (RIPTiDe) method was used, in which physiological
signal acquired by fNIRS (without aliasing) and its temporal shifts were used as regressors in the
fMRI analysis to determine the magnitude and timing of the effects of various physiological
processes on the BOLD signal. The details of the timing of the passage of the cardiac pulsation
wave and of the cerebral blood itself were mapped. The result suggests that the cardiac signal
affects the voxels near large blood vessels (arteries and veins) most strongly, while LFO mostly
affected the drainage veins. We hypothesize this could be the result of differences in the cerebral
blood path lengths, and differences in the dynamics of the propagation of the signals. Together
these results validate and extend a novel imaging technique to dynamically track the pulse-wave
and bulk blood flow with concurrent fMRI and fNIRS.
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1. Introduction
Blood Oxygen Level Dependent (BOLD) functional magnetic resonance imaging (fMRI) is
the most common imaging technique utilized in the study of brain function both in response
to tasks and in task-free “resting state” scans. BOLD measures changes in blood
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oxygenation, which can be caused by neuronal activation through neurovascular coupling.
However, there are also prominent variations in cerebral hemodynamics, which arise from
physiological factors affecting blood oxygenation, flow or volume that are not influenced by
neuronal activations. Moreover, the temporal resolution of fMRI is relatively low, which is
about 2–3 seconds at magnetic field strengths of 1.5–3T. While this is sufficient for the
hemodynamic effects of neuronal responses, which alter regional blood flow and volume
with a slow “hemodynamic response function” (Siero et al., 2011; Tian et al., 2010), it is
insufficient to measure the faster global physiological hemodynamics arising from cardiac,
respiratory, and possibly other fast blood-related variations. This means the signals from
some physiological processes are aliased, which makes them unidentifiable in the detected
BOLD signal, and therefore difficult to remove. These processes include respiration (0.2–0.3
Hz) and cardiac pulsation (~1Hz). Many studies have been done to confirm the existence of
these signals in the brain (Chang et al., 2009; Chang and Glover, 2009b; Shmueli et al.,
2007; Triantafyllou et al., 2005) and efforts have been made to remove them (Birn et al.,
2006; Chang and Glover, 2009a; Glover et al., 2000; Verstynen and Deshpande, 2011).

Functional near infrared spectroscopy (fNIRS) is a promising complementary method to
fMRI for the study of brain function (Gibson et al., 2005; Hillman, 2007; Hoshi, 2007;
Obrig and Villringer, 2003). Like fMRI, it is sensitive to the hemodynamic changes caused
by neuronal and physiological processes. Unlike fMRI, its temporal resolution is generally
high enough (12.5 Hz in our study) to sample most physiological processes without aliasing,
but with low spatial resolution (~1cm) and short depth of penetration (~2 cm). A new
combined method for analyzing concurrent fNIRS/fMRI data capitalizes on the strengths of
both types of data (Tong et al., 2011b). The method uses the fNIRS signals to generate
regressors to analyze BOLD data (based on the fact that both fMRI and fNIRS are sensitive
to blood oxygenation and volume changes). The high temporal resolution offered by fNIRS
allows the full sampling of the physiological processes in the fNIRS data, as well as their
spectral separation. These isolated physiological signals can then be used to probe the high
spatial resolution fMRI data in order to understand how physiological processes unrelated to
neuronal activation contribute to the BOLD signal over both time and space.

The method was first tested in a previous study (Tong et al., 2011b), in which the main goal
was to study the influences of different physiological processes, such as cardiac pulsation,
respiration, and low frequency oscillation (LFO) on BOLD fMRI. The method was useful to
separate the physiological signals and map brain voxels affected by the cardiac and the LFO
signals. In addition, the method allowed dynamic tracking of the cardiac signal through the
brain. However, there were three shortcomings in the last study which this study seeks to
resolve: 1) since the TR used in the last study was 1.5s, the cardiac signals in BOLD were
still heavily aliased, complicating efforts to unambiguously detect voxels with cardiac
driven BOLD signal change; 2) for this reason, the dynamic map generated by time-shifting
the fNIRS regressor (at the cardiac frequency) may have missed important details in the
passage of the wave; 3) due to the fact that the fNIRS probe detects little to no signal at the
respiration frequency, the result of using fNIRS regressors in the respiration band was not
informative. In this study, we adopted two improvements. Firstly, we used a segmented
whole brain fMRI acquisition, which allowed us to lower the TR to 0.5s while maintaining
the same spatial resolution (3.5×3.5×3.5mm). Secondly, a respiration belt was used to
simultaneously acquire respiration data that was used as regressor for respiration (instead of
using respiration data collected with fNIRS). The main goals were: 1) to confirm and
validate the new method of mapping the cerebral vasculature and dynamically assessing the
passage of the cardiac wave through the brain, 2) to understand how the LFO and cardiac
signals affect the BOLD signal differently in space and time, and 3) to understand how
respiration directly affects the BOLD fMRI signal.
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2. Material and methods
2.1 Protocol

Concurrent fNIRS and fMRI resting state studies were conducted on six healthy volunteers
during resting state acquisitions (4M, 2F, average age 28±4.69). The protocol was approved
by the Institutional Review Board of McLean Hospital.

An MRI compatible fNIRS optical probe (as shown in Figure 1), with three collection
(detector) and two illumination (source) fibers, with source-detector distances of 1 or 3 cm,
was placed over the right prefrontal area of each participant (roughly between Fp1 and F7 in
the 10–20 system) and held in place by an elastic band around the head. The position of the
probe was chosen due to its easy accessibility (no hair) and relatively short distance from the
scalp to the cortex (11–13 mm on average) in this area (Okamoto et al., 2004). The sampling
rate of fNIRS data acquisition was 12.5 Hz. fNIRS data was recorded continuously through
all the fMRI acquisitions as well as for several minutes before and after the fMRI
acquisition.

All MRI data were acquired on a Siemens TIM Trio 3T scanner (Siemens Medical Systems,
Malvern, PA) using a 12-channel phased array head matrix coil. To reduce the aliasing of
the cardiac signal (~1Hz) on the BOLD data, the TR has to be smaller than 0.5s to sample a
cardiac frequency of 1Hz (or bigger) based on the Nyquist theorem (five out of six of our
subjects had heart rate greater than 1Hz). However, reducing the TR lowers the number of
slices that can be obtained, reducing either the spatial resolution or coverage of the fMRI
data. To work around this trade-off, we employed a segmented fMRI acquisition, which
allowed us to lower the TR to 0.5s while maintaining the same spatial resolution
(3.5×3.5×3.5mm). We serially imaged multiple, adjacent subvolumes (segments) of brain.
Each segment consisted of a stack of consecutive slices. Segments were acquired from the
bottom of the cerebellum to top of the head, and each acquisition was a full resting state
scan lasting about 6 minutes and 30 seconds with the following parameters: 240 time points,
TR/TE=500/30 ms, flip angle 48 degrees, matrix = 64 × 64 on a 224 × 224 mm FOV, 9 3.5
mm slices with no gap parallel to the AC-PC line extending down from the top of the brain
with a brief pause (~10s) between each consecutive stack scan. The total number of
segments needed depended on the size of the brain; for this group of subjects, 5 or 6
segments were needed to cover the whole brain. Figure 2(a) illustrates the procedure on one
subject. For the depicted subject, five segmental scans were needed for full brain coverage.
Physiological waveforms (pulse oximetry, and respiratory timing and depth) were recorded
using the scanner's built-in wireless fingertip pulse oximeter and respiratory belt at a rate of
50Hz throughout the entire set of acquisitions. This segmented acquisition is possible
because the quantity of interest is the correlation between the fNIRS and fMRI data, which
is consistent between task free acquisitions, rather than the actual time courses, which vary.
Under these circumstances, data from multiple resting state acquisitions can be combined
seamlessly.

2.2 Combined data analysis
Regular preprocessing steps in FSL (Smith et al., 2004), including motion correction, slice
timing correction and spatial smoothing were applied on fMRI data. Then the data analysis
procedure (RIPTiDe), similar to the one we presented in the previous work (Tong et al.,
2011b) with some important modifications, was used. As in the previous analysis, bandpass
filtration was used to spectrally isolate signals of different physiological processes from
simultaneously recorded data of oxy-hemoglobin concentration change (Δ[HbO]) from
fNIRS, which had high temporal resolution (12.5Hz). The Δ[HbO] is used due to its high
sensitivity to global physiological fluctuations, such as cardiac pulsations. For each spectral
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band, a set of time-shifted versions of the signal was generated. These signals were then
downsampled to create a set of regressors at the sample rate of the fMRI data (2 Hz). A set
of GLM analyses of the fMRI data was performed to determine the relationship between
time shift and fit strength in each voxel. The results of this group of analyses were combined
temporally to assess the spatial variation in this relationship as it evolved over time, and
allowing visualization of the dynamic wave of correlation passing through the brain.

Several modifications in the data analysis procedure were introduced in this study. Firstly
and most importantly, due to the fact that the fMRI data was acquired in sequential segments
of slices, combined data analyses was carried out in three steps: first, each segment was
processed individually, then the segments were merged, and lastly the results were
registered onto the anatomical brain and concatenated over time. This procedure is shown
for the cardiac signal in Figure 2(b). In Step 1, for each set of slices, or segment, Δ[HbO]
from the fNIRS signal in the cardiac band is successively time shifted and used as a
regressor in the GLM based fMRI analysis. For each segment shown in Figure 2(b), only
two additional time shifts (±0.16s) of Δ[HbO] and their corresponding results are shown for
illustration purposes. In the actual procedure, 200 analyses (with 200 shifts ranging from −8s
to +8s at step of 0.08s) were used. This 16 second range was chosen in order to fully cover
the passage time needed for the LFO wave (Tong and Frederick, 2010). After completing
200 analyses for each section, the results obtained for each individual time shift in each
segment were concatenated in space to form a whole brain image, resulting in 200 whole
brain images, one for each time-shift. This procedure is shown as Step 2 in Figure 2(b). The
final step (Step 3) involves registering the results for each time shift onto the subject's own
anatomical scan. Then, registered spatially concatenated images were concatenated in time
to form a movie to assess dynamic patterns of changes.

A second modification involved the respiration signal. Little or no signal was observed
directly in the fNIRS data in the respiratory frequency band. This could be due to oxygen
exchange in the lungs, which is a complicated process and does not couple to the blood
signal linearly and directly, like the cardiac pulsation. Therefore, a respiration belt was used
to collect the data for the respiration regressor in order to better isolate the direct
contribution of respiration to the fMRI BOLD signal. As shown in Figure 3(b), the spectral
graphs of Δ[HbO] (solid line) and data recorded from the respiration belt (dotted line) for
one subject were plotted together. While the respiration signal was clear in the data collected
using the respiration belt, it was hard to identify in the fNIRS data. It was hypothesized that
using the temporal signal from the respiration belt (instead of fNIRS data from the same
spectral band) as regressors would allow identification of the brain areas affected directly by
the respiration process.

Figure 3(a,c,d) illustrates the downsampling procedures for 3 physiological processes
separated by the spectral ranges. Figure 3(a) shows the LFO (0.01 ~ 0.1 Hz) using the data
from Δ[HbO] fNIRS. Figure 3(c) shows the respiration (0.1 ~ 0.6 Hz) using the data from
the respiration belt. Figure 3(d) shows the cardiac band (> 0.8 Hz) using the data from
Δ[HbO] fNIRS.

3. Results
Of the 6 subjects who started the experiment, one subject did not finish the scan due to
discomfort caused by excessive tightness of the fNIRS probe. The analyses were conducted
on the remaining 5 subjects, and the cardiac and LFO results were averaged based on these 5
subjects. For the respiration data, only 4 subjects' data were averaged, due to misplacement
of the respiration belt on one of the remaining subjects, which resulted in unusable data.
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3.1 Detailed passage of the pressure wave (cardiac pulsations)
The dynamic patterns generated by the fNIRS regressors from the LFO and cardiac band are
depicted for one subject in Figure 4(a) (overlaid on the subject's anatomical scan) and the
movie is shown in Video 1. The figure and movie illustrate the time evolution of the
correlation of the BOLD signal with the cardiac regressor (in blue) over all time lags and all
segments for the whole brain. As comparison, the time evolution of the correlation of the
BOLD signal with LFO regressor over the same time lags is also shown as red-yellow in the
movie. The green dot in the middle panel of the movie indicates the time shift of the fNIRS
regressor relative to the BOLD data. The total time shift is from −8s to +8s in steps of 0.08s.
The movie repeats, each time showing different coronal and axial views (marked by the
cross on the sagittal image). Even though the data for each segment was derived from an
individual fMRI resting state scan, by concatenating the z-statistics maps, we were still able
to visualize the blood flow (i.e. blood flowing through the vasculature, rather than CBF)
between different sections as if they were scanned at the same time. This is because each
dynamic map generated for each section was generated using regressors that were shifted in
time relative to the fNIRS recording on the forehead. In other words, the dynamic map
assesses the relative arrival time of the cardiac wave or LFO signal at the forehead (where
the fNIRS probe was placed) and other locations in the brain. Therefore, as long as the travel
time (i.e. the propagation speed of the cardiac wave or blood flow) does not change
considerably between segment scans, the maps can be concatenated to assess the blood flow
in the whole brain.

Both Figure 4(a) and the movie appear to show the propagation of the wave associated with
the heart beat in the brain (in blue). The dynamic pattern repeats itself at a rate of about 1
Hz, which matches the subject's heart rate. In the Figure 4(a), only one cycle is shown,
corresponding to the fNIRS regressor from −0.48s to +0.48s in steps of 0.08s. The similar
dynamic patterns (one cycle) generated by the fNIRS regressors from the cardiac band are
depicted for the rest four subjects in Figure 1 in the supplemental material. In the movie,
multiple cycles are shown, each corresponding to the fNIRS regressor from −8s to +8s at
steps of 0.08s. The result with the highest correlation coefficient is generated using fNIRS
regressors with moderate time shifts (± 1s, middle portion of the movie). At longer time
shifts, greater temporal mismatches between BOLD and fNIRS result in lower correlations
(less significant voxels in the beginning and at the end of the movie). This demonstrates the
sensitivity of the current method; even though the cardiac signal is highly periodic, fNIRS
measures of cardiac signal become gradually out of phase with respect to the BOLD signal
as time shifts in fNIRS regressors increase. Arrows in Figure 4(b) indicate apparent paths of
blood flow in a sagittal view of the mid brain, including ascending flow in the basilar artery,
descending flow in the straight sinus and superior sagittal sinus, and lateral flow in the
posterior vein of the corpus callosum and the anterior cerebral vein. Although these blood
paths are consistent with cerebral vasculature, there are two factors that may be misleading
in the interpretation of the dynamic patterns. First, it is hard to present blood flow using 2-D
images (axial, sagittal and coronal) because the blood vessels have complicated 3-D
structures. Some voxels appear to be on the same flow path in 2-D, but they are actually not.
Second, because the cardiac waveform is a highly periodic signal, the apparent flow speeds
and directions may be the result of a stroboscopic effect. However, this will not affect the
total blood vasculature map (i.e. the sum of spatial distribution of the propagating blood)
obtained by performing a maximum intensity projection along the time axis (maximum z-
statistic map) in Figure 4(a). The averaged result of these maps over all subjects is
visualized in Figure 5(a), in which many vascular structures can be identified. Due to the
high quality of the cerebral blood map generated by the combined z-statistics map from the
cardiac band data, this map was additionally used as a reference (shown in white in Figure
5(b–c)) for studying the locations of activated voxels correlating with other frequencies
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(LFO and respiration). Figure 6 shows the individual optimum delay maps for the cardiac
signal in each subject; the delays can be robustly determined in every subject; moreover,
simulations (Figure 2 in the supplemental material) show that because the time delay is
estimated by correlation of the entire waveform over the BOLD dataset, delay times as small
as 0.08 seconds can be discriminated, despite the BOLD sampling frequency of 0.5 seconds.

3.2 LFO
Figure 5(b) shows the averaged z-statistic map (5 subjects) using the LFO regressor from
fNIRS (s-d pair B1 in Figure 1), overlaid on the standard brain (MNI_152) as well as the
blood map from the cardiac band analysis. Video 1 shows the dynamic pattern of this LFO
(in red) together with that of the cardiac data (in blue) for comparison. Two observations are
worth noting. First, the dynamic pattern of LFO moves much slower than that of the cardiac
pulsations; we hypothesize that the pattern of LFO represents bulk blood flow whereas that
of the cardiac wave represents the propagation of a pressure wave; Second, the activated
voxels of the LFO are primarily in the large veins, including the superior sagittal sinus and
straight sinus. Unlike the cardiac analysis, there are almost no activated voxels of LFO
detected in the arteries.

3.3 Respiration pattern
In Figure 5(c), the averaged z-statistics map (4 subjects) from respiration was registered to
and overlaid on top of the standard brain, together with the averaged z-statistic map from the
cardiac waveform as a reference. The image generated from the respiratory belt data has a
greater number of correlated voxels with the fMRI data than the one generated by using the
respiration data from the fNIRS data (Tong et al., 2011b). This is due to the fact that the
respiration regressors from the respiration belt have a much higher signal to noise ratio, as
seen in Figure 2(b); and that the short TR (0.5s) samples the respiration signal in the brain
without aliasing (as shown in Figure 2(c)).

4 Discussion
4.1 Map of pulsation

The averaged maximum z-statistic map shown in Figure 5(a) resembles the whole cerebral
vasculature, including the large arteries and veins. Among them, the areas with highest
correlations (with fNIRS cardiac signal: z>5) are located in regions with large arteries or a
high density of arteries, including the basilar artery and the middle cerebral artery. No gray
matter was detected at a significance level of 3 (z value). This indicates that the cardiac
waveform has a relatively small influence on the regional blood flow at capillary levels in
gray matter. In other words, the BOLD from the gray matter is less affected by the heart
beat. A possible explanation for why cardiac effects on the BOLD signal are greater in
arteries than in veins and gray matter is offered below in the section “Different signals in
arteries and veins”. Our result is consistent with previous finding of Dagli (Dagli et al.,
1999) using retrospective gating method, in which they found cardiac-induced variations are
typically near major blood vessels. In both studies, cardiac pulsation wave was directly
mapped. A recent study (Shmueli et al., 2007) suggested that heart rate fluctuations might
indirectly contribute to BOLD signal, which are not concentrated entirely around major
vessels, but also on gray matter. They also found the heart rate fluctuation was negatively
correlated with BOLD signal at one time lag range and positively correlated with BOLD
signal at another longer time lag range.

As demonstrated, decreasing TR in the BOLD acquisition increases the accuracy of the
cardiac vessel maps compared to previous work using BOLD fMRI with TR of 1.5 seconds
(Tong et al, 2011) in term of total voxels affected by the heart beat signal being detected.
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Although the method is shown to have higher sensitivity with decreasing TRs, short TR
scans are not required to map the voxels affected by the cardiac signal. Using the result in
Figure 5(a) as a reference, we found the result from the analysis with longer TR (1.5s)
yielded similar cerebral blood maps (the maps from the analyses with TR=1.5s and TR=0.5s
are shown as Figure 3 in the supplement material).

Physiological contributors to BOLD signal are generally treated as noise and removed. Here
we use the physiological signal from a robust and easily measured physiological process
(cardiac pulsations) to assess the cerebral vasculature statically and dynamically yielding
maps of the cerebral blood vasculature (Figure 5(a)), as well as the dynamic pattern of the
cardiac wave through the cerebral vasculature (Figure 4(a) and movie in Video 1), using the
cardiac signal recorded by fNIRS. This method does not require additional MRI scans and
can be added easily to any fMRI scans with regular TR, either in resting state or functional
studies. It only requires simultaneous recording of the cardiac pulsation with high temporal
resolution (>5 Hz) either using a dedicated fNIRS instrument, or an oximeter which is
widely available on many scanners. These results can be used either to assess cerebral
vasculature integrity and changes in different populations, or to separate brain areas where
the BOLD signal is known to have a large cardiac or respiratory component.

4.2 Respiration
As shown in Figure 5(c), the voxels affected most strongly by respiration are located in the
arteries, overlapping with the results of the cardiac waveform analysis. This could be due to
the fact that freshly oxygenated blood from the lungs (modulated by the breathing) quickly
reaches these arteries. Activated voxels are also present in the ventricles, tissue edges and in
and out of motor cortex, which is likely due to global respiration related B0 changes (Van de
Moortele et al., 2002; van Gelderen et al., 2007). There is also evidence for head motion
artifacts from the result of one subject, in which the MRI visible marker in the fNIRS probe
appears in the resulting z-statistics map, indicating high correlation between the probe and
breathing rhythm (data not shown). Other researchers also found respiration-induced effects
can translate into head motion (Glover et al., 2000).

As we know, respiration affects blood oxygen level. It also modulates blood flow and
volume indirectly. However, it takes time for the alteration of the blood oxygen level, which
happens in the lungs, to travel to the brain. Moreover, this modulated blood travels to the
brain via several different paths, each with a different path length, thus arrives at different
times. These unknowns in the transit times of the modulated blood to different sites of the
brain make it very hard to directly identify the respiration signal from BOLD and model it
using simultaneous recording of either the respiration belt or End Tidal CO2 monitoring.
The RIPTiDe method offers a way to track the modulated blood by time shifting respiration
data (from the respiration belt) and correlating it with the BOLD from the whole brain. No
prerequisite of transit time is needed, since a wide range of time shifts (16 sec in this case)
with small steps (0.08s) are utilized. The analyses should be able to identify all the voxels
where BOLD signal has a significant respiratory signal component within the temporal
window of 16 s, which is sufficient due to the fact that each breath is about 3~8s.

This study concentrated only on the direct correlation between BOLD and breathing pattern.
However, the respiration process may influence the BOLD signal in multiple ways. For
instance, Birn and colleagues (Birn et al., 2006) found that a time shifted temporal course of
respiration volume per time is significantly correlated with BOLD signals in gray matter and
near large blood vessels. Thus there are likely to be other voxels that are indirectly affected
by breathing, which could not be identified by our method.
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4.3 Different signals in arteries and veins
Figures 5(a) and (b) show the difference in the averaged z-statistic maps of 5 subjects using
time-shifted fNIRS regressors corresponding to the cardiac spectral band (in Figure 5(a)) the
LFO band (in Figure 5(b)). As mentioned before, the cardiac band results resemble the
whole cerebral vasculature, including the large arteries and veins. Among them, the areas
with highest correlations (with fNIRS cardiac signal: z>5) are located in regions with large
arteries or a high density of arteries, including the basilar artery and the middle cerebral
artery. In contrast, the results from the LFO band only resemble the distribution of cerebral
veins (Figure 5(b)), such as superior sagittal sinus. Based on previous work, it seems likely
that similar to the cardiac signal, large fractions of the LFO signal observed in the brain are
also generated extracerebrally and carried in the blood (Tong and Frederick, 2010). These
oscillations travel along the cerebral blood vessels (e.g. the cardiac signal is a pressure wave,
which travels much faster) and both contribute to the BOLD signal. When the blood is
pumped out of the heart and carried by the arteries into the brain, the cardiac pulsation is the
dominant signal. Therefore, the BOLD fMRI obtained at voxels from these arteries is
predominantly affected by the cardiac pulsation. We qualitatively demonstrate this process
in Figure 7(a), in which, two sine waves with different oscillation frequencies (~1Hz,
~0.05Hz) were used to simulate the cardiac wave and LFO respectively. To represent the
signal in the arteries, where the cardiac signal is comparably strong, we mixed these two
signals (cardiac signal 10 times stronger than the LFO). The individual waveforms and the
mixed signal are shown in Figure 7(a) as a representation of signals that might be measured
in a typical artery. When the mixed signal is sampled every three seconds to simulate a
BOLD fMRI acquisition with TR=3 in an arterial voxel, the resulting data set (shown in the
black circles) would be mostly affected by the (aliased) cardiac oscillations. The LFO can
hardly be seen due to its relatively low power.

After traveling through the arteries, blood travels through various paths made up of
arterioles, capillaries and venules. These paths have different lengths and change the phases
of the blood signal differently and in proportion to their frequencies. When the blood
reaches veins, the sum of these signals with mismatched phase changes would greatly
reduce the amplitude of the cardiac signals due to its much higher frequency, while change
in the phases of the LFO signal would be much less. Thus, the BOLD fMRI obtained at
voxels from the veins are predominantly affected by LFO. To simulate the signal in the
veins, we summed 1000 signals after first introducing a small random phase shift (based on
the literature) to each in the mixed signal (like the one in Figure 7(a)), to simulate mixing of
blood traversing multiple paths through the parenchyma in the veins. Figure 7(b) shows the
result of this sum. As predicted, the LFO became the predominant component with the
cardiac component making a relatively smaller contribution. When this dataset is sampled
every 3 seconds to simulate a BOLD fMRI acquisition with TR=3 in a venous voxel, the
resulting data set (shown in the black circles) reflects mostly the shape of the LFO. The
parameters used in the model are based on literature(Conroy et al., 2005; Gladdish et al.,
2005; Kikuchi et al., 2002) and can be found in the supplement materials. While this model
is quite simple, it is able to generate a qualitatively similar result to what is seen in vivo; the
BOLD fMRI from arteries is predominantly affected by the cardiac signal, while BOLD
fMRI from veins is predominantly affected by the LFO signal. It also explains why few gray
matter voxels had high correlations with the cardiac signal. This is because the BOLD signal
of the voxel in gray matter, as the summation of all the blood signals within that voxel,
reflects a decreased contribution from the cardiac signal due to destructive interference
produced by phase mismatches. Further refinement of the model may lead to a closer
alignment with the result observed in vivo. In addition, regional blood flow changes caused
by neuronal activity in gray matter might surpass the physiological LFO signal, and become
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the predominant signal (Tong et al., 2011a). The Matlab code used to generate the
simulations and parameters can be found in the supplement material.

Concurrent fNIRS fMRI RIPTiDe analysis offers a new method to examine the propagation
of blood through the brain in greater detail than has been previously possible. By allowing
the parsing of physiological “noise” into various components which can be separately
analyzed, this may provide new techniques for the study of cerebral hemodynamics in
healthy brain and in pathological conditions. Moreover, we have previously demonstrated
that these physiological signals contribute a significant fraction of the variance in resting
state BOLD data, and modeling and removing these signals results in a substantial increase
in the relative power of resting state networks, allowing more sensitive detection of these
connectivity signals (Frederick and Tong, 2011).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diagram of the fNIRS probe with 2 optical sources and 3 optical detectors.
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Figure 2.
Diagram showing the fMRI data acquisition by segments in Figure 2(a) and combined
fNIRS/fMRI data analyses in Figure 2(b) on one subject. Figure 2(a) shows five (segments)
of resting state fMRI scans, which were needed for this subject to cover the whole head.
Figure 2(b) depicts three processes, which were used in the data analyses. In process 1, the
downsampled temporal trace of Δ[HbO] from fNIRS (simultaneously recorded) and its
temporal shifts (± 0.16s) were used as regressors in analyzing fMRI data of corresponding
sections. In process 2, the z-statistics maps from different sections, but from the same time
shift were stitched together to form the z-statistics map of the whole brain at a particular
time shift. In process 3, the z-statistics maps (whole brain) were registered on the anatomical
scan and the results were connected in time to obtain the movie of the blood flow.

Tong and Frederick Page 12

Neuroimage. Author manuscript; available in PMC 2013 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Temporal traces of different frequency components from the Δ[HbO] fNIRS and
physiological data recorded in one subject. LFO is shown in (a), the cardiac signal in (d),
physiological recording of respiration in (c). Black dots are the resampling points at every
0.5 s. Spectra of fNIRS Δ[HbO] and respiration data of the same subject is in (b) with
shaded areas corresponding to LFO, and cardiac responses.
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Figure 4.
Concatenated z-statistic maps using cardiac regressor and its temporal shifts (indicated at
top of each column) from fNIRS. The results are shown in sagittal, coronal and axial view
(top, middle and bottom) overlaid on the high-resolution scan in (a). Five apparent passages
of cardiac signal from (a) are marked by white arrows in (b).

Tong and Frederick Page 14

Neuroimage. Author manuscript; available in PMC 2013 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Averaged maximum z-statistic maps over 5 subjects using the cardiac component of fNIRS
as regressor are depicted as the axial images in (a). The same maps are shown in the sagittal
and coronal view in white color. Averaged maximum z-statistic maps using LFO component
of fNIRS as regressors are illustrated in (b), and using the respiration recording from the
respiration belt as regressors are shown in (c). The reference white patterns in (b) and (c) are
the resulting vasculature maps obtained in (a). All the z-statistic maps are overlaid on the
high-resolution scan and transformed into standard (MNI152) space.
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Figure 6.
The maps of optimum regressor time delays using the cardiac component of fNIRS as
regressor are showed for all 5 subjects.
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Figure 7.
Simulated temporal traces of blood-related signal in arteries and veins. (a) Simulated cardiac
and LFO signals and their combination (artery signal) with dominant cardiac signal. (b) The
sum of 1000 artery signals, each with small random phase shifts, represents the vein signal.
Black dots in both graphs represent the sampling procedure of BOLD fMRI with TR=3s.
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