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Abstract

While past neuroimaging methods have contributed greatly to our understanding of brain function
after traumatic brain injury (TBI), resting state functional MRI (rsfMRI) connectivity methods
have more recently provided a far more unbiased approach with which to monitor brain circuitry
compared to task-based approaches. However, current knowledge on the physiologic
underpinnings of the correlated blood oxygen level dependent signal, and how changes in
functional connectivity relate to reorganizational processes that occur following injury is limited.
The degree and extent of this relationship remain to be determined in order that rsfMRI methods
can be fully adapted for determining the optimal timing and type of rehabilitative interventions
that can be used post-TBI to achieve the best outcome. Very few rsfMRI studies exist after
experimental TBI and therefore we chose to acquire rsfMRI data before and at 7, 14 and 28 days
after experimental TBI using a well-known, clinically-relevant, unilateral controlled cortical
impact injury (CCI) adult rat model of TBI. This model was chosen since it has widespread axonal
injury, a well-defined time-course of reorganization including spine, dendrite, axonal and cortical
map changes, as well as spontaneous recovery of sensorimotor function by 28 d post-injury from
which to interpret alterations in functional connectivity. Data were co-registered to a parcellated
rat template to generate adjacency matrices for network analysis by graph theory. Making no
assumptions about direction of change, we used two-tailed statistical analysis over multiple brain
regions in a data-driven approach to access global and regional changes in network topology in
order to assess brain connectivity in an unbiased way. Our main hypothesis was that deficits in
functional connectivity would become apparent in regions known to be structurally altered or
deficient in axonal connectivity in this model. The data show the loss of functional connectivity

"Corresponding author at: UCLA Brain Injury Research Center, Department of Neurosurgery, David Geffen School of Medicine at
UCLA, 300 Stein Plaza, Ste 535, Box 956901, Los Angeles, CA 90095-7039, USA. ngharris@mednet.ucla.edu. .



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harris et al. Page 2

predicted by the structural deficits, not only within the primary sensorimotor injury site and
pericontused regions, but the normally connected homotopic cortex, as well as subcortical regions,
all of which persisted chronically. Especially novel in this study is the unanticipated finding of
widespread increases in connection strength that dwarf both the degree and extent of the
functional disconnections, and which persist chronically in some sensorimotor and subcortically
connected regions. Exploratory global network analysis showed changes in network parameters
indicative of possible acutely increased random connectivity and temporary reductions in
modularity that were matched by local increases in connectedness and increased efficiency among
more weakly connected regions. The global network parameters: shortest path-length, clustering
coefficient and modularity that were most affected by trauma also scaled with the severity of
injury, so that the corresponding regional measures were correlated to the injury severity most
notably at 7 and 14 days and especially within, but not limited to, the contralateral cortex. These
changes in functional network parameters are discussed in relation to the known time-course of
physiologic and anatomic data that underlie structural and functional reorganization in this
experiment model of TBI.

Keywords

Plasticity; Reorganization; Bold; Resting state fMRI; Connectivity; Controlled cortical impact;
Rat

1. Introduction

Traumatic brain injury (TBI) is often associated with diffuse white matter disconnections
(Gennarelli et al., 1982; Graham et al., 1995) that can arise either due to a primary contusion
injury or due to widespread axon shearing as a result of rapid head displacement. Both
events result in on-going loss of axonal integrity and disconnection. Altered functional
connectivity that occurs as a consequence to and/or in addition to axonal disconnection is
likely to be a major indicator of remaining brain function. As well as providing a potential
marker for identifying regions of brain that may retain or gain function and/or structural
plasticity, regions of altered functional connectivity may also be useful targets for
rehabilitation therapy. However, compared to other CNS injuries such as stroke, there have
been far fewer studies after TBI that have mapped remaining brain function in a longitudinal
manner. As a result, there is a clear need for this type of research after TBI in order to
establish how the brain responds to injury in order that we might tailor rehabilitative
interventions to potentiate the spontaneous recovery that does occur.

Given that TBI often results in disparate regions of injury, resting state fMRI (rsfMRI)
offers a significant advantage over task-based fMRI in that both the acquisition and analysis
occur in a relatively unbiased way for identifying regional dysfunction. The technique
enables multiple circuit abnormalities to be probed either as a data-driven or as an a-priori
approach prior to dissecting more localized dysfunction with causal-based fMRI methods
(David et al., 2008; Reyt et al., 2010; Rehme et al., 2011). Since the first rsfMRI publication
showing the utility of resting state fMRI (Biswal et al., 1995), there has been a great deal of
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work that illustrates its sensitivity to altered brain function in a large number of disease
states, indicating its potential as a clinical tool for diagnosing and monitoring dysfunction.

The potential for rsfMRI as a tool for following dynamic changes in functional organization
has been demonstrated after stroke, both clinically (Wang et al., 2010) as well as in
experimental models (van Meer et al., 2010; Magnuson et al., 2014a). Altered functional
connectivity has also been shown after TBI, clinically (Nakamura et al., 2009; Kasahara et
al., 2010, 2011; Mayer et al., 2011; Stevens et al., 2012; Pandit et al., 2013; Zhou et al.,
2013; Han et al., 2014; Hillary et al., 2014) but with few studies in experimental models
(Holschneider et al., 2013; Mishra et al., 2014) and no rsfMRI studies in the well-known
controlled cortical impact (CCl) injury model of TBI where we have shown some degree of
structural reorganization (Harris et al., 2009a) as well as functional reorganization (Harris et
al., 2013a,b) that generally coincides with spontaneous recovery in this model.

Much is still unknown about the biology underlying the correlated blood-oxygen-level-
dependent (BOLD) signal in terms of the structural correlate(s) that it underlies. In order to
provide a more thorough understanding of how the known injury-related changes in brain
structure and pathophysiologic processes relate to alterations in functional connectivity after
TBI, a more detailed study of the temporal and spatial nature of injury-related changes in
connectivity is required within a well-characterized experimental paradigm such as the CCI
model (Chen et al., 2003). The longer-term goal is that by identifying the underlying
processes driving the functional changes, we will then be in a position to begin to offer
insights into the biologic substrate corresponding to changes in functional connectivity after
TBI. As a result, we might then be able to address questions of how timing and intensity of
rehabilitative interventions post-injury might be useful for shaping the degree and extent of
functional network changes to improve outcome. Optimization of behavioral recovery by
identification of CNS functional changes is still relatively understudied, and is an area that
will benefit from identification of network architectural diagnostics that are predictive of
outcome and/or altered brain function.

As a first step towards these goals, we acquired rsfMRI data before and at subsequent times
after TBI using the rat CCl model and conducted network based analysis using graph theory.
Making no assumptions about direction of change, we used two-tailed statistical analysis
over multiple brain regions, and in a data-driven approach to access global and regional
changes in network topology in order to assess brain connectivity in an unbiased way. Our
main hypothesis was that deficits in functional connectivity would become apparent in
regions known to be structurally altered or deficient in axonal connectivity in this model.
Given the lack of functional network analysis data in models of TBI, a global analysis of
multiple parameters was used as an initial, exploratory approach to provide an overview of
connectivity at a range of network densities, before focusing at a regional level using more
robust statistics. The results provide evidence post-injury reduction in connectivity as
predicted by the known structural changes. However, we also found some compelling and
somewhat surprising evidence of widespread hyper-connectivity that weaken as a function
of time post-injury. These data are discussed with regard to the known alternations in brain
structure and function in this model of TBI.
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2. Methods

2.1. Experiment protocol

Resting state fMRI data were acquired on a 7 Tesla Bruker MRI from adult rats (n = 15)
under medetomidine sedation before and at 7, 14 and 28 days after brain injury using the
controlled cortical impact (CCI) model of TBI.

2.2. Brain injury

All study protocols were approved by the University of California Los Angeles Chancellor's
Animal Research Committee and adhered to the Public Health Service Policy on Humane
Care and Use of Laboratory Animals. The method for induction of moderate CCI injury was
performed in the manner similar to previously described.(Chen et al., 2002, 2003, 2004;
Harris et al., 2010a,b, 2012) Briefly, male, Sprague—Dawley rats (220-250 g body weight)
were anesthetized with 2% isofluorane vaporized in O, flowing at 0.8 L/min and placed on a
homeostatic temperature-controlled blanket while maintained in a stereotactic frame. CCI
injury was produced using a 4 mm diameter impactor tip that was advanced through a 5 mm
craniotomy (centered at 0.0 mm Bregma and 3 mm left-lateral to the sagittal suture) onto the
brain using a 20 psi pressure pulse, and to a deformation depth of 2 mm below the dura. The
craniotomy site was covered with a nontoxic, rapid curing silicone elastomer (WP
Instruments, USA) and the wound was closed with sutures.

2.3. MRI acquisition

Rats were briefly anesthetized with 4% isofluorane in oxygen flowing at 0.6 I/min in order
to administer medetomidine sedation (0.05 mg/kg in sterile saline, (Williams et al., 2010))
via the penile vein. Following placement of a subcutaneous cannula and initiation of
continuous infusion of medetomidine (0.1 mg/kg/h), the rat was transferred to a purpose-
built cradle and secured using three-point immobilization of the head with two ear bars and a
tooth bar. Given the time-dependent effects of isoflurane on spontaneous bold
fluctuations(Magnuson et al., 2014b), total exposure to isoflurane was minimized to 5-10
min after which the isoflurane was discontinued and the rat cradle was placed in the center
of a 7 T magnet (Oxford Instr, Carteret, NJ, USA) spectrometer driven by a Bruker console
running Paravision 5.1 (Billerica, MA USA). Respiration was monitored remotely and
temperature was homoeothermically-controlled by forced air (SA11 Instr, Inc., USA). The
S116 Bruker gradients (400 mT/m) were used in combination with a birdcage transmit and
an actively decoupled receive-only surface coil to acquire the data. Following a multi-slice,
gradient echo pilot scan to optimize positioning within the magnet, localized shimming was
performed on the head to improve BO homogeneity. A standard, single shot, gradient echo,
echo planar imaging sequence was used to acquire 600 volumes (20 min) of resting state
fMRI data. Images were acquired with a 128-read by 64-phase-encoding matrix (X,Y
direction respectively) within a 30 mm? field-of-view and 14 x 0.75 mm contiguous, coronal
slices, using a repetition/echo time TR/TE) of 2000/35 ms and 10 dummy scans prior to the
acquisition. Anatomical, T2-weighted, Rapid-Relaxation-with-Enhancement (RARE) data
were then acquired using the same image resolution, at the same anatomical coordinates and
using similar acquisition parameters except the following: matrix size — 128 x 128, TR/TE
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= 5000/ 60 ms, RARE factor 8, and 2 averages. Animals were recovered after imaging by
reversing the sedation with Atipamezol (1 mg/kg, i.p.)

2.4. Data analysis

rsfMRI Data were weighted Fourier transformed to 128 x 128 and converted to compressed
NIFTI format after which they were preprocessed (Fig. 1) for motion correction to generate
nuisance parameters and then brain extracted (Smith, 2002). Contusion injury results in the
formation of a CSF-filled cavity over the first few days post-injury in this model and
inclusion of data from this region was prevented in two ways: (1) cerebrospinal fluid (CSF)
signal was sampled in 2-4 voxels/slice within 2 slices per brain using ROI's delineated on
the anatomical T2 data. The voxel-averaged signal was determined over the entire rsfMRI
time-course and regressed out of the data together with the motion correction nuisance
parameters using FEAT, part of the FSL toolbox (Smith et al., 2004) and in accordance with
optimal methods for delineating regional signal correlations in the rat (Kalthoff et al., 2011).
(2) Adjacency matrix data with zero correlations were removed from each rat brain prior to
subsequent analysis to prevent any bias to non-intact brain tissue. Although this invariably
results in the representation of contusion core data from the most mildly-injured rats, this did
prevent non-intact brain regions from being assessed. The data were then slice-time
corrected, Gaussian smoothed to 0.5 mm FWHM and then band-passed filtered at 0.01-0.25
Hz. This bandwidth was chosen since it includes the higher frequency blood-oxygen-level-
dependent signal components present when under medetomidine sedation (Pan et al., 2013).
Finally, data were warped to an anatomical template of the adult rat brain using an
implementation of FSL FLIRT (Jenkinson and Smith, 2001; Jenkinson et al., 2002) adapted
for the rat (Crum et al., 2013). The atlas was constructed by co-registering a parcellated
cortical atlas (\VValdés-Hernandez et al., 2011) with subcortical structures (https://
www.nitrc.org/projects/dti_rat_atlas/) together with numerous other structures from our in-
house atlas which itself was manually constructed in 3-dimensions using Itksnap
(Yushkevich et al., 2006) with reference to a 2-dimensional atlas (Paxinos and Watson,
1997). The final atlas consisted of 148 individual, parcellated regions.

We elected not to analyze regions posterior to Bregma —4.16 mm because the signal
distortion around the ear canals that occurs when using a gradient echo, echo planar
sequence prevents accurate warping of the posterior brain to a template. As a result,
functional adjacency matrices were calculated from the time-series rsfMRI data using just
96 brain regions to obtain correlation coefficients that were then z-transformed. Given the
controversy over anti-correlated networks and the fact that their existence varies with
anesthetic state (Liang et al., 2012), we elected to investigate only positive correlations. We
used graph theory parameters which were computed using the Brain Connectivity Tool Box
(Rubinov and Sporns, 2010) and statistical analysis implemented in Matlab Statistical
Toolbox (The Mathworks, Natick. MA) with display using Brainnet viewer (Xia et al.,
2013) and Brainsuite software (Shattuck and Leahy, 2002).

We used the undirected, weighted, functional connectivity matrices to investigate theoretical
measures of global and regional connectivity. The choice of weighted over binary network
analysis was made based on the assumption that injury results in both increases and
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decreases in a whole host of anatomical and functional changes. Such changes could include
axonal and dendrite sprouting, changes in synaptic number and function, alterations in
receptor binding potentials, and cell excitability, to name a few. As a result, regional
functional disconnection would unlikely be an all-or-nothing, binary phenomena modeled at
a particular connection threshold, rather it is likely a result of a change in degree of
connectedness or connection strength that can only be modeled through a weighted network
analysis. We measured: (1) connection strength — the sum of the weighted edges connected
to each node. (2) Characteristic shortest path length (CPL) — the average shortest number of
weighted edges connecting between any two nodes in the brain. (3) Global efficiency
(EGLOB) — the grand mean of the inverse distance across all nodes in the brain, which
provides an indication of global integration of information across the brain globally in
parallel. (4) Mean and regional local efficiency (MELOC and EREG respectively) — the
regional local subnet mean and grand local mean, respectively of the inverse distance across
all nodes in the brain or local subnet which provides an indication of local integration of
information across the brain locally. (5) Mean clustering coefficient (MCC) — the ratio of
connected neighboring nodes among all first-degree neighbors of a given node — an
indication of the local connectivity for integration of information. (6) Modularity (Q) — the
degree to which a network is organized into distinct communities of nodes with high
intramodular and low intermodular connectivity, was determined by averaging over 100
iterations of the algorithm to account for random differences in module assignments from
between run. (7) Betweeness centrality — the fraction of shortest paths that traverse an edge
or node, and indication of the relative importance of a pathway. (8) Normalized CPL
(lambda) and (9) normalized CC (gamma) were computed from the average comparison of
each rat brain network with one hundred random networks containing a similar number of
nodes, edges and network connectivity. (10) Small worldness — the ratio of gamma to
lambda where a value greater than 1 indicates the network property of high local
connectedness while maintaining a relatively low CPL. Contusion volume at 28 days post-
injury was estimated from the T2-weighted, anatomical data by summing the volume of the
ipsilateral cortical voxels with a greyscale intensity greater than 2 standard deviations above
the mean intensity of the cortical gray matter of the hemisphere opposite the primary injury
site.

2.5. Statistics

For the global parameter analysis we used a 2-tailed t test for determination of group
difference at P < 0.05. Given that we a had no a priori information to inform on which
network density would be useful in assessing any injury-related change, we elected not to
perform statistical corrections for multi-level network density analysis. The intent was to use
this as an initial, exploratory approach from which to focus on differences in connectivity at
a regional level using more robust statistics. Group differences in regional node and edge
analyses were tested for using 2-tailed t tests at P < 0.05 but corrected for multiple nodal
comparisons using the false discovery rate at g = 0.05 and 0.005, for node and edge data
respectively based on the number of potential comparisons.
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3. Results

3.1. Alterations in global measures of connectivity

We first considered the group averaged connectomes as an initial gross readout of functional
connectivity changes in the brain after injury. The pre-injury group mean adjacency matrix
plot revealed BOLD signal regions that were highly correlated bilaterally within the brain,
interspersed with more weakly correlated regions (Fig. 2A). Matrix subtraction plots of the
post-injured brain compared to pre-injury revealed increases in regional correlation
coefficients that occurred within 7 days in all brain regions apart from the primary injury site
(Fig. 2B). This global increase in brain functional connectivity persisted at 14 days (Fig. 2C)
and remained higher than pre-injury at 28 days when assessed globally over all regions as
total weights of functional connectivity (Fig. 2E). However, despite these increases in
functional connectivity, pericontusional connectivity and the corresponding homotopic
regions exhibited much lower correlations compared to pre-injury at 28 days, indicating
subsequent focal functional disconnection (Fig. 2D).

As an initial exploratory measure, global parameters of connectivity were assessed at a
range of network density levels to determine reproducibility of the network measures within
the current data. We chose to look at 0-50% density ranges given that higher density levels
are likely to include increasing random connectivity that is unlikely to be biologically
plausible. Since differences in nodal connectedness may complicate or even invalidate
comparisons between groups when using a single, global threshold level, we determined the
average network density level at which all graphs become fully connected to determine
group difference. We found that graphs from rats before injury and at 14 and 28 d post-
injury showed very similar numbers of components for each network density level, and
graphs were fully connected respectively at 72 + 5.1%, 72 + 3.6 and 72 £ 4.0% density (pre-
injury, 14d and 28 d post-injury, respectively, P > 0.05, uncorrected, compared to pre-
injury). At 7 d post-injury, the threshold for full graph connectivity was slightly higher (80 +
4.6%), although this was not significant from pre-injury. These data therefore indicate that
the comparison between groups at the same density levels is valid for this analysis.

3.2. Persistent decreases in shortest path and temporary decreases in small worldness
indicate more random connectivity post-injury

Of all the global parameters assessed, characteristic shortest path length (CPL), the average
of the number of edges traversed along the shortest path between any two nodes on the
network, was particularly sensitive to injury because there were significant post-injury
reductions regardless of density level at 7 and 14 days, and from all but the very strongest
(most highly correlated) connections at 28 days (P < 0.05, uncorrected, Fig. 3A). Despite
this robust finding however, changes in the global and mean local efficiency of the network
(EGLOB, MELOC), the inverse of the average global CPL and local/nodal CPL
respectively, were relatively less marked after injury, with no changes at the sparse network
density levels containing the strongest connections (Fig. 3B,C). However, there were
significant increases in both parameters at the weaker connection levels at all times after
injury and this was especially the case within MELOC data (P < 0.05, Fig. 3B,C) implying a
shift towards more efficient local connectivity and possibly some degree of network
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resilience to injury. Small worldness (SW), the network property reflecting a balance
between segregation and integration of brain circuits, was also relatively unaffected by
injury, although it consistently trended towards lower values at 7 days at all connection
levels and was significant at the network density range 29-35% (P < 0.05, uncorrected, Fig.
3F), implying a shift in network topology towards a more randomly connected network. This
temporary loss in SW (SW < 1) was driven mainly by alterations in normalized clustering
coefficient (gamma), when compared to similarly connected random networks. This was
reduced compared to pre-injury at all density levels towards values approaching 1, indicative
of more random connectivity (P < 0.05, uncorrected, density range 25-36%, Fig. 3E).
Normalized CPL (lambda) was a less likely driver of the loss of SW at 7 days post-injury
because it was not significantly different over the same density range, although it trended
lower than pre-injury at all levels at this time post-injury and was significantly lower among
the stronger connections (P < 0.05, uncorrected, density range 4-19%, Fig. 3D), implying a
shift towards shorter, more random paths especially within highly connected hub regions.

3.3. Regional measures of connectivity: predicted loss in functional connectivity, but
unexpected increase in strength that persists chronically

Given the relatively robust global changes in functional connectivity and associated
measures of network architecture after injury (Figs. 2, 3), we were particularly interested in
looking at regional alterations to determine whether damage at the level of the primary
injury site was driving the global changes, or whether there were more widespread
disruptions. In the absence of any robust rationale for a threshold of connection strength
being used to determine the presence or absence of edge connectivity, we show regional data
calculated at 35% network density in order to provide data more representative of the global
changes that were obtained at a range of density values. Additional data obtained at 10%
density showed changes similar to those herein, but are not shown for clarity.

We first looked at the nodal strength, the sum of the weights of the links connected to each
node (correlation coefficients) and found that as predicted by the well-known loss in
structural connectivity of the traumatically injured brain, there was a loss of nodal strength
within the pericontusion site when compared to pre-injury values beginning at 7 days post-
injury among ipsi-lesional sensory cortex (S1) trunk region, lateral parietal cortex, fornix
(FDR g = 0.05) and S1 hind-limb region (P < 0.05, uncorrected, Fig. 4A,B). However, this
only constituted 4% of the total number of nodes, and this rebounded at 14 days when there
were no significant reductions compared to pre-injury. This latter effect is possibly related to
within group differences of injury severity, since connection strength was most robustly
correlated to degree of injury at 14 days (see below). By 28 days the number of nodes with
reduced strength had expanded to 7% of all nodes to include ipsi-lesional S1 trunk/forelimb/
hindlimb/dysgranular cortical regions (FDR g = 0.05, two tailed t test, Fig. 4A,B) and ipsi-
lesional motor cortex (M1) and S1 shoulder regions (P < 0.05, uncorrected). Reduction in
edge strength connectivity values largely followed the corresponding nodal reductions, with
significant loss of inter-hemispheric cortical functional connectivity at 7 days (10 and 28%
of the total edge reductions occurred in S1 trunk and S1 hind-limb cortex, respectively, FDR
g = 0.005). Edge functional connectivity changes were minor at 14 days but at 28 days there
was a further loss compared to 7 days and an expansion of disconnected regions of reduced
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functional connectivity, including cortex (10-14% reduction in edge strength occurred
within S1 hind-limb/trunk/forelimb cortex as well as numerous bilateral subcortical regions,
FDR g = 0.005 two tailed, Fig. 4A,B, as summarized in Fig. 5A).

Unexpectedly for this injury model, but as prefaced by the global changes represented by the
group matrix values (Fig. 2), we found significant post-injury increases in connection
strength, both at the nodal as well as the edge level that dwarfed the earlier reported
reduction in strength (Figs. 6A,B versus 4A, B and summarized in 5A versus 5B). Nodal
connection strength was increased in 34% of all nodes considered, and 24% of all nodes
passed FDR correction at 7 days post-injury compared to pre-injury (FDR q = 0.05, two-
tailed, Fig. 6A,B) indicating a very robust increase. Although the greatest increases in node
strength at 7 days were constrained mostly to bilateral sensory and motor regions of the
cortex, there were very significant subcortical increases within the highly connected hub
nodes: ipsi-lesional hippocampus, thalamus and hypothalamus, as well as bilaterally in the
caudate putamen/globus palidus (FDR g = 0.05,two-tailed). Increases in node strength
persisted at 14 days (31% of nodes increased, 21% passing FDR correction) and included
contra-lesional subcortical regions of thalamus, hippocampus and fimbria (FDR, g = 0.05).
While 38% of nodes were still greater than pre-injury values at 28 days, only 15% survived
FDR correction. This gradual normalization of nodal connection strength post-injury was
largely constrained bilaterally to the cortex and contralesionally within subcortical regions.
However, there were notable, remaining significant increases in nodal strength at 28 days
post-injury: bilaterally within S2 cortex, in some S1 regions, as well as in ipsilesional
thalamus and caudate, and bilaterally in the hippocampus (FDR g = 0.05). Increases in edge
strength followed a similar temporal pattern to the nodal increases, with 326 significant
increases in edge functional connectivity at 7 days, but only 158 by 28 days compared to
pre-injury (FDR g = 0.005 two tailed, Fig. 6A,B) and summarized in Fig. 5B. The brain
regions that accounted for the increases in edge functional connectivity at 7 days were
bilaterally in the M1 and prefrontal cortex, caudate putamen/globus pallidus and septum (3-
6%/region of all significantly increased edges) as well as ipsi-lesionally within S1 cortex,
thalamus, hypothalamus and hippocampus (4-6%/region of all significant edges) and contra-
lesionally within S1 barrel and cingulate-1 cortical regions (3—4%/region of all significant
edges). Persistently increased edge functional connectivity at 28 days was accounted for
mainly by bilateral increases in thalamus and S2 cortex (3-9%/region of all significant
edges) as well as in contra-lesional hippocampus, caudate putamen and ventral pallidum/
medial forebrain bundle (Fig. 5B).

3.4. Subcortical nodal hierarchy is relatively unperturbed by cortical injury

We investigated alterations in nodal functional connectivity hierarchy (nodes ranked by
connection strength) in an attempt to improve our understanding of more subtle functional
connectivity changes that injury produces. As expected, nodal rank is dominated in the naive
(pre-injured) rat by the equally, highly-connected subcortical hubs of the thalamus and
caudate putamen/globus pallidus, as well as the cortical hubs of the motor M1 and S1BF
cortex (Fig. 7A). Unsurprisingly by 7 days after injury, the ipsi-lesional cortical hubs (left
M1, S1BF, Cg1l) begin to fall in rank and progress to drop further in rank or even out of the
top 20% of most highly connected nodes by 28 days (Fig. 7B). At the same time and
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together with the subcortical hubs, the upper ranked hubs become dominated by contra-
lesional (right) cortical hubs (M1, S1 barrel and cingulate-1 cortex). Interestingly, the
ipsilesional motor M2 cortex, a pericontusional region that consistently survives this injury
and associated with spontaneous axon sprouting at 7 days post-injury (Harris et al., 2010b),
substantially increased in rank at 7 days compared to all other hubs within the top 20% of
nodes. However, by 14 days it returned almost to its original rank and by 28 days it dropped
out of the most highly connected hub- regions. Despite the earlier reported increase in
connection strength, subcortical regions changed very little in rank before and after injury
and remained among the most highly connected regions of the rat brain.

3.5. Sustained post-injury increase in local connectedness occurs despite a temporary
loss of community architecture

We investigated whether alterations in the local connectedness of brain regions might
account for or at least be consistent with the indicators of more random connectivity that we
observed in the global measures of functional connectivity. This was indeed the case at
higher density ranges when evaluating the mean clustering coefficient (CC), an indicator of
the average local connectivity of adjacent connected nodes. Global, post-injury CC values
were significantly increased from pre-injury beginning at 7 days, and this effect persisted to
28 d days over the network density range ~ 20-50% (Fig. 8A). There were similar effects at
the nodal level (Fig. 8B) where, apart from reductions in the primary injury site within S1Sh
and adjacent cortex, there were widespread, significant increases in CC at 7 days (54% of all
nodes, FDR, g = 0.05) that extended to 14 days (53% of all nodes, FDR, g = 0.05) and with
less consistent increases at 28 days (44% of all nodes, P < 0.05, uncorrected only).

Based on the global network measures that indicate possibly temporary loss of SW and
shorter, more random connectivity within the injured brain, as also reflected by the
measured increases in local connectivity, it is conceivably that there is a period of hyper-
connectivity during which the brain is redefining its local circuitry in order to circumvent
the effects of injury. To determine whether this might be a plausible hypothesis, we
investigated the functional segregation of the brain into network modules using the Louvain
algorithm (Blondel et al., 2008) with the idea that in a more randomly connected brain,
blurring of the boundaries between network modules that define the community-like
architecture of the brain would be likely. The algorithm identifies communities of nodes
based upon maximizing the number of intra-modular connections and minimizing the
number of inter-modular connections within a subnet. A network with high modularity, Q, is
one in which the ratio of intramodular edges to intermodular edges is high. Using 100
separate runs, the algorithm consistently divided up the rodent brain network into two main
modules consisting of cortical and subcortical regions (Fig. 8C). The modularity Q levels
showed very robust, significant decreases in modularity at 7 days post-injury when
compared to pre-injury that were consistent over the full range of density levels examined
(Fig. 8D), in agreement with our hypothesis. However, unlike the persistently increased CC
values indicating increased local functional connectivity, this effect was only temporary
because by 14 days modularity values were normalized and remained similar to pre-injury
levels at 28 days.
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3.6. Network-based differentiation between injury severities

Compared to other global parameters of connectivity, CPL, MCC and modularity were most
profoundly affected by injury. Therefore we next looked at whether they would discriminate
between different severities of injury, which occurred by chance in this cohort of rats, and
which were well described by two different levels of contusion volume designated mild and
moderate injury, based upon minimizing the within group variance of contusion volume.
Mild and moderate injuries wereoperationally defined within the current data based upon
contusion volume at 28 days post-injury (mild = 2 + 0.6 mm3, n = 7; moderate = 20 + 2
mm3, n = 8, Fig. 9A,B). Modularity was assessed among the different injury severities at 7
days because it was significantly reduced from pre-injury only at that post-injury time within
the pooled data (Fig. 8D). Although there were no overall significant differences in
modularity due to injury severity (P > 0.05, 2-tailed t-test), there was a consistent trend
towards lower global modularity after mild compared to moderate injury at almost all
density levels (Fig. 9C). Within the context of their pre-injury values, this suggests that
temporary loss of community structure was surprisingly greater in mild rather than moderate
injury. CPL and MCC were similarly affected by injury severity at all times after injury and
although differences between severity groups did not reach significance (with the exception
of CPL at 14 days post-injury, Fig. 9E), moderate injury resulted in shorter CPL values and
higher MCC values compared to mild injury at all density levels (Fig. 9D-I; P > 0.05, 2
tailed t test). Unlike modularity changes, mild injury CPL and MCC values remained closer
to pre-injury values compared to moderate injury.

Although we did not find a significant correlation to injury severity with any of the global
variables (P > 0.05, data not shown), given the robust regional group differences observed in
the prior data (Figs. 3—7), we investigated whether the regional values of several network
parameters (strength, CC and local efficiency-EREG) were correlated to injury severity in
order to evaluate the predictive potential of network-based values in acute brain injury. We
found significant positive correlations among all three of the parameters at a number of
brain nodes that were clustered mostly within cortical regions at 7 days, with a greater
number located in the contralateral hemisphere at 7 days (22 significant positive correlations
among all three network parameters obtained over 12 contralateral nodes, versus 8
correlations over 5 ipsilateral nodes, uncorrected, Fig. 10). This implies that greater
derangement of network topology occurs within the side opposite to injury in rats that are
more severely injured. By 14 days post-injury there were many more nodes that showed
positive correlations to injury severity among the network parameters assessed (57
significant correlations from all measures over 38 nodes at 14 days compared to 20
correlations over 17 nodes at 7 days, uncorrected, Fig. 10) and although the nodal locations
were bilateral in both cortical and subcortical regions, similar to 7 days there were a greater
number of correlations within contralateral cortical nodes (36 correlations over 21
contralateral nodes versus 21 correlations over 17 ipsilateral nodes). By 28 days post-injury
however, there were only sparse numbers of nodal correlations and unlike at the earlier time-
points, this occurred among mainly ipsilateral cortical and subcortical nodes (10 significant
correlations among 7 nodes, uncorrected, Fig. 10, P < 0.05).
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At 7 days, nodal strength and EREG were the predominant parameters that positively
correlated with injury severity (accounting for 45% and 42% respectively, of all correlations
among the three network parameters) while at 14 days, the time-point with the greatest
number of nodal correlations, CC was the predominant regional correlate (39% of all
correlations), followed by nodal strength and EREG (30 and 32%, respectively).
Interestingly, despite the greater clustering of strength and EREG vs severity correlations
within contralateral nodes at 14 days, nodal CC vs injury severity correlations occurred in
nodes equally across the brain (11 nodes per hemisphere), consistent with the measured
widespread increase in CC at this time (Fig. 8B). By 28 days when far fewer nodes were
correlated to injury severity, the majority of correlations occurred with ipsilateral nodal
strength.

4. Discussion

4.1. Decreases in brain connectivity

The physiologic and anatomic changes underlying functional and structural changes in
neuronal plasticity after brain trauma have not been extensively studied when compared to
other CNS diseases such as stroke. More often than not TBI involves far more widespread
disruption of brain function compared to most stroke cases on account of the white matter
injury that is more prevalent after TBI. The controlled cortical impact model of TBI is a
well-known model of clinical TBI that involves a contusion with significant axonal
disruption when shown by diffusion tensor or kurtosis imaging (Mac Donald et al., 2007,
Harris et al., 2009a; Zhuo et al., 2012) or by silver staining of sections (Hall et al., 2008). In
agreement with our initial hypothesis, the deficits in inter-hemispheric and subcortical
functional connectivity that we have shown in the present work are thus entirely expected,
and generally consistent with the known structural alterations in transcallosal and cortical—
thalamic disruptions after CCI injury (Mac Donald et al., 2007; Harris et al., 2009b) and in
other rodent models of TBI (Donovan et al., 2014; Stemper et al., 2014; Holschneider et al.,
2013). Similarly, the pericontusional deficits in functional connectivity within the ipsilateral
sensorimotor regions are also congruent with both the significant alterations in fore- and
hind-limb cortical somatotopic map organization (Harris et al., 2013a,b) as well as limb
reaching deficits in this model (Harris et al., 2010a). Current research on whether structure
and function are necessarily linked in the naive brain is controversial and ultimately may
depend on the model used for correlation (Abdelnour et al., 2014), the methodology used for
analysis, or the presence or absence of CNS disease. Although the gradual, spontaneous
behavioral recovery that occurs in the CCI model of brain injury does somewhat coincide
with axonal reorganization (Harris et al., 2010a, b), it is notable that reductions in functional
connectivity within the current study generally either persist over the same time-course as
known axonal sprouting changes, or become even more deficient indicating subsequent
functional disconnection and suggesting that no simple structural-functional relationship
exists in this model. However, one particular regional exception was the ipsilateral M2 area
of brain that temporarily increased in nodal strength rank bilaterally within the brain after
injury. This is an area that consistently survives within the pericontused region in this model
and which is a site for significant spontaneous sprouting after injury (Harris et al., 2010b).
The likelihood of a close structural-function relationship, at least within this region is further
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supported by data in the same model showing that when axonal sprouting is enhanced
through manipulation of the extracellular environment after injury, newly spouting axons are
functionally active within the previously injured forelimb circuit (Harris et al., 2013a,b).

4.2. The injured brain is connectively promiscuous early after injury — circuit
reorganization?

Although in general a structural-functional link appears either missing or regional at best
after TBI, at least in regard to deficient connectivity, the relationship may be rather more
complicated and involve the expansion and subsequent contraction of functional
connectivity as we observed with time post-injury. The data showed that initially the injured
brain becomes more connectively promiscuous after injury, with major increases in
functional connectivity at 7 days that is more random, as indicated by tentative decreases
found in small worldness, similar to clinical data (Nakamura et al., 2009; Pandit et al.,
2013). Transient decreases in the brain's modular arrangement of its circuitry coincided
temporally with this and may reflect a blurring of the boundaries between functionally
connected networked compartments, possibly indicating a phase of functional
reorganization. Alterations in network module connectivity have also been reported in
victims of concussive blast injury, although the interpretation of this data is difficult due to
the time-related changes in controls and the different imaging sites used (Han et al., 2014).
While there is evidence of structural, axonal reorganization in the rat model used herein that
is maximal at 7 days post-injury, with persistent low levels of sprouting to 21 days that
grossly parallel the time-course of the current functional findings (Harris et al., 2010b), the
biophysical mechanisms that underpin changes in functional connectivity remain to be
determined and axonal sprouting may well not be the primary, or only determinant.
Significant reductions in dendritic density (Jones et al., 2012) as well as spine formation
occur after CCI injury in the rodent (Winston et al., 2013) that may also underlie reductions
in functional connectivity through changes in receptive field size. The latter phenomenon is
also suggested to occur not via structural changes but through an imbalance in excitation-
inhibition (Merzenich et al., 1984; Benali et al., 2008; Mix et al., 2010; Ding et al., 2011).
Since there is good evidence for the existence of this after trauma, as indicated by reductions
in GABA receptors and increased glutamate signaling (Lee et al., 2011; Raible et al., 2012;
Cantu et al., 2014; Drexel et al., 2015), as well as structural alterations in the perineuronal
nets on GABAergic neurons (Celio et al., 1998; Harris et al., 2009a), then changes in
receptive field size and ensuing unmasking of existing or construction of new synapses, or
simply changes in synaptic strength and efficacy might well underpin alterations in the
observed functional connectivity. Although there is much to learn about the biology that
underlies connectivity changes, it is tempting to consider whether these early network
changes reflect a period of brain reorganization and whether rehabilitative “behavioral
shaping” interventions would be optimally applied during or before this time to guide
construction of new or repair of existing circuits. The observation of greater, albeit non-
significant decreases in modularity within the mild versus moderately injured brain
described here, would suggest a model by which the injury-initiated, temporary combining
of circuit modules reflects a greater potential for reorganization and gain-of-function.
Clearly, more experiments are required in order to empirically determine the physiologic
underpinnings of functional connectivity changes post-TBI, and whether the adaptive
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plasticity that ensues following the loss of input to and from the brain can be faithfully
modeled using rsfMRI.

4.3. Local hyper-connectedness

Despite the somewhat anticipated reductions in functional connectivity within inter-
hemispheric and cortico-thalamic circuitry, the greatest surprise within the current data was
the comparatively marked, widespread and persistent increases in connectivity as reflected
in regional strength and clustering coefficient (CC) that were also evident globally as a
reduction in characteristic shortest path (CPL) and increased in global and local efficiency
(EGLOB, MELOC, respectively) within weaker connections. There is, however, precedence
for this within recent clinical studies showing regional hyper-connectivity among disrupted,
disconnected networks even after quite different levels of injury severity (Mayer et al., 2011;
Stevens et al., 2012; Hillary et al., 2014). Similar increases in EGLOB and MELOC,
reductions in CPL have been shown clinically at 3 months after moderate TBI (Nakamura et
al., 2009). The hyper-connectivity appears to be a transient event after experimental TBI
since the levels attained at 7 days did not persist, although they remained evident within
bilateral S2 and some S1 cortical regions, as well as in ipsi-lesional thalamus and caudate,
and bilaterally in the hippocampus at 4 weeks post-injury, possibly indicating some residual
potential for reorganization in these regions. While this initial “functional pruning” might be
a physiologic response indicative of reorganization, hyper-connectivity itself is likely to be
metabolically costly so that alternative-fuel-based neuroprotective interventions after TBI
(Fukushima et al., 2009) might well extend this period and allow for more chronic
rehabilitative interventions. Given the highly compressed time-scale of recovery in the
brain-injured rodent compared to human, it remains plausible that future longitudinal studies
might discover that the period of hyper-connectivity could be a biomarker of the most
efficacious time post-injury to begin rehabilitative interventions.

The hyper-connectivity appears to have a complex temporal component, with increased
random connectivity indicated by reduced normalized CPL that is limited to acute time
points, but followed chronically by persistent decreases in CPL and increases in CC and
MELOC. This acute-to-chronic shift towards more local connectivity with increased
efficiency indicates better network performance, with the potential for information transfer
to be maintained over longer distances. However, it must be acknowledged that reductions
in average CPL might also, or alternatively occur due to the significant structural
disturbance that conceivably might have a greater effect on longer rather than shorter paths.
This would then suggest that reduced CPL occurs merely due to the weighted average
towards short paths - a less likely phenomenon given the spontaneous functional recovery
that occurs in this model. Therefore in support of the former theory that reduced CPL
indicates enhanced local connectivity after injury, increased neuronal correlated activity in
the monkey was found to be limited only to regions undergoing reorganization following
induction of cortical map plasticity (Dinse et al., 1993). Similar correlated activity changes,
albeit at the level of BOLD and not direct neuronal activity was seen in the current data
within pericontusional and homotopic cortex, regions that have been shown to undergo
significant changes in map plasticity (Harris et al., 2013a,b). These data would therefore
concur with a hypothesis that TBI results in increased level of local connectedness primarily
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within regions undergoing reorganization as a compensatory measure to offset the loss in
functional homeostasis.

In terms of network architecture, these hyperconnectivity data would support a model of
Hebbian type plasticity (Hebb, 1949) through one of the aforementioned physiologic
mechanisms whereby synaptic strengthening occurs via co-activated inputs leading to
enhanced local connectivity. The tentative finding of an early, temporary loss of the small
world network property would reflect a temporary scale free network asserting itself (de
Arcangelis and Herrmann, 2012) prior to prevailing homeostatic mechanisms resetting
global network excitability to promote functional pruning in order to reestablish more
normal or even novel network patterns. On the other hand however, it is also worth
considering that the observed decreased path length implies the connections become more
random since low path and the observed high clustering is a defining characteristic of a
random network. It remains to be seen whether this reflects the development of aberrant
plasticity or whether this is simply an initial stage of functional reorganization. Finally, it is
conceivable that different mechanisms of functional recovery drive different connectivity
parameters. For example, the spatial distribution of nodes with increased CC was far more
widespread than nodes with increased strength, and this could indicate wider cortical
recruitment versus more focal consolidation of function.

The most highly connected hubs in the rat brain — caudate, thalamus, M1 and barrel field
cortex remained dominant in their connectivity in the brain even after injury, and this is in
agreement with clinical data showing that the change in connectivity is disproportionally
represented in regions belonging to the brain's core networks (Hillary et al., 2014). This may
indicate some degree of network resilience to the effects of injury in that the most highly
connected hubs act to buffer the level of network disruption. This is supported by the fact
that there were no decreases in EGLOB among the stronger connections (1-20% network
density) even despite there being a global reduction in CPL among all levels of connectivity.

4.4. Injury severity-importance of the contralateral cortex

Global network measures did not correlate with injury severity possibly indicating that
either the measures were not sensitive to the increasing severity of injury, or that
compensatory functional adaption of the remaining parenchyma occurred. However,
considering the robust trends in the global data grouped by severity level (Fig. 9), it would
seem just as likely that the number of data points were too low to achieve significance. The
observation that early, transient reductions in modularity was greater among mildly injured
than moderately injured brains is interesting because the reduction in CPL and increase in
mean CC were greatest among moderately injured brains. This would suggest that either
different physiologic mechanism drive these parameters or possibly that changes in
modularity are a more sensitive indicator of reorganization.

The regional correlations of EREG, CC and strength indicate that injury severity-linked
increases in these parameters occurs in locally discrete regions for strength and efficiency,
with the contralateral cortex being the site of most significant change in relation to the
degree of injury. Once again this is not an unexpected finding given the contralateral shift in
the affected forelimb cortical map that occurs after injury in this model (Harris et al., 2003).
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Within the confines of the current data this effect was maximal at 14 days and this
temporally corresponds to the development of contralateral hyper-excitability in this model
(Verley et al., 2013). While both of these effects may be related to overuse of the unaffected
limb, injury to the corpus callosum has been shown to have significant effects on the
correlated BOLD signal (Magnuson et al., 2014a) so that contralateral changes may well
reflect CNS level rather than, or in addition to, activity-dependent circuit changes. The
relative absence of significant network parameter correlations at 28 days post-injury
suggests that the brain has functionally compensated for the loss of homeostasis and this
would be consistent with the relatively complete spontaneous recovery of function in this
injury model, at this time post-injury. The brain-wide phenomenon of increasing CC with
injury severity that is generally only prominent at 14 days post-injury in these data indicate
the reliance of the more severely injured brains on local connectivity. However, it remains to
be seen whether the timing of these changes points to the existence of a temporal watershed
beyond which reorganization is less malleable.

4.5. Study limitations

After TBI in particular, there is a need to be cautious over the interpretation of the
correlations in basal blood-oxygen-level-dependent (BOLD) signal with regard to the
upstream neuronal activity, on account of any disease-related conditions that might alter the
neurovascular coupling, the whole basis for the BOLD signal (Mayer et al., 2014; Mishra et
al., 2011). While there are significant decreases in blood flow (Richards et al., 1995; Chen et
al., 2004) and electrophysiologic activity (Shaw and Cant, 1984) acutely after CCI injury,
blood-flow elicited response to forelimb stimulation suggest that coupling may be intact by
4 days post-injury (Harris et al., 2013a,b), preventing any confound in the data at 7 days.
Regardless, the majority of the connectivity changes were not solely focused on the
ipsilateral cortex, the region most likely to be affected by uncoupling so that any confound
due to uncoupling is likely to be minimized at the post-injury times studied in this work.
Early decreases in intrinsic T2* (decay of transverse magnetization in a gradient-echo image
mainly due to magnetic field inhomogeneity) occur in this model due to hemorrhage-related
products within the brain parenchyma, and this will also confound data interpretation within
the ipsilateral, pericontused region. While this will most certainly result in spurious
connectivity changes acutely, including increased connectivity within the pericontused
hemorrhagic regions and decreased to other brain regions, the majority of the changes were
wide-spread increased connectivity that could not be accounted for by local hemorrhagic
changes in T2*. It should be noted that connectivity changes obtained in this study are based
on correlative analysis, and that future use of effective connectivity measures modeled
through techniques such as structural equation modeling, dynamic causal modeling or
granger causality, ideally in conjunction with optogenetic-based brain silencing measures or
direct electrophysiologic data, is required to fully understand injury-related changes in
connectivity. Finally, the TBI model used here represents only some aspects of clinical TBI
pathology and does not capture the often more widespread axonal damage that occurs in
non-penetrating impact acceleration models in larger animals such as swine or primates.

To conclude, we have shown that the post-injury TBI period is characterized by significant
changes in global network parameters resulting in a reliance on more local functional
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connectivity especially after more severe injury. While regional reductions in connectivity
were largely predicted based on prior structural and physiologic data, hyperconnectivity was
an unexpected finding that was prevalent in regions known to undergo reorganization. Given
that these findings have already been demonstrated clinically, future longitudinal studies are
warranted to examine both the biophysical underpinnings of this and also the potential use
of these network parameters as a marker for functional plasticity.
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Fig. 2.
Gross changes in functional correlation post-injury. [A] The pre-injury, group mean

correlation matrix for all 96 regions examined and group mean difference matrices (injured
— pre-injury) for [B] 7 days, [C] 14 days and [D] 28 days after injury showing that in
addition to the expected decreases in ipsilateral S1 connectivity at 28 days (arrow in [D])
there were widespread increases in regional BOLD signal correlation coefficients at 7 and
14 days which persisted in contralateral cortical and bilateral subcortical areas to 28 days
post-injury. [E] The total weight of connections over the whole brain was significantly
greater at all times after injury and at all network density levels examined (P < 0.05, 2-tailed
t-test). The greatest difference to pre-injury was clearly among the more weakly connected
regions at the higher range of density values. All matrices were unthresholded at the 35%
density level.
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Fig. 3.

Global measures of network connectivity after TBI. [A] The characteristic shortest path
length (CPL) was significantly reduced from pre-injury values at all times after injury and at
all connection strengths. This was particularly evident at 7 days after injury and although
CPL values partially resolved towards pre-injury levels among the strongest connections at
14 days, and among all density levels by 28 days, CPL remained significantly shorter than
pre-injury at the majority of density levels examined. [B] Global efficiency (Eglob) and [C]
mean local efficiency (Meloc) were significantly increased at all times after injury but only
among the weaker connections levels. Normalized CPL and CC were reduced from pre-
injury only at 7 days after injury and only significantly at small density ranges. The quotient
of these at 7 days small worldness was also lower overall density ranges compared to pre-
injury. Data are means + sems; colored horizontal bars indicate P < 0.05 compared to pre-
injury, two-tailed t-test). (For interpretation of the references to color in this figure legend,
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Fig. 4.
Loss of functional connectivity. [A] Axial and [B] coronal, 3-dimensional-rendered

statistical difference plots of node and decrease in edge strength at 7, 14 and 28 days after
contusion injury (surface-projected yellow region on left of each brain ~ mean contusion
volume) compared to pre-injured showing the brain regions of significant loss of functional
connectivity (edge strength, black/gray bars, P < 0.005 FDR corrected) that occur mainly
within regions of significant loss of nodal connectedness (node strength spheres, dark blue
— = 0.05, FDR-corrected, turquoise — P < 0.05, uncorrected, light blue — decrease from
pre-injury P > 0.05). There was a loss of connectivity around peri-contusional regions (edges
of yellow surface-projected region plotted on the left of each brain) at 7 days post-injury
combined with some early loss of inter-hemispheric and subcortical connectivity. This was
less evident at 14 days but became even more pronounced at 28 days. Key: node and edge
radii are equivalent to the reciprocal of the P value between pre- and post-injury time-point
of connection strength. Node colors represent the probability levels that describe the
difference compared to pre-injury. Red — increase from pre-injury (q = 0.05, FDR-
corrected) orange — increase from pre-injury (P < 0.05, uncorrected), yellow circles —
increase from pre-injury (P > 0.05). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 5.

Sugmmary plots of edge connectivity changes after injury. The number of significant
decreases [A] and increases [B] in edge connections per brain region at 7 and 28 days after
injury compared to pre-injury was summed for all 96 nodes examined. The mean contusion
volume is shown as a surface-projected black region. [A] Decreases in connectivity were
relatively mild at 7 days after injury but this expanded to the ipsilateral cortex, thalamus and
hippocampus and to the contralesional cortex by 28 days. [B] Increases in connectivity were
especially marked early after injury in bilaterally in both cortical and subcortical regions.
This persisted until 28 days only in bilateral subcortical regions and some contralesional and
ipsilesional pericontusional regions. Key: colors denote the number of significant changes in
connections compared to pre-injury. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6.

Ingrease in functional connectivity. [A] Axial and [B] coronal, 3-dimensional-rendered
statistical difference plots of node and increased in edge strength at 7, 14 and 28 days after
injury compared to pre-injured showing the brain regions of significant increase in
connectivity (edge strength, black/gray bars, g = 0.005 FDR corrected) that occur almost
exclusively in regions of low nodal connectedness (node strength data is repeated here from
Fig. 4). The greatest increase in connectivity occurred at 7 days after injury over wide areas
of the brain. Increased connectivity persisted until 14 and 28 days where enhanced
connections were largely subcortical and contra-lesional cortex. Key — see Fig. 3.
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Fig. 7.

Ct?ange in degree of hubness. [A] Coronal, 3-dimensional, rendered plots showing group
mean node strength of connection (radii of node ~ mean number of weighted nodal
connections at 35% network density) and mean connection strength between nodes among
the top 2% of connections (edge radii ~ number of node-to-node connections) before and at
7, 14 and 28 days after injury. The average contusion size is superimposed on the left
cortical surface and the cylinder represents the approximate impact of the injury device. [B]
Mean node strength (the sum of the weights of the edges connected to each node at 35%
network density) was calculated for each node, ranked at each time-point and the top 20%
were plotted to assess the change among the most highly connected hub nodes. Injury
resulted in progressive reductions in the rank of ipsi-lesional, highly connected cortical hubs
that were adjacent to the primary injury site (S1BF-L, M1-L, Cgl-L) and also a transient
increase in M2-L cortex at 7 days (hatched lines). Despite significant alterations in
subcortical connectivity (see text), the Thal and CP-GP regions remained the most highly
connected areas of the brain. Key: CP-GP = caudate putamen and globus pallidus, Cgl =
cingulate cortex, Fimb = fimbria, Hippo = hippocampus, HypoT = hypothalamus, M1, M2 =
motor cortex, S1Dz/S1IHL/S1uLP = sensory cortex dysgranular/hindlimb/upper lip region,
L.Septn. = lateral septal nucleus, Thal = thalamus, Vp_mfb = ventral palladium and medial
forebrain bundle.
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Fig. 8.

Ez?rly and persistent increases in local connectedness and a temporary decrease in
modularity. The mean clustering coefficient (MCC), an indication of the local connectedness
of networks was assessed at [A] an average nodal (global) level and [B] a regional nodal
level. [A] MCC was significantly increased from 7 days after injury compared to pre-injured
over both strongly connected and at more weakly connected ranges (3—6%, 19-50%). This
persisted until 28 d at 20-50% density levels (colored horizontal bars indicate P < 0.05
compared to pre-injury, two-tailed t-test; data are means + sem). [B] 3-Dimensional,
rendered, coronal plots of statistically different changes in regional (node) MCC at 7, 14 and
28 d post-injury compared to pre-injury. Apart from significant decreases in local
connectedness within the primary cortical injury site (blue spheres; see Fig. 3 for key), there
was a brain-wide increase in local connectivity that persisted among many regions for 14
days after injury (red spheres, q = 0.05, FDR corrected) and until 28 days (orange nodes, P <
0.05, uncorrected). [C] Modularity — the degree to which network circuitry is organized in
a similar community structure was determined for unthresholded data over all groups. Two
major modules were found corresponding to cortical and subcortical regions (red and green
nodes, respectively). [D] Modularity was decreased at 7 days after injury, but not at any
other time. This was significant over the majority of the density levels examined indicating a
robust effect (P < 0.05, two-tailed t-test). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 9.

GI%baI CPL and MCC parameters of network-based functional connectivity do not
significantly discriminate between different injury severities. Surface-projection plots of
mean contusion size among [A] mild versus [B] moderately-injured rats at 28 days (color is
equivalent to number of rats with an overlapping contusion site). Although there was a trend
towards mild (square symbols) and moderate (triangular symbols) injury group differences
in both global CPL [C-E] and MCC [F-H] network parameters at most density levels and at
all time-after injury, CPL was significantly lower after moderate compared to mild injury,
most notably at mid-range density values at 14 days [D] while MCC values were
significantly higher after moderate injury compared to mild injury at low density levels only
at 7 days [F] (horizontal dashed line = P < 0.05, 2 tailed t-test). Symbol values are group
means and shaded area is standard error. Dotted line data represent pre-injury mean values
of all rats for comparison.
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Fig. 10.
Earlier but not later post-injury increases in regional network parameters of functional

connectivity are associated with the degree of injury. Linear regression analysis was
performed on the network parameter data (strength, local clustering coefficient [CC] and
local regional efficiency [EREG]) from each of the 96 nodes for each time point after injury
versus final contusion volume at 28 days. Analysis yielded significant positive correlations
for all three network parameters in a number of brain regions (P < 0.05, r range = 0.26—
0.59). Data are plotted as the presence or absence of significant nodal correlations along Y
and at each brain (node) region along X at 7, 14 and 28 days post-injury. Data indicate that
post-injury changes in these network parameters are associated with a change in injury
severity (contusion volume) at 7 and 14 days, and this is most notable within the
contralateral regions for strength and EREG at 7 and 14 days post-injury.
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