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Abstract

Near-Infrared Spectroscopy (NIRS) measures the functional hemodynamic response occuring at
the surface of the cortex. Large pial veins are located above the surface of the cerebral cortex.
Following activation, these veins exhibit oxygenation changes but their volume likely stays
constant. The back-reflection geometry of the NIRS measurement renders the signal very sensitive
to these superficial pial veins. As such, the measured NIRS signal contains contributions from
both the cortical region as well as the pial vasculature. In this work, the cortical contribution to the
NIRS signal was investigated using (1) Monte Carlo simulations over a realistic geometry
constructed from anatomical and vascular MRI and (2) multimodal NIRS-BOLD recordings
during motor stimulation. A good agreement was found between the simulations and the modeling
analysis of in vivo measurements. Our results suggest that the cortical contribution to the
deoxyhemoglobin signal change (AHbR) is equal to 16—-22% of the cortical contribution to the
total hemoglobin signal change (AHbT). Similarly, the cortical contribution of the oxyhemoglobin
signal change (AHbO) is equal to 73-79% of the cortical contribution to the AHbT signal. These
results suggest that AHDT is far less sensitive to pial vein contamination and therefore, it is likely
that the AHDT signal provides better spatial specificity and should be used instead of AHbO or
AHDR to map cerebral activity with NIRS. While different stimuli will result in different pial vein
contributions, our finger tapping results do reveal the importance of considering the pial
contribution.
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1. Introduction

Near-infrared spectroscopy (NIRS) (Villringer et al., 1993; Hoshi, 2007; Hillman, 2007) is a
non-invasive technique for monitoring the hemodynamic changes occuring in superficial
regions of the cortex. Using non-ionizing light, NIRS measures the fluctuations of the two
dominant biological chromophores in the near-infrared spectrum: oxygenated (HbO) and
deoxygenated or reduced hemoglobin (HbR).

Over the past 15 years, NIRS has become an attractive alternative to functional Magnetic
Resonance Imaging (fMRI), with several clinical advantages (Irani et al., 2010). NIRS is
portable and less susceptible to movement artifacts enabling long term monitoring of the
hemodynamic activity at the bedside. However, the spatial resolution of NIRS is 1-3 cm
(Boas et al., 2004) which is less than the resolution of standard fMRI scanners. Another
disadvantage of NIRS is its penetration depth which limits its sensitivity to the upper 1 cm
of the cerebral cortex (Boas et al., 2004).

The biophysical origin of the functional NIRS signal is the variation of HbO and HbR
concentration resulting from changes in Cerebral Blood Flow (CBF) and Cerebral Metabolic
Rate of Oxygen (CMROy). For evoked brain activity, the resulting variations in HbO and
HDbR are described by the Balloon model (Buxton et al., 1998; Friston, 2000; Buxton et al.,
2004). According to this model, the arterial dilation driven increase in CBF following brain
activation induces a passive volume increase of the capillary and venous vasculature (termed
the windkessel compartment) as well as an increase in oxygen saturation. Compartmental
microscopic hemodynamic measurements (Hillman et al., 2007; Drew et al., 2011) have
revealed that this evoked oxygenation increase propagates through the pial veins located at
the surface of the cortex but that this pial compartment exhibits very little volume variation
following brain activation. This pial vein signal is generally negligible in fMRI since the
high anatomical resolution allows the signal coming from the cortical region to be isolated.
Conversely, the NIRS signal is integrated through the different superficial layers of the head.
This potentially gives rise to a pial vein contamination of the signal if the pial vessels
happen to coincide with the path of the light during its propagation through the tissue.

Preliminary analysis of the impact of pial vasculature in NIRS has been performed by
Dehaes et al. (2011). However, very few studies of the effect of pial vein oxygenation
changes (termed “the washout effect”) on the NIRS signal have been performed (Firbank et
al., 1998; Huppert et al., 2009).

In this paper, the effect of pial vein contamination of the NIRS signal is investigated over
the motor cortex where superficial pial veins are present (Gray, 2000). We first quantify
cortical and pial vein contributions to the NIRS signal by Monte Carlo simulation performed
on a realistic anatomical volume containing pial veins acquired with MRI. We then use a
biophysical model of the fMRI signal to analyze concurrent NIRS-fMRI data acquired over
the motor cortex of human subjects during a finger tapping task. The cortical contribution to
the HbR and HbO signals relative to the cortical contribution of the HbT signal are both
estimated by fitting the biophysical model to the multimodal data.

Neuroimage. Author manuscript; available in PMC 2013 February 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gagnon et al.

2. Theory

Page 3

We used biophysical modelling to investigate the contribution of cortical changes in HbO
and HbR to the NIRS signal taken from in vivo NIRS-BOLD measurements. The Obata
model (Obata et al., 2004), a refined version of the original Balloon model (Buxton et al.,
1998), describes the fluctuations in the BOLD signal as a function of the changes in
deoxyhemoglobin (HbR) concentration and cerebral blood volume (CBV) in a given voxel:

ABOLD (1)
BOLD

HbR (£)
HbR,

=Vy [(_k] +k>) (1 —

)— (k3+k3)(1 - CBV(’))].

CBV,

All the parameters involved in the Obata model are summarized in Table 1.

The general idea behind our method is the following: NIRS can measure independently
variations in cerebral blood volume and in the concentration of deoxyhemoglobin. Based on
the Obata model, these are the two physiological phenomena giving rise to the BOLD
signal. Therefore, one could potentially predict the BOLD signal from the NIRS
measurements. This idea has been investigated previously by Huppert et al. (2006b, 2009).
However, the NIRS signal is contaminated by pial vein washout (Culver et al., 2005; Dehaes
etal., 2011). While the pial compartment cannot be extracted from the NIRS measurements,
this component can be removed from the fMRI data because of the high spatial resolution of
BOLD-fMRI. Because NIRS suffers from pial contamination, the NIRS-predicted BOLD
signal will agree with the measured BOLD signal only if the NIRS data are corrected for
pial vein washout.

To apply the above methodology, the Obata model must be modified to account for two
discrepancies between BOLD-fMRI and NIRS. (1) Continuous-wave NIRS cannot measure
relative changes in hemoglobin but rather a quantity proportional to absolute variations. (2)
NIRS measures variations in total hemoglobin (HbT) rather than CBV. The Obata model as
written in Eq. (1) contains only dimensionless variables i.e. all the variables are normalized
by their value at rest. Making use of the relation

Hct
HbTy=
MW

- Vo,

Hb

where Hct represents the hematocrit and MWy, the molecular weight of hemoglobin, the
Obata model can be re-written in terms of absolute hemoglobin variations which can be
measured by NIRS. The new model will be referred to the NIRS-adapted Obata model:

ABOLD (¢
———(—zza] - AHbT — a5 - AHbR
BOLD
with
MW
a= Hb (k2+k3) . ,yHbT . PVCHbT
Hct
and
MW, (k1+k2)

ar= . yHOR _pyCHPR,

Het  1+S,0, (Eg— 1)

The definition and value of the parameters involved in this new version are summarized in
Table 2.
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Generally, the pathlength of the light in the head can be separated into scalp and skull layers,
non-activated brain tissue and activated brain tissue (Strangman et al., 2003). In this paper,
we further separate the activated brain tissue into two regions: the cortical tissue and the pial
vasculature. More specifically, the quantity PVC represents a partial volume correction
extracting the signal coming from the activated brain tissue from the signal coming from the
rest of the head (i.e. skin/skull and non-activated brain tissue crossed by the light). Finally,
the variable y represents the fraction of the activated brain tissue signal that is coming from
cortical tissue while 1 — y represents the fraction originating from pial vein oxygenation
changes.

The coeffcients a; and a; in Eq. (3) were estimated from the multimodal data set using a
standard least-square method. ABOLD/BOLD was extracted from the fMRI data while
AHDBT and AHbR were computed from the NIRS data. Once a; and a, were recovered, the
cortical contribution of HbR relative to HbT defined as yHPR, = yHbR/yHDOT \nas computed
using the following relation:

ok (kotks) [1+S,02 (1 — Eg)] PVCHPT

,),H — .
! a ki+ka PVCHPR ©)
N——
fit assumed

where a; and a, were obtained from the least-square fit and the value for the rest of the
parameters taken from the literature.

In our model, we separately account for the volume fraction of the activated brain tissue
(with PVC) and the cortical vs pial composition of the activated tissue (with y). With the
above definition, PVC depends on the wavelengths of the NIRS sources and y does not.
Strangman et al. (2003) showed that measurements performed at 690 nm and 830 nm
minimize the cross-talk between HbT and HbR introduced by incorrect values of PVC.
Since these wavelengths were used in our measurements, crosstalk between HbR and HbT
was negligible and it was reasonable to assume PVCHPT=pVCHbR As such, these two

factors cancel out in the estimation of y/*® with Eq. (6), as do Hct and MWp. Our

estimation of /% was therefore independent of the values assumed for these parameters.
Under these assumptions, Eq. (6) reduces to

mpr_ 42 (katk3) [145,02 (1 = Ep)]

Yro = ay ky+ko ()]
——
fit assumed

Culver et al. (2005) showed that the spatial extend of the activation region measured by Hb T
is smaller than the one measured by HbO or HbR. The larger activation region measured by
HbO and HbR was attributed to potential washout of the deoxyhemoglobin in the pial
vasculature during the activation. The same phenomenon of extended pial vein washout is
handled by the parameter y in our model. Pial veins exhibit only very small volume changes
following brain activation (Culver et al., 2005; Hillman et al., 2007; Drew et al., 2011).
Therefore, the value of yHPT is very close to 1 indicating that most of the HbT signal is
coming from the cortical region. Under this assumption, a pure washout of HbR is observed
and thus the amplitude of the pial increase in HbO matches the amplitude of the pial
decrease in HbR:

(1-"?) AHbO= — (1 — /") AHBR ®)
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where (1 — y) indicates the pial fraction of the signal. One can derive the expression for the
cortical weighting factor for HbO (yH©) from Eq. (8):

©)

_po_AHDT — yHPR . AHbR
v AHbO

The parameter yHPR alone cannot be extracted from the in vivo data but under the
assumption that yHPT ~ 1, the approximation /*% ~ /R holds. We will refer to /7 as the
estimation of yHP© under this assumption by substituting yHPR by %R in Eq. (9):

JHbO_ AHbT — !k . AHbR

10
" AHbO (0

where the subscript “r” emphasizes the assumption of no pial volume changes.

Conversely, in the cortical tissues the amplitude of the increase in HbO does not match the
decrease in HbR because vascular dilation gives rise to a change in blood volume (Buxton et
al., 1998). Therefore, the cortical fraction of the signal, y, given by the ratio of the cortical

cortical
signal over the total activated tissue signal \ cortical+pial ) Will be di erent for HbR and
HbO. Since the amplitude of the cortical AHbR is lower than the amplitude of the cortical
AHDO, the relative cortical weighting factor will be lower for HbR compared to HbO

HbR [ HbO
(v <7r )-

3. Methodology

3.1. Monte Carlo simulations

The effect of pial vein washout was first investigated using Monte Carlo simulation. The
anatomical model used in the simulation was the same as in Dehaes et al. (2011). A high
resolution anatomical T1 MRI image was acquired and tissues where then segmented in four
different types: scalp, skull, cerebrospinal fluid (CSF) and brain tissue (containing both
white and gray matter). The segementation was performed using the Matlab package SPM8.
A phase contrast MR angiography was also used to image the pial vasculature located at the
surface of the cortex (Dehaes et al., 2011; Moran, 1982). A saturation band was applied to
suppress the arterial blood signal such that only pial veins were kept in the final anatomical
model. The selected velocity encoding was 5 mm/s for the plane described by the right-left
and anterior-posterior encoding. The bandwidth was 300 Hz/px and imaging times were TR/
TE =80.9/10.3 ms. The flip angle was set to 15°. More information about the sequence
parameters can be found in Dehaes et al. (2011). An illustration of the anatomical model
with the position of the optical sources and detectors is shown in Fig. 1.

Specific optical properties were assigned to each tissue type and are summarized in Table 3.
These values were computed using the model from Strangman et al. (2003) which takes into
account the blood content and the oxygen saturation of each tissue type. A baseline oxygen
saturation of 60 % was assumed in the pial veins (Buxton, 2002). In the specific cortical
region shown in red in Fig. 1, we simulated an increase in HbO of +9 pM and a decrease in
HbR of —3 uM. In our simulation, we also induced an increase in oxygen saturation in the
pial veins (SpO,) ranging from 5 to 10 %, as reported in the literature (Buxton, 2002;
Yaseen et al., 2011).

Monte Carlo methods were used to simulate the photon fluence at each NIRS detector (Boas
et al., 2002). Fluences were computed for a baseline state i.e. using the optical properties
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given in Table 3 as well as for an activated state i.e. modifying slightly the optical properties
of the brain tissue and the pial veins in Table 3 to take into account the cortical activation as
well as the change in oxygen saturation in the pial veins. We then used the modified Beer-
Lambert law (Deply et al., 1988; Cope and Deply, 1998) to recover the hemoglobin
concentration changes from the fluences detected during the baseline and the activated state.
In our simulations, the relationship between the HbR change simulated in the cortical region

(AHbR:™) and the total HbR change recovered at the detector (AHbR?’) containing both
cortical and pial contributions is given by

AHbR!™=AHbRZ* . pyCHPR . HPR
—_— (12)
AFLRE™

tot

with the Partial Volume Correction factor (PVCHPR) relating the total detected HbR change
(AHbR¥") to the total simulated HbR change (AHbR:™) in the brain tissue. Similar equations

tot tot

hold for HbT

AHbTS™=AHbT . pyCHPT . HPT
_— (12)
AHm

tot

and for HbO

AHbO™=AHbOL! - PVCHPO . PO

: (13)
AHbO

Without simulating volume changes in the pial veins, yH°T = 1 and from Eq. (12) we find

that PvC/ T =AHbT*" | AHbTZ'. We first verified that using tissue optical properties for 690
nm and 830 nm, the partial volume correction factor (PVC) as defined in this paper was the
same for HbR, HbT and HbO by running a simulation with an activation in the cortical
region only i.e. yHPR = 1 and yHPO = 1 (see Fig. 2A). Once this assumption was justified, a
second simulation was run with a washout effect in the pial vasculature on top of a cortical
activation (see Fig. 2B). From this second simulation, the cortical weighting factor for HbR
and HbO were computed using Eq. (11) with PVCHPR = pyyCHPT and Eq. (13) with PvCHPO
= PVCHOT respectively

vk AHDR™ /AHDR{Z

- 14

AHbTS™ /| AHbT%! 49
AHbO™ | AHbO!

~HbO _ c / tot (15)

AHbT?™ | AHbTZ!

3.2. In vivo studies

Two different studies were performed. In each of them, we recorded concurrent NIRS-fMRI
during a motor task which consisted of finger tapping blocks with a duration of either 2 s or
20s.

In the first study, simultaneous NIRS-fMRI data were acquired during 2 s finger tapping

blocks. These data have previously been described by Huppert et al. (2006a,b, 2009). Six
subjects were scanned and completed six runs containing 30 individual events each. The
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NIRS data were bandpass filtered at 0.03-0.8 Hz before being block-averaged across all
runs and all individual events. The source—detector pairs to be included in the region-of-
interest average were chosen for each subject consistently with the fMRI data and from
measurements showing statistically significant changes (p < 0.05). The grand average across
the six subjects was then computed. The BOLD data were acquired using parameters TR/
TE/6=500 ms/30 ms/90°. The functional images were first motion corrected and spatially
smoothed with a 6-mm Gaussian kernel. For each subject, a t-statistic map was generated
and threshold was applied for p < 0.05. Significant voxels were then manually selected
under the NIRS probe based on fiducial markers and the grand average was computed across
all six subjects. The hemodynamic response functions were then calculated by an ordinary
least-squares linear deconvolution with a third order polynomial drift. Each of the AHbO,
AHDR, AHDbT and ABOLD time courses were adjusted to cross y=0 at t=0 by subtracting
their respective value at t=0.

In the second study, concurrent NIRS-ASL data were acquired during 20 s finger tapping
blocks. These data have been previously published by Hoge et al. (2005). The NIRS data
were bandpass filtered at 0.0167-0.5 Hz. The source—detector pairs to be included in the
region-of-interest average were chosen for each subject consistently with the fMRI data and
from measurements showing better than p < 0.05 significance. The grand average across the
five subjects was then computed. The BOLD signal was extracted from the control images
of the ASL acquisition (Hoge et al., 2005) with parameters TR/TE=2 s/20 ms. For each
subject, we generated a t-statistic map to identify regions of significant response. Each t-map
was thresholded at p < 0.05 to compute the hemodynamic response. This resulted in a focal
ROI positioned on the precentral gyrus and located beneath the source-detector array of the
optical probe. The hemodynamic responses were computed from the ROI using a linear
deconvolution model with a third order polynomial drift. Each of the AHbO, AHbR, AHbT
and ABOLD time courses were adjusted to cross y=0 at t=0 by subtracting their respective
value at t=0.

For each study, we fitted Eq. (3) to the averaged ABOLD, AHbT and AHbR reponses with a
least-square method to recover a; and a; before computing %% using Eq. (7). The
parameter ,/#? was then estimated using Eq. (10).

4.1. Simulation results

Results of the Monte Carlo simulations are summarized in Fig. 2. Panel (A) shows the
simulated concentration changes when no increase in oxygen saturation was simulated in the
pial veins. Using Eqgs. (11-13) with yHbR = yHbT = yHbO = 1 the p\/CHOR/P\/CHOT gnd

PV CHPO/P\/CHDT ratios computed were very close to 1 confirming that the Partial Volume
Correction factor (PVC) was the same for HbR, HbO and HbT. The region of interest (ROI)
was defined by the three source-detector pairs showing the strongest activation. Panel (B)
shows the simulated concentration changes when we added a 6% increase (60 to 66 %) in
oxygen saturation in the pial veins on top of the cortical activation (+9 uM AHbO and —3
uM AHDR). The average cortical weighting factor y computed with Egs. (14-15) and taken
over the three source-detector pairs of the ROl was 0.17 (or 17 %) for HbR and 72 % for
HbO. We also ran the simulation inducing different oxygenation increases in the pial veins
ranging from 5 to 10 %. The yHPR values recovered in each case are shown in Fig. 2C and
ranged from 11 to 19%, while the yHPO values were less sensitive and decreased from 73 %
to 70 % as shown in Fig. 2D.
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4.2. Modeling analysis of in vivo measurements
The average experimental time course for AHbO, AHbR, AHbT and ABOLD during
functional activation are shown in Fig. 3. The /> and /% values recovered with Egs. (7)
and (10) for each data set are also shown. The /#R value was 18% for the 2 s finger tapping
study and 23% for the 20 s finger tapping study. The y/>? value was 77% for both studies.

The uncertainty for o#*? was larger than /R because its calculation using Eq. (10) requires
additional experimental measurements, which introduced additional errors.

PVCHPR
The value recovered in each case depends of the value assumed for six parameters: PVCHIT

Eo, €, v, rp and SaO,. A sensitivity analysis was performed for each of these parameters and
the results are shown in Fig. 4 for o/#*R. Sensitivity for /9 is not shown since 5#*? was

computed directly from /2% using Eq. (10). In each case, the value of a single parameter
was varied while all the other parameters were kept constant. For each parameter, the black
vertical line indicates the value assigned to this parameter while varying the value of another

parameter. For all parameters except e (the Intrinsic/Extrinsic fMRI signal ratio), the 5/#%>s
recovered ranged between 15 and 30% when varying the Obata model parameters over a
reasonable range. However, the recovery was more sensitive to the value assumed for e and

/PR ranged from 10 to 100% when e varied from 0.5 to 1.4.

4.3. Combined results

The combined results from the simulations and the modeling of the in vivo measurements
are summarized in Fig. 5. The average cortical weighting factor value was 19% + 3% for
HbR and 76% + 3% for HbO.

5. Discussion

5.1. Cortical contribution to the NIRS signal

As shown in Fig. 5, our simulations agreed very well with our modeling results from the in
vivo measurements, confirming the assumptions made in our computations. The good
agreement between the yHPR values computed from simulations (where yHPT was forced to

be 1) and the R values computed from the experimental data indicates that yHOT modeled
from the in vivo measurements was very close to 1. This result is strongly supported by
exposed cortex animal imaging models (Hillman et al., 2007; Drew et al., 2011). Therefore,
our in vivo results can be interpreted on the same footing as our simulations results.

Our combined results (averaged from simulations and in vivo modeling) indicate that for a
task-evoked response over the motor cortex, the cortical contribution of the detected AHbR
signal corresponds to 19% of the cortical contribution of the AHbT signal e.g. that the
cortical contribution is 5 times smaller for AHbR compared to AHbT. For AHbO, this value
was found to be 76%. Our results suggest that both the AHbO and AHDbR signals contain a
significantly higher pial vein contribution compared to AHbT. It is therefore likely that the
AHDBT signal will provide better spatial specificity (Sheth et al., 2004; Culver et al., 2005)
and should be used instead of AHbO or AHbR to map cerebral activity with NIRS.

Since our results suggest that no pial volume change occurred, y7#R ~ ,#*R and thus our
numbers indicate that 19% of the entire AHbR signal and 76% of the entire AHbO signal is
coming from the cortical region. The remaining 81% and 24% of the signal for AHbR and
AHDO respectively originate from the pial veins located at the surface of the motor cortex,
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where a change in oxygen saturation takes place following brain activation. This finding is
not surprising since NIRS exhibits a sensitivity profile that exponentially decreases with
depth (Boas et al., 2004) and the pial vasculature is located above the surface of the cortex.

Previous work by Huppert et al. (2009) using the same data set used in our first study (2 s
tapping) found that 44% of the NIRS signal (accouting for both HbO and HbR) was coming

from the cortical region. Taking the average of our /> and o/#° value gives 48% which
agrees well with this value.

Our sensitivity analysis revealed that the #*F values found from the in vivo data were not
very sensitive to the parameters assumed in the Obata model, except for the e parameter
representing the Intrinsic/Extrinsic fMRI signal ratio. Assuming larger e values would

change our results by increasing 5K as shown in Fig. 4C. However, recent work by
Griffeth and Buxton (2011) supports the accuracy of our results by reporting similar e
values to those used in our study. Using a detailed analysis, Griffeth and Buxton showed that
for TE=32 ms, the € value is close to 0.5 in veins and goes up to 1 and 1.3 in the capillaries
and the arteries respectively. In our work, the arterial compartment was assumed negligible
since most of the BOLD signal is coming from the veins. The capillary compartment was
combined with the veins in a single compartment model as in Obata et al. (2004). Using the
equations in Obata et al, we computed an effective e value of 0.58 and 0.7 for TE=30 ms
and TE=20 ms respectively, which agrees well with Griffeth and Buxton's findings.

5.2. Impact on NIRS-fMRI CMRO,, estimation

Our results suggest that caution must be taken in quantifying cortical cerebral activity from
NIRS measurements acquired over a region where large pial veins are located. If concurrent
fMRI data are available, the NIRS-adapted Obata model (Eq. 3) allows us to compute the
cortical contribution under some realistic assumptions.

The Cerebral Metabolic Rate of Oxygen (CMRO,) can be estimated from concurrent NIRS-
fMRI recordings (Hoge et al., 2005; Huppert et al., 2009). The pial compartment was
already taken into account in Huppert et al. (2009)'s computation. In Hoge et al (Hoge et al.,
2005), CMRO, was computed from the NIRS data without any corrections for pial vein
washout. CMRO, was given by the product of the change in oxygen extraction fraction (E)
and the change in CBF: rtCMRO, = rE x rCBF, where r denotes a quantity normalized by its
baseline value. The change in CBF was estimated from the ASL data while the change in
oxygen extraction fraction was computed from the NIRS data: rE = rHbR/rHbT. Following
activation, CBF increases (rCBF > 1) and the oxygen extraction fraction decreases (rE < 1)
(Buxton et al., 1998). Correcting rHbR for the pial contamination lowers the decrease in
HDbR resulting in a higher rE and a higher rtCMRO,. Depending on the baseline hemoglobin
concentrations, this correction can be significant. With the values given in Hoge et al.
(2005), the pial vein correction increases rCMRO> by 15% (from 1.40 to 1.61) while this
value increased from 1.26 to 1.49 assuming a lower baseline oxygen saturation measured by
time-resolved spectroscopy (Gagnon et al., 2008).

5.3. Limitations and future studies

The values for the oxygenation increase induced in the pial veins in our Monte Carlo
simulation were taken from the literature (Buxton, 2002; Yaseen et al., 2011). This was
necessary since we did not monitor the response in the pial veins during our fMRI scans.
Future studies could use magnetic resonance susceptometry-based oximetry (Jain et al.,
2010) to monitor oxygen saturation in the pial veins following activation. These values
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would be more accurate than the ones computed from a simplified model and could be used
in the Monte Carlo simulations to give more accurate results.

In our analysis, we have ignored any global systemic flow variations in the skin that could
be phase-locked with the hemodynamic response in the brain. These flow changes in the
skin potentially contaminate the NIRS signal because of its high sensitivity to superficial
tissues. If true, these contributions would have simply been integrated with the pial vein
washout (1 — y) in our in vivo analysis without changing the conclusion of this paper.
However, we have completely ignored any skin contributions in our MC simulations. Such
skin artefact should also be considered in future work. Preliminary work by Kirilina et al.
(2011) analysed the fMRI response in the skin located under a NIRS probe and was able to
relate these responses to artefacts in the NIRS signal acquired on the forehead.

Our setup did not allow us to acquire a pial angiogram and functional data on the same
subjects. Even though our simulation results matched our in vivo analysis, we could not
assess inter-subject vascular-based variability. Future multimodal studies will be required to
quantify how the geometry of the vasculature impacts the NIRS signal. Preliminary work by
Perdue and Diamond (2011) has shown that the inter-subject variability of NIRS can be
partially attributed to anatomical vasculature differences.

Our study was performed over the motor cortex where pial vasculature is known to be
present at the surface. Other regions might exhibit stronger contamination due to larger
vessels, such as the sagittal sinus in the visual cortex (Dehaes et al., 2011), or weaker
contamination due to smaller vessels as in the forehead. Future studies will be required to
map the contribution of the pial vasculature in the NIRS signal across different regions of
the brain.

6. Conclusion

We have shown that the NIRS signal collected over the motor cortex during an evoked task
contained a smaller cortical contribution for AHbR and AHbO compared to AHbT. The
cortical contribution to AHbR was equal to 19% of the cortical contribution to AHBT.
Similarly, the cortical contribution to AHbO was equal to 76% of the cortical contribtion to
AHDBT. Our results suggest that the pial contamination is less important for AHbT, and
therefore, the AHbT signal should be used rather than AHbO or AHbR to map cerebral
activity with NIRS. This pial vein contamination has a significant impact on the
quantification of cerebral activity using NIRS and correction factors must be applied in
order to compute CMRO> from concurrent NIRS-fMRI measurements.
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Figure 1.
Anatomical model used in the Monte Carlo simulations. The position of the optical sources
and detectors is also illustrated as well as the simulated region of activation.

Neuroimage. Author manuscript; available in PMC 2013 February 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gagnon et al.
(A) Without oialve
ithout pial vein washout
D4 D3 D2 D1
54 S3 52 S1
| R a ROI
D8 D7 D6 D5
PVC™ 103 101 1.09
PVCHhT *
1.04 £ 0.04
PVC™ 101 100 103
PVCH!;T :
1.01+0.01
(©
0.35 ;
03 (-] Simu\ationsy”bH
0.25
T 02
- 015 } }
t}
0.05

Figure 2.

Page 15

(8) R
ncluding pial vein washout
e HHO D4 D3 D2 D1
HbR /\ /\ /\ /\ A‘
HbT v v ’ v v
54 Ss3 52 S1
-e& 0 ROI
D8 D7 D6 D5
y™*. oia 022 ou
0.17 £0.05
’J/Hbo. 0.71 0.74 0.71
Lol J
0.72+0.02
(D)
0.9
©  Simulations vao
0.85
0.8
2
2 075
—
0.65
0.6

Results of the Monte Carlo simulations performed on the numerical volume shown in Fig. 1.
(A) Simulation of a cortical activation with no pial vein washout (yHPR = 1 and yH0 = 1) to
define the ROI and verify that PVCHPR = pyCHPT and pvCHPO = pyCHDT . (B) Simulation
of a pial veins oxygenation increase of 6 % (60 to 66%) on top of a cortical activation. No
volume changes were simulated in the pial veins (yH°T = 1). (C-D) Sensitivity analysis
showing (C) the yHPR and (D) the yHPO values recovered by simulating an oxygenation

increase of 5 to 10 %.
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Finger tapping results. The average traces for AHbO, AHbR, AHbT and ABOLD are shown

as well as the /% and /4> values recovered with the NIRS-adapted Obata model. Error
bars represent the standard error computed across the five subjects. (A) Study I: 2 s finger

tapping. (B) Study II: 20 s finger tapping.
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Figure 4.
Sensitivity analysis for different parameters of the model. (A)—(F) Sensitivity of the

recovered »*K from our in vivo data for different values assumed for the Obata model
parameters. Results are illustrated for both the 2 s (blue) and the 20 s (red) finger tapping
studies. The vertical lines show the reference values indicated in Tables 1 and 2.
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Figure 5.

Summary of cortical weighting factors (;,72% and y#29). Results are shown for the two in
vivo studies, for the Monte Carlo simulations as well as the grand average.
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Table 1

Parameters of the Obata model

Symbol Value Description
Vo - Resting venous blood volume fraction
fo 100571 Taylor expansion of intravascular relaxation rate A Ry
Vo 80651 Frequency offset at the surface of magnetized vessel
TE 20 or 30 ms Echo-time of the MRI sequence
€ 0.59 for TE=30ms  Intrinsic/Extrinsic signal ratio
0.70 for TE=20ms
Eq 0.4 Baseline oxygen extraction fraction
K1 43.vy Eg TE Lumped constant
K, efyEp TE Lumped constant
k3 g—1 Lumped constant
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Table 2

Parameters of the NIRS-adapted Obata model

Symbol Value Description
MW np 64 500 g/mol  Molecular weight of hemoglobin
Hct 160 g/L Hematocrit
* y HOT ~1 Cortical weighting factor for HbT
* y HOR to be estimated ~ Cortical weighting factor for HbR
**pyCHbT 50 Partial volume correction factor for HbT
**p\/CHbR 50 Partial volume correction factor for HbR
S0, 0.98 Oxygen saturation in arteries

*

vy handles cortical vs pial (which are both part of the activated brain tissue)

*k
PVC handles activated brain tissue vs scalp+skull+non-activated brain tissue
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