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Abstract

High density diffuse optical tomography (HD-DOT) is a noninvasive neuroimaging modality with
moderate spatial resolution and localization accuracy. Due to portability and wear-ability
advantages, HD-DOT has the potential to be used in populations that are not amenable to
functional magnetic resonance imaging (fMRI), such as hospitalized patients and young children.
However, whereas the use of event-related stimuli designs, general linear model (GLM) analysis,
and imaging statistics are standardized and routine with fMRI, such tools are not yet common
practice in HD-DOT. In this paper we adapt and optimize fundamental elements of fMRI analysis
for application to HD-DOT. We show the use of event-related protocols and GLM de-convolution
analysis in un-mixing multi-stimuli event-related HD-DOT data. Statistical parametric mapping
(SPM) in the framework of a general linear model is developed considering the temporal and
spatial characteristics of HD- DOT data. The statistical analysis utilizes a random field noise
model that incorporates estimates of the local temporal and spatial correlations of the GLM
residuals. The multiple-comparison problem is addressed using a cluster analysis based on non-
stationary Gaussian random field theory. These analysis tools provide access to a wide range of
experimental designs necessary for the study of the complex brain functions. In addition, they
provide a foundation for understanding and interpreting HD-DOT results with quantitative
estimates for the statistical significance of detected activation foci.
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1. Introduction

With recent improvements in spatial resolution and brain specificity, along with the
advantages of non- ionizing portable and wearable technology, high density diffuse optical
tomography (HD-DOT) has become a promising neuroimaging modality for translation to
clinical settings and cognitive studies in child brain development (Bluestone et al., 2001;
Boas et al., 2004a; Boas et al., 2004b; Eggebrecht et al., 2012; Gibson et al., 2006; Gibson et
al., 2005; Habermehl et al., 2012; Joseph et al., 2006; White and Culver, 20103, b; Zeff et
al., 2007). However, thus far HD-DOT reports have lacked event related designs and
accurate statistical tools that are common to fMRI and crucial for imaging complex
cognitive processes. In this work we focus on developing these analytical tools for HD-
DOT. To validate the methods we acquired and analyzed event- related data in several
healthy adult volunteers.

In order to extract the brain response to a given task using simple block averaging, task
blocks need to be well separated in time (Bandettini et al., 1993; Blamire et al., 1992;
Fransson et al., 1999). Blocked experimental designs suffer from predictable task timing and
often lead to bored subjects and difficulties in maintenance of attention to task. Rapid
“event-related” designs provide faster and more complex naturalistic paradigms (Friston et
al., 1995). Developed within the statistical framework of a general linear model (GLM),
event- related designs incorporate linear models of the response function into the analysis of
time-series data, and enable un-mixing of the response to fast and event-related stimuli
(Clark et al., 1997; Dale and Buckner, 1997; Friston et al., 1998; Josephs et al., 1997;
Zarahn et al., 1997).

While some papers have implemented selected portions of statistical parametric mapping
(SPM) techniques in the framework of GLM, none have done so in a comprehensive
manner. For instance, some near infrared spectroscopy (NIRS) studies have implemented
GLM to de-convolve overlapping responses (Abdelnour and Huppert, 2009; Ciftci et al.,
2008; Cohen-Adad et al., 2007; Hu et al., 2010; Koh et al., 2007; Plichta et al., 2007; Plichta
et al., 2006; Schroeter et al., 2004; Ye et al., 2009; Zhang et al., 2005). Some have evaluated
Bonferroni corrections to the multiple comparison problem when setting thresholds for
statistical significance (Hu et al., 2010; Plichta et al., 2007; Plichta et al., 2006), and some
have implemented sophisticated SPM approaches with special considerations for spatially
interpolated NIRS data (Ye et al., 2009). However these NIRS studies have not addressed
HD-DOT data and imaging.

HD-DOT uses a dense array of optodes (compared to NIRS) which results in higher spatial
resolution and its overlapping measurements results in spatially smoother data. With a
forward model that describes the light propagation in the underlying tissue, HD-DOT
reconstructs three-dimensional images of hemodynamic activity (Boas and Dale, 2005; Boas
et al., 2004b; Custo et al., 2010; Eggebrecht et al., 2012; Heiskala et al., 2009; Koch et al.,
2010; Zeff et al., 2007). Recently with a quantitative voxel-wise comparison against fMRI, it
is shown that this technique can provide lateral resolution at the gyral-level and localization
errors on the order of ~5 mm (Eggebrecht et al., 2012). With these advances, HD-DOT
comes closer to representing dense and continuous imaging fields and closer to resembling
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fMRI data (Eggebrecht et al., 2012; Habermehl et al., 2012). The improved image quality in
turn motivates the use of fMRI based statistical approaches. Here we adapt statistical
methods from standard fMRI analyses and evaluate the underlying assumptions in the
context of HD-DOT imaging. In particular we evaluate local temporal and spatial
autocorrelation structures of random fields from the residuals of a GLM. We implement a
cluster analysis based on random field theory (RFT) to control the false positive rate in the
statistical maps. To account for the potential spatial variance in the HD- DOT point spread
function we use a non-stationary RFT approach

The body of this paper is arranged as follows: We begin by describing the data acquisition
including the imaging array, subjects, and experimental designs. We then outline the
preprocessing, and SPM procedure including; linear modeling of data, dealing with the
temporal autocorrelations, and addressing the multiple comparison problem. We then
present empirical in vivo results of functional event-related HD-DOT data acquired during
visual activation in human adults. Finally we evaluate the performance of the GLM-SPM
tools.

2. Methods

2.1. Subjects and experimental protocol

Six healthy right-handed subjects (age range: 17-30 years) were scanned. The research was
approved by the Human Research Protection Office at Washington University School of
Medicine. Subjects were seated in an adjustable chair in a sound-isolated room facing a 19-
inch LCD screen at a viewing distance of 75 cm. All measurements were done with a
continuous wave high-density DOT system. The imaging cap with 24 sources (flashing 750
nm and 850 nm LEDs) and 28 detectors was placed on the back of subject's head. For more
details on the HD-DOT instrumentation see references (Eggebrecht et al., 2012; Zeff et al.,
2007). The visual stimulus consisted of left and right flickering checkerboard wedges
(flickering at 10 Hz), presented in a counterbalanced random order. The block design
consisted of 10 blocks (5 left, 5 right) with an inter stimulus interval of 30 s. In the event
design 15 left and 15 right stimuli were presented with inter stimulus intervals that were
randomly distributed between 2-15 s. In both designs stimuli duration was 5s. There was a
30 second long fixation at the beginning of stimulus presentation. All subjects had been
previously scanned with MRI (Siemens Trio (Erlangen, Germany) 3T scanner) for another
study. Their anatomical T1-weighted MPRAGE (echo time (TE) = 3.13 ms, repetition time
(TR) = 2400 ms, flip angle = 8°, 1 x 1 x 1 mm isotropic voxels) and T2- weighted (TE = 84
ms, flip angle = 120°, 1 x 1 x 4 mm voxels) images were used to generate subject-specific
head models.

2.2. HD-DOT preprocessing

Raw detector data were decoded to source-detector pair data, and converted to log-ratio to
mean values. The data then were band-pass filtered (0.02 Hz - 0.25 Hz) to remove long-term
trends and pulse artifacts. All signals from the first-nearest neighbor channels were averaged
to create a measure of the superficial hemodynamics. This nuisance signal was removed by
linear regression from all channels. Additionally, data were down-sampled to 1 Hz. We used
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the subjects' T1 and T2 weighted images to segment their heads into five putative different
tissue types, including scalp/skin, skull, CSF, white, and gray matter and created the
subjects' head meshes (Eggebrecht et al., 2012). Light propagation inside the mesh was
modeled using the diffusion approximation and a sensitivity matrix was generated using the
finite-element modeling software (NIRFAST). The sensitivity matrix was inverted and
smoothed with a Gaussian kernel, and used to reconstruct absorption coefficient changes for
each wavelength (750 nm and 850 nm). The field of view (FOV) for a typical subject was a
cube containing 26x41x69 voxels, covering occipital cortex, with isometric voxel size of
2x2x2 mm3, Relative changes in the concentrations of oxygenated (HbO), deoxygenated
(HbR), and total hemoglobin (HbT) were obtained from the absorption coefficient changes
by the spectral decomposition of the extinction coefficients of HbO and HbR at these two
wavelengths (Fig.1).

For visualization of results, we up-sampled the images to 1 mm3. Volumetric activations are
overlaid on subject-specific T1 weighted images (with masking skin/scalp and skull). For
the cortical surface representation of results all volumetric activation data are mapped onto
the subject-specific cortical surface in the Caret 5.65 software package (Van Essen et al.,
2001) (http://brainvis.wustl.edu/wiki/index.php/Caret: About).

2.3. General linear model

The general linear model expresses hemodynamic changes at each voxel of the brain as a
linear combination of independent variables (i.e. response to different stimuli) and an error
term (Friston et al., 1995). Mathematically the GLM is presented by Eq. 1:

Y=XpB+e (1

The data Y € RT*N are arranged in a matrix that has the dimensions of time (with T
elements) and position (a three dimensional space indexed by a single index variable n with
N elements). The design matrix X € RT*S has S columns that each represents the modeled
response to one of the S different stimuli or conditions. The spatial patterns of responses are
embedded in £ € RS*N. The error term e € RT*N has the same dimension as the data, and is
assumed to be zero-mean Gaussian noise (the assumption of independent errors) with
variance matrix 2 = o2 | (2 is variance in the error and | is identity matrix). With these
assumptions the method of least squares produces the minumum variance unbiased estimate
of the 3 parameters (Gauss—Markov theorem):

b=(x'x) X'V (
The parameter estimate variance is given by:
Var{c'3}=6%c (XtX> ¢ @

In Eq.3, ¢ is the contrast vector which extracts the parameter of interest from ,B,Aand has the
same length as the number of rows of £ (e.g. to extract the response to the first condition/
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stimulus type, ¢ = [1 0], and to extract the response to second condition/stimulus ¢ = [0 1] is
used, respectively).

With above assumptions, under the null hypothesis (no activation, Hg: ctﬂ; 0), the
following statistic,

B
==——
2 5 — @
Gect(XtX) ¢

has a t-distribution with degrees of freedom equal to T — S (Moore and McCabe, 2002).

The design matrix can be constructed by convolving the experimental protocol with a
canonical hemodynamic response function (cHRF). cHRF is a standard model for the
hemodynamic activity generated in response to an impulse neural activation. In this way,
design matrix incorporates a priori knowledge about the timing of stimuli and the
hemodynamic response (HDR). We used a two-gamma function (Eq. 5) as our cHRF:

9 o o s
f@hzldﬁ%ﬁﬁﬁ_&wlﬂp(”)(ﬁ

where f(t) is the hemodynamic response t seconds after a stimulus presentation. The first
term models the initial signal increase after the stimulus and the second term models the
post-stimulus undershoot. For each term, a; determines the amplitude, & determines delay,
kj and 7 are two parameters that determine the shape and scale of the curve respectively and

In) =(n-1!

The parameters of this function were derived by fitting it to the in vivo data. First, using our
traditional block-averaging method, we retrieved the block averaged hemodynamic
responses (HDRs) (block averaging was applied to data acquired during block design
stimulus) for each subject (here, in addition to our six subjects, we included data from four
other subjects which had participated in our previous studies with similar stimulus design).
We then fitted the two-gamma function (convolved with a single square wave stimulus) to
the average HDRs at a region in the visual cortex with maximum response to visual stimulus
(i. e. peak region in the block averaged activation map). Finally, the fitting results were
averaged over all subjects and used as parameters for the HD-DOT data-driven cHRF.

2.4. Addressing the temporal autocorrelation issue

In practice the assumption of independent errors (% = o) is not met. In addition to some
un-modeled physiology, structural noise in the data causes the residuals of GLM to be
temporally correlated (5 = 0?V,where V is the autocorrelation matrix). One of the
consequences of this autocorrelation is that Eq. 2 is not the best unbiased estimation of
parameters. The other consequence is that the degrees of freedom are decreased to less than
the number of samples. In addition, because the structure of noise is not spatially stationary,
the degrees of freedom are position dependent.
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To deal with the first issue, instead of correcting the p estimate, we corrected the parameter
estimate variance (Eq. 3) using information from the statistics for the temporal
autocorrelation (Woolrich et al., 2001). The autocorrelation matrix V is assessed for each
voxel by evaluating the temporal autocorrelation profile in that voxel's residuals (r = Y -
Xﬁ).A Details regarding autocorrelation matrix estimation are found in Appendix A. The
corrected parameter estimate variance is:

Var{c!g}=62(X)TV(X) e (g)

where (X)* = (XXX)Xt and o2 is the unbiased estimation of variance o2 which is given by
dividing the sum of squares of the residuals into the expected value for the sum of squares of
the standardized residuals (Eqg. 7). By standardized we mean normalized so that the variance
is one.

~2 TtT

7 ~trace (RV) )

R =1 - X(XXX)"Xtis the residual forming matrix.

The effective degrees of freedom (for null hypothesis) were estimated using the
Satterthwaite approximation, Eq. 8 (Worsley and Friston, 1995):

_ (trace (RV))”
df_trace (RVRV) ®

Details about the Satterthwaite approximation (SA) can be found in Appendix A.

2.5. Addressing the multiple comparison problem

In order to find which regions of the brain show a statistically significant response we need
to apply a threshold so that the overall false positive rate in the thresholded map does not
exceed the overall false positive rate of interest. There are a variety of solutions to the
multiple comparisons problem. Here we used a cluster size analysis based on random field
theory (RFT), which is widely used in fMRI (Cao and Worsley, 2001; Friston et al., 1994;
Hayasaka and Nichols, 2003; Hayasaka et al., 2004; Worsley et al., 1996). By taking the
smoothness (or roughness) of underlying images (random fields) into account, it provides a
threshold for the extent of significant foci in a statistical map. This threshold is given by Eq.
9:

K:{_%ln {—ln(l —p)}}s/2 )

where K is the cluster size (in voxel units), p is the overall false positive rate and y is the
expected number of clusters given by RFT (Eg. 10). For more detail please see Appendix B.
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= (2m) "2 (4In2)* 2 Rygpar (20,2 — e /2 (10)

Riotal = N/(FWHM)3, where N is the number of voxels in the image and FWHM is a measure
of smoothness of the image in the form of full- width at half maximum (FWHM) of point
spread function. Rygtq is called total number of resolution elements (ResEl), it is a concept
introduced by (Worsley et al., 1992). z, is the threshold applied to the z-map or
Gauassianized t-map (Worsley, 2005) and

_r(5y__#~
)‘_F(2> NP (Z>zy) W

where I7) is mathematical gamma function, and P(Z > zy,) is the voxel-level p-value
associated with the threshold z,.

Since the point spread function of DOT images is not stationary over the imaging field
(resolution depends on location), to calculate the expected number of clusters (i), we
incorporated a non-stationary random field approach in which the local measures of
roughness were used to express the resolution per voxel (RPV). RVP can be thought as the
ratio of the voxel volume over the volume of the local point spread function, or resolution
element (i. e. RPV is a number less than or equal to one, it is one if one voxel is one
resolution element). Eq. 12 indicates the relationship between RPV and the local roughness
matrix (/).

RPV=[A|"*(n2)~%* (12)

A robust way to estimate the roughness matrix is to calculate the covariance matrix of the
spatial partial derivatives of standardized residuals (Kiebel et al., 1999; Worsley et al.,
1999). The standardized residual, s, is given by Eq.13.

r

SZ—W (13)

where r denotes the residual signal (data after subtracting off the GLM). The jki component
of roughness matrix () for voxel v, Aj(), is

A 1df (v 9s; (V) 81 z
Af’“(”)zfdfg/; Zl )% 7) (14)

where df() is the degrees of freedom for that voxel. 0S(1)/0l; is the spatial derivative of s in
direction j. The total number of resolution elements in the whole field (ROI) is
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Rig= Y _ (RPV), g
veROI

So, substituting Eq. 15, 10 and 11 into Eqg. 9 completes the formula for determining the
appropriate threshold for a cluster size at given p-value. The cluster size in ResEl units is
given by multiplying it by Rigial/N.

3. Secondary approaches

3.1. Subject specific models

In both fMRI (Aguirre et al., 1998; Handwerker et al., 2004; Miezin et al., 2000) and NIRS
(Jasdzewski et al., 2003; Schroeter et al., 2003; Yang et al., 2007) studies, it has been seen
that the temporal profile of the HDR varies, in timing, amplitude, and shape from subject to
subject, and from region to region within a single subject. Also, the temporal profiles for
HbO and HbR are not the same. This means that a cHRF is not the best model for a given
HDR since it does not consider these differences. To build a more accurate model for our
data, we developed a two-step procedure. From the extracted parametric maps using the
canonical GLM, we found a highly responsive voxel for each distinct region (one voxel in
the left and one voxel in the right visual cortex) and averaged signals of all voxels inside a
cube of 5 by 5 by 5 voxels centered on that voxel. Then using new design matrix, which
only incorporated information about the timing of stimuli, we were able to un-mix the HDR
to a single stimulus from the overlapping responses to event-related stimuli. By applying
this procedure for each region and each contrast for each subject we calculated region-,
subject-, and the contrast-specific response models. Finally, we rebuilt the design matrix and
extracted the activation maps.

3.2. Temporal autocorrelations

As discussed previously, temporal autocorrelations in the residuals violate the assumption of
independent errors made in using the least squares method for parameters' estimation. A
number of approaches exist to deal with this issue. One common approach, pre-whitening,
removes autocorrelations by applying a pre-whitening matrix, so that the residuals become
independent and the assumptions of the least squares method become valid (Bullmore et al.,
1996; Friston et al., 2002; Hofmann et al., 2008; Koh et al., 2007; Plichta et al., 2006). A
second common method is shaping the structure of autocorrelations by temporally
smoothing data (Worsley and Friston, 1995). This method, known as pre-coloring, tries to
swamp and negate the effects of not accurately knowing the intrinsic autocorrelations by
imposing known autocorrelation. Here we have evaluated and compared the efficiency of
those methods with the correction of variance method used in this study. The efficiency of
each method is inversely proportional to the variance of the parameter estimates by that
method (Woolrich et al., 2001), Eq. 16.

¢ x [Var{cﬂé}]il (16)

Neuroimage. Author manuscript; available in PMC 2015 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hassanpour et al.

Page 9

is efficiency. Details regarding the variance estimation for pre-colored and pre-whitened
results can be found in Appendix A.

Here we also offer a simple intuitive way for the estimation of effective degrees of freedom
and call it the independent sample approximation (ISA). In this approach the FWHM of the
temporal autocorrelation function (calculated from residuals, Appendix A) is used as a
measure of the extent of dependency between samples. The effective degrees of freedom is
given by

dfeﬁecti'ue ~ - S @

T
FWHM
Where T is number of samples (the sample rate is 1 Hz) and S is number of regressors
(number of columns in the design matrix) (Moore and McCabe, 2002). In principal, either
method can be used since both are an approximation, and we evaluate both for
completeness.

3.3. Cluster height threshold

In the procedure presented in the previous section, in order to control the false positive rate a
threshold for the size of clusters was evaluated. The shortcoming of this approach is that if
the cluster height is ignored, then sensitivity to small activation foci is lost. To overcome
this issue, we also evaluated a threshold for the cluster height (Friston et al., 1991; Worsley,
1995; Worsley et al., 1992; Worsley et al., 1996) using a non-stationary RF approach and
combined these two thresholds. A cluster was classified as significant if its spatial extent
was equal to or larger than the cluster size threshold or if its height was equal or larger than
the cluster height threshold. To find this cluster we evaluated two different p-values for it;
one was p¢i9ht, the probability of finding at least one voxel with a statistical value above the
height threshold in that cluster by chance (for more details please see Appendix B), and the
other was pSiz€, the probability of finding a cluster of that size in whole FOV by chance. If
any of these p-values was less than p-value of interest, then that cluster would be known as a
region with significant activation

4. Experimental results

4.1. General linear model

Extracted hemodynamic responses from block and event-related data demonstrate that the
linear model effectively de-convolves oxy-hemoglobin (HbO) concentration changes during
a fast (relative to the HDR function) series of mixed visual stimuli (Fig. 2 (a-f)). Similar
results were obtained for deoxy-hemoglobin (HbR) and total hemoglobin (HbT)
(Supplementary Figure 1). To localize activation responses with the event related data, we
first estimated a canonical hemodynamic response function (CHRF) by fitting the two-
gamma function to the block averaged HbO signals at the peak signal region in the
individual subjects' block averaged maps (Fig. 2(g)). Averaged parameters (Table 1) were
used to define a cHRF and form the design matrix for the GLM. The event-related activation
maps, as we expected, represent a localized response in the contralateral side of the visual
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cortex very similar to block averaged maps (Fig. 2 (h-k)). Similar maps were obtained for
deoxy-hemoglobin (HbR) and total hemoglobin (HbT) (Supplementary Figure 1). To
evaluate the full statistical parametric mapping, we evaluated the degrees of freedom (Fig.
3), the spatially dependent smoothing (Fig. 4) and the cluster analysis based SPMs (Fig. 5).

4.2. Addressing the temporal autocorrelation issue

To assess the effective degrees of freedom (eDOF) in the data and calculate the variance of
(GLM) parameter estimates, we evaluated the temporal autocorrelation of the residual signal
for each voxel (Fig. 3 (a)) and corresponding autocorrelation matrix. Using these estimates,
eDOF and t-statistics maps were generated and transformed to z-statistics maps
(Gaussianized t-map) (Fig. 3 (b-e)). Results show that eDOF over whole FOV and for all
subjects almost always (> 96%) is above 30 (Supplementary Fig. 2 (a-f)) which meets one of
requirements for random field theory (Hayasaka and Nichols, 2003).

4.3. Addressing the multiple comparison problem

To account for the multiple comparison problem, a cluster size threshold was assessed. First
the number of resolution elements per voxel (RPV) was evaluated for each data set from
residuals of the corresponding GLM fitting (Fig. 4 (a)). The geometric averages of the
FWHM of the spatial smoothing curve (= RPV-1/3) were calculated at each voxel (Fig. 4 (b-
c)). Results show that the FWHM is not the same everywhere in the FOV however almost
all (> 99%) of voxels (in all subjects' data) have FWHM greater than three voxels
(Supplementary Fig. 3(a-f)). So, the second requirement of the RFT (smoothness larger than
three voxels, (Hayasaka and Nichols, 2003)) is met. Note that the FWHM is distributed
around the size of the point spread function for our imaging array which is estimated to be
~14 mm or 7 voxels (White and Culver, 2010b). We also checked the RPV numbers by
summing the RPV values across all voxels in the FOV. The total number of resolution
elements, for these six subjects, ranges from 0.2 % to 0.4 % of the total number of voxels in
the FOV (which matches the FWHM estimate of 73 ~ 430 voxels).

To establish the cluster size we set the overall false positive rate p to 0.05and cluster
forming threshold zy, to 3.09 (corresponding to an uncorrected voxel level p-value of 0.001)
and calculated the cluster size threshold (from Eq. 9) and converted it to ResEl units (by
multiplying it into the total number of ResEl and dividing into the toltal number of voxels in
the FOV). The estimated cluster size threshold for these data ranges from 0.35 to 0.37
ResEls. By applying threshold zy, to the Gaussianized t-map (Gt-map), a number of clusters
were obtained. The size of each cluster, in ResEl units, was calculated by summing the RPV
of all voxels inside that cluster. Clusters with the size equal or larger than the estimated
cluster size threshold were defined as significant activation foci in the statistical parametric
maps (Fig. 5 (a-f)).

These results conclude the full statistical analysis of the event-related data using the primary
processing stream. We also evaluated three alternate approaches previously established in
fMRI, including the use of: a) subject specific hemodynamic response models, b) alternate
approaches to dealing with the temporal autocorrelation and eDOF estimation, and c) the use
of cluster height in addition to the cluster size for setting significance thresholds.
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4.5. Subject specific model — Secondary approach

To evaluate the potential optimization of data modeling the subject specific hemodynamic
response model was directly extracted from data for each subject (Fig.6 (a)) and
incorporated into a subject specific design matrix. The statistical comparison between results
of the canonical GLM (cGLM) and the subject specific GLM (ssGLM) indicates a
significant (p < 10™°) increase in average z-value (so in the statistical power) for oxy-
hemoglobin (Fig. 6 (b)). Similar results were obtained for other hemoglobin contrasts. As
with the previous results, the localization of activation using HbO, HbR and HbT are
qualitatively similar, however the ssGLM model resulted in higher p (and z-values) (Fig. 7).
A paired comparison of statistical power between HbO, HbR and HbT did not show any
significant difference (p >0.05) between the three contrasts (Fig. 7 (b)). These comparisons
were done by averaging the z-values over all subjects' voxels (inside the significant
clusters).

4.6. Temporal autocorrelation — Secondary approach

Since there are several approaches to address the temporal autocorrelation we evaluated
them by comparing their efficiency. The comparison (Table 2) showed that the pre-
whitening is the most efficient and the correction of variance, is more efficient than the pre-
coloring. Since pre-whitening needs very accurate estimation of whitening matrix, otherwise
it will introduce bias to the parameter estimate, it needs an iteration to accurately whiten
data, and hence increased computation time is required. Considering this, we preferred the
correction of variance which needs less computational time and has reasonable efficiency.
For the sake of completeness we estimated the eDOF using independent sample
approximation (ISA) approach in addition to Satterthwaite approximation. Both approaches
appear to give similar results and no clear pattern or significant difference between two
methods was detected (Table 3).

4.7. Cluster height threshold — Secondary approach

To facilitate locating small foci with significant activation strength, we also considered the
magnitude, or height of each cluster. We applied threshold at zs, = 3.09 (corresponding to
uncorredted voxel level p-value of 0.001). For all clusters we evaluated the corresponding
false positive rate for the height and extent (size), ph€i9nt and psiz. If one or both of them
were less than the p-value of interest (set to 0.05), the cluster was classified as significant.
As expected, by adding in an optional test of significance, this procedure captures and
defines more clusters as significant (Table 4).

5. Discussion

This paper demonstrates a comprehensive set of statistical tools for analysis of HD-DOT
data. Considering temporal and spatial characteristics of HD-DOT signals, we have
extended fundamental elements of the statistical parametric mapping of fMRI for HD-DOT.
Although previous NIRS studies have addressed these topics in NIRS measurement space,
this paper uniquely focuses on the analysis in HD-DOT image space, utilizing the relatively
higher image quality afforded by High-Density DOT imaging arrays.
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In order to use a rapid event related design with a general linear model to generate activation
maps, a priori knowledge about the hemodynamic response function (HRF) is needed.
Previous work with NIRS (Zhang et al., 2005) has mixed temporal, spatial, and spectral a
priori knowledge about data into a single design matrix, to extract temporal profiles of oxy-
and deoxy-hemoglobin changes directly from simulated source-detector measurements,
though block averaging has often been used to generate activation maps. In most NIRS's
GLM works (Abdelnour and Huppert, 2009; Ciftci, et al., 2008; Cohen-Adad, et al., 2007;
Plichta, et al., 2007; Plichta, et al., 2006; Ye, et al., 2009) this prior knowledge is borrowed
from the fMRI literature (Glover, 1999; Woolrich et al., 2004). It has usually been either a
Gaussian function or a two-gamma function with the BOLD signal's shape and timing
characteristics. Although fMRI signal and NIRS signals are correlated (Cui et al., 2011;
Huppert et al., 2006; Mehagnoul-Schipper et al., 2002; Sassaroli et al., 2006; Strangman et
al., 2002; Toronov et al., 2001), there is still enough deviation in their temporal profile to
suggest that a response model specific to NIRS/DOT data can provide better statistical
power in detection and localization of brain response. Therefore assuming a generic form of
a two-gamma function for HDR, we found that following a brief (duration << 1s) visual
stimulation, HbO signal changes start with 2-3 s delay and raises to its peak in
approximately 6 s (time to peak from the start of stimulus was ~ 8 s), with an undershoot
that happens at around 18 s. The approximate FWHM was found to be 7.5 s for first peak
and ~ 8 s for the undershoot. These numbers are different from the numbers mentioned in
fMRI literature for several potential reasons (see (Savoy et al., 1994) (Glover, 1999) and the
cHRF used in SPM software package (Wellcome Trust Centre for Neuroimaging, London,
UK), and the supplementary table). In addition to differences in the physiology and
measurement physics of the BOLD and HbO signals, these differences are also likely due to
a number of differences in protocol (e.g. stimuli duration) and signal processing (e.g.
temporal filtering).

By incorporating the obtained cHRF in linear modeling of event-related data, we confirmed
that HD-DOT is capable of de-convolving overlapping responses and producing localized
brain responses for two inter-mixed stimuli (Fig. 2). This important test of rapid event-
related functional imaging demonstrates that un-mixing of two different stimuli with
overlapping hemodynamic responses is possible. It tailors access to more flexible paradigms
that model neuronal events associated with real cognitive processes (D'Esposito et al., 1999)
and reduces potential confounds due to strategy effects, prediction and habituation (Dale,
1999; Rosen et al., 1998).

A comparison of the different hemoglobin contrasts shows that the activation patterns are
very similar (Supplementary Figure 1) while the amplitude of the spatial response is higher
for HbO compared to two others. The stronger HbO response results from a larger change in
the oxygenated hemoglobin concentration and possibly due to a better fitting of the model to
the HbO data since the cHRF was built based on the HbO data. These ambiguities in
addition to differences in the individual's brain response that has been reported in previous
fMRI (Aguirre et al., 1998; Handwerker et al., 2004; Miezin et al., 2000) and NIRS
literatures (Jasdzewski et al., 2003; Schroeter et al., 2003; Yang et al., 2007), necessitates
additional work to optimize the model. A common way to overcome this issue has been
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using the first and sometimes first and second derivatives of the cHRF in the design matrix.
Although using this approach they were able to accommodate variabilities, the main
weakness of this approach is that it introduces further complexity into the interpretation and
statistical inference about obtained results. We incorporated a method that can help us better
model the data, and provides a more straightforward interpretation of the activation maps,
and subsequently the SPMs. By implementing prior knowledge about the stimulus timing in
a linear model, we extract the temporal profile of HDR for each contrast, each region, and
each subject. We limit this estimation to a set of voxels that were highly responsive to the
external stimulus in activation maps resulted from the canonical GLM. So a subject- and
contrast specific HDR in each functionally distinct region (left and right visual cortex) were
estimated. This approach yielded a similar statistical power for different contrasts and more
importantly it caused an improvement in the statistical power in respect to the canonical
model (Fig. 6 and Fig. 7). However, a voxel-wise response model or another way to take the
differences in the response of different voxels is not addressed in this work.

While most fMRI-SPM and NIRS-SPM (Ye et al., 2009) approaches address the temporal
dependency of the residuals, heterogeneity of the temporal autocorrelations is rarely
addressed. However it is known that the error variance structure is not the same at all voxels
(Friston et al., 2006). Herein we have considered this spatial non-uniformity of noise
structure and have evaluated spatially specific measures of the residual signal
autocorrelation function and variance-covariance matrix. To correctly calculate statistical t-
values we considered three alternative approaches: variance correction, pre-whitening and
pre-colouring, and picked the first one for the following reasons. Comparing efficiency, the
correction of variance (primary approach) is more efficient than pre-coloring, but is not
remarkably less efficient compared to pre-whitening (Table 2). In addition, correction of
variance is computationally faster. In addition the correction of variance avoids the potential
bias to the GLM solution that might occur with pre-whitening due to potential errors in the
pre- whitening matrix. To determine effective degrees of freedom (eDOF), in addition to
using Satterthwaite approximation, which is commonly used in previous works, we
introduced a simple and intuitive method of independent sample approximation. eDOF in
the entire FOV for all subjects estimated with these two methods although were not exactly
same they were relatively high (> 96 % eDOF was above 30). Having eDOF at each voxel
we transformed t-maps to z-maps.

The next step was defining confidence thresholds for specified p-values across the images.
To do so, we must address the multiple comparisons problem in order to control the false
positive rate. There are numerous approaches to this issue (Nichols and Hayasaka, 2003),
here we demonstrated the use of RFT. While permutation and RFT provide thresholds for
both height and spatial extent of the significant activation, Bonferroni correction adjusts the
height threshold by decreasing the per voxel false positive rate proportionally to the number
of voxels. However, HD-DOT data are spatially correlated (smooth) mainly due to smooth
physiological signal (collective response of neighboring neurons, and expanded vascular
response) and a limited resolution (point spread function). While RFT explicitly takes into
account this spatial smoothness and provides a formula for the estimation of thresholds
(Friston et al., 1994; Petersson et al., 1999; Worsley et al., 1992; Worsley et al., 1996), the
Bonferroni correction ignores this and assumes data are spatially independent, and becomes
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overly conservative in these conditions. RFT is valid under specific assumptions: sufficient
smoothness, sufficiently high threshold, and stationary smoothness all over the imaging field
(Petersson et al., 1999; Worsley et al., 1992; Worsley et al., 1996). An evaluation of this
method (Hayasaka and Nichols, 2003) with simulation of data under a varying smoothness,
threshold and degree of freedom showed that it is valid for degrees of freedom higher than
30 and FWHM of smoothness larger than 3 voxels. Although the stationary assumption does
not exist for our data (Fig. 4), the degrees of freedom (Fig. 3(b)) and smoothness (Fig. 4)
meet required conditions. Quantitatively speaking the effective degrees of freedom in most
of voxels (>96%) in the FOV for all subjects found to be above 30 (from ~ 404 samples).
From table 3, mean of degrees of freedom of all subjects' is 87. Roughly speaking to have at
least 30 degrees of freedom we need around 150 samples (30*(404/87)~150). Also our
results show that above 99% of voxels in the FOV have FWHM of higher than 3 voxels.
Accordingly, to take the non-uniformity of smoothness into account we implemented a non-
stationary cluster analysis based on RFT (Hayasaka et al., 2004; Worsley, 2002; Worsley et
al., 1999). We estimated roughness at each voxel and the contribution of each voxel in the
total number of resolution elements in terms of resolution per voxel (RPV). Generally
borders of ROI are the roughest areas (maximum RPV for 6 subjects in this study ranged
from 0.004 to 0.008) and roughness deceases with depth (minimum RPV ranged from 10-°
to 10"4) and the mean value was 0.0028. These numbers are more intuitive if we convert
them to the FWHM of the point spread function (FWHM =2xRPV-1/3 mm), where the mean
RPV converts to mean FWHM of 14 mm. Our results are in agreement with (White and
Culver, 2010b) who reported the resolution of similar imaging array to be 14 mm and (Zhan
Y, 2012) who showed the resolution decreases with depth. The extent (size) of the clusters
in the statistical maps thresholded at primary height threshold of 3.09 was compared with
the estimated size thresholds to determine the significance of the cluster. In order to
optimize the detection power we also considered the height of the cluster. So, a cluster was
labeled as significant if either its size was larger than size threshold or its height passed the
height threshold. This procedure resulted in detection of at least one significant activation
foci per stimulus type for all subjects (Table 4). However, if the Bonferroni correction was
used no significant activations were found in subject 6 or for the right stimulus in subject 5.
Quantitatively, the voxel — level height threshold given by Bonferroni correction for these
six subjects ranged from 4.17-4.45 which exceeds the threshold used in the RFT approach
and the maximum z- value in the SPMs of subject 5 and 6 (Fig.5 (e) and (f)).

Future extensions of this research may continue to optimize aspects of the modeling. For
instance, the noise structure in GLM residuals could be modeled explicitly in the design
matrix. So, instead of applying temporal high and low pass filters on raw data in
measurement space (source-detector pair measurements) to remove low frequency drifts
(e.g. respiration and cardiac pulsations), the noise sources could be included as regressors in
the GLM to explicitly model these nuisance signals. Since RFT has some limitations
(assumptions), a more general way to address the multiple-comparison problem is desired.
For instance the permutation test is known to perform well under any setting such as low
degrees of freedom and low smoothness (Hayasaka et al., 2004; Nichols and Holmes, 2002;
Smith and Nichols, 2009; Worsley, 1977) and can be used to build the probability
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distribution of cluster height and size (under null hypothesis) from data. However
permutation based approaches are computationally intensive.

6. Conclusion

We have demonstrated how HD-DOT data can be accurately and efficiently analyzed within
a comprehensive GLM-SPM framework comparable to that widely-used for fMRI data.
Most importantly, this includes the use of event-related designs and principled control for
false positives. These advances facilitate the adoption of more complex event-related
experimental paradigms and a more rigorous treatment of the results, paving the way for
future advancement of HD-DOT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A

Autocorrelation matrix estimation

For given voxel j the temporal autocorrelation at time lag of m is given by

T—m j J j J
Dict (] ="hean) (" ~Tean)

J — :
p(m) S (T —rhean)” (A1)
m=0,1,2,....,T —1

rj is the residual at voxel j at timepointiand »J __is the mean of residuals at that voxel.

The covariance matrix V would be

VI(h,)=p' (|h = 1)) (A2

Satterthwaite approximation

In Satterthwaite approximation we assume sum of squares of residuals (r'r) follows ;-
distribution with scaled y2-variant (ax)
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rir ~p(az) (A3)

where p(x)~ /2(df), df is effective degrees of freedom. For #2(df) distribution we have, E{x}
= df and Var{x} = 2df (E{.} is expectation operator and Var{.} is variance operator). So,

E {rtr} ~ad (A4

V{rtr} ~ 2a%df (AS5)

So,

_QE{rtr}Q

VN Gy

(A.6)

Note that r = RY and R = I - X(X!X)"Xtand it is easy to show that R = R'=R'R and Var{Y}

= Var{e} = ¢2V.
A
E{r'r}=trace(r'r)=trace(rr')=trace(RY'Y"' R')=trace(R' RYY"')=trace( RY Y")=trace(Ro >V )=0(trace(RV)) (7)
Basic properties of trace operator is used such as trace(A'B) = trace(B'A) and trace(ABCD) =
trace(BCDA) = trace (CDAB) = trace(DABC).
In the similar way one can show
A
V{rtr}=E{r'rrir} — (B{r'r})’=2trace((RYY'R')*) +trace((RYY'R'))’— (trace(RY Y'R'))*=26" (trace(RVRV)) (8

So, the effective degree of freedom is

_ (trace (RV))*
df_trace (RVRV) (A9

Pre-coloring and Pre-whitening

One of approaches to deal temporal autocorrelation issue in parameter estimation is pre-
coloring which substitutes unknown autocorrelation with a known autocorrelation. Data are
temporally smoothed with a known smoothing kernel that matches the hemodynamic
response function (Friston et al., 1995; Worsley and Friston, 1995). The variance of the
parameter estimates would be

Var{c!g}=6%(GX)TGGH(GX) e (A10)
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where G is smoothing kernel.

Other method is pre-whitening (Bullmore et al., 1996) which estimates the autocorrelation
structure and removes it from data. The variance of parameter would be

Var{c!3}=6%c! (XtV*X) ¢ (A1

where V = KK is the covariance matrix and K™ is pre-whitening matrix.

Efficiency () of these methods can be evaluated using Eq. A.12 (Woolrich et al., 2001).

Coc [Var{cBY] ' (A1)

Appendix B

Random field theory

Random field theory is a branch of mathematics that is used in solving the multiple
comparison problem in neuroimaging, because a z-map (or a Gaussianized t-map, Gt-map)
can be considered as a Gaussian random field. RFT depends on the statistic of a quantity
called Euler characteristic (EC). EC can be roughly defined as number of peaks (blobs)
minus number of valleys (holes) that are above a given threshold in a continuous Gaussian
field (Ashby, 2011).

Since at high thresholds the number of clusters (blobs), m, and Euler characteristic (EC)
converge, the probability of having one cluster or more, P(m = 1), is approximately equal to
probability of EC = 1, (P(EC = 1)). In addition, at high thresholds EC is either one or zero,
S0, the expected value of EC is equal to the probability of EC = 1. So, at high thresholds

P(m > 1)=P(EC > 1) = E{EC} (B.)

The probability finding at least one cluster of size at least one voxel, P(m = 1) under null
situation is same as the probability of one false positive. Thus, the probability of interest is
approximately equal to the E{EC}. For D dimensional random field with number of
resolution elements of Ritgy, at threshold zy,, E{EC} is given by Eq. B.2, (Worsley et al.,
1996).

E{EC}=(27)"PHV/2(4In2)P2 R,y (24? — 1)e /2 (B2)

Eq. B.2 is used for evaluation of p"eight,
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Cluster size threshold

For a Gaussian random field the number of clusters follows a Poisson distribution (Adler,
1981). Using this knowledge and assuming the clusters are independent the relation between
the overal false positive (p) and the probability of one false positive in a cluster (pc) can be
driven (Eqg. B.3) (Ashby, 2011).

p=1 —exp(—pup:) (B.3)

Where p is the mean number of clusters. As it was mentioned before at high thresholds EC
and number of clusters converge, so, 4 = E{m} = E{EC}.

Assuming the null hypothesis to be true in every voxel, at a reasonably high threshold, the
probability of a false positive at any cluster with size of larger than K (voxels) is given by
Eq.B. 4, (Friston et al., 1994).

pe=P(n>K)=exp(—AK*¥") (B4

Where n stands for the number of voxels in that cluster, and

D
:w (B.5)
NP(Z>Zth)

Where P(Z > z;y,) is probability of z-value to be higher than threshold zy, under null
hypothesis and N is number of voxels in ROI.

Eq. B.4 is used for evaluation of pSize,
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Statistical parametric mapping flowchart. Pre-processing, General linear modeling,

Statistical analysis and Cluster analysis.
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Fig. 2.
GLM un-mixing works for rapid event related multi-stimuli design. (a) HbO changes during

left and right visual stimulus presentation in a block design for a voxel in the left and a voxel
in the right visual cortex (LVC and RVC respectively) of subject 1. Stimulus is on for 5 s
and off for 30 s. (b) and (c) are extracted hemodynamic (in these two voxels) using GLM
un-mixing of response to the left and right stimuli respectively. (d), (e) and (f) are similar
results for the event-related stimulus design, where stimulus is on for 5 s and off for an
interval randomly selected from 2 — 15 s. Mean inter stimulus interval is 8.4 s. (g) A
modeled hemodynamic response function (HRF). Two-gamma function was fitted to block
averaged HbO changes for different subjects. Two gamma function for the averaged values
of the parameters over 10 subjects'/sessions' fits (black line) used as canonical HRF. Delay,
raising time and decay times are shown. (h) and (i) are activation maps showing the location
of activation in response to the left and right stimuli, respectively, presented in the block
design. (j) and (k) are activation maps in response to event-related presentation of the left
and right stimuli. These are subject 1's HbO responses. Maps are shown in parasagittal,
axial, coronal and posterior views. The volumetric activations are overlaid on subjectspecific
T1 images and thresholded at 10% of maximum.
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Fig. 3.

Tgmporal autocorrelation and degrees of freedom depend on location. (a) Average temporal
autocorrelation profile in GLM residuals (averaged over all voxels in ROI). Only the first 50
time lags are shown. (b) Histogram of effective degrees of freedom estimated using
Satterthwaite approximation. (c) Map of the effective degrees of freedom. (d) Square root of
the variance in the parameter estimates. (e) Map of z-statistics for estimated response to
stimulus on the right side of the visual field. These results are for subject 1.
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Fig. 4.
Resolution per voxel (RPV) and spatial smoothness are not stationary over ROI. (a)

Histogram of resolution per voxel in Voxel-3 units (1 Voxel3 is 0.125 mm-3). (b) Histogram
of geometric mean of full width in half maximum (FWHM) in voxel units (1 voxel is 2
mm). (c) Map of FWHM in posterior surface view. These results are for subject 1.
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Fig. 5.
Statistical parametric maps for six subjects: (a-f) SPMs after applying size and height

thresholds (see text) for subjects 1-6 respectively.
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Fig. 6.
Subject specific model increases statistical power. (a) Extracted hemodynamic response

(HDR) from different subjects’ HbO data acquired during a 5 s event-related stimuli.
Canonical HRF convolved with a single trial of stimulus (a 5 s box car function) is shown in
black. (b) Comparison of statistical values between canonical model (cGLM) and subject-
specific model (ssGLM). These z-values are averaged z-values over all voxels known as
significant in the SPMs' of all subjects. Significant difference between two models found at
p <10,
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Fig. 7.

Localization and statistical power of oxy- and deoxy- and total-hemoglobin (HbO, HbR and
HDbT respectively) are similar. (a) Extracted changes in HbO, HbR and HbT for six subjects,
in response to 5 s event-related stimulus, are averaged. (b) Comparison of statistical values
between HbO, HbR and HbT shows that there is not a significant difference between
statistical values for HbO, HbR and HbT results at p<0.05. These z-values are averaged z-
values over all voxels known as significant in the SPMs' of all subjects for each contrast. (c)
Activation maps extracted for HbO, HbR and HbT using subject and contrast-specific GLM
(ssGLM).
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A comparison of pre-coloring, variance correction and pre-whitening, applied to HbO data of 6 subjects. The
efficiency of pre-coloring and pre-whitening relative to efficiency of variance correction are shown in this

table.
Subject  Pre-Whitening  Pre-Coloring
1 1.27 0.20
2 1.25 0.09
3 1.317 0.09
4 1.33 0.12
5 1.30 0.60
6 1.33 0.16
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Effective degree of freedom, estimated by Satterthwaite approximation (SA) method and independent sample

approximation (ISA) method. These are results for six subjects and two experimental (Block and Event)

protocols. These numbers are averaged over all voxels in the FOV. The number of samples was 381 and 404
for Block and Event protocol respectively.

Subject Method Block Event
ISA 57 71
1
SA 50 70
) ISA 74 81
SA 90 97
2 ISA 66 75
SA 73 78
. ISA 62 75
SA 62 70
5 ISA 75 81
SA 91 93
6 ISA 56 81
SA 48 66
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