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Abstract

Some of the most disabling aspects of mild traumatic brain injury (mTBI) include lingering 

deficits in executive functioning. It is known that mTBI can damage white matter tracts, but it 

remains unknown how this structural brain damage translates into cognitive deficits. This 

experiment utilized theta band phase synchrony to identify the dysfunctional neural operations that 

contribute to cognitive problems following mTBI. Sub-acute stage (< 2 weeks) mTBI patients 

(N=52) and healthy matched controls (N=32) completed a control-demanding task with concurrent 

EEG. Structural MRI was also collected. While there were no performance-specific behavioral 

differences between groups in the dot probe expectancy task, the degree of theta band phase 

synchrony immediately following injury predicted the degree of symptom recovery two months 

later. Although there were no differences in fractional anisotropy (FA) between groups, joint 

independent components analysis revealed that a smaller network of lower FA-valued voxels 

contributed to a diminished frontal theta phase synchrony network in the mTBI group. This 

Corresponding Author: James F. Cavanagh, University of New Mexico, Department of Psychology, University of New Mexico, 
Logan Hall, 1 University of New Mexico, MSC03 2220, Albuquerque NM, 87131 USA, jim.f.cav@gmail.com, Phone: (505) 
277-4121 Fax: (505) 277-1394. 

Data Accessibility: Data and code for this experiment are available on the PRED+CT website: www.predictsite.com; Accession 
#d010.

Disclosure Statement: None of the authors have potential conflicts of interest to be disclosed.

Conflict of Interest: All authors declare that they have no conflicts of interest.

Ethical Approval: All procedures performed in studies involving human participants were in accordance with the ethical standards of 
the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards.

Informed Consent: Informed consent was obtained from all individual participants included in the study.

HHS Public Access
Author manuscript
Brain Imaging Behav. Author manuscript; available in PMC 2021 December 01.

Published in final edited form as:
Brain Imaging Behav. 2020 December ; 14(6): 2210–2223. doi:10.1007/s11682-019-00171-y.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.predictsite.com/


finding suggests that frontal theta band markers of cognitive control are sensitive to sub-threshold 

structural aberrations following mTBI.
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The ability to effectively exert executive control is critical for work-force participation and 

meaningful interpersonal relationships (Carney et al. 1999; Kreuter et al. 1998; Sander and 

Struchen 2011). Brain injuries can complicate executive functions to the detriment of these 

real-world quality of life measures (McDonald et al. 2002). Executive deficits are amongst 

the most common and disabling aspects of mTBI (Karr et al. 2014; McDonald et al. 2002), 

and these might be related to structural brain damage caused by the trauma (Huang et al. 

2009; Wallace et al. 2018). Unfortunately the heterogeneity of injuries across individuals 

complicates attempts to develop imaging biomarkers that could assess damage or assist in 

predicting recovery trajectories. The current study aimed to test whether EEG-based theta 

band phase synchrony may act as a functional link between damaged white matter structure 

and symptomatic phenotype following a mild traumatic brain injury (mTBI).

Phenotype: Executive deficits following mTBI

Post-concussive symptoms include a variety of somatic, cognitive, and emotional complaints 

(Bigler, 2008; Quinn, Mayer, Master, & Fann, 2018; Rose, Fischer, & Heyer, 2015). A large 

number of individuals experience varied symptoms after mTBI, with up to 3/4 of individuals 

expressing at least one persistent symptom 6 months later (van der Naalt et al. 2017), and 

1/4 still experiencing significant impairment 1 year later (McMahon et al. 2014). The extent 

to which these problems reflect preexisting tendencies (e.g. a “miserable minority”) vs. an 

incomplete recovery is actively debated (McDonald et al. 2002; Quinn et al. 2018; Rohling 

et al. 2012; Ruff 2005), and complicated by the breadth of cognitive and affective symptoms 

that may be endorsed following injury.

A growing appreciation of the “domain general” nature of executive control has described 

how common neural systems contribute to both cognitive and affective processes (Chang et 

al. 2013; De La Vega et al. 2016; Shackman et al. 2011). Thus, it is possible that a variety of 

post-concussive symptoms like mood, apathy, and impulsivity may all be linked to aspects 

of a common deficit in executive functioning (Carroll et al. 2004). Behavioral outcomes of 

varied frontal processes also appear to be manifest expressions of a smaller number of 

tightly coordinated neural processes broadly involved in executive control (Niendam et al. 

2012). Common neuropsychological tests of executive dysfunction in mTBI tend to load on 

a single common factor (Busch et al. 2005; Serino et al. 2006), often characterized by 

globally slowed reaction time (Dimoska-Di Marco et al. 2011; Dockree and Robertson 2011; 

Frencham et al. 2005). The generality of this finding may not reflect a specific executive 

deficit following mTBI; rather, it may be a consequence of the inability of standard 

performance tasks to quantify fine-grained deficits in cognitive control.
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In the current experiment, we aimed to leverage a well-characterized task that assesses 

specific abilities for planning and maintaining rules due to varying stimulus-response 

demands. The Dot Probe Expectancy (DPX) variant of the common AX-Continuous 

performance task (AX-CPT) is a major component of the NIH CNTRICS battery (Barch et 

al. 2009), and is translatable to animal studies (Blackman et al. 2016), bolstering the 

generalizability of this choice. Similar AX-CPT variants have revealed generalized 

performance and EEG deficits following mTBI (Larson et al. 2006; Zhao et al. 2018); the 

current report aims to assess higher cognition in mTIB with a much larger sample and with a 

novel integration of structural and functional indices proposed to underlie poor cognitive 

performance.

Structure: White matter damage following mTBI

In the absence of clearly-defined lesions, research-specific scans have been used to derive 

subtle structural differences based on statistical deviations from non-patients. The most 

common consequences of acute trauma appear to be expressed in centrally-located, 

transversal tracts of white matter like the corpus callosum, corona radiata, and cingulum 

(Aoki and Inokuchi 2016; Eierud et al. 2014; Hulkower et al. 2013; Ling et al. 2012; Roberts 

et al. 2016; Wallace et al. 2018). Accumulated findings suggest that deficits in cognitive 

control in mTBI may be due to degraded structural connectivity between neural areas 

(Wallace et al. 2018), and axonal injury due to shearing and stretching may directly 

contribute to post-concussive symptoms (Huang et al. 2009). Diffusion tensor imaging (DTI) 

has been utilized to assess how acute trauma can damage these white matter tracts (Dockree 

& Robertson, 2011; Hulkower, Poliak, Rosenbaum, Zimmerman, & Lipton, 2013; Mayer et 

al., 2010; McDonald et al., 2002; Strauss et al., 2016). Unfortunately, the intuitive appeal of 

this measure is complicated by the low reliability of findings across samples, the large 

dimensionality of whole-brain fractional anisotropy (FA) assessments, and the subtle and 

individualized nature of acute traumas.

Recent literature reviews have described a bidirectional nature of group differences in FA, 

(where an mTBI group may have lower or higher FA values than matched controls 

depending on time post-injury) and bidirectional correlations between FA and cognitive 

behavioral characteristics (Eierud et al. 2014; Hulkower et al. 2013; Kamins et al. 2017; 

Roberts et al. 2016; Wozniak et al. 2007). Some injury characteristics appear to be important 

moderators of this variance in FA. More severe forms of TBI are more reliably associated 

with lower FA values compared to controls (Dodd et al. 2014; Eierud et al. 2014), and 

negative correlations with performance may be most reliably observed within the first two 

weeks after injury (Eierud et al. 2014), but beyond that there remains considerable variance 

in FA findings within mTBI groups. One way to advance beyond these direct observations of 

structural indices is to link individual FA measures with a known functional process that is 

tightly associated with cognitive control and is correlated with white matter integrity.

Function: The missing link in structure-to-phenotype assessment

In order to bridge the structure-phenotype gap, we aimed to identify functional deficits that 

mediate the pathway between structural damage and cognitive outcome. For the current 
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study, we utilized a previously-defined candidate neural mechanism of cognitive control. 

Frontal theta band (4–8 Hz) EEG activities are proposed to underlie cognitive control in a 

two-part process: 1) a frontal midline theta power burst that is thought to act as an “alarm 

bell” indicating the realization of the need for control, and 2) medio-lateral theta band phase 

synchronous interaction between neural areas that is thought to underlie the implementation 

of control (Cavanagh and Frank 2014). This model appears robust, with over twenty 

replications of this phase-synchronous phenomenon occurring after a variety of eliciting 

circumstances, including causal manipulations and observed deficits in clinical disorders 

(reviewed in Cavanagh and Cohen 2019). Previous investigations have also described how 

FA positively correlates with both frontal theta power (Cohen, 2011) and long-distance theta 

band phase synchrony (Liu et al. 2017). A recent report showed that individuals with a 

history of mTBI have diminished medio-lateral frontal phase synchrony during reactive 

control (Smith & Allen, 2019). In sum, a collection of prior findings offers promising 

evidence that individual differences in medio-lateral phase synchrony should correlate with 

FA, and that these may be expected to covary due to structural damage following mTBI.

This approach is notably different from other EEG investigations of mTBI. Assessments of 

resting activities are common, exemplified by the QEEG approach (Hanley et al. 2017; 

Naunheim et al. 2010; Nuwer et al. 2005; Prichep et al. 2014; Thatcher et al. 1989) or direct 

assessment of frontal theta at rest (Kaltiainen et al. 2018). While such findings are 

intriguing, frequency-specific differences at rest may not reflect the same neural 

phenomenon as task-evoked frequency-specific signatures (e.g. theta-like activity could be 

due to alpha slowing). Other studies have observed slowing in late cognitive ERP features 

(Dupuis et al. 2000; Folmer et al. 2011; Larson et al. 2011; Lavoie et al. 2004; Moore et al. 

2014; Weinberg 2000; Wilson et al. 2014), yet the majority of these studies tested 

individuals in the chronic injury state and/or combined patients across the TBI spectrum. 

There is a considerable lack of studies investigating known EEG features tightly tied to 

cognitive control in the sub-acute phase of mTBI, when effects are likely to be most 

prominent.

The current study

Here we aimed to assess the interaction between structure (FA), function (theta phase 

synchrony), and phenotype (self-report) in participants who recently experienced an mTBI, 

as well as matched controls with no history of brain injury. Cognitive function was assessed 

with a demanding cognitive control task while EEG was recorded. To reduce the 

dimensionality of these combined measures, we used joint independent components analysis 

(jICA) of co-varying FA and phase synchrony to identify the structural network that was best 

captured by the theta band activity of interest.

Materials and Method

Experimental Design

The University of New Mexico Health Sciences Center (UNMHSC) Human Research 

Protections Office approved the study and all participants provided written informed 

consent. All participants were aged 18–55 years, were fluent in English, had no premorbid 
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major medical or psychiatric conditions, no history of substance abuse, and were not 

currently taking medications that interfere with cognitive functioning with the exception of 

selective serotonin reuptake inhibitors (SSRIs). Three participants from the control group 

and four from the mTBI group were on SSRIs. None of the sub-acute or control participants 

had a previous head injury.

Sub-acute mTBI patients were recruited from the Departments of Neurosurgery and 

Emergency Medicine from UNMHSC within two weeks following their injury. Injury 

history was assessed with a modified version of the Rivermead semi-structured interview 

(King, Crawford, Wenden, Moss, & Wade, 1995; Mayer et al., 2018). Participants were 

enrolled into the sub-acute mTBI group if they met American Congress of Rehabilitation 

Medicine criteria, assessed by an endorsement of a loss of consciousness following injury of 

30 minutes or less as well as a Glasgow Coma Scale of 13–15 if available. Control 

participants included sex- and age-matched individuals from the Albuquerque, New Mexico 

community.

Sub-acute mTBI and control participants were invited to three assessment sessions, where 

symptoms, behavioral performance, and EEG were assessed. Session 1 was from 3–14 days 

post-injury and was the only session with MRI. Session 2 was ~2 months (1.5 to 3) and 

Session 3 was ~4 months (3 to 5) following Session 1. Participants were paid $20, $25, or 

$30 per hour for participation in each respective session. One sub-acute mTBI participant 

was removed from Session 3 as they experienced a head injury between their second and 

third sessions. Supplemental Figures 1–3 show the flow diagram of recruitment, participant 

exclusion, and data availability for each measure and all combined analyses.

Questionnaires and Neuropsychological Assessments

All participants completed demographic and neuropsychological assessments in their first 

session. All participants scored 45 or above on the Test of Memory Malingering (TOMM). 

Other assessments included the Test of Premorbid Functioning (TOPF), the Wechsler Adult 

Intelligence Scale-Fourth Edition (WAIS-IV) Digit Span and Coding subtests, and the 

Hopkins Verbal Learning Test-Revised (HVLT-R). These values are shown in Table 1, which 

also details the number of participants that completed each assessment session. While the 

control group had relatively stable enrollment, the sub-acute mTBI group suffered from 

attrition, with about 79%of participants returning for session 2 and about 58% returning for 

session 3. Table 2 details the injury characteristics of the sub-acute group. Symptom-related 

questionnaires were administered in each session, including the Neurobehavioral Symptom 

Inventory (NSI), the Beck Depression Inventory-Second Edition (BDI), the Frontal Systems 

Behavior scale (FrSBe), and the Rivermead; these values are shown in Figure 1.

Among the questionnaires assessed in this study, the FrSBe is the only scale related to the 

executive functions putatively reflected by frontal theta processes; the specificity of the BDI 

to depression and high reliance of the NSI to somatic distress are divergent from the 

executive constructs measured here1. The FrSBe score is scaled by the age, sex, and years of 

education of the participant (Grace and Malloy 2001), making it well-suited for zero-order 

correlation with brain variables within this diverse sample. Based on our prior investigation 

of EEG activities to auditory orienting from a subset of this cohort (Cavanagh et al., in 
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press), we were particularly interested in the degree of an individual’s symptomatic 

recovery, defined as the change over time in FrSBe score (session 2 minus session 1; lower 

scores thus mean reduced symptoms over time).

Dot Pattern Expectancy Task

The Dot Pattern Expectancy (DPX) variant of the AX-Continuous Performance Task (Barch 

et al. 2009; MacDonald et al. 2005) was programmed in Matlab using Psychtoolbox 

(Brainard 1997; Kleiner et al. 2007; Pelli 1997), see Figure 2. In this two-alternative-forced 

choice task, cues and probes were depicted as combinations of dots (akin to a braille 

pattern). These patterns are described with single letter terms: a cue stimulus (A or B) is 

presented before a probe stimulus (X or Y). Each cue-probe pair had a different probability 

and different response requirement. Participants were instructed to respond to all cues with a 

left trigger button on a joystick; responses to the probe stimuli varied depending on the cue-

probe pairing.

In the most common (70% of trials) A-X sequence, X probes required a right trigger 

response, creating a habitual left-right response pattern to cue and probe. In the A-Y 

sequence (12.5% of trials), participants were required to break this expectancy by 

responding with a left button press to the Y probe. This A-Y probe is thus designed to elicit 

reactive control. In the B-X (12.5% of trials) and B-Y (5% of trials) sequence, participants 

were also required to respond with a left button press to the X or Y probe. The B cue is 

specifically designed to elicit proactive control, since participants can use the forewarning 

from the B cue to change their response habit to either X or Y probe.

Following convention, there were 5 unique B cues and 5 unique Y cues. Cues and probes 

remained on the screen until a button press was made. The cue-probe delay was selected 

from a random distribution of 2500 to 5000 ms. Trials were separated by an inter-trial 

interval (ITI) selected from a uniform distribution of 750–1000 ms. Participants first 

received intensive instructions with practice on each rule, and then they completed 25 full 

practice trials. Participants then completed 5 blocks with 50 trials per block. Including 

instructions, the task took about 36 minutes to complete.

Only correct trials were used for assessment of response time (RT). Session data were 

excluded if participants failed to achieve >25% accuracy on bX probe trials. Our main 

interest was performance on the bX probes as an index of proactive control following B 

cues. Although the difference between bX and aY probe performance is commonly assessed 

in this task as a measure of the balance between proactive and reactive control (i.e. the 

behavioral shift index), we were not interested in the relative tradeoff between these 

measures, only the ability to apply and maintain proactive control. Analysis of the 

behavioral shift index is provided in Supplemental Table 1.

1Although the NSI is sometimes reported with a three factor structure (Caplan et al. 2010), the somatic, cognitive, and affective 
dimensions were highly correlated here (r values from .78 to .84). Given that the somatic dimension has the most items (11 out of 22 
items) and there are somatic features in the other dimensions (headache, fatigue), in this sample these sub-scales appear to reflect 
common variance in a somatic-dominant dimension.
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EEG Recording and Preprocessing

EEG was recorded continuously from sintered Ag/AgCl electrodes across .1 to 100 Hz with 

a sampling rate of 500 Hz, an online CPz reference, and a ground at AFz on a 64 channel 

Brain Vision system. The vertical electrooculogram (VEOG) was recorded from bipolar 

auxiliary inputs. Data were epoched around the cue onset (−2000 to 7000 ms), from which 

the associated cue-locked responses were isolated. Activity at the reference electrode CPz 

was re-created via re-referencing. Very ventral temporal sites were then removed, as they 

tend to be unreliable, leaving 60 electrodes. Bad channels and bad epochs were identified 

using a conjunction of the FASTER algorithm (Nolan et al. 2010) and pop_rejchan from 

EEGlab (Delorme and Makeig 2004) and were subsequently interpolated and rejected 

respectively. Data were then re-referenced to an average reference. Eye blinks were removed 

following independent components analysis in EEGlab (Delorme and Makeig 2004).

All EEG analyses were limited to correct performance trials. In order to equate trial counts 

for comparable signal to noise between conditions, a random selection of A cues were 

retained, matching the number of B cues remaining following the pre-processing step 

described above. All analyses were performed on data with a minimum of 20 epochs. Cue-

locked event-related potentials averaged over group and sessions are included in 

Supplemental Figure 4. A Laplacian transform of the data was used to minimize volume 

conduction prior to time-frequency decomposition, which is a necessary step for 

connectivity analyses (Cohen, 2014). Time-Frequency measures were computed by 

multiplying the fast Fourier transformed (FFT) power spectrum of single trial EEG data with 

the FFT power spectrum of a set of complex Morlet wavelets defined as a Gaussian-

windowed complex sine wave: ei2πtfe−t^2/(2xσ^2), where t is time, f is frequency (which 

increased from 1–50Hz in 50 logarithmically spaced steps) and the width (or ‘cycles’) of 

each frequency band were set to increase from 3/(2πf) to 10/(2πf) as frequency increased. 

Then, the time series was recovered by computing the inverse FFT. The end result of this 

process is identical to time-domain signal convolution, and it resulted in estimates of 

instantaneous power (the magnitude of the analytic signal) and phase angle (the arctangent 

of the analytic signal).

Each epoch was then cut in length (−500 to +1000 ms). Averaged power was normalized by 

conversion to a decibel (dB) scale (10*log10[power(t)/power(baseline)]) from a common 

cross-condition averaged baseline of −300 to −200 ms, allowing a direct comparison of 

effects across frequency bands. Inter-site phase clustering (ISPC) over trials was quantified 

as the length of the average of unit-length vectors that were distributed according to the 

difference in phase angles between FCz and separate lateral frontal electrodes (F5 and F6). 

These electrode combinations are the most commonly used pairs for assessing medio-lateral 

interactions (Cavanagh, Cohen, & Allen, 2009; Smith & Allen, 2019). Based on a recent 

description of the hemisphericity of this phenomenon we formally compared left and right 

sided synchrony, although we have previous justification to suggest that proactive conflict 

might engage a left-hemisphere dominant network (Cavanagh and Cohen 2019), see 

Supplemental Figure 5.

The full time-frequency spectrum of EEG data was analyzed using t-tests on the B vs. A 

contrast for both FCz power and medio-lateral ISPC (cluster corrected based on 500 
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condition shuffles). Since this B vs. A contrast was orthogonal to all group and session 

hypotheses, time-frequency ROIs (tf-ROIs) were selected from the dominant patterns in this 

contrast. FCz power was quantified as the average of 300 to 600 ms at 4.5 Hz and FCz-F5 

and FCz-F6 ISPC was quantified as the average of 400 to 700 ms at 4.5 Hz.

MRI Recording and Preprocessing

MRI images were obtained with a Siemens 3T Trio TIM scanner and a 32-channel coil. 

Diffusion weighted images (TR=4000ms, TE=108 ms, 70 slices, flip angle = 84°; voxel size 

2 × 2 × 2 mm) were acquired using a twice-refocused spin echo sequence. Four scans were 

acquired, with 44, 47, 42 or 40 diffusion gradients with a maximum b-value of 2400 s/mm2. 

The b=0 experiment was repeated eight times. DTI analyses were performed using FSL 

software (Smith et al., 2004). Data were corrected for bias and distortion (FSL TOPUP), 

motion and eddy currents (FSL EDDY), and visually checked for quality. FA was then 

calculated (FSL DTIFIT) and the data were spatially normalized (FSL FNIRT) to the Johns 

Hopkins University (JHU) white matter atlas (Mori and van Zijl 2007).

Subject-specific abnormalities were calculated in the same manner as prior studies (Mayer et 

al., 2012). First, data were masked by voxels that exceeded a mask of >0.25 from the 

average of all subject’s FA values. Subject-specific abnormalities were computed as the 

statistical distributions of FA values that were greater or less than expected by chance based 

on the z-score of the control group (16 pixel cluster minimum, p<0.05 chance level adjusted 

to the distribution corrected z-scores (DisCo-Z: Mayer et al., 2017)). As in prior research, 

the number and size of both positive and negative clusters were square root transformed to 

approximate normality and contrasted between groups (Mayer et al., 2012).

Joint Independent Component Analysis (jICA)

jICA uses blind source separation to resolve a single mixing matrix that identifies the 

maximal covariance between two measures (Calhoun, 2006; Calhoun, Liu, & Adali, 2009; 

Moosmann, Eichele, Nordby, Hugdahl, & Calhoun, 2008); here we use spatial areas in MRI 

images and temporal patterns in EEG data. Since MRI data were only acquired at the first 

session, jICA fusion only included the first session of EEG data. The JHU-masked FA and 

the full time-course of medio-lateral ISPC (−500 to 1000 ms for FCz-F5 and FCz-F6) of 

each participant were submitted to jICA. Both groups were included in the jICA 

decomposition, with a fixed factor to distinguish the groups. The default number of eight 

components were estimated and individual mixing coefficients for each component were 

compared between groups using a t-test in the jICA software to determine the maximally 

discriminant combination of spatial and temporal features. These individual mixing 

coefficients are also known as loading factors, and they indicate how much each participant 

expresses or contributes to each latent component (Stephen et al. 2013; Sui et al. 2010). A 

group difference between these loading factors indicates that one group has a greater net 

contribution to that component (for example there may be a higher correlation between the 

specific ISPC time series and FA voxels identified in that component in group A than in 

group B). Our a priori hypotheses of the medio-lateral ISPC constrained our interpretation of 

jICA components to the approximate range of 400 to 700 ms where the ISPC was maximal.
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Statistical Analysis

The analysis of change over time utilized mixed linear models (MLMs) to account for 

individual change within each group in the context of missing data (e.g. attrition). MLMs 

used restricted maximum likelihood estimation with fixed effects for group (binary), session 

(continuous), and the group*session interaction. Session was modeled as a repeated factor 

with autoregressive covariance. Only results with a main or interactive effect of group are 

discussed. Since the Rivermead was only assessed in the sub-acute mTBI group, a one-way 

ANOVA was used to examine change over sessions. Reliabilities were assessed using 

intraclass correlation coefficients (ICCs) within a two-way mixed effects model defined by 

absolute agreement (Koo and Li 2016). These analyses were performed separately for each 

group. For simplicity, the output of all MLM and ICC tests are included in Table 3.

Results

Questionnaires

All questionnaire scales significantly differed between groups, yet only the NSI had a 

significant interaction between group and session where the groups became more similar 

over time (Table 3 and Figure 1). All questionnaire measures had good reliabilities (.79 

to .90). The Rivermead had no main effect of session within the sub-acute mTBI group 

(t=.41, p=.69; Cronbach’s alpha = .92). In total, the sub-acute mTBI group had greater 

symptoms of depression, somatic and cognitive complaints, and executive problems in daily 

living, with very little change over time.

Task Performance

Figure 3 shows the performance on the probe trials of the DPX task. Sub-acute mTBI 

participants were significantly slower and non-significantly less accurate than controls 

across all conditions, but there were no effects of mTBI on performance specific to the 

control demands in the bX condition (i.e. bX minus aX; Table 3). Reliabilities for RT and 

accuracy spanned a wide range across measures and groups (.29 to .95). This range is in line 

with findings from a recent review of the psychometric properties of this task that suggested 

that RT has higher reliability than accuracy since there is more intrinsic variability, and that 

patients may show more variability than controls over sessions, which can artificially 

increase reliability estimates (Cooper et al. 2017).

Identifying the Functional EEG Network for Cognitive Control

Figure 4 shows the time-frequency data from the theta-band measures. As expected, the 

difference in power between B and A conditions was dominant in the theta band over the 

frontal midline at FCz (Figure 4A–C). However there were no significant main or interaction 

effects of group (Figure 4D and Table 3), nor was there a significant difference between 

groups at the first session alone (t(66)=1.24, p=.22). Bilateral ISPC was similarly dominant 

at 4.5 Hz within a slightly later time window, but these did not differ between groups either, 

nor were there any interactions with laterality (Figure 4E–H and Table 3).

When a posteriori split by hemisphere, left-side ISPC was significantly different between 

groups with an interaction between group and session, and there was no effect for right-

Cavanagh et al. Page 9

Brain Imaging Behav. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sided ISPC (Table 3). This group*time interaction effect in left-sided ISPC was largely due 

to a diminished value in the third time point in the control group; this pattern is explained in 

the discussion (see Supplemental Figure 6). Although power had good reliability, there was 

little to no reliability in measures of ISPC (Table 3). Indeed, some measures had an average 

negatively signed covariance, making ICC impossible to compute. This lack of temporal 

reliability of ISPC is likely related to the low temporal reliability in task performance. 

Figure 5 shows that bilateral session 1 ISPC was able to predict future recovery in FrSBe 

scores within the mTBI group (r(31)=−.34, p=.05, R2=.12) whereas there was no meaningful 

relationship in the control group (r(23)=−.04, p=.86, R2=0). This pattern was most robust on 

the left side, but right sided ISPC had the same general trend (Supplemental Figure 7).

No FA Differences between Groups

Supplemental Figure 8 shows all outputs from conventional FA analyses. There were no 

group differences in an FDR-corrected whole-brain analysis, and the distribution of JHU 

region-specific t-tests was indistinguishable from chance. Subject-specific abnormalities 

were quantified for each individual within each group. There were no differences in the 

number or mass of positive or negative clusters between groups. In sum, conventional FA 

analyses failed to distinguish mTBI from control groups.

Linking Structure and Function with jICA

Joint ICA was used to merge structural (FA) and functional (ISPC) data for the first session 

data in both groups. Only one component (IC #4) captured the a priori temporal window of 

phase synchrony between 400 to 700 ms, and only this component significantly 

differentiated groups (Figure 6A–B, p=.025). See Supplemental Figure 9 for all ISPC 

component time courses. To examine the inter-relation of these relevant voxels and time 

points, the component weights from IC #4 were used to mask the FA and EEG for each 

participant. IC#4-weighted ISPC was averaged above a z-score threshold of 2.5, which 

captured much of the a priori time window. Given the lack of a spatial ROI, we investigated 

FA weights over a range of z-score thresholds. Within each z-score threshold bin, values of 

FA, voxel count, and the correlation between FA and ISPC were computed.

Figure 6B shows how IC #4-weighted ISPC had a significant laterality by group interaction 

(F(1,59)=4.02, p=.05). Follow-up t-tests indicated that only the left lateralized activity was 

different between groups (t(59)=2.42, p=.02) whereas right lateral activity was not 

(t(59)=.04, p=.97). Although the groups differed on pre-morbid IQ, there was no influence 

of TOPF on this interaction (laterality * group * TOPF: F(2,57)=2.30, p=.11) nor on left-

lateralized activity (group * TOPF: F(1,56)=.98, p=.32), nor did TOPF correlate with ISPC 

or FrSBe change within either group (Supplemental Figure 10).

Figure 6C shows how both groups had positive correlations between IC#4-weighted FA and 

left-specific IC#4-weighted ISPC regardless of threshold, but no relationship with right-

lateralized activity. In the simplest explanatory terms, this correlation depicts how the jICA 

process identified structural and functional data points that co-vary with each other but not 

with other data points. The difference in the correlation (z tests of r-to-z transformed 

coefficients) between FA and left-specific ISPC between mTBI and control groups was 
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significant for nearly all levels of z-threshold, with the mTBI group having smaller 

correlations than the control group. Figure 6D shows how the number of voxels naturally 

diminished as the FA discrimination threshold increased, but the relative number of voxels in 

the mTBI decreased more than the control group. Figure 6E shows that as the discrimination 

threshold increased, FA values became increasingly smaller in the mTBI group compared to 

the control group; these effects were statistically significant at all contrasts of z>3. In sum, 

the structure-function relationship in the mTBI group was characterized by relatively smaller 

left-specific ISPC, fewer voxels involved in this network, lower FA in these voxels, and a 

diminished relationship between FA and ISPC.

Discussion

This investigation revealed that when different imaging indices are combined, a deficient 

structure-function relationship affected by mTBI becomes particularly expressed. Given the 

a priori interpretability of the theta band functional network, the spatial, temporal, and 

frequency characteristics in the EEG were able to guide the independent component 

selection to highlight the FA network of interest. Notably, the only EEG component that met 

the a priori time window (see Figure 4E–H) was the one that statistically distinguished 

groups. The mTBI group was characterized by a smaller left-specific ISPC, fewer voxels, 

lower FA in those voxels, and a diminished relationship between FA and ISPC, suggesting 

an impoverished structure-function relationship for exerting cognitive control. In sum, this 

data fusion technique highlighted sub-threshold structural features (Fig 6A, 6D, & 6E) that 

were presumably altered by mTBI that would otherwise have been unobservable.

There was a notable lack of self-reported symptomatic recovery across the sub-acute mTBI 

group. Only the NSI, which is dominated by somatic complaints, decreased over time. Other 

measures of somatic complaints (Rivermead), depression (BDI), and executive function 

(FrSBe), remained consistently high over the four months following injury. However, within 

this static group-level trend there was notable individual variation. Motivated by our recent 

study of P3a and P3b amplitudes on FrSBe change in a sub-set of this cohort (Cavanagh et 

al. in press), theta band phase synchrony predicted individual trajectories of recovery from 

FrSBe symptoms over time (Figure 5). A recent review by Karr et al. (2014) suggested that 

cognitive functions tended to recover within 90 days post-injury, yet they remain one of the 

vulnerable symptomatic domains following multiple TBIs. This suggests that the ISPC 

findings reported here may be particularly important for tracking normative recovery as well 

as quantifying deficits in more chronic cases.

Interestingly, the only group differences in EEG measures described here were specific to 

the phase-synchronous network activities and not to the frontal midline power burst. Prior 

reports of clinical groups with compromised frontal functions have shown that power and 

phase synchrony can vary independently, where they can both be larger (anxiety: Cavanagh 

et al. 2017), they can both be smaller (schizophrenia: Ryman et al. 2018), or a power 

diminishment can occur in the absence of a phase synchrony difference (Parkinson’s 

disease: Singh et al. 2018). Here, the finding of relatively maintained power yet diminished 

(left-specific) phase synchrony over time is commensurate with the hypothesis that frontal 

midline power and medio-lateral phase dynamics represent two different features of control: 
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namely the initial alarm bell and the following implementation of control (Cavanagh and 

Frank 2014). It was hypothesized that compromised white matter following mTBI would 

specifically affect this latter aspect of the ability to communicate the need for control across 

brain regions.

The lack of whole-brain FDR corrected differences, individual JHU ROI analyses, and 

single subject abnormalities in FA clusters may be expected as a natural consequence of 

subtle deficits and profound inter-subject variability. These null effects were not surprising 

given the lack of a consensus in the literature (Dodd et al. 2014; Eierud et al. 2014). Here we 

propose that by leveraging a known EEG process, jICA can provide a data-driven solution 

that more effectively isolates white matter involved in a specific cognitive process. This idea 

motivates a discussion of the limitations of the current study prior to a summary of the main 

conclusions.

Limitations

The first limitation of these findings is the problematic reliability of behavioral performance 

and EEG measures on the dot probe task. Extant findings in sub-acute mTBI participants 

have tended to show generalized slowing in the absence of specific performance deficits, and 

this same broad pattern was observed here (Figure 3). However, contrary to the aims of the 

study, we were unable to determine if there were more fine-grained control-specific deficits 

in mTBI, possibly due to the unreliability of task performance over time. Although frontal 

midline theta power was reliable over time (as in prior studies: Cooper et al. 2019), it is 

likely that phase-based measures differed depending on how control was implemented. 

Given the unreliability of task measures, it is likely that individuals tend to alter their 

proactive control, response caution, alertness, or other factors for subtle but meaningful 

changes in task performance. As recently reviewed by D’Souza et al. (2019), there is limited 

evidence of reliability across cognitive assessment tools for TBI populations, suggesting that 

this issue is pervasive across current measurement techniques.

A second limitation is that the analysis of a left-specific FCz-F5 ISPC effect (Figure 4) was 

not motivated by a higher-level interaction between group, time, and laterality. However, it 

was a priori motivated by a recent literature review of the hemisphericity of ISPC effects, 

which also suggested a need for formal statistical comparison between hemispheres 

(Cavanagh and Cohen 2019). This a posteriori effect was included in the present report since 

it helps explain the findings from the jICA, which revealed a formal statistical differentiation 

between hemispheres. The statistical interaction of left-hemisphere phase synchrony 

between the groups over time points was largely dependent on the strongly diminished value 

in the control group at the third time point. Exploratory analyses revealed that the F5 

electrode did not capture the spatial peak of phase synchrony in session 3 (see Supplemental 

Figure 6). Despite this spatial variance, we thought it was most appropriate to keep the 

commonly used a priori spatial locations for assessing these effects; to change these based 

on the data would invite circular analysis and compromise generalizability. In addition, 

dimension reduction methods like PCA failed to reveal consistent and interpretable effects 

across all groups and time points, although supplemental analyses revealed that there were 

no differences at equidistant posterior electrode sites, demonstrating frontal specificity 
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(Supplemental Figure 11). This spatial unreliability within the frontal cortex may be related 

to the individual behavioral and phase synchrony unreliability across time points, which may 

be in turn affected by variation in strategic performance.

Finally, a summary limitation of the current study is that although the sample sizes were 

good for a sub-acute mTBI sample and comparison group, they were underpowered for the 

three time points and the complexity of interactions between multiple measures. Despite 

careful recruitment strategies, groups still differed on pre-morbid IQ (TOPF score, Table 1). 

TOPF did not relate to ISPC or FrSBe score, nor did it interact with group differences 

following jICA, yet this issue still complicates generalizability. Future studies of data fusion 

may aim for a single session assessment with a range of simpler tasks that have 

demonstrated reliabilities, as well as a control group characterized by acute orthopedic (non-

brain) injuries. Despite these limitations, the ultimate conclusion from the current 

investigation is that EEG measures can boost the inferential value of MRI assessments of 

mTBI.

Conclusions

Our primary aim in this investigation was to leverage a candidate functional mechanism of 

cognitive control to link structural damage to distressed behavioral phenotype following 

mTBI. EEG is uniquely sensitive to canonical neural operations that underlie emergent 

psychological constructs like cognitive control (Cavanagh 2019; Fries 2009; Siegel et al. 

2012). This makes it particularly well-suited for identification of aberrant neural 

mechanisms that underlie complicated disease states (Insel et al. 2010; Montague et al. 

2012). In this study, the control processes reflected by frontal theta band phase synchrony 

were able to distinguish groups, predict future recovery, and identify a diminishment in 

structural areas formally linked to the functional process. Together, these provide compelling 

evidence of the usefulness of combined imaging measures when assessing mTBI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Responses to symptom questionnaires for each group and each session.
The sub-acute mTBI group had higher levels of depression (BDI), physical and mental 

symptoms (NSI), and executive problems in daily living (FrSBe). Only the NSI physical 

symptoms had interactive trends over time, where symptoms became more similar between 

groups. The Rivermead was only assessed in the sub-acute mTBI group. Data are mean +/− 

SEM.
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Figure 2. 
The Dot Probe Expectancy Task (DPX). By convention, cues and probes are referred to as 

A/B and X/Y, respectively. Cues and probes were presented as unique dot combinations, 

separated by an unpredictable delay. Each stimulus required a specific type of response. On 

70% of trials, the standard (A-X) sequence fostered habitual responding of left then right 

button pushes. Rare (A-Y) trials require participants to break this response with a left button 

push to the probe; this is suggested to induce a reactive version of cognitive control to 

overcome the habit. On 17.5% of trials, the B cue can be used to proactively control probe 

responses, since a left button push is always required for probes after a B cue. In the current 

study, we were interested in the ability of sub-acute mTBI participants to proactively plan 

and maintain a controlled response plan following these B cues.
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Figure 3. Performance on the DPX task.
Each triplet of icons represents the mean and +/− SD of session 1, 2 and 3 (S1:S3). A) 
Accuracy was not significantly different between groups. B) The sub-acute mTBI group had 

significantly slower RTs.
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Figure 4. EEG data collapsed across all groups and conditions.
A-C) Time-frequency plot of the B-A difference highlighting how frontal midline theta band 

power is associated with the need for control. D) There were no differences between groups 

in theta power. E-F) Average of medio-lateral (left and right) phase consistency highlighting 

the candidate mechanism for the communication of control. H) There were no differences 

between groups in bilateral theta phase consistency, but when the left-specific activities were 

investigated on their own they were significantly different between groups.
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Figure 5. Function-phenotype relationships.
Session 1 theta band phase synchrony (ISPC) predicts recovery from executive deficits 

(FrSBe) in the mTBI group between the first and second sessions.
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Figure 6. Joint ICA component #4 significantly differentiated groups.
A) Z-scores of IC #4 weighted FA for each group. These demonstrate grand average 

contribution of each FA voxel to the structure-function network identified in IC #4. B) IC #4 

weighted ISPC peaked within the a priori temporal region of 400 to 700 ms (magenta lines) 

and primarily captured left-sided ISPC, which differed between groups. Plots are mean +/− 

SEM. C) Across varying levels of threshold for the FA weights, FA values correlated with 

left-sided ISPC but not right-sided ISPC. The difference in correlation between mTBI and 

control groups was significant for nearly all levels of z-threshold. D) The number of voxels 

naturally diminished as the discrimination threshold increased, as did the relative number of 

voxels in the mTBI compared to the control group. E) As the discrimination threshold 

increased, FA values in IC #4 became increasingly smaller in the mTBI compared to the 

control group. Plots are mean +/− SEM. ** p<.01, *p<.05
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Table 1.
Sample size, demographics, and neuropsychological test scores for all groups.

Neuropsychological data were only collected at the first session. All data are mean +/− SD except for session 

counts. n/a = not applicable. Asterisks indicate statistically significant differences from controls:*p<.05, 

**p<.01.

Control Sub-Acute mTBI

Session 1: N (female) 32 (16) 52 (19)

Session 2: N (female) 31 (15) 41 (15)

Session 3: N (female) 27 (12) 30 (10)

Age 29.59 (10.60) 28.96 (10.25)

Years of Education 14.78 (2.70) 13.53 (2.21)*

TOPF 105.38 (12.65) 94.51 (14.27)**

WAIS Coding 10.53 (2.37) 9.23 (2.73) *

WAIS Span 11.03 (2.52) 9.52 (2.57) *

HVLT-R Trials 1–3 9.01 (1.50) 7.77 (1.58)**

HVLT-R Delay Recall 48.66 (11.67) 37.90 (12.02)**
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Table 2.
Injury information for the sub-acute mTBI group.

Data are presented as counts (GCS, LOM), median +/− intra-quartile range (LOC minutes, Time since injury), 

or percentages. Any LOC described as “less than a minute” was coded as .5 minutes. n/a = not applicable (not 

gathered or reported). GCS=Glasgow Coma Scale, LOC=loss of consciousness, LOM=loss of memory (yes/no 

question).

Sub-Acute mTBI

GCS 13–15 13 (2), 14 (1), 15 (38), n/a (11)

LOC Minutes 4.5 (13.25)

LOM Yes (27), No (23), n/a (2)

Time Since Injury 10 (5) days

Accident / Fall 17%

Assault 15%

Motor Vehicle 52%

Sport 15%
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Table 3.
Statistical values and reliability estimates.

Under the reliability columns, X indicates an average negative covariance between items, making ICC 

impossible to compute. The effective reliability of these measures is very poor.

Main Effect of Group Group * Session Interaction CTL alpha mTBI alpha

FrSBe F(1,82.58)=10.15, p=.002 F(2,129.27)=0.47, p=.63 .90 .79

BDI F(1,79.38)=13.06, p=.001 F(2,124.98)=0.26, p=78 .87 .89

NSI F(1,78.25)=15.21, p=.0002 F(2,123.00)=4.91, p=.009 .90 .87

DPX: RT F(1,73.42)=6.61, p=.01 F(2,107.02)=1.76, p=18 .69 .86

DPX: Acc F(1,76.57)=3.24, p=.08 F(2,110.31)=1.13, p=33 .74 .95

DPX: bX-aX RT F(1,74.93)=3.35, p=.07 F(2,114.71)=1.62, p=.20 .55 .76

DPX: bX-aX Acc F(1,72.85)=0.25, p=.62 F(2,113.03)=1.40, p=25 .71 .29

FCz Power F(1,75.53)=.19, p=67 F(2,105.29)=.92, p=.40 .68 .85

Bilateral Synch F(1,115.67)=2.31, p=.12 F(2,254.75)=1.85, p=.16 .13 .02

FCz-F5 Synch F(1,79.77)=3.81, p=.05 F(2,126.46)=3.71, p=.03 .13 X

FCz-F6 Synch F(1,88.36)=0.25, p=62 F(2,132.81)=0.20, p=82 X X
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