Resting state functional connectivity in the human cervical spinal cord at 7 Tesla: preliminary results across healthy controls
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Introduction

Biswal et al. [1] were first to observe low-frequency correlations between blood oxygenation level dependent (BOLD) signal fluctuations in the brain in a resting
state, and subsequently such correlations have been exploited to characterize functional connectivity within specific neural circuits. In addition, disruptions in these
cortical resting state networks have been associated with a wide range of neurological diseases [2]. Here we describe our use of novel functional magnetic resonance
imaging (fMRI) at 7 Tesla to extend these investigations to detect and characterize resting state BOLD signals within the gray matter of the human spinal cord. Several
previous studies have reported the use of task-based protocols to localize areas of spinal cord activation to characterize motor, sensory, and pain pathways, but there
have been no previous rigorous reports of resting state correlations in the spinal cord. Thus, the goals of this study are to implement robust methods for acquiring resting
state BOLD signals from the human cervical spinal cord at 7 T, and develop appropriate post-processing protocols for the detection and analysis of functional
connectivity in the spinal cord. A further aim has been to establish the reproducibility within and between normal subjects. This work may provide new opportunities to

study basic aspects of spinal cord function both in normal development and in clinical disorders of the central nervous system.

Methods

Experiments were performed on a Philips Achieva 7 Tesla scanner with a custom-designed quadrature transmit
and 16-channel receive coil for 7 T spinal imaging (Nova Medical Inc.). Seven healthy volunteers (4 male, 21-34
years; 3 female, 23-34 years; 28.41+5.6 years) with no history of spinal cord injury were scanned under a protocol
approved by the institutional review board.

Acquisition: A multi-shot gradient-echo sequence was used to minimize T," blurring and geometric distortions
[3]: field of view = 160 x 160 mm, 12 4-mm slices (coverage from C3 to C5), voxel size = 0.91 x 0.91 x 4 mm’,
repetition time = 18 ms, echo time = 7.8 ms, flip angle = 12°, echo train length = 9, sensitivity encoding [4]
reduction = 1.56 (anterior-posterior), volume acquisition time = 3.6 sec (300 ms/slice), number of volumes = 150.

Processing: Recently published methods [5] were applied to de-noise and filter data in preparation for analyses
of functional connectivity. Gray and white matter masks were created for each anatomical slice and subdivided into
quadrants to identify left and right ventrolateral (motor) and dorsal (sensory) horns, as well as surrounding white
matter regions. Each mask was eroded to mitigate partial volume effects, and time series of individual voxels were
averaged within each cluster.

Analysis: The linear correlation coefficient was calculated between each time series pair, and converted to
z-scores with adjustment for first-order autocorrelation [6]. Our initial single-subject analyses [5] suggested that
correlations were strongest within an axial slice, so the current group analyses combined results across all slices to
increase statistical power. Two-tailed Wilcoxon rank sum tests were used to identify group-level distributions of
functional connectivity that were significantly different from zero (p < 0.01).
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FIG. 1: Group-level functional connectivity between
regions of spinal gray matter (GM) and surrounding
white matter (WM). In GM, positive correlations are
observed between left (LV) and right (RV)
ventrolateral horns, as well as left (LD) and right
(RD) dorsal horns. Weaker positive and negative
correlations are observed within WM. No statistically
significant correlations (p < 0.01) are observed
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between spinal GM and WM (upper right quadrant).

Results
Figure 1 presents a group-level analysis of functional connectivity between sub-regions of spinal gray matter

(GM) and adjacent white matter (WM). The most robust correlations are observed between left and right 5
ventrolateral (motor) horns, followed by left and right dorsal (sensory) horns. Both negative and positive .
correlations are observed between several WM regions. No significant correlations (p < 0.01) are observed between
GM and WM regions, suggesting that observed GM correlations cannot be simply attributed to spatially correlated
physiological noise and likely represent genuine connectivity. The ranges of values within these six distributions
are presented as box-and-whisker plots in Figure 2. The lower quartile is above zero in both GM plots, which
suggests that positive GM connectivity is a fairly robust measurement; in comparison, connectivity between WM I
regions is more variable and may exhibit positive or negative correlations. 4 |
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Discussion
In a cohort of healthy controls we observed robust group-level connectivity between left and right ventrolateral 3
horns and left and right dorsal horns. The fact that we did not observe statistically significant functional 4 {4
connectivity between spinal gray and white matter suggests that these correlations are unlikely to be due to spatially s s
correlated physiological noise. This analysis combines data across all slices so some of the variability may be FIG. 2: Box-and-whisker plots showing the median
attributed to the inclusion of slices with lower temporal signal-to-noise ratio, and excluding slices that exhibit :In‘illfjlzgﬁtr ?:gu:gwﬁg%“i?i'jz °1f ”}f \%fmiﬁfﬂi
unreliable data quality is currently under investigation. This preliminary analysis also focuses on connectivity Sl?m test identifies popula%ions different from zero
within an axial slice, so other metrics may be used to investigate and quantify connectivity along the cord. (*=p<0.01;* = p<0.0001; **=p<10™").
The use of a 7 T scanner with appropriate acquisition/correction protocols provides new opportunities for high-
resolution fMRI of the spinal cord with high sensitivity to BOLD fluctuations. Ongoing work will further quantify within- and across-subject reproducibility, as well as
investigate modulation of resting state spinal connectivity in cohorts of patients with various disorders affecting the spinal cord.
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