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Abstract of the Dissertation
Applications of Multichannel Brain Array Coils in Functional Neuroimaging
by
Sheeba Rani Arnold Anteraper

Doctor of Philosophy

in
Biomedical Engineering
Stony Brook University
2013

Deciphering signal from noise is a pre-requisite for making any scientific observation.
Regardless of the imaging modality, any successful attempt in improving the Signal-to-Noise
Ratio (SNR) brings about a wave of applications. The use of multichannel array coils in
functional and structural magnetic resonance imaging (MRI) provides increased SNR, higher
sensitivity, and parallel imaging capabilities. However, their benefits remain to be systematically
explored in the context of resting-state functional connectivity MRI (fcMRI). In this work, signal
detectability within and between commercially available multichannel brain coils, a 32-Channel
(32Ch), and a 12-Channel (12Ch) were compared at 3 Tesla, in a high-resolution regime (2 mm-
isotropic) to accurately map resting-state networks. The findings demonstrate that although the
12Ch coil can be used to reveal resting-state connectivity maps, the 32Ch coil provides increased
detailed functional connectivity maps in a number of widely reported resting-state networks. The
exploration of subcortical networks, which are scarcely reported due to limitations in spatial-
resolution and coil sensitivity, also proved beneficial with the 32Ch coil. This was extended to
the clinical realm by collecting resting-state fcMRI data from medication naive patients with
Social Anxiety Disorder and healthy control participants. Subcortical resting state networks from
mid-brain and cerebellum seeds were compared between the two groups. Significant hyper-
connectivity was observed in the patient group as compared to controls in all the subcortical
networks that were explored. In addition, comparisons regarding the data acquisition time
required to successfully map resting state networks indicated that scan time can be significantly
reduced by 50% when a coil with increased number of channels (i.e., 32Ch) is used. Finally, the
advantages of multichannel coils were explored with simultaneous multi-slice (SMS) acquisition
scheme employing a range of repetition times (TR). Specifically, comparisons between 32Ch and
12Ch array coils revealed significant improvements in detecting functional connectivity maps at
high temporal (TR=800 ms, SMS factor=7) and spatial resolutions. Switching to multichannel
arrays in resting-state fcMRI could, therefore, provide both detailed functional connectivity maps
and acquisition time reductions, which could further benefit imaging special subject populations,
such as patients or pediatrics who have less tolerance in lengthy imaging sessions.
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Chapter 1

General Introduction

Functional MRI (fMRI) currently dominates the landscape of functional neuroimaging in
terms of the number of publications per year. Although Blood Oxygen Level Dependent (BOLD)
fMRI is instrumental in studying brain activity, and has made an impact particularly in the realm
of cognitive neuroscience, precise localization of BOLD contrast is still a challenge, primarily
because of imaging limitations such as low spatial resolution and partial volume effects. Efforts
have been made to move to higher resolutions, but this is typically done at the cost of scan time
(decreasing temporal resolution) so that adequate Signal-to-Noise Ratio (SNR) can be
maintained. This augments the problem, because practice/habituation effects get introduced with
additional scan time and degrades the image quality by making it prone to subject motion and
fatigue effects. Furthermore, in a clinical setting, task-based fMRI might be difficult to execute
because of poor subject compliance or cognitive deficits. Latest technological advances in high
magnetic field strengths, multichannel array coils (to receive MR signal) and parallel imaging are

promising tools to tackle these issues. The overall goal of the thesis is to use multichannel brain

array coils for accurately identifying brain networks in the resting state in a short acquisition

time. At the core of the thesis is the use of the 32-Channel (32Ch) coil to detect BOLD signal
originating from task-free spontaneous low-frequency BOLD fluctuations (< 0.1 Hz). Correlation
estimates of such intrinsic activity exhibit specific brain networks to provide functional
connectivity MRI (fcMRI), which has gained acceptance as a viable research tool. Capability of

the 32Ch coil in providing improved BOLD signal detection and potential scan time reduction



remains yet to be explored and evaluated systematically in the context of fcMRI. The objective
of my dissertation research is to meet this goal and to explore potential clinical applications,
particularly in the realm of neuropsychiatric disorders. Finally, the application of simultaneous
multi-slice (SMS) acquisition in improving temporal resolution of fcMRI will be explored.

The improved sensitivity afforded by array coils was described in their first application

(Roemer et al., 1990). Sensitivity increases (especially near the array) stems from the improved
geometric coupling between small inductive elements and nearby spins compared to larger
surface coils (Hayes and Axel, 1985). The array concept allows the sensitivity of the small
surface coil to be extended over greater areas. The sensitivity benefit deep from the surface is
smaller since the smaller diameter surface coils have steeper sensitivity drop-offs with depth
(Hayes and Axel, 1985). But as the number of array elements (N¢y) that are used to tile a fixed
area increases, the element size decreases. The added benefits of N, nearly independent
measurements of the deep voxel therefore exactly cancel the effect of the increased drop-off. The
net effect is sensitivity at the center of the brain that is comparable to the larger elements.
Electro-magnetic simulation studies have been shown, that the best possible detection (ultimate
SNR) in the center of a head-sized uniform spherical sample is already approachable with as few
as 8 channels at 3T (Wiesinger et al.,, 2004). At the periphery, the sensitivity grows
approximately linearly with the number of elements and therefore larger numbers of elements are
required for approaching the theoretical SNR limit. Results from experimental coil array studies
were found to be quantitatively in-line with the results obtained from simulation studies (Keil et
al., 2012; Wiggins et al., 2009).

Although highly parallel arrays have been characterized extensively for their SNR

advantages and parallel imaging capabilities (de Zwart et al., 2004; Triantafyllou et al., 2011;



Wiggins et al., 2006), only limited effort has been dedicated in monitoring their performance in
the real-world scenario. The increased sensitivity from array coils in a time-series fMRI data set
translates directly to higher BOLD contrast sensitivity. The BOLD contrast-to-noise ratio (CNR)
is proportional to the time series signal-to-noise ratio (tSNR): CNR = - tSNR TE AR2*, where
TE and AR2* originates from tissue properties and is field dependent, but independent on other
acquisition parameters. Interestingly, choices of head coil and voxel size affect BOLD CNR
through tSNR. However, the interplay of these parameters for the detectability of resting state
functional connectivity networks remains to be demonstrated.

The thesis is divided into three parts. The first part of the thesis (Chapter 2) provides a
description of exploring functional connectivity networks with multichannel head coil in the
high-resolution regime, without employing parallel imaging. The second part (Chapter 3) is a
direct application of the work from Chapter 2 in the clinical domain. Finally, the last part of the
thesis (Chapter 4) provides a summary of the protocol optimization work using SMS acquisitions
(Feinberg et al., 2010; Setsompop et al., 2012) with 5 different SMS factors for the detection of
resting-state fcMRI. In addition, Chapter 4 highlights the necessity of having multichannel arrays
as a pre-requisite for providing a combination of high spatial and temporal resolution without

trading off whole-head coverage. General conclusions are summarized in Chapter 5.



Chapter 2

Exploring Functional Connectivity Networks with Multichannel Brain Array Coils

Abstract

Using multichannel array head coils in functional and structural MRI provides increased
Signal-to-Noise Ratio (SNR), higher sensitivity and parallel imaging capabilities. However, their
benefits remain to be systematically explored in the context of resting state functional
connectivity MRI (fcMRI). In this study, we compare signal detectability within and between
commercially available multichannel brain coils, 32-Channel (32Ch) and a 12-Channel (12Ch) at
3T, in a high-resolution regime to accurately map resting state networks. We investigate whether
the 32Ch coil can extract and map fcMRI more efficiently and robustly than the 12Ch coil using
seed-based and graph-theory based analyses. Our findings demonstrate that although the 12Ch
coil can be used to reveal resting state connectivity maps, the 32Ch coil provides increased
detailed functional connectivity maps (using seed-based analysis) as well as increased global and
local efficiency, and cost (using graph-theory analysis), in a number of widely reported resting
state networks. Exploration of subcortical networks, that are scarcely reported due to limitations
in spatial-resolution and coil sensitivity, also proved beneficial with 32Ch coil. Furthermore,
comparisons regarding the data acquisition time required to successfully map these networks

indicated that scan time can be significantly reduced by 50% when a coil with increased number



of channels (i.e. 32Ch) is used. Switching to multichannel arrays in resting state fcMRI could
therefore provide both detailed functional connectivity maps and acquisition time reductions,
which could further benefit imaging special subject populations, such as patients or pediatrics

who have less tolerance in lengthy imaging sessions.

2.1 Introduction

Previous studies (Triantafyllou et al., 2011) have shown that in comparison to standard
coils (single channel), multichannel arrays offer improvements in fMRI time-series SNR (tSNR)
when medium to small size voxel volumes are used, whereas in larger voxel sizes the
improvements are modest, primarily because physiological noise (originating from fluctuations
such as cardiac, respiratory, and hemodynamic induced signal modulations) increases with voxel
size. For example, 32Ch coil improves the tSNR of the 1.5%1.5x3 mm’ acquisition by 48%
compared to 12Ch coil; the increase, however, is only 11% at low resolution (5x5%3 mm3)
(Triantafyllou et al., 2011). Additionally, higher resolution fMRI acquisitions could potentially
increase spatial specificity and localization of the resting state networks, while minimizing
partial volume effects and thru-plane signal dropouts, due to thinner slices.

Although the acquisition parameter space in fcMRI have already been investigated
thoroughly by Van Dijk and colleagues (Van Dijk et al., 2010) the additive sensitivity from
advances in multichannel array coils remains to be explored. In this study we therefore evaluate
the detectability power of multichannel arrays in resting state fcMRI at a high resolution regime
of Echo Planar Imaging (EPI), where we are expecting to achieve the biggest benefits from the
high-N arrays. We investigate some of the most widely reported networks including the default
mode network (DMN) (Greicius et al., 2003), the hippocampal-cortical memory network

(HCMN) (Vincent et al., 2008), the dorsal attention network (DAN) (Corbetta and Shulman,



2002), the executive control network (ECN), and the salience network (SN) (Seeley et al., 2007).
In order to investigate the SNR improvements in deeper brain regions with the 32Ch array we
also examine seed-based connectivity in sub-cortical regions (basal ganglia network) of the
brain. In addition, we evaluate the benefit of higher sensitivity of the 32Ch array coil by
measuring the effective reduction in acquisition time to accurately map intrinsic correlations

using fcMRI.

2.2 Methods
2.2.1 Data Acquisition

Data acquisition was performed on a Siemens 3T scanner, MAGNETOM Trio, a Tim
System, (Siemens AG, Healthcare Sector, Erlangen, Germany), using two different
commercially available Radio Frequency (RF) receive-only head coils; a 12Ch and a 32Ch brain
array coils (Siemens AG, Healthcare Sector, Erlangen, Germany). The 32Ch array consists of 32
loop elements set in the soccer-ball geometry as described in the literature by Wiggins et al
(Wiggins et al., 2006). The product version is a split-type design with the anterior part consisting
of 12 elements and the posterior of 20 elements. The 12Ch coil is the vendor’s “head matrix coil”
product which is the default coil to the 3T Tim Trio system, Siemens. This coil combines 12 long
elements in one ring. The whole-body transmit coil was used for excitation in both cases. The
same 16 healthy volunteers (7 males), all right-handed, age range: 18-33 years, (mean age: 25+5)
were scanned on both RF coils using the same acquisition protocol. Written informed consent
was obtained from all subjects for an experimental protocol approved by the institutional review
board. Extra padding with foam cushions was used for head immobilization. To avoid any
possible bias, the total number of subjects starting the experiment with any given coil was kept

equal in the study. This was achieved by counterbalancing the type of coil that the subject starts



and ends the session with, as data from both coils were acquired during the same imaging
session. All subjects were asked to relax while in the scanner with their eyes closed, and
instructed not to fall asleep. Automatic slice prescription, based on alignment of localizer scans
to a multi-subject atlas (van der Kouwe et al., 2005), was used to achieve a consistent slice
prescription across the two imaging experiments with the different RF coils. Given that the two
coils vary in size, with the 32Ch being smaller and tighter fit, subject positioning could not be
identical in the two coils, however we ensured consistent subject positioning within each
coil. Specifically, we used similar under-head padding and foam cushions laterally and on top of
the head (posterior of the coil) to minimize motion and to ensure each subject was positioned
comfortably in the head coils. The mean obliquing parameters across subjects were T>C -
19.6x6° >S 1+1.9° for the 12Ch coil, and T>C -18.3+6.5° >S 1.6+1.5° for the 32Ch coil, where
T, C, and S denote Transverse, Coronal and Sagittal planes respectively; there was no significant
difference in these parameters between the two coils.

Resting-state time-series were acquired using a single-shot gradient echo EPI sequence.
At the beginning of each EPI acquisition, two “dummy” scans were acquired and discarded to
allow longitudinal magnetization to reach equilibrium. Full head coverage was achieved with
sixty-seven 2mm thick interleaved slices with orientation parallel to the anterior commissure —
posterior commissure (AC-PC) plane. The imaging parameters were TR=6000 ms, TE=30 ms,
flip angle=90°, in-plane spatial resolution of 2 mm x 2 mm and 62 time-points. Each resting scan
lasted 6 minutes and 24 seconds. The TR was chosen to be 6 s in this study in order to achieve
full-brain coverage at the given resolution of 2mm isotropic voxel size (without utilizing parallel
imaging). Full brain coverage was essential in order to map global resting state networks, e.g.

Default Mode Network. Array data was combined with the manufacturer’s Sum-of-Squares



online reconstruction method. Additionally, a 3D high-resolution T;-weighted structural scan
was collected using an MP-RAGE sequence with voxel size = 1.3x1x1.3 mm’, other acquisition
parameters were: TR/TE/TI/FA=2530 ms/3.39 ms/1100 ms/7°. Additionally, to demonstrate the
effect of coil geometry/design and the coil sensitivity profile on the various brain regions, proton
density weighted gradient echo images were acquired from one subject in both coils at the same
scanning session. Acquisition parameters were: TR/TE/FA = 30ms/6ms/30°, Matrix: 192x192,
Field-of-View: 170x170 mm?, slice thickness: 7 mm, bandwidth = 200 Hz/Pixel. Noise data was

also acquired with this acquisition scheme, but with OV RF excitation.

2.2.2 Data Analysis

The resting state data were pre-processed with standard fMRI pre-processing steps using

SPMS, (fil.ion.ucl.ac.uk/spm/software/spm8/) (Friston, 2007b), including: i) a six parameter rigid

body transformation to account for head motion, and perform image realignment, i7) slice-time
correction to account for the interleaved slice acquisition, iii) normalization using a voxel size of
2x2x2 mm’ and the EPI template provided with SPM8 to allow comparison between subjects,
and, iv) smoothing with 3-mm full-width-half-maximum (FWHM) Gaussian kernel. T;-weighted
structural images were segmented to grey matter (GM), white matter (WM) and CSF masks
using the segmentation routine in SPM8 (Ashburner and Friston, 2005). The original structural
image and the segmented images were also normalized using a voxel size of 1x1x1 mm® and the
T;-weighted structural template provided with SPM8. Subject motion was evaluated with in-

house custom software (nitrc.org/projects/artifact detect/). At a motion threshold of 0.4mm,

there were a total of 21 outliers in the 12Ch data set and 17 in the 32Ch data set (16 subjects per
group). Since there were no significant differences in the mean number of outliers between 12Ch

and 32Ch coils, nuisance regression of motion outliers was not carried out. Additionally, there



was no significant difference (p=0.37) in the mean motion parameters between the 12Ch coil
(mean motion = 0.49+0.41) and the 32Ch coil (mean motion = 0.38+0.23).

The SNR maps were calculated following the methodology from Kellman and McVeigh
(Kellman and McVeigh, 2005). Noise correlations coefficients matrices were calculated from the

noise only (RF=0V) acquisitions.

‘BrodmannArea  xyz  BrainRegion

DMN
30 0-5227 Posterior Cingulate Cortex (PCC)
8 -1 5427 medial Pre-Frontal Cortex (mPFC)
39 -46 -66 30 left Lateral Parietal Cortex (LPC)
39 49 -63 33 right LPC
20 -61-24 -9 left Inferior Temporal (IT)
20 58 -24 -9 right IT
- 0-129 medial Dorsal Thalamus (mDT)
- -25-81-33 left Posterior Cerebellum (PC)
- 25 -81-33 right PC
HCMN
27 -21-25-14 left Hippocampal Formation (HF)
27 24 -19 -21 right HF
8 051-7 ventro-medial Pre-Frontal Cortex (vmPFC)
30 1-5515 PCC
40 -47 -71 29 left posterior Inferior Parietal Lobule (IPL)
40 50 -64 27 right posterior IPL
DAN
6 -29-9 54 left Frontal Eye Field (FEF)
6 29-9 54 right FEF
7 -26 -66 48 left posterior Intraparietal sulcus (IPS)
7 26 -66 48 right posterior IPS
40 -44 -39 45 left anterior IPS
40 41 -39 45 right anterior IPS
21 -50 -66 -6 left Middle Temporal (MT)
21 53 -63 -6 right MT
ECN
8 024 46 dorsal mPFC
10 -44450 left anterior PFC
10 44450 right anterior PFC
40 -50 -51 45 left Superior Parietal Cortex (SPC)
40 50-5145 right SPC
SN
32 02136 dorsal Anterior Cingulate Cortex (ACC)
10 -3545, 30 left anterior PFC
10 324530 right anterior PFC
13 -4136 left Insula
13 4136 right Insula
40 -62 -45 30 left LPC
40 62 -45 30 right LPC

Table 2.1: Peak foci of seed regions for all networks.



2.2.2.1 First-Level Connectivity Analyses

Functional connectivity analysis was performed using both seed-based and graph-theory
approaches with MATLAB (MathWorks, Natick, MA) based custom software package: CONN
(Whitfield-Gabrieli and Nieto Castanon, 2012). For seed-based analysis, sources will be defined
as multiple seeds corresponding to the pre-defined seed regions for: (i) DMN and HCMN, (i)
DAN, (iii) ECN and (iv) SN. All seeds were independent of our data and were generated using

WFU _PickAtlas, (nitrc.org/projects/wtu_pickatlas) (Maldjian et al., 2004; Maldjian et al., 2003).

Seeds for DMN, DAN, ECN and SN were chosen to be 10-mm spheres centered on previously
published foci (Zhang and Raichle, 2010), while HCMN seeds were chosen to be 12.5-mm
spheres centered at coordinates provided by the literature (Vincent et al., 2008). Detailed
description of the seed regions used are given in Table 2.1. For the subcortical (basal ganglia)
network, the sources were anatomical ROIs corresponding to: (i) thalamus, (ii) striatum (caudate
and putamen), (7ii) globus pallidus (medial and lateral), (iv) substantia nigra and (v) subthalamic
nucleus, derived from WFU_PickAtlas. For graph-theory based analyses all 84 Brodmann areas,
anatomically defined from the Talairach Daemon database atlas (Lancaster et al., 2000), were
chosen as sources.

The seed time-series went through temporal band-pass filtering (0.008 < f < 0.09 Hz).
Instead of removing the average signal over all voxels of the brain by global signal regression,
contributions from non-neuronal sources, such as WM and CSF were considered as noise, the
principal components of which were estimated and removed using, aCompcor (anatomical
component based noise correction method) (Behzadi et al., 2007). The optimal configuration of

the aCompCor approach (Chai et al., 2011) as applied in the CONN toolbox (Whitfield-Gabrieli
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and Nieto Castanon, 2012) was followed. In addition, the six motion (3-rotation and 3-
translation) parameters were also regressed out. For quality control purposes, it was ensured that
the histogram plot of voxel-to-voxel connectivity (r value) appear approximately centered to the
mean for each subject after confound removal. Correlation maps were generated by extracting
the residual BOLD time-course from the seeds, followed by computing Pearson’s correlation
coefficients between the seed time-course and the time-courses of all other voxels. Correlation
coefficients were converted to z- scores using Fisher’s r-to-z transform to allow for second-level
General Linear Model (GLM) analyses. Images from the first-level results (correlation maps and
z-maps) provide the seed-to-voxel connectivity maps for each selected source for each subject

and for each condition (one per subject/condition/source combination).

2.2.2.2  Second-Level Connectivity Analyses

For both seed-based and graph-theory-based methods, we first performed within- and
between-group analysis of full data sets from 32Ch and 12Ch coils. 32Chg, and 12Chgy refer to
“full-length” acquisitions of 6min and 24 s with 62 time-points. In addition, scan time reduction
was evaluated by estimating the 32Chpye vs. 12Chgy contrast (within- and between-group
analysis) to examine if sufficient signal power is held by the 32Ch data in the shorter run;
32Chp¢ for “half-length” acquisition with 31 time-points. The outcome of GLM analyses
performed at this level was the within-subjects linear combination of effects specified by the
sources as contrasts, and applied to the first-level connectivity-measure volumes (for the seed-to-
voxel analyses). For within-group comparisons of seed-based analyses, whole-brain False
Discovery Rate (FDR) corrected threshold of p<0.05 (prpr-co<0.05) was used to identify areas
of significant functional connectivity. For between-group comparisons of task-positive and task

negative networks, statistical analysis was performed using a cluster-defining voxel-wise height
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threshold of p<0.01 (uncorrected). Since subcortical regions are noisier compared to cortical
regions, a whole-brain prpr.»<0.05 was used for between-group comparisons. For all the
networks, significant clusters were identified with an extent threshold of whole-brain Family
Wise Error (FWE)-corrected p<0.05 (prwe-con<0.05).

For the graph-theory based analysis [see (Bullmore and Sporns, 2009) for review], we
chose Global Efficiency, Local Efficiency and Cost. These metrics are particularly relevant for
probing brain networks because of their computational validity for unconnected and weighted
graphs (Achard and Bullmore, 2007). Global efficiency of a node is the average inverse shortest-
path distance between a given node and all other nodes in the network (targets). Local efficiency
of a node is the average inverse shortest-path distance among the target nodes connected to a
given node. Cost or Degree of a node is the proportion of nodes connected to a given node.
Equivalent network-level measure of these metrics is the average (across all nodes in the
network) of their corresponding node-specific measures. The computational formulas are given
below (in Equations 2.1, 2.2 and 2.3) where |G|, E and C denote the number of nodes (n) in graph
G, efficiency and cost respectively.

Global Efficiency:

L E global ( G)

Gl & o0

Eglohal (G) -

Local Efficiency:

Elocal (G) — L E E’l:)cal(G)
r=rt (2.2)

Cost:

C(G) =L.E C.(G)
IGI' & 23)
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Global Efficiency of a node is the ‘centrality’ of the nodes’ connectivity, i.e., the extent of
connectivity of the node with the rest of the network, whereas on the network level, it serves as a
measure of the extent of centrality as well as the “efficiency” of this connectivity (nodes with
higher global efficiency are “better connected”). In contrary, Local Efficiency of a node
represents the ‘locality’ of the nodes’ connectivity, i.e., the extent of connectivity of the node
with its neighbors (as well as the “redundancy” or fault tolerance of the node), whereas on the
network level, it provides a measure of the extent of locality i.e., nodes with high local efficiency
are connected to neighbors that form a strong or well-connected local network, while nodes with
low local efficiency are connected to neighbors that are sparsely connected or distant to each
other. Global efficiency typically reflects the relevance of long-range connections (meaning
higher global efficiency = better long-range connectivity); where as local efficiency is reflective
of the relative relevance of short-range connections in the overall network connectivity (meaning
higher local efficiency = better short-range connectivity). Finally, Cost of a node can be
interpreted as the strength of connectivity of a node, whereas on the network level, cost indicates
hypo/hyper connectivity in the overall network (e.g., higher cost=overall hyper-connectivity).
The approach used is part of the CONN toolbox and has been described in great detail in a
recently published manuscript (Whitfield-Gabrieli and Nieto Castanon, 2012).

To contrast network-level estimations of global efficiency, local efficiency and cost, a
fixed percentile cost threshold (top 15% of ROI-to-ROI connectivity) was used to calculate
connectivity (adjacency) matrix (within the 84 Brodmann area ROIs), followed by a threshold of

PrpR-cor<0.05, for both within- and between-group comparisons.
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2.3 Results

I 1 I .
0 50 100 150 200 250 300 350 400 450

Signal-to-Noise Ratio

0.0 0.4 0.2 0.6 0.8 1.0
Noise Correlation

Figure 2.1: Pixel-wise SNR maps and noise correlation matrices from the 12Ch and 32Ch array coils. The 32Ch
coil outperforms the 12Ch coil by a factor of 2.3x averaged over the given signal area. SNR from the peripheral
cortex and the central brain region were obtained from the labeled Regions-of-Interest. The 32ch coil shows a 1.25-
fold and 2.7-fold SNR improvement in the brain center and cortex, respectively. SNR increase in the corpus
callosum region is 1.4-fold. SNR gain of the 32Ch coil can be attributed to both higher channel count and smaller
helmet size. The 12Ch and 32Ch coil show average noise correlation (bottom row) of 12.3% and 9.7%, respectively.

Figure 2.1 shows the coils’ sensitivity on a human subject in terms of pixel-wise image SNR
maps (top row) as well as the noise correlation matrices across individual elements from the
12Ch and 32Ch array coils (bottom row). Data was acquired from the same subject in both coils
at the same scanning session. The comparison reveals that the 32Ch array outperforms the 12Ch
coil by a factor of 2.3x averaged over the given signal area. The peripheral cortex, corpus
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callosum, and midbrain (thalamic) regions show SNR improvements by a factor of 2.7x, 1.4x,
and 1.25x respectively, exhibiting the increased sensitivity offered by the 32Ch coil not only at
the cortex, but also at sub-cortical regions and deeper structures. The 12Ch and 32Ch coil show
average noise correlation of 12.3% and 9.7%, respectively. Some of the correlation is likely due

to remaining inductive coupling, but some is due to shared resistance through the sample.

2.3.1 Seed-based Analysis

Figure 2.2 shows group-level results for the task negative default networks (DMN and
HCMN) from the 32Ch and 12Ch array coils. Connections in all the seeds in the DMN (Figure
2.2 A) and HCMN (Figure 2.2 B) are significantly stronger in the 32Ch data set. Connections in
left and right Inferior Temporal Gyrus (ITG) extending to left and right Parahippocampal Gyrus
(PHG), Superior Parietal Cortex (SPC) and Middle Temporal Gyrus (MTG) are more significant
for DMN in the 32Ch,, > 12Ch, , comparison (Table 2.2). Even with half the data set (Table
2.3), connections within the Superior Frontal Gyrus (SFG), Superior Parietal Lobule (SPL) and
Superior Temporal Gyrus (STG) were revealed with the 32Ch coil. For HCMN, connections in
the left and right Secondary Visual Cortex (SVC), Orbitofrontal Cortex (OFC) and left and right
MTG were significantly more pronounced in the 32Ch, > 12Ch,  comparison (Figure 2.4 A).

Medial Pre-frontal Cortex (PFC) was significant even with 32Ch, > 12Ch,  contrast (Table

2.3).
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Default Mode

Hippocampal Cortical Memory

Figure 2.2: Statistical functional connectivity maps for the task negative networks from 32Ch and 12Ch coils
(second-level analysis, n=16 per group; whole-brain pgpg.c,,<0.05).

Group-level results for the task positive networks (DAN, ECN and SN) from the 32Ch
and 12Ch coils are shown in Figure 2.3. The 12Ch coil only revealed a small subset of the

functional connectivity in DAN (Figure 2.3 A). Connections in dorso-lateral PFC (DLPFC), left
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and right fusiform gyrus, anterior PFC (APFC), ITG and SPL were significantly stronger in the

32Ch data set (Table 2.2). 32Ch, > 12Ch,  comparison (Table 2.3) revealed DLPFC, APFC,

premotor cortex and SPL.

S - S

DMN
left Inferior Temporal Gyrus (ITG) BA 20 -48 -6 -38 1016 6.35
right Superior Parietal Cortex (SPC) BA 40 38 -50 28 161 532
right Secondary Visual Cortex (SVC) BA 18 34 -76 -20 212 4.85
right ITG BA 20 40 -2 -48 244 4.38
right Middle Temporal Gyrus (MTG) BA 21 46 -4 -20 160 3.89

HCMN

left SVC BA 18 -16 -100 18 255 6.51
right MTG BA 21 56-12 6 614 5.15
Orbitofrontal Cortex (OFC) BA 11 424 -22 263 4.99
left MTG BA 21 -56-18 8 207 4.96
right SVC BA 18 24 -98 12 223 4.34

DAN
right Dorso Lateral Pre-Frontal Cortex (DLPFC) BA9 44 26 38 212 5.26
right Fusiform Gyrus BA 37 48 -50 -14 309 5.09
right anterior Pre-Frontal Cortex (PFC) BA 10 24 66 -10 144 4.88
left Fusiform Gyrus BA 37 -50-56 -2 232 4.66
left ITG BA 20 -58-32-20 151 4.45
left Superior Parietal Lobule (SPL) BA 7 -16 -48 50 114 4.06

ECN
right Superior Frontal Gyrus BA 8 40 26 38 439 8.73
left MTG BA 21 -58 -38 -8 285 5.32
right MTG BA 21 56-44 0 262 4.88
left DLPFC BA 9 -36 232 225 4.76
left SPC BA 40 -52-38 52 112 4.71
left anterior PFC BA 10 -2062 10 254 4.50
right anterior PFC BA 10 3640 2 138 4.33
Premotor Cortex BA 6 20 14 56 128 3.72

SN

left Insular Cortex BA 13 -34 6 -2 917 7.07
right Insular Cortex BA 13 3216 6 1243 6.15
dorsal Anterior Cingulate Cortex BA 32 -42624 920 5.51
right anterior PFC BA 10 3438 143 4.91
left DLPFC BA9 -26 38 20 507 4.86
right DLPFC BA9 3246 36 483 4.81
left DLPFC BA9 -46 220 112 4.31
left SPC BA 40 -58 -38 40 182 4.03

Table 2.2: Positively correlated brain regions for 32Chg,; > 12Chg, contrast (second-level group analysis, n = 16 per
group; cluster-level pryr.c0»<0.05; height threshold: T = 2.46); opposite contrast was not significant.

Figure 2.3 B shows the functional connectivity correlation maps generated at the second
level for ECN. The 32Ch, , > 12Ch, , comparison (Table 2.2) revealed significant differences in

SFG, left and right MTG, DLPFC, SPC, left and right APFC and premotor cortex. The contrast
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32Ch, > 12Ch,  (Table 2.3) also revealed significant differences, primarily in APFC. Entire

network (dorsal medial PFC, left and right APFC and left and right SPC) was significantly

stronger with half the data set from the 32Ch coil (Figure 2.4 B).

Executive Control Dorsal Attention

Salience

Figure 2.3: Statistical functional connectivity maps for the task positive networks from 32Ch and 12Ch coils
(second-level analysis, n=16 per group; whole-brain pgpg.c,,<0.05).
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Similarly to all the above-mentioned networks, the second level analysis for SN (Figure
2.3 C) revealed only a smaller subset of the network for the 12Ch coil. Connections in left and
right insular cortex were remarkably stronger with the 32Ch (both full and half data sets) in

comparison to 12Ch coil (Table 2.2). In addition, 32Ch, > 12Ch,  comparison revealed dorsal

Anterior Cingulate Cortex (ACC), APFC, left and right DLPFC, and SPC (Table 2.3).

DMN
Superior Frontal Gyrus (SFG) BA 8 14 40 44 98 4.72
Superior Parietal Lobule (SPL) BA 7 34 -64 50 91 4.43
left Superior Temporal Gyrus BA 22 -54-34 -2 106 4.16

HCMN

Premotor Cortex BA 6 32 -6 54 95 5.08
Orbitofrontal Cortex (OFC) BA 11 -6 16 -24 337 4.93
SFG BA 8 0 34 40 480 4.72
left Dorsolateral PFC (DLPFC) BA 46 -44 32 10 102 4.56
Dorsal Anterior Cingulate Cortex BA 32 6 34 8 153 4.48
right SPL BA 7 42 -64 48 113 4.44
right DLPFC BA 46 44 46 12 130 4.24

DAN
right DLPFC BA9 48 36 26 107 6.41
right anterior Pre-Frontal Cortex (PFC) BA 10 38 56 14 210 5.12
Premotor Cortex BA 6 60-14 16 116 4.83
left SPL BA 7 -24 -54 48 102 4.67

ECN
right Inferior Temporal Gyrus BA 20 54-22-18 127 6.78
right anterior PFC BA 10 40 26 36 789 6.76
right Insular Cortex BA 13 52-12 2 175 5.69
right anterior PFC BA 10 3452 -6 521 5.20
right Superior Parietal Cortex (SPC) BA 40 52-52 50 286 5.14
left SFG BA 8 -8 28 46 245 5.10
left DLPFC BA9 -40 28 26 94 491
right Fusiform Gyrus BA 37 54 -44 -6 93 4.90
left anterior PFC BA 10 -446 8 130 4.22
left SPC BA 40 -36 -62 50 147 4.12

SN

right Insular Cortex BA 13 36 -4 -6 146 6.30
left Insular Cortex BA 13 -32-4-12 215 5.82
SPL BA 7 -2 -66 32 170 4.31

Table 2.3: Positively correlated brain regions for 32Chy,e > 12Chygy contrast (second-level group analysis, n= 16
per group; cluster-level prwe.c,,<0.05; height threshold: T = 2.46); opposite contrast was not significant.
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32Chg,>12Chey, 32Chy>12Chyy

Hippocampal Cortical Memory
Executive Control

Figure 2.4: Representative examples from a task negative and task positive resting state network for between group
comparisons from (A) 32Chyg; > 12Chygy and (B) 32Chpqr > 12Chy,y contrasts (second-level analysis, n=16 per
group; cluster-level pryg.c0»<0.05; height threshold: T = 2.46). (A) Connections in left and right temporal gyrii and
medial prefrontal cortices of the default network are revealed significantly more with 32Ch coil. (B) Entire ECN
(dorsal mPFC, left and right anterior pre-frontal cortices and left and right superior parietal cortices) is revealed
significantly more with half the data set from 32Ch coil.

For all the resting state networks studied above, both 12Ch, > 32Ch,  and 12Ch, >
32Ch, . contrasts were not significant.
alf

To evaluate the sensitivity of the coils in deeper brain structures, the subcortical network
of basal ganglia was explored. Group level results based on seed-to-voxel analysis demonstrated
stronger functional connectivity in all the sub-cortical ROIs with 32Ch coil (Figure 2.5). The

32Chfull > 12Chfu“ comparison (whole-brain prpg.co»<0.05, cluster-level prwe.co»<0.05) revealed

significantly stronger connections in bilateral pallidum, bilateral putamen, left precentral gyrus
(BA 6) and STG (BA 22). ROI-to-ROI connectivity analysis for within-group comparisons
(PFDR-cor<0.05) revealed several interesting findings: 1) With thalamus as seed ROI, 12Ch group
failed to identify functional connectivity from relatively smaller structures such as substantia
nigra and subthalamic nucleus; this was also the case when medial globus pallidus was chosen as

the ROI; 2) With caudate (part of striatum) as seed ROI, correlations with medial globus pallidus
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was detected only by the 32Ch group, and 3) With lateral globus pallidus as seed ROI, the T-
scores for positive correlations from substantia nigra and subthalamic nucleus were: 6.27 and
5.67 with 32Ch coil; and 2.26 and 2.17 with the 12Ch coil.

32Ch

Pre-central Gyrus

Pallidum Putamen

Subcortical Network

LN

Superior Temporal Gyrus

2.0 i 10.0

Figure 2.5: Statistical functional connectivity maps for the subcortical network from 32Ch and 12Ch coils (full data
sets, second-level analysis, n=16 per group; whole-brain prpg..,»<0.05). Yellow arrows indicate regions that are
significantly different in 32Chg,; > 12Chg,; contrast (whole-brain prpg..»<0.05, cluster-level pryg.co,<0.05).

2.3.2 Graph-theory Based Analysis

Consistent with the small-world behavior of brain networks reported before (Achard and
Bullmore, 2007), graph-theory analyses revealed monotonic increases in global and local
efficiency as a function of cost in all brain networks (Figure 2.6). As shown in Figure 2.6 top
row, the random graph had higher global efficiency than the lattice and vice versa for local
efficiency, for costs (K) in the range 0 < K < 0.5. Brain networks (solid black line pertaining to
our data represents data from all subjects for both 12Ch and 32Ch coils), however in the cost
range of 0.05 <K <0.34, had global efficiency greater than the lattice but less than the random
graph, and local efficiency greater than random but less than lattice (Figure 2.6, bottom row). We

therefore chose a cost threshold of 0.15 for our analyses.
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Figure 2.6: Global and local efficiency (y-axis) as a function of cost (x-axis) for a random graph, a regular lattice
and brain networks. On average, over all subjects in both the 12Ch and 32Ch groups, brain networks have efficiency
curves located between the limiting cases of random and lattice topology. Solid black line represents data from all
subjects for both the 12Ch and 32Ch coils.

In the 32Chg, > 12Chgy contrast, analysis of global efficiency (prpr-co<0.05) only left
and right ACC (BA 33) surpassed the top 15% ROI-to-ROI connectivity (cost threshold of 0.15)
from the network of all sources (84 Brodmann areas). Results from network level analysis of cost
are shown in Figure 2.7. Left and right ACC, left and right anterior entorhinal cortex (BA 34)
and right perirhinal cortex (BA 35) surpassed the threshold (prpr-co<0.05) for 32Chgy; > 12Chgy
contrast (Figure 2.7 C). Even with half the data set from 32Ch coil, analysis of cost (prpr-
corr<0.05) 1n the 32Chpar > 12Chyy contrast revealed bilateral ACC. Analysis of local efficiency

(PFDR-0»<0.05) revealed right ACC and left PHG (BA 36). The opposite contrasts (12Ch, , >
32Ch,, and 12Ch, > 32Ch, ) were not significant for all three measures. Global and local

efficiency comparisons of full and half data sets from 32Ch, and full data sets from 12Ch coil at

the cost threshold of 0.15 are summarized in Table 2.4.
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32Chyy, 0.471 0.717
32Chpar 0.455 0.697
12Chygy, 0.459 0.688
PFDR (32Chfu]1 > 12Chfu11) 0.056 0.034
pFDR(IZChfull> 32Chfu11) n.s n.s

Table 2.4: Global and local efficiency comparisons of 32Ch and 12Ch coils (graph theory analysis), for the top 15%
ROI-to-ROI connectivity (prpr.co<0.05), from from all Brodmann areas (number of nodes = 84, 16 subjects per

group).

T-values from 32Chgy, 12Chgy, and 32Chgy > 12Chygy comparisons from the network
level analysis of cost (depicted in Figure 2.7) for the top 15% ROI-to-ROI connectivity (prpr-
cor<0.05) from all Brodmann areas (number of nodes = 84, 16 subjects per group) is provided in
Table 2.5. Brain regions provided in column 1, correspond to the ROIs represented as circles in
Figure 2.7 C (32Chgy > 12Chygy comparison). Precisely, these are the brain regions that
surpassed the threshold (prpr-co»<0.05) for 32Chgy > 12Chg, contrast during the network-level

analysis of cost.

32Chg, 12Chy,y 32Ch;,>12Chgy,

Figure 2.7: Graph visualization of the network-level analysis of cost for the top 15% ROI-to-ROI connectivity
(PrDR-cor<0.05) from all Brodmann areas (number of nodes = 84,16 subjects per group). Circle-sizes represent T-
values.

23



BrainRegion  Tscoes

| 32Ch  I12Ch  32Ch>I2Ch |
|

| left Anterior Entorhinal Cortex 9.73 6.21 3.18

right Anterior Entorhinal Cortex 9.68 8.82 2.99

right Perirhinal Cortex 8.45 5.83 3.17
| right Anterior Cingulate Cortex (ACC) 6.01 3.31 3.58 |
| left ACC 4.70 3.57 3.26 |

Table 2.5: T-values from 32Chg;, 12Chygyy, and 32Chg,; > 12Chg,; comparisons from the network level analysis of
cost (depicted in Figure 2.7) for the top 15% ROI-to-ROI connectivity (prpr.co»<0.05) from all Brodmann areas
(number of nodes = 84, 16 subjects per group). Brain regions provided in column 1, correspond to the ROIs
represented as circles in Figure 2.7 C (32Chg,; > 12Chg,; comparison). Precisely, these are the brain regions that
surpassed the threshold (prpr.co<0.05) for 32Chg,y > 12Chyg, contrast during the network-level analysis of cost.

2.4 Discussion

Multichannel arrays offer close head-fittings, impressive increases in the image SNR,
especially in cortical areas, and remarkable accelerated imaging capabilities. Because of these
advantages, multichannel array coils have recently become widely available as experimental
devices (Keil et al., 2011; Keil et al., 2012; Wiggins et al., 2006) and also as clinical research
tools (Knake et al., 2005). In this study, task positive (dorsal attention, executive control and
salience), task negative (default mode and hippocampal cortical memory), and subcortical (basal
ganglia) resting state networks were assessed to examine whether increases in tSNR with the
additive coil sensitivity of a 32Ch brain array can translate to higher functional connectivity
detectability when compared to a 12Ch coil. Our findings, from both seed-based and graph-
theory-based functional connectivity analyses methods, demonstrated that the 32Ch brain array

revealed stronger connections (32Ch,, > 12Ch,  contrast) in all the resting state networks

studied. Furthermore, precise localization of functional connectivity mapping was also observed
using the 32Ch coil, when fMRI time-series acquisition time was reduced to half of its original

duration (~3min vs. 6min scan).
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The increased SNR capabilities of 32Ch coil in combination with the high-resolution
acquisition scheme enabled us to identify the resting state networks at the group level (16
subjects) in greater detail compared to the 12Ch coil. The core of the default mode network
according to the literature is formed by PCC, MPFC, left and right LPC and left and right
inferior temporal cortices (Fox et al., 2005). The fact that the Inferior Temporal Gyrus was
detected to a significantly stronger extend by the 32Ch coil, reflects one of the major limitations
of 12Ch coil in terms of SNR at higher resolution acquisitions. Furthermore, connections from
relatively smaller brain structures, like PHG, which are not typically identified even at group
level by 12Ch coil, was detected by the 32Ch coil in our group data. This was particularly
accurate in the HCMN comparison between the two coils. Significantly better detection of
connections between hippocampus and orbitofrontal gyrus, offer a clear advantage for using
32Ch coil in studies involving hippocampal-orbitofrontal connectivity, particularly in the context
of epilepsy (Catenoix et al., 2005). For the Dorsal Attention Network (DAN), at which FEF, IPS
and MTG comprise the core signal components (Fox et al., 2005), functional connectivity was
extremely weak, particularly in the frontal and parietal cortices when the data from the 12Ch coil
was used. Core signal components of the Executive Control Network (ECN), IFG, MFG and
SFG (Seeley et al., 2007), as well as insula and cingulate cortex, that comprise the Salience

Network (SN) (Taylor et al., 2009), were significantly stronger for 32Ch. > 12Ch,

comparison. Impairments in executive network have been suggested in social anxiety disorders
(Qiu et al., 2011), where the 32Ch coil could offer a clear benefit. Right insular cortex even

surpassed a much stronger threshold (whole-brain prpr-co<0.05) for 32Ch, > 12Ch,  contrast.

This is of particular significance in light of previous research (Sridharan et al., 2008) and more

recently in addiction studies (Sutherland et al., 2012), which showed that right-fronto insular
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cortex is a network hub that plays a critical role in initiating the spontaneous switching between
the task-positive (ECN) and task-negative (DMN) networks (Honey et al., 2007).

To explore further the CNR advantages of the 32Ch we have investigated functional
connectivity in the deeper structures of the thalamus and basal ganglia (i.e. sub-cortical network).
Between group comparisons (32Chyy; > 12Chgy) revealed significantly stronger connections in
bilateral pallidum, bilateral putamen, left pre-central gyrus, superior temporal gyrus, as well as
within the basal ganglia structures, consistent with recent reports using 16Ch coil at 7T (Lenglet
et al., 2012). Furthermore, the 12Ch coil failed to identify connections with substantia nigra and
subthalamic nucleus, which are relatively smaller structures that are typically excluded from
analysis when low-resolution acquisition (3x3x3 mm’) is employed (Di Martino et al., 2008).
This result is in agreement with the SNR performance showing in Figure 2.1, where the 32Ch
array outperforms the 12Ch coil in SNR by a factor of 1.25x and 2.7x at the central and
peripheral cortex respectively. By increasing the channel count of a head array coil from 12 to
32, an overall 1.8-fold SNR improvement can be expected (Wiesinger et al., 2004). The main
SNR gain contribution is expected to occur at the peripheral regions (e.g. brain cortex), while the
central SNR will remain relatively the same. However, product available 32Ch head array coils
provide a tighter fit compared to dimensionally larger designed 12Ch coils. For the arrays under
study in the present work (32Ch and 12Ch coils) since the 32Ch array is also constructed on a
tighter fitting helmet than the 12Ch (or most other arrays), it also enjoys a sensitivity benefit
from the closer proximity between receive-element and brain. This benefit extends to deep
structures as well as superficial cortex. Increases in SNR obtained from 32Ch coils can then be
traded off for acquisitions with higher spatial resolution, which becomes particularly important

for fIMRI.
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Graph theory analyses revealed significantly higher overall global efficiency of nodes
(i.e. stronger connections) with 32Ch coil compared to 12Ch coil, particularly in ACC. There is
converging evidence from recent publications that functional connectivity in ACC changes
through brain maturation in healthy subjects (Kelly et al., 2009) and also in ADHD patients (Qiu
et al., 2010). Significantly higher local efficiency of PHG revealed by 32Ch coil compared to
12Ch coil showing that this region formed a strong/well-connected network with its neighbors.
In the 32Chgy > 12Chgy contrast, there is a trend (p=0.056) towards higher global efficiency.

This could be indicative of the sensitivity of the 32Ch coil to detect long-range connections. In

particular, differences in global efficiency between networks are typically related to differences
in the amount of long-range connectivity within the network for small-world networks.
Similarly, significantly different local efficiency (p=0.034) in the 32Chgy > 12Chgy contrast

indicates the sensitivity of the 32Ch coil to detect short-range connections (because short-range

connections are associated to higher local efficiency, i.e., how well are still its neighbors
connected if we eliminate this node). Since these two metrics are vital to understanding brain’s
ability to integrate information at the global level (i.e., functional integration) and cluster level
(i.e., functional segregation) (Rubinov and Sporns, 2010), 32Ch coil would prove more
beneficial to elucidate the intricacies of brain networks. Cost advantages of 32Ch coil are
depicted in Figure 7, which provides a graph visualization of the network-level analysis of cost
for the top 15% ROI-to-ROI connectivity (prpr-con<0.05) from all Brodmann areas (number of
nodes = 84; 16 subjects per group). Network level analysis of cost revealed that connections in
ACC are significantly stronger in both 32Chg,; > 12Chygy and 32Chyae > 12Chg, comparisons.
Perirhinal, entorhinal, and parahippocampal cortices are part of the medial temporal lobe (MTL)

and based on our results, especially from graph-theory analysis, we suggest that 32Ch coil would
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be better suited for studies involving MTL pathologies such as Alzheimer’s disease and epilepsy.
Significantly higher functional connectivity, observed in inferior/medial temporal regions with
32Ch coil, consistently in DMN, HCMN, DAN and ECN reiterates this benefit.

In this study time-series data were acquired in a relatively higher spatial resolution
(2x2x2 mm®) compared to typically employed low resolution (3x3x4 mm®) in fMRI, based on
findings from a recent work (Triantafyllou et al., 2011) which demonstrated that array coils
provide biggest increases in tSNR at high spatial resolutions (small voxel size). In our resting
state protocol we chose to acquire data at a 2mm isotropic voxel size to utilize the benefits of the
multichannel array as well as to increase the spatial specificity and localization of the networks
and minimize partial volume effects and physiological noise contamination.

In functional MRI (fMRI) studies, events/blocks are repeated several times so that task
related activations are detected more reliably. This often leads to long experiments inducing
subject fatigue and/or head motion, the levels of which may confound the results. Moreover,
such long experiments might not be feasible on specific subject populations, such as pediatrics or
patients. Typically, reduction in scan time is possible only at the expense of SNR, but not
necessarily if one could capitalize on the increased sensitivity afforded by multichannel arrays or
high magnetic field strength. In this study, we demonstrate that increases in tSNR offered by
32Ch coil can also translate to reductions in scan time, i.e. less number of time points per
functional run or ultimately less runs of the same experiment in fMRI. In our resting state

experiments, particularly, connections within SFG were significantly stronger in the 32Ch, >
12Chfull comparison for both DMN and HCMN, as were DLPFC, APFC, premotor cortex and

SPL in DAN (task-positive network). Similarly, the ECN and the salience network revealed,

within network, significantly strong connections with half the duration of the 32Ch fMRI
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acquisition. Similarly, this can also be translated to power calculations for group fMRI studies,
(Mumford and Nichols, 2008), by having a lesser sample size or preventing the collection of
additional data that will have little impact on power.

The signal dynamic range of the 32Ch receive coil in the brain is approximately twice as
that of the 12Ch head coil. This steeply varying spatial sensitivity profile of the small receiver
coil elements of the 32Ch array has two important consequences. Firstly, it causes a non-uniform
detection sensitivity that spatially modulates the ability to detect BOLD fluctuations. This adds
to other sources of BOLD detection variation such as biological effects (differences in CBF and
CBYV responses and differing hemodynamic response functions) as well as other instrumental
effects such as imperfect By shimming (which creates T2* variation and subsequently degrades
the optimality of the TE setting). The effect of the coil sensitivity can be easily visualized by
creating a tSNR map of the resting brain. Alternatively, the BOLD sensitivity map (Deichmann
et al., 2002; Gorno-Tempini et al., 2002) includes this information through the explicit
incorporation of the image signal intensity profile.

The most problematic issue concerning the spatially varying reception is the increased
sensitivity to motion. Motion effects in resting state have well known detrimental consequences
(Power et al., 2012; Satterthwaite et al., 2012; Van Dijk et al., 2012), which are exacerbated
when parallel imaging acceleration is used incorporating reference data or coil sensitivity maps
taken at the beginning of the scan. Movement then leads to changing levels of residual aliasing in
the time-series. Even for non-accelerated imaging, problems derive from the spatially varying
signal levels present in an array coil image. Even after perfect rigid-body alignment (motion
correction), the signal time-course in a given brain structure remain modulated by the motion of

that structure through the steep sensitivity gradient. Motion correction (prospective or
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retrospective) brings brain structures into alignment across the time-series but does not alter their
intensity changes incurred from movement through the coil profiles of the fixed-position coils.
This effect can be partially removed by regression of the residuals of the motion parameters; a
step that has been shown to be very successful in removing nuisance variance in ultra-high field
array coil data (Hutton et al., 2011). An improved strategy might be to model and remove the
expected nuisance intensity changes using the motion parameters and the coil sensitivity map.

As it has been already demonstrated, the achievable SNR improvements of the 32Ch over
the 12Ch head coil at the cortex but also at deeper brain areas are due to the increased number of
elements and the tight fitting helmet design of the 32Ch array, respectively. However, in practice
there are potentially two limitations associated to the tight fitting design; a) not all head sizes fit
in the helmet and b) there is no room for the commonly used MRI compatible headphones with
big earmuffs. For the later, alternative solutions should be consider, for example inner-ear

headphones or ultra-slim earmuffs available in the market.
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Chapter 3

Hyper-connectivity of Sub-cortical Resting State Networks in Social Anxiety Disorder

Abstract
Social anxiety disorder related alterations in basal ganglia regions, such as striatum and

globus pallidus, though evident from metabolic imaging, remain to be explored using seed-based
resting state functional connectivity MRI (fcMRI). Capitalizing on the enhanced sensitivity of a
multichannel array coil, we collected high-resolution (2mm isotropic) data from medication
naive patients and healthy control participants. Subcortical resting state networks from structures
including the striatum (caudate and putamen), globus pallidus, thalamus, and cerebellum were
compared between the two groups. When compared to controls, the caudate seed revealed
significantly higher functional connectivity (hyper-connectivity) in the patient group in medial
frontal, pre-frontal (anterior and dorso-lateral), orbito-frontal and anterior cingulate cortices,
which are regions that are typically associated with emotional processing. In addition, with the
putamen seed, the patient data exhibited increased connectivity in the fronto-parietal regions
(Executive Control Network) and subgenual cingulate (Affective Network). The globus pallidus
seed showed significant increases in connectivity in the patient group, primarily in the
precuneus, which is part of the Default Mode Network. Significant hyper-connectivity in the
precuneus, interior temporal and parahippocampal cortices was also observed with the thalamus
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seed in the patient population, when compared to controls. Seeds from the cerebellum resulted in
left lateralized hyper-connectivity with the amygdala in the patient group. In all the subcortical
regions examined in this study, the control group did not have any significant enhancements in

functional connectivity when compared to the patient group.

3.1 Introduction

Social anxiety disorder (SAD), also known as social phobia, is characterized by a fear of
negative evaluation and scrutiny by others (American Psychiatric Association, 2000) and is one
of the most common psychiatric disorders with a lifetime prevalence rate of 6.8% (Kessler et al.,
2005). However, despite its high occurrence rate and associated social and economic burden, the
neurobiology of the disorder remains poorly understood. In recent years, there has been
increased interest in elucidating the pathophysiology and neuronal mechanisms underlying SAD,
particularly through the use of resting-state functional connectivity MRI (fcMRI) (Biswal et al.,
1995). Of the existing fcMRI studies involving SAD populations, a few studies studies (Ding et
al., 2011; Liao et al., 2010a; Liao et al., 2010b; Liao et al., 2011; Qiu et al., 2011) used identical
acquisition parameters including low-resolution (3.75 x 3.75 x 5 mm) voxels. Of the remaining
studies, one had very limited coil sensitivity to detect Blood Oxygenation Level Dependent
(BOLD) signal (Pannekoek et al., 2012), and two had limited head coverage and/or low
resolution (Hahn et al., 2011; Prater et al., 2013). Since physiological noise, a major confound in
fcMRI, dominates at low-resolution (Triantafyllou et al., 2005), high-resolution imaging is
desirable in this context. BOLD contrast-to-noise ratio (CNR) benefits directly from time-series
Signal-to-Noise Ratio (tSNR) gains, and our previous work has demonstrated that the higher
sensitivity offered by multichannel arrays such as 32-Channel (32Ch) coil, would translate to

improved detection of resting state networks in healthy adults (Anteraper et al., 2013).
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The amygdala, an area that has previously shown disorder specific hyperactivity in SAD
populations (Phan et al., 2006), was the primary focus of seed-selection for most of the published
resting-state fcMRI studies, whereas others investigated alterations in the Default Mode Network
(DMN). Specific regions of thalamus and cerebellum although considered to be part of the DMN
(Zhang and Raichle, 2010) are yet to be fully evaluated in the context of fcMRI evaluations in
SAD. Of these subcortical regions, anterior nucleus of thalamus is considered to be one of the
principal contributors to a well-accepted collection of pathways associated with emotion
processing, the disruption of which could manifest as alterations in the DMN (Jones et al., 2011).
Cerebellar role in emotion processing has been demonstrated recently using task-based fMRI in
healthy participants (Baumann et al., 2012). None of the seed-based fcMRI studies published to-
date in SAD populations has examined resting state networks with seeds in basal ganglia regions
such as the striatum and globus pallidus. It may be important to use fcMRI to probe BOLD
signal originating from these regions, especially considering that a recent functional MRI (fMRI)
meta-analysis confirmed the link between the basal ganglia and emotion (Arsalidou et al., 2012)
in healthy controls (HC) and highlighted the involvement of the striatum and globus pallidus in
processing emotion. More recently, task-based fMRI studies have associated atypical striatal
activation to anxiety (Perez-Edgar et al., 2013). Additionally, the globus pallidus has been linked
to anxiety disorders based on lesion studies (Lauterbach et al., 1994) and emotional processing
(Lorberbaum et al., 2004) based on reports from Positron Emission Tomography (PET).
Furthermore, PET studies have reported cerebral blood flow (CBF) changes specific to the
striatum during anticipatory anxiety to electrical shock (Hasler et al., 2007).

Based on the above, our hypothesis was that resting-state functional connectivity

abnormalities are possible in the basal ganglia, thalamus, and cerebellum in SAD populations.
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Detecting such alterations may be potentiated by technological improvements offered by parallel
array coils (e.g., 32Ch head coil) which boost the tSNR in fMRI, especially in the high resolution
domain (Triantafyllou et al., 2011). To this end, we explored resting state networks in a
medication naive SAD population when compared to HC in subcortical brain regions associated

with emotional processing.

3.2 Methods
3.2.1 Subjects

Seventeen medication naive SAD patients (24.7 + 6.3 yrs, 8 males, all right-handed) and
17 age, gender and handedness matched healthy controls (25 £ 7.5 yrs) participated in the study.
The mean Liebowitz Social Anxiety Scale (LSAS) (Liebowitz, 1987) score for the SAD group
was 77.9 £ 14.1. Four patients had co-morbid depression and four had a co-morbid anxiety
disorder. Written informed consent was obtained from all participants for an experimental
protocol approved by the MIT institutional review board.

SAD patients were recruited from a local anxiety treatment center and through
advertisements in the community. To be eligible, SAD patients needed to have a DSM-IV
diagnosis of SAD, generalized subtype, and a total LSAS score of = 60. Additionally, patients
were excluded for the following reasons: current suicidal or homicidal ideation, history of (or
current) psychosis, or current diagnosis of alcohol or substance dependence (excluding nicotine).
None of the patients were receiving pharmacotherapy or psychotherapy at the time of the study.
Healthy controls were recruited from the general community by advertisement and were
screened for current and lifetime psychopathology using the Structured Clinical Interview for
DSM-IV Axis I Disorders (SCID; First et al., 1996). To be eligible, they must have had no

current or lifetime diagnosis of a psychiatric illness.
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3.2.2 Data Acquisition

Data acquisition was performed on a Siemens 3T scanner, MAGNETOM Trio, a Tim
System (Siemens AG, Healthcare Sector, Erlangen, Germany), using a commercially available
radio frequency (RF) receive-only 32Ch brain array head coil (Siemens AG, Healthcare Sector,
Erlangen, Germany). The body coil was used for RF transmission. Extra padding with foam
cushions was used for head immobilization. During the task, all subjects were asked to relax in
the scanner with their eyes open and fixate on a cross hair, displayed centrally on the screen.

Single-shot gradient echo Echo Planar Imaging (EPI) was used to acquire whole-head
data, prescribed along anterior commissure — posterior commissure (AC-PC) plane with A>P
phase encode direction. The scan duration was six minutes and 24 seconds (62 time points, 2
“dummy” scans). The scan parameters used for TR/TE/Flip Angle/Voxel size were 6000ms/30
ms/90°/2x2x2 mm”’. The TR was chosen to be 6 seconds in this study in order to do whole-brain
coverage at high resolution of 2mm isotropic voxel size with 67 slices. Image reconstruction was
carried out using the vendor provided Sum-of-Squares algorithm. In addition, high-resolution
structural scan was acquired using 3D MP-RAGE (magnetization-prepared rapid-acquisition
gradient-echo) sequence. The scan parameters used for TR/TE/TI/Flip Angle/Voxel size were

2530 ms/3.39 ms/1100 ms/7°/1.3x1x1.3 mm”.

3.2.3 Data Analysis

SPMS (Friston, 2007) was employed for pre-processing the resting state fMRI time-series
and structural scans. The steps on EPI data included motion correction and slice-time correction,
normalization with respect to the EPI template (sampling size was matched to the native (2-

isotropic) resolution) provided by SPM, and 3mm Gaussian smoothing. Structural scan was
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normalized with respect to SPM’s T; template. Finally, image segmentation (Ashburner and
Friston, 2005) was carried out on the T1-weighted images to yield grey matter (GM), white

matter (WM) and CSF masks in normalized space.

3.2.3.1 First-Level Connectivity Analyses

Functional connectivity analysis was performed using MATLAB (MathWorks, Natick,
MA) based custom software package: CONN (Whitfield-Gabrieli and Nieto Castanon, 2012).
Sources for seed-based analysis were defined as multiple seeds corresponding to the pre-defined
seed regions for: (7) striatum (caudate, and L and R putamen), (if) globus pallidus (medial and
lateral for internal and external segments respectively), (ii7) thalamus, and (iv) L and R
cerebellum. All seeds were independent of our data and were generated using WFU_PickAtlas
(Maldjian et al., 2004; Maldjian et al., 2003). Seeds for thalamus (0, -12, 9) and cerebellum (25,
-81, -33) were chosen to be 10-mm spheres centered on previously published foci (Zhang and

Raichle, 2010). Mid-brain sources (seeds) are depicted in Figure 3.1.

Medial Globus Pallidus

Thalamus

Figure 3.1: Mid-brain regions of interest that were chosen as sources to detect sub-cortical resting state networks.
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Seed time-series were band-pass filtered (0.008 < f < 0.09 Hz) and non-neuronal
contributions from WM and CSF were considered as noise, the principal components of which
were estimated and removed using aCompcor (anatomical component based noise correction
method) (Behzadi et al., 2007). The optimal configuration of the aCompCor approach as applied
in the CONN toolbox was followed (Chai et al., 2011). In-house custom software

(nitrc.org/projects/artifact _detect/) was used for detecting motion outliers, which were then

included as nuisance regressors along with the seven realignment (3-translation, 3-rotation, 1-
composite motion) parameters. At the scan-to-scan motion threshold used in this study (0.5mm
translation and 0.5 degree rotation), there were 20 outliers in the SAD group and 13 in the HC
group. There were no significant differences (p=0.45) in the number of outliers between the SAD
and HC groups with mean values, 1.17+0.47 and 0.77+0.34 respectively.

Correlation maps were produced by extracting the residual BOLD time-course from the
sources, followed by generating Pearson’s correlation coefficients between the source time-
course and the time-courses of all other voxels in the brain. Correlation coefficients were
converted to normally distributed scores using Fisher’s r-to-z transform in order to carry out
second-level General Linear Model analyses. Images from the first-level results (correlation
maps and z-maps) provided the seed-to-voxel connectivity maps for each selected source for

each subject and for each condition (one per subject/condition/source combination).

3.2.3.2  Second-Level Connectivity Analyses

Within- and between-group analysis of data sets from the SAD and HC groups was
performed as second-level analyses. For within-group comparisons, whole-brain False Discovery
Rate (FDR) corrected threshold of p<0.05 (prpr-cor<0.05) was used to identify areas of

significant functional connectivity. For between-group comparisons, statistical analysis was
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performed using a cluster-defining voxel-wise height threshold of p<0.05 (uncorrected), and only
the clusters with an extent threshold of whole-brain Family Wise Error (FWE)-corrected p<0.05

(PrwE-c0<0.05) were reported as statistically significant.

3.3 Results

Within group results for the SAD and HC groups, with the caudate as the seed region, are
shown in Figure 3.2 A. Positive correlations in the medial frontal gyrus (MFG), the dorsal
anterior cingulate cortex (ACC) extending to the subgenual cortex and the orbito-frontal cortex
(OFC) were significantly enhanced in the SAD group. Between group comparisons revealed
hyper-connectivity (Figure 3.2 B), specifically in the MFG including the superior frontal gyrus
(SFG) (BA 8), the dorso-lateral pre-frontal cortex (DLPFC) (BA 9), the middle frontal gyrus
(BA 10), the orbital gyrus (BA 11), the subcallosal gyrus (BA 25), the ACC (BA 32), and the left
temporal cortex (specifically, middle temporal gyrus (MTG) (BA 21) and inferior temporal gyrus
(ITG) (BA 20).

Similarly, for the L and R putamen seeds (Figure 3.3 A), within group comparisons
revealed hyper-connectivity in the fronto-parietal regions within the SAD group. In addition,
connectivity with ITG and the parahippocampal gyrus (PHG) was absent within the control
group (Figure 3.3 B). Connectivity was significantly enhanced in the SAD > HC comparison
(Figure 3.3 C) in the bilateral supramarginal gyrus (BA 40), the rectal gyrus (BA 11), the pre-
motor cortex (BA 6) and the ventral/subgenual ACC (BA 24/25), indicating interruptions in

striatal function.
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Figure 3.2: Statistical functional connectivity maps for caudate (second-level analysis, n=17 per group). Within-
group height threshold is whole-brain pgpg.c,,»<0.05 (Figure 3.2 A). SAD>HC reveals hyper-connectivity in medial
frontal gyrus, ACC and left MTG (Figure 3.2 B, blue arrows). Between-group height threshold is p<0.05, cluster-
level prwe.c0r<0.05. HC>SAD contrast is not significant.

SAD>HC
BA 40

Figure 3.3: Statistical functional connectivity maps for putamen seeds (second-level analysis, n=17 per group).
Within-group height threshold is whole-brain pgpg_c,»<0.05 (Figure 3.3 A, B). SAD>HC reveals hyper-connectivity
in bilateral Supramarginal Gyrus, Rectal Gyrus, pre-motor cortex, and ventral/subgenual ACC (Figure 3.3 C, blue
arrows). Between-group height threshold is p<0.05, cluster-level ppyg.,,<0.05. HC>SAD contrast is not significant.

Furthermore, enhanced connectivity in the SAD group was revealed when the globus
pallidus was used as a seed (Figure 3.4 A). In particular, the network consisting of the MFG,
DLPFC, ACC and temporopolar area (BA 38) was more evident in the SAD group compared to
the HC group. For the SAD > HC contrast (Figure 3.4 B), hyper-connectivity was observed in
the precuneus (BA 31), signifying the possible role of mid-brain regions as contributors to the

DMN.
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Figure 3.4: Statistical functional connectivity maps for internal and external segments of globus pallidus (second-
level analysis, n=17 per group). Within-group height threshold is whole-brain prpg.c,»<0.05 (Figure 3.4 A).
SAD>HC reveals hyper-connectivity in Precuneus (Figure 3.4 B, blue arrows). Between-group height threshold is
p<0.05, cluster-level prwe.,,<0.05. HC>SAD contrast is not significant.

Figure 3.5 A shows group-level results for the thalamus seed for the SAD and HC
groups. Similar to the previous networks, positive correlations in the posterior cingulate cortex
(PCC), and BAs 6, 7, 9, 10, 13, 24, 32 and 40 were stronger in the SAD group. Connectivity with
primary, secondary and associative visual cortices (BAs 17, 18 and 19 respectively) were present
only within the SAD group. Parts of the DMN such as the precuneus, bilateral ITG extending to
the left and right PHG and parts of the fronto-parietal network involving superior parietal and
anterior pre-frontal regions were significantly pronounced for the SAD > HC comparison (Figure
3.5 B). This finding emphasizes the role of the thalamo-cortical connectivity in SAD.

Figure 3.6 A shows the functional connectivity correlation maps generated at the second
level for the L and R cerebellum seeds. Connections in medial pre-frontal cortices (MPFC), the
PCC and BA 38 were stronger in the SAD group. Positive functional connectivity paralimbic
regions such as entorhinal (BA 28) and perirhinal (BA 35) cortices were present only within the
SAD group. Notably, the SAD > HC comparison revealed left lateralized hyper-connectivity in

the amygdala (Figure 3.6 B).
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SAD>HC

. 10.0

Figure 3.5: Statistical functional connectivity maps for thalamus seed (second-level analysis, n=17 per group).
Within-group height threshold is whole-brain prpg.c,,<0.05 (Figure 3.5 A). SAD>HC reveals hyper-connectivity in
parahippocampal gyrus (PHG) and inferior temporal gyri (Figure 3.5 B, blue arrows). Between-group height
threshold is p<0.05, cluster-level prpg.,,<0.05. HC>SAD contrast is not significant.

SAD>HC

L Amygdala
14

- 10.0 - 10.0

Figure 3.6: Statistical functional connectivity maps for cerebellum seeds (second-level analysis, n=17 per group).
Within-group height threshold is whole-brain prpg.c,,<0.05 (Figure 3.6 A). SAD>HC reveals hyper-connectivity in
left amygdala (Figure 3.6 B, blue arrow). Between-group height threshold is p<0.05, cluster-level prpyg.c,<0.05.
HC>SAD contrast is not significant.

For all the regions/seeds explored in this study, the within group SAD contrast revealed
stronger and more extensive connections within the basal ganglia and thalamus regions. In
addition, we verified that the hyper-connectivity revealed in SAD>HC contrast was not driven by
anticorrelations in controls. Notably, the HC > SAD contrast was not significant. Between-group

results are summarized in Table 3.1.
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Striatum/Caudate
Medial Frontal Gyrus BA 8/9/10/11 -244 -8 1576 5.35
ACC BA 32 04810
Left Temporal Lobe BA 38 -42 12 -32 772 4.37
Left Middle Temporal Gyrus (MTG) BA 21 -54 -4 -26
Striatum/Putamen
right Supramarginal Gyrus BA 40 48 -42 36 448 5.13
Rectal Gyrus BA 11 638 -20 433 4.50
Premotor Cortex BA6 -26 20 60 2090 4.47
left Supramarginal Gyrus BA 40 -48 -44 38 1189 4.43
ventral Anterior Cingulate Cortex BA 24/25 -4234 582 4.28
(ACC)/Subgenual ACC
Globus Pallidus
(medial and lateral)
Precuneus BA 31 8-58 40 470 3.89
Thalamus
Posterior Cingulate Cortex (PCC) BA 30 -16-40 4 5433 5.43
left Superior Temporal Gyrus (STG) BA 22 -62 -60 14
right Superior Parietal Cortex BA 40 14 -70 64 1598 5.12
Precuneus BA 31 8-5250
left Parahippocampal Gyrus (PHG) BA 36 -30-16 -28 1520 4.88
left Inferior Temporal Gyrus (ITG) BA 20 -60 -44 -16
right PHG BA 36 28 -16 -32 974 4.85
right MTG BA 21 522-34
right PHG BA 36 34 -4-18 730 4.55
right Inferior Parietal Lobule BA 40 38-48 28
right Inferior Frontal Gyrus (IFG) BA 46 4824 -8 1099 4.49
right STG BA 22 48 -4 4
Cerebellum
left Amygdala BA 34 -20-10-18 486 4.44

Table 3.1: Positively correlated brain regions for SAD > HC contrast (second-level analysis, n = 17 per group,
cluster-level prwe..,<0.05) for the sub-cortical regions explored in this study are given below. Opposite contrast was
not significant.

3.4 Discussion

In this study, we explored subcortical resting state fcMRI in a SAD population. By
probing the striatum (caudate and putamen), globus pallidus, thalamus and cerebellum, our study
provides an important contribution to the literature and may prove useful for developing and
improving treatment strategies. Unlike most of the published fcMRI studies on SAD, we
employed a drug naive sample in the current study because of the known influence of

pharmacotherapy (Warwick et al., 2012).
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Although there is little debate on the role of subcortical regions in the pathophysiology of
SAD, functional connectivity alterations with these regions as seeds have remained either
unexplored or inconclusive in previously published resting-state fcMRI studies. Analyses of the
caudate seed in the current study revealed significantly higher functional connectivity between
temporal and frontal regions such as the orbital, medial, inferior and anterior cingulate cortex in
the SAD > HC comparison. This could be indicative of abnormalities in frontal-subcortical
circuits associated with SAD, as previously shown when using a frontal medial seed in exploring
task-based functional connectivity (Gimenez et al., 2012). Moreover, task-based hyperactivity in
frontolimbic regions has been previously reported in the context of SAD (Veit et al., 2002),
which could be indicative of the abnormalities associated with the underlying pathology.
Alterations in the fronto-parietal regions were also observed with L and R putamen seeds in the
current study. These findings could help explain some of the deficits in the Executive Control
Network in the resting-state (Seeley et al., 2007) in SAD populations as previously observed
(Liao et al., 2010a). Our study also revealed hyper-connectivity in the ventral/subcallosal ACC
with the putamen seeds. Hyperactivity in this region has been attributed to social anxiety from
task-based fMRI studies (Ball et al., 2012). The subcallosal ACC has also been classified as part
of the “Affective Network” in previous studies (Sheline et al., 2010). Taken together, the hyper-
connectivity of cingulate gyrus with the caudate and putamen seeds, as demonstrated in this
work, could be indicative of disturbances in striatal function specific to SAD. This is consistent
with previous reports from nuclear imaging (van der Wee et al., 2008). Enhanced connectivity in
pre-motor regions suggests that SAD patients are in a state of “motor readiness”, either due to
abnormal input to the striatum (from amygdala or mid-brain dopaminergic neurons) as proposed

as a testable model for anxiety disorders by (Marchand, 2010). Enhanced functional connectivity
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with striatum and regions of the OFC with SAD is equally interesting because of recent reports
from task-based fMRI, highlighting the role of OFC in neural habituation in SAD (Sladky et al.,
2012).

Smaller structures such as the globus pallidus are typically excluded from fcMRI
evaluations of mid-brain regions because of inadequate coil sensitivity and low-resolution
acquisition (D1 Martino et al., 2008). Our decision to include the globus pallidus in this study
stems from our previous fcMRI study demonstrating the benefits of using multichannel arrays in
the high-resolution regime for investigating mid-brain regions (Anteraper et al., 2013). The
globus pallidus has been classified in a recent meta-analysis (Hattingh et al., 2012) as one of the
regions (along with amygdala, entorhinal cortex, ITG, ACC and post-central gyrus) that is
significant in the SAD > HC comparison for task-based fMRI involving emotional stimuli. We
found hyper-connectivity of the globus pallidus and the precuneus for the first time in the SAD
domain with seed-based resting state fcMRI. Interestingly, previous studies have reported
connectivity between these two regions with effective connectivity measures (Marchand et al.,
2007). PET studies involving deep brain stimulation of the globus pallidus in Huntington Disease
have reported decreased regional CBF in the precuneus (Ligot et al., 2011). Precuneus is
considered to be part of the self-referential network, the alterations of which have been
previously explored in the realm of task-based fMRI in SAD, particularly for the evaluation of
mindfulness-based intervention programs in unmedicated patients (Goldin et al., 2012).

Increased activity of the thalamus is one of the most consistent findings in neuroimaging
studies of SAD populations (Freitas-Ferrari et al., 2010). Gimenez and colleagues (2012) have
reported enhanced functional connectivity between thalamus and ACC in the SAD group, but

had tSNR limitations (1.5T and 8Ch coil) and did not use a formal resting state paradigm (“rest”
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blocks were combined from fMRI block design). In addition to ACC, our study revealed stronger
positive correlations with the thalamus seed and pre-motor, frontal, dorsolateral pre-frontal,
insular, and parietal cortices within SAD group. Significant enhancements in functional
connectivity in the SAD > HC contrast was also noted for several thalamo-cortical regions
including the precuneus, ITG and PHG, which are part of the DMN. Increased cortical thickness
in the ITG has been associated with SAD in recent reports based on structural MRI studies (e.g.,
(Frick et al.,, 2013)). Additionally, significantly enhanced thalamo-cortical connections,
specifically in the anterior pre-frontal and superior parietal cortices, supports the existence of a
fronto-parietal network that compensates for the deficits associated with anxiety disorders, as
previously illustrated by (Etkin et al., 2009). Finally, hyper-connectivity of the bilateral PHG in
SAD is particularly noteworthy because PHG has been reported as a major hub in the medial
temporal lobe, in association with the DMN (Ward et al., 2013).

Significantly stronger temporal correlations between the cerebellar seeds and the
amygdala in the SAD group (which was not present in HC > SAD contrast) underscore the
relevance of the cerebellum in emotion processing. Parallels have been drawn from animal
studies between the amygdala and cerebellum dependent conditioning of fear (Medina et al.,
2002) emphasizing the involvement of cerebellum in emotion. Liao and colleagues (2010b) have
previously reported abnormal effective connectivity with cerebellum in the context of SAD when
bilateral amygdalae were chosen as seeds for Granger causality analysis. Resting state fcMRI in
healthy populations has also provided converging evidence for the functional connectivity of the
amygdala and cerebellum (Sang et al., 2012). In addition, cerebellar involvement in the SAD
group for a “scrutiny network” (comprised of regions in medial frontal cortex, bilateral insula

and the cerebellum) has also been revealed by fMRI using a perception of scrutiny task
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(Gimenez et al., 2012). The left lateralization of amygdalar hyper-connectivity is an encouraging
finding because hyperactivity in the left amygdala has been reported previously in the context of
depression (with task-based fMRI), which subsequently normalized with antidepressant
treatment (Sheline et al., 2001). The left lateralization that we observed in this study is also
consistent with previous meta analyses on emotional processing studies involving fMRI and
PET, highlighting hyperactivity in the left amygdala compared to the right (Baas et al., 2004).
Hahn and colleagues (2011) have also reported hyperactivity of left amygdala in the SAD group.
Recent fMRI study on healthy adults has indicated left lateralized amygdala activity, specifically
for processing negative stimulus (Beraha et al., 2012). More recently, structural MRI studies
have shown increases in gray matter in the left cerebellum in SAD patients (Talati et al., 2013).
Our results highlight the synergy of utilizing multichannel array coils and high resolution
in deciphering the resting-state BOLD fluctuations, particularly from sub-cortical regions such as

basal ganglia and cerebellum in the context of SAD.
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Chapter 4

Optimization of Simultaneous Multi-Slice Acquisition for Resting State Functional
Connectivity MRI

Abstract

Application of simultaneous multi-slice (SMS) acquisition in functional Magnetic
Resonance Imaging (fMRI) experiments employing single-shot Echo Planar Imaging (EPI)
protocols provides improved temporal resolution (short repetition times (TR)). This is
particularly important in functional connectivity MRI (fcMRI) for removing non-neuronal
contributions such as fluctuations in physiological noise (cardiac, respiratory and CSF
pulsations). Increasing spatial resolution is one way to reduce physiological noise because
multichannel arrays can compensate the SNR hit from reduced voxel volumes. However, this
results in EPI protocols with high TRs, which brings about a different set of issues such as
aliasing of cardiac and respiratory signals into the frequencies of interest (<0.1 Hz) in resting-
state fcMRI. In this study, by employing SMS-EPI as the workhorse, we compare signal
detectability with 32-Channel (32Ch) array coil in a series of temporal resolutions with SMS
factors ranging from 3 through 7 using seed-based connectivity analyses. The primary aim was
to optimize the acquisition parameters in the context of SMS using a recently available work-in-
progress sequence from Siemens and to investigate whether the higher SMS factors can extract
and map spontaneous activity fluctuations in an efficient manner by merit of higher temporal
resolution. Functional connectivity mapping was chosen for the purpose of comparison because

the spatial coherence of these networks is well understood and is robust and reliable across
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healthy subjects. Whole-brain comparisons revealed that higher SMS factors (i.e., high temporal
resolutions) provided increased detailed functional connectivity in the default mode network
(DMN). In addition, comparisons between the 32Ch and 12-Channel (12Ch) array coils at higher
SMS factors such as 7 (TR=800 ms) also revealed detailed functional connectivity maps, even
from subcortical regions such as thalamus, as part of the DMN. Switching to higher temporal
resolutions and multichannel arrays like 32Ch coil may be beneficial for fcMRI studies. Finally,
SMS acquisition with and without in-plane acceleration was carried out to investigate whether
resting state networks from susceptibility prone areas could be restored by merit of the geometric

distortion mitigation of parallel imaging.

4.1 Introduction

Of all the resting state networks identified so far, the default mode network (DMN),
consistent with reports from metabolic imaging studies (Raichle et al., 2001), has received the
most attention in the clinical and research community (Buckner et al., 2008; Fransson, 2006;
Greicius et al., 2003). Furthermore, it has been identified as one of the strongest hubs of all the
brain networks in the resting state (Tomasi and Volkow, 2011).

One of the trade-offs that has to be made for attaining whole-brain coverage, which is
important for detecting anatomically distant spontaneous low frequency temporal correlations in
resting state fcMRI studies, is between repetition time (TR) and spatial resolution. Advantages of
moving towards high spatial resolution (small voxel volumes) include reductions in signal drop
out via through plane de-phasing (because of thinner slices) and lesser contamination by partial
volume effects (better localization of BOLD). Since time-series signal-to-noise ratio (tSNR) is
directly proportional to BOLD contrast-to-noise ratio, one of the most important metrics in

fMRI, higher sensitivity offered by multichannel arrays (e.g., 32 Ch coil) especially at higher
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resolutions, could translate directly to improved detection capabilities for accurately identifying
resting state functional connectivity networks (Anteraper et al., 2013). However, to achieve
higher spatial resolution such as 2x2x2 mm’® without employing parallel imaging, TR has to be
about 6 seconds, which is not the best-case scenario because of contamination with physiological
noise such as heart rate and respiration. This is not necessarily the case if one could bring the
technologies of high field strength (3-Tesla or more) and multichannel array coils together with
parallel imaging strategies such as GRAPPA (Generalized Autocalibrating Partially Parallel
Acquisition), not just in the phase dimension but also in the slice dimension by using
simultaneous multi-slice (SMS) acquisitions (Feinberg et al., 2010; Setsompop et al., 2012). In-
plane acceleration provided by GRAPPA as originally described (Griswold et al., 2002) is by the
merit of the spatial encoding provided by array coils. As the number of array coils increases,
provided the coil geometry is optimized for the region being imaged, there can be remarkable
improvements in scan time reductions as demonstrated recently (Keil et al., 2012).

Higher temporal resolutions offered by SMS sequences remain yet to be systematically
explored in fcMRI. The primary goal of this work is to explore whether the higher sensitivity of
a 32Ch array coil when used with SMS sequence, would translate directly into improved
detection capabilities for accurately identifying the DMN. Resting state fcMRI from DMN will
be evaluated in the high-resolution EPI regime for this purpose using seed-based connectivity
analyses. In addition, we investigate whether slice acceleration/GRAPPA with SMS-EPI, in
combination with in-plane GRAPPA can prove beneficial in ameliorating susceptibility-artifacts
so as to improve the detection of resting state fcMRI networks. For this, seed-based analysis will
be performed from Orbito-Frontal Cortex (OFC), a region that suffers from severe geometric

distortion due to its location and slow EPI phase encoding.
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4.1.1 Theory

The radio frequency (RF) pulse as a function of time t, implemented in SMS imaging is

described by equation 4.1 below.

RF(t) = sinc(t)e'®t (4.1)

The SMS protocols evaluated in this study is a work-in-progress sequence made available
by Siemens based on the blipped-CAIPI (Controlled Aliasing in Parallel Imaging)
implementation of Setsompop and colleagues (Setsompop et al., 2012). Provided below is a brief
overview of the slice GRAPPA technique as described in (Setsompop et al., 2012). The main
difference between this technique and in-plane GRAPPA is that instead of using the existing coil
sensitivity on k-space data to retrieve information on lines to be filled in, slice GRAPPA

calibration fills in k-space information per coil per slice based on equation 4.2 given below:

Ci (., )P, (2, ¥) = Xic1 Cicotiapse (%, ¥)Peottapse 6 YVIKL j 2y (4.2)

Ciz(%,¥), (%, ), Peotiapse (X, ¥), and K, j ,(x. ., denote sensitivity profile from jth coil, image
of slice z, collapsed image and GRAPPA kernels respectively. However, as explained in
(Setsompop et al., 2012), the image dependency of equation 2 vanishes and it reduces to equation
4.3 below under typical imaging (because of the field-of-view shift imparted in the slice
dimension by “blipped-CAIPI” pulses), thereby making GRAPPA kernels to be dependent solely

on coil sensitivity (as in the case of in-plane GRAPPA).

Cj,z(x: Y) = Z%:l Cl,z (X, y)Kl,j,z(x,y) (4-3)
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4.2 Methods
4.2.1 Power Analysis

Regardless of analysis techniques and acquisition protocols, “power failure” is a big issue
in any study reporting statistical comparisons (Button et al., 2013). In this study, fmripower
(fmripower.org) was used for power analysis for detecting statistically significant temporal
correlations utilizing the steps reported in a previous study (Mumford and Nichols, 2008). A
resting state data set from the 12Ch coil (independent from the current study) was used for the
purpose. N of 6 was shown to retain sufficient power (defined as 1-8, where 3 refers to the rate

of rendering type II error) to detect functional connectivity using PCC as seed (see Figure 4.1

below).
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Figure 4.1: Power analysis plots indicate that N of 6 is sufficient to have more than 80% power with PCC as seed
ROI with a p-threshold of 0.005 (for type I error).

4.2.2 Subjects

For preliminary evaluation of the SMS protocols (which is a work in progress), we
enrolled 6 healthy volunteers (3 men), all right-handed, with mean age 24 (age range 18-28).

Written informed consent was obtained for the experimental protocol approved by the
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institutional review board. To minimize head movement, extra care was taken when the
participant was placed in the scanner; extra padding with foam cushions was used for head
immobilization inside the head coils. During resting-state time-series acquisition, subjects were
asked to relax with their eyes closed, and were instructed not to fall asleep. Automatic slice
prescription, based on alignment of localizer scans to a multi-subject atlas (van der Kouwe et al.,

2005), was used to achieve a consistent slice prescription.

4.2.3 Data Acquisition

Data acquisition was performed on a Siemens 3T scanner, MAGNETOM Trio, a Tim
System, (Siemens AG, Healthcare Sector, Erlangen, Germany), using a 32Ch and 12Ch brain
array product coils (Siemens Healthcare, Erlangen, Germany). For fcMRI acquisition, full head
coverage was achieved with 2mm thick interleaved slices with orientation parallel to the AC-PC
plane, in-plane spatial resolution of 2 mm x 2 mm. Each resting scan run lasted for ~5 minutes
and all subjects were scanned with both head coils and SMS factors 3 through 7 (see Table 4.1
below for acquisition parameters). The flip angle was set to Ernst angle, with the T; of grey
matter set to 1400 ms. Additionally, a 3D high-resolution T;-weighted structural scan was
acquired using a magnetization-prepared rapid-acquisition gradient-echo (MP-RAGE) sequence
with voxel size = 1.3x1x1.3 mm’, other acquisition parameters were: TR/TE/TI/FA=2530

ms/3.39 ms/1100 ms/7°.

4.2.4 Data Analysis

4.2.4.1 Artifact Detection and Rejection

Seven (3-translation, 3-rotation and 1-composite motion) parameters along with the

motion outliers were used as nuisance regressors along with white matter and CSF segments
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obtained from the segmentation routine implemented in SPMS8 (Ashburner and Friston, 2005).

In-house custom software (nitrc.org/projects/artifact detect/) was used for detecting outliers.

There were no significant differences (p-value=0.5) in the mean number of outliers between the
12Ch (13.83+5.6) and 32Ch (19.67+16.4) group for the group level comparisons carried out for
SMS factor of 7 for quality control thresholds (scan-to-scan motion threshold of 0.4mm/0.4

degree and global signal threshold of 3 standard deviations from mean) used in this study.

4.2.4.2 First-Level Connectivity Analyses

Prior to connectivity analysis, data were realigned, normalized with respect to EPI
template, and spatially smoothed using routines implemented in SPMS8 (Friston, 2007a).
Functional connectivity analysis was performed using a seed-based approach with MATLAB
(MathWorks, Natick, MA) based custom software package: CONN

(http://www .nitrc.org/projects/conn/). Seeds for DMN was chosen to be 10 mm spheres centered

on previously published foci (Zhang and Raichle, 2010) for the Posterior Cingulate Cortex
(PCC), medial pre-frontal cortex (MPFC) and left and right lateral parietal cortices (LLP and
RLP) using WFU_PickAtlas (Maldjian et al., 2003). OFC seed was also defined in a similar
manner around (0, 40, -25). Time-series extracted from the seed were temporally band-pass
filtered (0.008 < f < 0.09 Hz). The optimal configuration of the anatomical Compcor
(aCompCor) approach (Behzadi et al., 2007) as applied in the CONN toolbox was followed.
Correlation maps were generated by extracting the residual BOLD time-course from the seeds of
interest, followed by computing Pearson’s correlation coefficients (r-values) between the seed
time-course and the time-courses of all other voxels in the brain. Finally, correlation coefficients
were converted to normally distributed scores using Fisher's r-to-z transform to allow for General

Linear Model based second-level analyses.
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3 1410 72 51 215
4 1200 65 52 250
5 1000 61 55 300
6 800 56 54 376
7 800 56 63 376

Table 4.1: Data acquisition parameters for the SMS factors employed in this study with the corresponding repetition
times, flip angles and number of slices and time points. All protocols employed whole-brain coverage, 2mm-
isotropic resolution and partial-fourier encoding (6/8) of k-space.

4.2.4.3 Second-Level Connectivity Analyses

Within-group analysis of data sets from the 32Ch for SMS factors 3 through 7 was
performed as second-level analyses. Only the voxels that surpassed a whole-brain False
Discovery Rate (FDR) corrected threshold of p<0.05 were identified as areas of significant
functional connectivity. For between-group comparisons between 32Ch and 12Ch head coils,
statistical analysis was performed using a cluster-defining voxel-wise height threshold of
p<0.005 (uncorrected), and only the significant clusters with an extent threshold of whole-brain

Family Wise Error (FWE)-corrected p<0.05 were retained.

4.3 Results

Figure 4.2 shows the result of first level connectivity analysis from a representative
subject for a conventional TR of 2 s and a fast TR of 800 ms. In all the four seeds (PCC, MPFC,
LLP and RLP) of the DMN that were chosen for comparison, detailed functional connectivity is
revealed with improvement in temporal resolution. TR shortening also allows more number of
time-points to be packed in the same run that balances the potential tSNR drop that occurs with

SMS imaging.
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Figure 4.2: First level functional connectivity results from a representative subject with 4 different seeds
corresponding to the DMN during 5 minute scan sessions. Correlation (r-value) threshold=0.6.FA=Flip Angle,
T,=Number of time points.

Figure 4.3 shows positive correlations detected from second level connectivity analysis
using PCC as seed for a range of SMS factors. At the threshold used for comparison (whole-
brain prpr.co»<0.05), only two voxels from the PCC (results not shown) were found to be
significant for SMS factor of 3 (TR=1410 ms). The entire network consisting of MPFC, LLP and
RLP of DMN (see white arrows, Figure 4.3) was revealed only with a TR of 800 ms,
corresponding to SMS factor of 7. High N-array coils (e.g., 32Ch coil) are a requirement for
retaining sufficient SNR. This is clear from the raw data shown in Figure 4.4 for SMS factor of 7
and as further demonstrated from the tSNR comparison of the central slice (Figure 4.5) and the
functional connectivity maps for the 32Ch>12Ch contrast (Figure 4.6). Significant brain regions
depicted by yellow arrows in Figure 4.6 are summarized in Table 4.2. Finally, the advantage of
in-plane GRAPPA in combination with slice GRAPPA (with acceleration factors of 2 and 4

respectively) is shown in Figure 4.7.
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SMS=6 SMS=7

Figure 4.3: Statistical functional connectivity maps for seed region of interest from posterior cingulate cortex for
four different slice accelerations (second-level analysis, N=6). Height threshold is whole-brain pgpg_c,»<0.05. The

default mode network with left and right lateral parietal cortices, and medial pre-frontal cortices (white arrows) are
revealed better with SMS factor of 7 (TR=800 ms).
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Figure 4.4: Comparison of data quality from 12Ch and 32Ch coils with SMS factor of 7 (TR=800 ms).

12Ch coil 32Ch coil
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Figure 4.5: tSNR maps (mean divided by the standard-deviation computed on a pixel-by-pixel basis) for the central
slice for SMS factor of 7 (TR=800 ms). Poor tSNR maps from 12Ch coil directly translated to poor BOLD contrast
as demonstrated in Figure 4.6.
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Figure 4.6: Statistical functional connectivity maps for the 32Ch versus 12Ch comparison from Posterior Cingulate
Cortex (PCC) seed at MB =7 (second-level analysis, n=6 per group). 32Ch>12Ch contrast reveals significant
positive correlations from the default mode network (height threshold is p<0.005, cluster-level prpg.c,<0.05).
Opposite contrast is not significant. MFG=Medial Frontal Gyrus; MTG=Middle Temporal Gyrus; LPC=Lateral
Parietal Cortex; SFG=Superior Frontal Gyrus.

Default Mode Network

left Superior Frontal Gyrus -22.42 40 169 9.85
Posterior Cingulate Cortex -2 -38 36 269 7.30
Thalamus/Pulvinar -12-30 8 98 7.12
right Superior Frontal Gyrus 28 34 52 79 7.03
right Lateral Parietal Cortex 46 -56 32 101 6.98
Medial Frontal Gyrus -236-16 69 6.55
left Middle Temporal Gyrus -60 -18 -16 81 6.26

Table 4.2: Positively correlated brain regions for the 32Ch>12Ch contrast (second-level group analysis, n = 6 per
group; cluster-level prwEg.or<0.05; height threshold: T = 3.17) with posterior cingulate cortex as seed region of
interest at SMS=7. Opposite contrast was not significant highlighting the merit of the 32Ch coil at higher temporal
resolutions.
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TR=1.2s, No iPAT

=2
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Figure 4.7: First level functional connectivity results from a representative subject with OFC seed, without (top
row) and with in-plane acceleration of 2 (bottom row) from 4 consecutive slices in combination with SMS factor of
4 with 32Ch coil from a 5 minute scan session. Correlation (r-value) threshold=0.6. Positive correlations with
inferior pre-frontal and inferior temporal cortices (Brodmann Area (BA) 47 and 37 respectively) are revealed only
with in-plane acceleration demonstrating the usefulness of in-plane GRAPPA in detecting temporal correlations
from regions that are prone to susceptibility artifacts. iPAT=integrated Parallel Acquisition Technique.

4.4 Discussion

Optimizing data collection parameters is critical to providing the best possible tSNR and
spatial resolution from the available scanner hardware because acquisition parameters such as
SMS factors could play significant impact on the data quality outcome. Longitudinal
magnetization from grey matter is fully relaxed in less than 1.5 s. Therefore all the evaluations
for the group comparisons are based on TR of 1.5 s or below. Based on our comparisons with
PCC as seed, we have demonstrated that the use of imaging strategies such as SMS, in
combination with multichannel array coils would offer significant reductions in

TR/improvements in the temporal resolution that would elucidate resting state networks in a
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detailed and significant manner at both subject and group level comparisons. This could also
potentially ameliorate the effects of movement that is detrimental to tSNR (Van Dijk et al.,
2010). The session length was chosen to be 5 minutes for detecting DMN, based on
recommendations from an earlier study investigating the acquisition parameters for resting state
fcMRI (Van Dijk et al., 2010). This could be increased to 10 minutes or more if the areas of
interest involve sub-cortical regions such as amygdala and ventral tegmental areas that are prone
to susceptibility artifacts. Mid-brain regions could also benefit from additional scan time or
improved number of time points made available (without increasing the length of scan session)
because of increased temporal resolutions. This is because recent studies have shown that even at
7T, the tSNR from mid-brain regions are poor as they are predisposed to CSF pulsations
(because of their location), blood vessels and white matter tracts (Barry et al., 2013).

As expected from the comparisons outlined in Chapter 2, the 12Ch coil was not favorable
for SMS acquisitions at high temporal resolutions such as TR=800 ms, because of the limitations
in coil sensitivity. Between-group comparisons revealed statistically significant differences in the
32Ch>12Ch contrast for all the key nodes of the DMN such as PCC, MPFC and left and right
LPC (Fox et al., 2005) for SMS of 7 highlighting the limitation of 12Ch coil at high temporal
resolutions. In plane acceleration of 2 in combination with SMS factor of 4 provided detailed
functional connectivity from OFC seed, highlighting the advantage of iPAT in minimizing signal
loss from regions that are prone to susceptibility artifacts. Although not demonstrated at a group
level, the results from this study serves as a proof-of-concept that iPAT/SMS combination could
be advantageous in resting state fcMRI studies, particularly at higher field strengths because of
T2* shortening. Regions revealed (BAs 37 and 47) as positively correlated to the OFC seed is

consistent with recent reports (Kahnt et al., 2012).
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Chapter 5

General Conclusions

In this work we have demonstrated that the improved sensitivity of the 32Ch coil result in
increased detection of functional connections and stronger correlation strengths, which
potentially offer opportunity for smaller sample size in group level statistics, thereby preventing
additional data collection. By the application of multichannel arrays in the clinical realm, we
provide evidence for significant hyper-connectivity in the patient group as compared to controls
in all the subcortical regions explored in the context of social anxiety disorder (SAD). In
addition, we provide several novel findings, including alterations in regions that are known to be
involved in emotional processing, but have not been reported in the realm of resting state fcMRI.
Significantly enhanced seed-based functional connectivity of the globus pallidus with precuneus
and the cerebellum with left amygdala in the patient group is particularly interesting as it brings
basal ganglia and cerebellar regions to the forefront of understanding the neuronal mechanism of
SAD. More studies are needed to validate these findings, which could provide better
understanding of the pathophysiology of this disorder. Enhanced image SNR with the 32Ch coil
from mid-brain regions as shown in this work could find potential applications in other
neuropsychiatric disorders.

Finally, the optimization of acquisition protocol with slice-acceleration strategies such as
simultaneous multi-slice (SMS) acquisition re-iterate the advantages of multichannel array coil
(e.g., 32 elements or more) for higher temporal resolutions (TR=800 ms with SMS factors of 7).

Proportionality of BOLD CNR with tSNR, and the improvements in tSNR with multichannel
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arrays at high resolutions was taken into full consideration for the synergistic application of array
coils and parallel imaging. The combination of higher temporal resolution and the 32Ch coil
offer higher sensitivity in terms of revealing functional connections in the DMN, specifically at
higher spatial resolutions, while maintaining whole-brain coverage. This is achieved at
subsecond TR, whereas the TR had to be 6s to get the same coverage without the integration of
SMS acquisition scheme, implying an improvement of almost an order of magnitude.
Applications such as pharmacologic fMRI (for time-course analysis of the drug action) or
hemodynamic response modeling (to investigate initial dip, or post-stimulus undershoot) could
benefit directly from short TR.

It is plausible that the concerted effort of multichannel array coils and SMS acquisition
can reduce TR and still maintain high-resolution acquisition without trading off tSNR. This
translates to improvement in BOLD CNR and reductions in scan time as shown in this study.
Since head motion (which tends to increase with increases in scantime) deteriorates tSNR, any
effort to minimize scan time offers a positive impact to data quality. The tSNR of 32Ch coil,
especially at higher temporal resolutions were remarkably better than that of the 12Ch coil,
directly translating to significantly better fcMRI maps as shown in this work. Our
characterization of multichannel arrays was performed on the particular design and coil
manufacturer. Other multichannel arrays might offer different degree of sensitivity in the cortical
brain areas compared to deeper structures due to variability in the design configuration/coil
geometry. Finally, combining SMS acquisition and in-plane acceleration look promising for
restoring functional connectivity from susceptibility prone regions. To attain higher spatial
resolutions (<2mm iso) it might be beneficial to move towards higher magnetic field strengths

(e.g., 7T) or higher N arrays such as 64Ch coil.
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