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ABSTRACT

BACKGROUND: Emerging evidence suggests that post concussive symptoms, including mood changes, may be improved through morn-
ing blue-wavelength light therapy (BLT). However, the neurobiological mechanisms underlying these effects remain unknown. We hypothe-
size that BLT may influence the effective brain connectivity (EC) patterns within the default-mode network (DMN), particularly involving the
medial prefrontal cortex (MPFC), which may contribute to improvements in mood.

METHODS: Resting-state functional MRI data were collected from 41 healthy-controls (HCs) and 28 individuals with mild traumatic brain
injury (mTBI). Individuals with mTBI also underwent a diffusion-weighted imaging scan and were randomly assigned to complete either
6weeks of daily morning BLT (N =14) or amber light therapy (ALT; N =14). Advanced spectral dynamic causal modeling (sDCM) and diffu-
sion MRI connectometry were used to estimate EC patterns and structural connectivity strength within the DMN, respectively.

RESULTS: The sDCM analysis showed dominant connectivity pattern following mTBI (pre-treatment) within the hemisphere contralateral to
the one observed for HCs. BLT, but not ALT, resulted in improved directional information flow (ie, EC) from the left lateral parietal cortex
(LLPC) to MPFC within the DMN. The improvement in EC from LLPC to MPFC was accompanied by stronger structural connectivity between
the 2 areas. For the BLT group, the observed improvements in function and structure were correlated (at a trend level) with changes in self-
reported happiness.

CONCLUSIONS: The current preliminary findings provide empirical evidence that morning short-wavelength light therapy could be used as
a novel alternative rehabilitation technique for mTBI.
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Introduction

A mild traumatic brain injury (mTBI) occurs when an indi-
vidual experiences a physical impact, rotational force, or other
traumatic damage to head! that leads to a temporary alteration
in consciousness or cognition.?3 Within the brain, the physical
force often leads to sheared axons and microscopic changes in
brain tissue.* These kinds of injuries are common in sports
such as soccer, hockey, and boxing, and are also among the most
prevalent injuries sustained by military service members.
Within the military alone, recent statistics suggest that more
than 417500 military personnel have sustained a traumatic

brain injury since the year 2000, with 82.4% of these being in
the mild range (DVBIC; 2019 Q4: https://dvbic.dcoe.mil/
dod-worldwide-numbers-tbi). Individuals with an mTBI may
exhibit independent or simultaneous alterations in brain func-
tion and structure.>® While most symptoms of concussion will
resolve within a matter of days to weeks, for many individuals
the injury may lead to persistent post-concussive symptoms,
including mood disturbances”® and impairment of some cog-
nitive abilities,> including concentration/attention’® and
memory problems.” Moreover, mTBIs are also commonly
associated with mood dysregulation, fatigue, and sleep
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problems, which can impede the recovery process.’>17 One
novel and promising approach to overcome these problems is
the use of morning blue-wavelength light therapy (ie, at
~480nm) (BLT').1718 Blue light stimulates intrinsically photo-
sensitive retinal ganglion cells (ipRGCs) that project to the
suprachiasmatic nucleus (SCN) of the hypothalamus, which
serves as the primary regulator of the circadian rhythm.1%20
Such exposure each day is crucial to the maintaining a regular
circadian rhythm, including the normal cycling of sleep and
wake. Consequently, precisely timed BLT has been proposed as
one possible, safe, and non-pharmacological way of improving
sleep and post-concussive symptoms among individuals with a
TBI.'82! Prior work has shown that BLT appears to be effec-
tive at improving mood and reducing fatigue and daytime
sleepiness,'®?? and at changing white-matter compactness
within specific areas.?3 Our recent work suggests that morning
BLT may also have wide ranging effects including altered cir-
cadian timing of sleep, as well as changes in thalamic volume,
functional connectivity, and white matter structural connectiv-
ity, which are in turn, correlated with improvements in cogni-
tive abilities among those with mTBI.17 These findings suggest
that BLT may provide a potential non-pharmacological key to
effective recovery from injury for people with mTBI.

Mood dysregulation, including lower self-reported happi-
ness and associated positive emotions, appears to be closely
intertwined with the brain’s default-model network (DMN).24-28
The DMN is a distributed brain network that includes the
posterior cingulate/precuneus region, medial prefrontal cortex
(MPFC), and bilateral posterior parietal cortex. The DMN
usually activates when an individual is at rest, cognitively disen-
gaged, or during mind wandering, but is suppressed during
effortful cognitive activities.”? The impact of mTBI on func-
tional brain connectivity (representing temporal correlations)
within the DMN has also been extensively studied.’’-33 The
frontal lobe, particularly the MPFC, an integral part of the
DMN, is especially vulnerable to disruption by mTBIL® and
this particular region plays an important role in the generation
and regulation of emotions.>* Notably, symptoms of mood dis-
ruption are also common following a brain injury.”$3%3¢ BLT
has also been shown to be helpful at improving mood in vari-
ous other populations,3’-3? and it is likely that it would have
similar mood enhancing effects in patients with mTBI.%0 It is
well known that mood and DMN activation are closely
related.?+2641:42 Despite this strong association between mood
states and activation of the DMN, the effect of BL'T' on brain
connectivity, particularly effective connectivity and structural
connectivity measures within the DMN along with their asso-
ciation with mood states following an mTBI has not been
explored.

Various neuroimaging methodologies allow the assessment
of brain function and structure in vivo. Numerous studies have
repeatedly demonstrated the inextricable association between
brain function and structure as well as highlighted the impor-
tance of unique information provided by each methodology.*3-45

Recently, more advanced neuroimaging approaches and analysis
techniques, such as effective connectivity (EC)* and diffusion-
weighted structural imaging,* have been developed to better
understand small and large-scale neural networks. For instance,
dynamic causal modeling (DCM)—an EC approach#-48-51 is
usually implemented to estimate directed connectivity within
the brain during resting-state’? and cognitive tasks.’>** DCM
relies on theoretical assumptions specifying a set of hypotheses
in terms of different models. Using the Bayesian model reduc-
tion approach,* an optimal model is found in DCM by calcu-
lating a degree of belief (called model exceedance probability)
about a model having higher posterior probability than other
models in the model space. EC represents an explicit functional
influence that one neural system exerts over the other.
Endogenous fluctuations (also called neural state noise or neu-
ral fluctuations) are the sources driving the neural activity and
hence EC in the absence of the external stimuli. Next, the dif-
fusion weighted approaches can identify white-matter pathways
using metrics such as fractional anisotropy (FA), which refers to
diffusivity or speed of water diffusion along white matter fiber
bundles. Similarly, quantitative anisotropy (QA), is another dif-
fusion weighted metric that refers to the density or quantity of
water diffusion along white matter fiber bundles. QA is sensi-
tive to density characteristics of these bundles (eg, fiber com-
pactness).*’>> Compared to diffusivity measures, density
measures are less vulnerable to partial volume effects and are
better able to filter out image noise.*’

Here, we proposed that a multimodal approach that is,
measures of EC and structural connectivity (in terms of FA
and QA) could be used to better understand the dynamics of
neural networks following an mTBI and quantify the impact of
BLT on the functional/structural architecture of the DMN and
its association with mood. The present study focused on iden-
tifying differences in EC within the DMN for healthy controls
(HC:s) and post-mTBI before and after a course of light ther-
apy. The first aim was to determine whether the connectivity
pattern within the DMN is typically damaged following
mTBI. Secondly, the goal was to quantify the effect of 6 weeks
of daily morning exposure to BLT versus amber-light therapy
(ALT) on the EC of the DMN and calculate the extent to
which the post-treatment connectivity pattern resembled that
of the HCs. From diffusion-weighted data, we investigated if
there was any associated treatment effect (BLT vs ALT) on FA
and QA measures of the DMN. Lastly, due to the close asso-
ciation between the DMN and mood,>»?¢ we investigated
whether changes in EC or characteristics of white-matter (FA
or QA) following either treatment were associated with
changes in happiness. Due to the known impact of light ther-
apy on mood and the close association between mood and
DMN functioning, we hypothesized that BLIT would
strengthen the EC as well as structural characteristics of the
DMN. Secondly, based on the prior evidence of mood improve-
ment with light treatment, we hypothesized that changes in the
EC and both FA and QA following BLT would be associated
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Table 1. Demographics.

MTBI (BLT
GROUP)

MTBI (ALT
GROUP)
(N=14)

SIGNIFICANCE
(INDEPENDENT

(N=14) SAMPLE T-TEST/CHI-

DEMOGRAPHICS HEALTHY MTBI
CONTROLS (OVERALL)
(N=41) (N=28)

Mean age (SD) (in years) 26.07 (5.01)

Sex (females/males) (N) 25/16 15/13

Mean age (SD) (in years) - -
Sex (females/males) (N) - -
Mean TSI (SD) (in months) - -
Days light used (SD) - —
Scores on MEQ (chronotype) - -

Levels of happiness at baseline (SD) - -

21.50 (3.76)

SQUARE)

t (67)=4.10, P<.001

¥2(1)=0.37, P=.54

21.78 (4.42) 21.21 (3.09) t (26)=-0.40, P=.69
8/6 77 2(1)=0.14, P=70
6.57 (4.57) 711 (3.53) t (26)=0.35, P=.73
38.71 (4.30) 37.21 (6.09) t (26)=-0.75, P=.46
51.93 (4.50) 51.50 (6.28) t (26)=-0.21, P=.84

71.43 (17.21) 63.89 (17.33) t(26)=-1.16, P=.26

Abbreviations: MEQ, morningness-eveningness questionnaire; MTBI, mild traumatic brain injury; SD, standard deviation; TSI, time since injury.

Procedure

with changes in self-reported happiness. In our exploratory
analyses, we predicted that the changes in EC (for both ALT
and BLT groups) would be associated with changes in the
characteristics of white matter in terms of FA and QA.

Methods
Participants

Forty-one healthy controls (HCs; mean age =26.07 + 5.01 years,
25 F) with no history of any head injury and 28 individuals
with a history of mTBI (mean age=21.50 = 3.76years, 15 F)
(Table 1) underwent neuroimaging scans using a 3T Siemens
Tim Trio scanner (Erlangen, Germany) located at the McLean
Hospital Imaging Center. The final sample of 28 individuals
with mTBI excludes a set of participants because of (i) partici-
pant missing identity (n=1); (ii) disqualifying psychopathology
(n=1); (iii) unavailable MRI data due to claustrophobia upon
entering the scanner (n=1); (iv) unusable MRI data (n=1); (v)
unavailability of the participant for MRI scan (n=2); and (vi)
failure to complete required study procedure related to light-
device use (ie, lack of treatment compliance) (n=2). Included
individuals with mTBI met the definition of an mTBI%¢ that is,
participants with an mTBI had to have experienced at least 1
traumatically induced physiological disruption and/or struc-
tural injury caused by an external force (eg, blast wave, head
impact) leading to an alteration in mental status (eg, disorien-
tation, confusion, retrograde/anterograde amnesia), brief loss of
consciousness (ie, less than 30 minutes; alteration of conscious-
ness up to 24 hours), or post-traumatic amnesia up to 24 hours,
and/or a Glasgow Coma Scale greater than or equal to 13
within 24 hours of injury (when measured). All eligible indi-
viduals with an mTBI were injured between 2 and 18 months
(mean=6.84 = 4.0months) prior to their screening and pro-
vided documentation from a relevant professional (eg, coach,

trainer, or security guard) who either witnessed or was involved
in the immediate response to the injury (eg, physician, nurse,
medical technician, or police officer). The majority of the indi-
viduals with an mTBI (68%) were engaged in a physical activ-
ity (eg, rugby, soccer, karate, and hiking); whereas 32%
individuals were engaged in a household or vehicular accident
at the time of injury. Individuals with any history of neurologi-
cal or psychiatric disorder prior to the mTBI were excluded.
All the HCs were recruited from a separate study®’-¢! but com-
pleted an identical functional and structural neuroimaging scan
in the same scanner. All the HCs were screened via a telephone
interview and were included if they had no history of signifi-
cant medical problems, current use of psychotropic medica-
tions, or illicit substances. A written informed consent was
obtained from each participant prior to enrollment. Participants
were financially compensated for their participation. The
Institutional Review Board (IRB) at McLean Hospital,
Partners Health Care (IRB protocol numbers: 2009-P-002230
for HCs study and 2010-P-001570 for mTBI study) and the
U.S. Army Human Research Protections Office (HRPO pro-
tocol numbers: A-15731 for HCs study and A-16161 for
mTBI study) approved the experimental protocols.

Individuals in the HC group underwent 1 neuroimaging ses-
sion that included a resting-state functional MRI (fMRI) and
structural MRI scan. The mTBI group underwent a resting-
state fMRI scan, structural MRI scan, and a diffusion-weighted
MRI scan on 2 different occasions, separated by 6 weeks. After
the first scanning session (baseline data collection), individuals
in the mTBI group were randomly assigned to 1 of 2 light
treatment conditions that involved using either: (1) a commer-
cially available blue-light device (BLT: N=14, mean
age=21.78 = 4.42 years, 8 F; Philips Electronics GoLite Blu®)
or (2) a placebo amber-light device (ALT: N=14, mean
age=21.21 % 3.09years, 7 F; Philips Electronics custom light
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box); see Table 1. At the time of initial grant submission, we
conducted a power analysis based on the assumption of a treat-
ment (light group) X testing session (pre-treatment vs post-
treatment) with a moderate effect size (f=0.25) and a.=.05,
assuming at least a correlation of »=.60 between repeated
measures. A sample size of N =15 per group (N =30 total) was
found to provide power = 0.84. Randomization was based on a
pre-established computer-generated randomization scheme
that is, light devices were provided to the participants in a dou-
ble-blind manner. In other words, both participants as well as
all study staff were blind to the assignment of light device (ie,
either amber or blue) to each participant. Light devices pro-
vided controlled exposure to a narrow band of either blue
wavelength light (A =469 nm, illuminance =2141ux, and single
panel irradiance =0.11 mW/cm? at 80 cm) or amber wavelength
light (A =578 nm, illuminance = 1881ux, and single panel irradi-
ance=0.04mW/cm? at 80 cm). All participants were instructed
to use the device daily (30minutes each morning, within
2hours of awakening but starting before 11:00 A.M.) for
6 weeks. Participants were required to log in to a secure online
website and indicate the timing of their light use each day.

Data acquisition

Happiness scores. Due to the close association between brain
injuries and mood disturbances”® and between DMN and its
core phenomenon of mind-wandering with happiness/
sadness, #2662 the happiness scores (HAP), collected using
ANAM4 (Automated Neuropsychological Assessment Met-
rics) Concussion Battery®® at baseline and post-treatment, were
analyzed for the purpose of this study. The ANAM4 was
developed and normed for use with U.S. military personnel.
Construct validity and test-retest reliability of ANAM mood
measures have been shown in previous studies.®* Participants
were asked to select their predominant mood state, represent-
ing “how” they felt at that time using a 7-point (0 for noz at all,
midpoint 3 for somewhat, and 6 for very much) Likert scale.

Questionnaire for morningness and eveningness (MEQ). Chrono-
type refers to the trait-like preference for certain activities ear-
lier or later in the day. The chronotype of participants might
affect their natural tendency to awaken at certain times and
their preferred timing for using the light device. Therefore,
trained research assistants administered the Horne-Ostberg
Morningness-Eveningness Questionnaire®® to each partici-
pant. In the present sample, scores on the questionnaire ranged
from 42 to 65, with a mean of 51.88 + 5.52. Here, lower scores
represent greater preference for evening activities, and higher
scores represent the tendency to prefer morning activities (ie,
fewer preferences for evening activities).

Resting-state fMRI (rsfMRI) and structural MRI data. RstMRI
and structural data were collected from all participants. During
both scans, participants were instructed to relax and remain

still. The resting-state scan for both groups (ie, HCs and mTBI
group) lasted for 6 minutes, and data were acquired using
a T2*-weighted echo-planner imaging (EPI) sequence, which
consisted of 180 frames (voxel resolution=3.5 X 3.5 X 3.5 mm?,
field of view (FOV)=384mm, FA/TE/TR of 90°/30ms/
2000ms). During the scan, participants were asked to keep
their eyes open and to let their mind wander. Structural data
from HCs were acquired using a 3D MPRAGE echo sequence
(128 sagittal slices, voxel resolution=1.33 X 1 X 1 mm3, field of
view (FOV)=256 mm), flip angle/TE/TR/inversion time of
12°/2.25ms/2100ms/1100 ms). Structural data from mTBI
individuals were acquired using a 3D MPRAGE echo sequence
(176 sagittal slices, voxel resolution=1X1X 1mm?, field of
view (FOV)=256mm, flip angle/TE/TR/inversion time of
12°/2.30 ms/2100 ms/1100 ms).

Diffusion-weighted imaging (DWI) data. The DWI data from
mTBI individuals were acquired with maximum #-value=
1000s/mm?, 72 directions, 8 b0 images that is, images with no
diffusion weighting, voxel size=1.75X1.75X3.5mm?, flip
angle/TR/TE/slice thickness of 90°/6340 ms/99 ms/3.5 mm,

and 40 slices encompassing the whole brain.

Data analysis

Outlier detection. Two participants from the mTBI sample, one
from the ALT group and the second from the BLT group,
showed excessive head-motion during functional scans. Head-
motion was considered excessive if images with movement
from a preceding image exceeded 0.5 mm or if images had a
global mean signal intensity greater than 3 standard devia-
tions.!” Both of these participants were excluded from further
analysis. None of the data points on the ANAM Happy mood
scale were identified as outliers. Here, a data point was consid-
ered as an outlier only if the value exceeded more than 1.5
inter-quartile (IQ) range below or above the top or bottom
quartiles.

Demographics. Potential group differences in age, sex, time-
since injury (T'SI), number of days light used within 2 hours
of awakening, chronotype, or baseline levels of happiness
were examined via 2 samples 7 tests (and chi-squared tests for
sex differences). Group differences obtained meant that the
variable would be treated as a covariate in subsequent
analyses.

Adbherence to light treatment. Adherence to light treatment was
estimated by the compliance of each of the 28 participants in
completing their daily online sleep and light diary. Based on
the number of days the participant was enrolled in the study,
we calculated an estimate of adherence as the percentage of
potential treatment days during which the light was reportedly
used. Group differences in adherence to light treatment were
examined via 2 samples # test.
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Image preprocessing. Raw DICOM rstMRI, structural MRI,
and DWI data were converted into NIFTI format using the
dem?2nii program available in the MRIcron package. For DWI
data, this conversion also generated 4-value and 4-vector files
for each subject. RsfMRI data were preprocessed using the
default analysis pipeline implemented in CONN Toolbox
(V.18.a)  (https://www.nitrc.org/projects/conn) based on
SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/)
in MATLAB R2018a (MathWorks, Inc., MA, USA). The pre-
processing steps included functional realignment (all scans
were coregistered and resampled to the first scan), slice-timing
correction, motion-correction (new reference image for func-
tional data was created by averaging over all scans), direct seg-
mentation and normalization (separate normalization of the
tunctional and structural volumes to standard MNI-space and
segmentation into gray matter (GM), white matter (WM), and
cerebrospinal fluid (CSF) tissue classes), Gaussian spatial
smoothing at 6 mm full width at half maximum (FWHM), and
band-pass filtering (0.008-0.09 Hz, default). During the direct
segmentation and normalization step, data were also resampled
with 2mm isotropic voxels for functional data and 1mm for
structural data, using fourth order spline interpolation. For EC
analysis, time-series from each region of interest from
smoothed images was corrected for head motion and physio-
logical noise by including the nuisance regressors including the
6 head-motion parameters, CSF extracted from the left ventri-
cle, and WM extracted from the pons. Low-frequency neural
signal drifts were further filtered using a 128-s high-pass
filter.

Abbreviations of conditions: Our data consists of following 4
experimental conditions:

- APre and APost: for pre- and post-treatment condition
of individuals with mTBI in ALT group

- BPre and BPost: for pre- and post-treatment condition
of individuals with mTBI in BLT group

Regions of Interest (ROIs) and first level EC analysis. Four
spherical ROIs within the DMN that is, posterior cingulate
cortex (PCC), medial prefrontal cortex (MPFC), and left and
right (bilateral) lateral parietal cortex (LLPC/RLPC) with a
radius of 8 mm and peak IMNI co-ordinates at (0, -52,27), (-1,
54, 27), (-46, -66, 30), and (49, -63, 33) respectively,®® were
used as ROIs. For estimating the EC within the DMN, the
spectral dynamical causal modeling approach (spDCM)#5
(spm_dem_fmri_csd.m implemented in DCM12/SPM12) with
default shrinkage priors*® was used. In the past, the spDCM
has been shown to have reliable and robust subjectwise DIMIN
EC estimates.®”

Goodness of model fit. Explained variance was used as diagnostic
to determine the goodness of model fit (spm_dem_fmri_check.m

in SPM12). In spDCM we fit observed BOLD cross-spectra
which is calculated by wusing parametric multivariate

autoregressive (MAR) modeling. The cross spectra are smooth
(due to parametric model) with a 1/f distribution hence usually
result in a very high explained variance. We did visual inspection
and found that the variance in our current sample was ranged
between 50% and 95% with most of the subjects having
explained variance >85%.

Group level EC analysis. Individual connectivity parameters for
the DMN across all of the participants were modeled at the
second (group) level using a Bayesian general linear model
(GLM), that is, parametric empirical Bayes (PEB), with a
regressor for group’s mean value per connection.®®% The PEB
is a hierarchical Bayesian approach that models how individual
(ie, within-subject) connections are associated with group or
condition means. This technique treats intrinsic connectivity as
a random between-subjects effect and is modeled by adding a
random (Gaussian) factor to subject-specific parameters. A
GLM of between subject effects generates the parameters of a
within-subject DCM. The random effect modeling uses the
full posterior density over the parameters from subject-wise
DCM (ie, expected strength of each connection and the associ-
ated uncertainty [ie, posterior covariance]) to inform the sec-
ond-level result (ie, group means).%® To evaluate how regions in
the network interact, we implemented Bayesian model com-
parison approach to explore the model space (ie, a space of pos-
sible models/hypotheses, where each model assumed that a
unique combination of the connectivity parameters could char-
acterize all the participants).”” Models of interest were obtained
by removing connections to produce reduced (or nested)
instances of the full (or parent) model. With 16 (4 X 4 regions)
intrinsic connections of the fully connected model, there is
large number of possible reduced models in the model space.
To address this, we used Bayesian Model Reduction (BMR)
approach that enables the evidence and parameters of reduced
models to be derived from a fully connected model very quickly
(within seconds to minutes).*’ The BMR approach enables an
efficient and greedy search within the model space by scoring
each reduced model based on the log model-evidence or free
energy. In addition, the search algorithm further used BMR
approach to prune connection parameters from the fully con-
nected model. The process ran until there was no further
improvement in model-evidence. The parameters of the best
256 models from this procedure were then averaged and
weighted by their model evidence using Bayesian Model Aver-
aging (BMA) approach.”* Only the parameters that exceeded
95% posterior probability (Pp) were interpreted. Also, because
the intrinsic self-connections cannot be pruned, therefore, the
self-connections were not interpreted.

Comparison between conditions: Mean centered “age” and
“sex” were included as covariates for comparison between HCs
and individuals with mTBI (e, both pre- and post-treatment)
group.

Hierarchical design analysis (2 X 2 design): Our data consists
of a balanced 2 X2 design with 4 experimental conditions:
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APre, APost, BPre, and BPost. We modeled the data in a
3-level hierarchy, using the PEB-of-PEBs approach” with 3
levels: (1) session level (APre, APost, BPre, and BPost), (2)
treatment level (APre vs APost and BPre vs BPost), and (3)
group level (ALT vs BLT). Specifically, at the first level, we
inverted DCMs for each of the 4 sessions for each subject.
These connectivity parameters were modeled at the second
(within condition ie, pre vs post) level with (Bayesian) GLM,
with regressors modeling mean connectivity and the differ-
ences where a PEB model is created for each condition (ALT
and BLT) separately. Finally, the second-level parameters from
each condition were modeled at the third level in a GLM with
regressors representing commonalities and differences across
the 2 conditions (ALT vs BLT).

In brief, following 4 parameters are calculated for every con-
nection within the network:

(i) The overall mean connectivity (ie, mean of the 2 group’s
within subject means)

(i) 'The main effect of treatment (ie, mean of the 2 group’s
treatment effects)

(iif) 'The main effect of group (ie, difference in the group’s
means)

(iv) 'The interaction of group and treatment (ie, difference
in the 2 group’s treatment effects)

Correction _for multiple comparisons: All the statistical testing is
performed using PEB framework (which is a multivariate
approach), hence there is only 1 test per PEB model. In order
to focus on a smaller subset of connections, we used a very strict
threshold of Pp>0.95. However, it is not a test in itself but
rather only a threshold. Although we are showing several group
comparisons, they all represent various contrasts in a single
design matrix. Hence only 1 multivariate statistical test (based
on PEB) is used so there is no need for correction for multiple
comparisons.

Diffusion-weighted image (DWI) processing: Fractional and
quantitative anisotropy (FA/QA) analyses. For head-motion
correction, standard eddy current correction (ECC) was per-
formed on diffusion-weighted data using the FMRIB Soft-
ware Library v6.0 software package (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki). The motion-corrected data were exported to DSI
Studio (http://dsi-studio.labsolver.org). DSI Studio converts
the data into SRC format, which stores the DWI volumes,
image dimensions, voxel size, and b-table. Each SRC file
underwent thorough examination using quality control (QC)
procedures to ensure the quality and integrity of data in terms
of consistency across image dimensions, image resolution,
DWI count, and neighboring DWI correlation (NDC). NDC
represents the correlation coefficient of low-b diffusion vol-
umes, which have similar gradient directions. Succinctly, DSI
Studio computes a voxel-wise correlation coefficient between

every 2 DWIs of closest b-vector (multiplied by b-value), and
NDC represents the average of those coefficients. Here, higher
NDC values represent good data quality, and vice-versa. NDC
values for the current data set were greater than 0.95. None of
the NDC values was identified as outlier (ie, with a value
greater than 3 times the mean).

For estimating the structural connectivity in terms of FA and
QA for the white-matter fiber tracts connecting the regions
that showed an improvement in EC from pre-treatment to
post-treatment, the diffusion MRI connectometry technique
was implemented.” This technique, implemented in DSI
Studio, was used to extract FA and QA values from each subject
for each group. Here an FA and QA component database was
created in normalized standard space (HCP842 template for
young adults) using the Q-space diffeomorphic reconstruction
(QSDR)7* approach. QSDR is a model free approach that cal-
culates the distribution of water diffusion using a high-resolu-
tion standard brain atlas in the ICBM-152 space. Automated
registration to standard space was used for each subject. All the
ROIs were dilated by 5mm to extend to white matter. A seed
count of 50000 sub voxels (randomized) for each region was
used for connectometry analysis. The default direction interpo-
lation (trilinear) method and default-tracking algorithm
(streamline) were used to perform tractography. To limit the
tracts between specific regions, a length threshold between 50
and 200mm, an angle threshold of 70°, differential tracking
threshold of 0.30, and a default Otsu threshold of 0.60 were
applied. Tract pruning was conducted using a single iteration.

Group differences in DTI parameters and HAR, and associations
between estimated EC, FA, QA4, and HAP FA, QA, and HAP
parameters were compared using paired sample #-tests. Sub-
ject-wise connectivity values for the identified connections,
which showed an improvement in EC strength across a treat-
ment, were extracted for further analysis. Pearson’s correlation
analyses were conducted between characteristics of interest (ie,
EC, FA, and QA for identified connections, and HAP) follow-
ing treatment (ie, both APost and BPost) and age, sex, TSI,
number of days the light device was used, and chronotype of
participants that is, scores from MEQ) to identify potential
covariates. Partial correlation analyses were conducted between
differences (post-treatment vs pre-treatment) in EC and HAP,
FA and HAP, QA and HAP, EC and FA, and EC and QA for
the identified connections. Variables that showed significant
associations with characteristics of interest (ie, either EC, FA,
QA, or HAP) were included as covariates in above partial cor-
relation analyses.

Results

Demographics

HC and mTBI groups differed significantly in age [independ-
ent sample #-test: 7 (67)=4.10, P<<.001], but not sex [Chi-

square: ¥%(1)=0.37, P=.54]. Independent sample #-test/
chi-square tests showed that the BLT and ALT groups did not
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Figure 1. EC for HCs and individuals with mTBI. Here we showed the subject average EC strength (in Hz) of all the connections within the DMN for HCs
(A) and post mTBI (B). Positive and negative values here represent the exhibitory and inhibitory connections respectively. In Figure 1C, we showed the
comparisons of EC strengths between HCs and post mTBI. The positive values here represent the connections that are stronger in HCs than post mTBI,
whereas the negative values here represent the connections that are weaker in HCs than post mTBI. Connections exceeding the Pp of 95% are indicated
by “*” in Figure 1(A to C), and are shown in Figure 1D (HCs), 1E (mTBlI), and 1F (HCs >mTBl).

differ significantly in age [z (26)=-0.40, P=.69], sex
[x2(1)=0.14, P=.70], TSI [z (26)=0.35, P=.73], number of
days light used [# (26)=-0.75, P=.46] within 2 hours of awak-
ening, chronotype [# (26)=-0.21, P=.84], or baseline levels of
happiness [# (26) =-1.16, P=.26]; see Table 1.

Adherence to light treatment

The participants in the BLT group reported using their light
during 90.78% (SD=7.24%) of the possible treatment days,
while the participants in the ALT group reported 85.34%
(SD=13.07%) use of the light, which was not significantly dif-
ferent between groups, # (20.29)=1.36, P=.19.

EC within the DMIN

HCs and mTBI (pre-treatment): In Figure 1(A and B), the data
show the subject average EC strength (in Hz) of all the con-
nections within the DMN for HCs (A) and mTBI (B). In
Figure 1C, the data show the strength of the connections which
are stronger in HCs as compared to mTBI. Positive and nega-
tive values in Figure 1A and B represent the excitatory and
inhibitory connections respectively. The positive values for
Figure 1C represent the connections that are stronger in HCs
than the mTBI group, whereas the negative values here

represent the connections that are weaker in HCs than the
mTBI group. Connections exceeding the Pp of 95% are indi-
cated by “*” in Figure 1(A-C), and are shown in Figure 1D
(HCs), 1E (mTBI), and 1F (HCs > mTBI). Here, we noticed
that the network pattern for HCs was dominant within the left
hemisphere, particularly involving the LLPC (Figure 1A and
D), and for mTBI sample, it was dominant within the right
hemisphere, particularly involving the RLPC (Figure 1B and
E). Both of these regions (LLPC for HCs and RLPC for
mTBI) acted as “sources” indicating out-going information
flow. A direct comparison showed that the connections from
LLPC to PCC and RLPC (ie, LLPC acted as a source indicat-
ing out-going information flow to PCC and RLPC) were
stronger in HCs compared to mTBI sample (Figure 1C and F).

APost versus APre, BPost versus BPre, and HCs versus APost
and BPost: In Figure 2(A-D), the data show the comparisons of
EC strengths between APost and APre (A), BPost and BPre
(B), HCs and APost (C), and HCs and BPost (D). The positive
values in Figure 2A and B represent the connections that are
stronger in APost and BPost than APre and BPre respectively,
whereas the negative values here represent the connections that
are weaker in APost and BPost than APre and BPre respec-
tively. Similarly, the positive values for Figure 2C and D repre-
sent the connections that are stronger in HCs than APost and



Journal of Central Nervous System Disease

A APost > APre

PCC

B BPost > BPre

-0.01 - 0.02 PCC

MPFC -0.03 -0.04 0.03 -0.02 MPFC| -0.07 0.16* B=0.08

0.03 LLPC| -0.04 0.02 BEUEVAE )
-0.04 RLPC| -0.04 .05
RLPC PCC MPFC LLPC RLPC

HCs > BPost

-0.14

‘ P MPFC
HCs > APost D

PCC

LLPC

MPFC

LLPC

RLPC

PCC MPFC LLPC MPFC LLPC RLPC

Figure 2. Comparisons of EC for APost versus APre, BPost versus BPre, and HCs versus APost and BPost: Here we showed the comparisons of EC
strengths between APost and APre (A), BPost and BPre (B), HCs and APost (C), and HCs and BPost (D). The positive values (A and B) represent the
connections that are stronger in APost and BPost than APre and BPre respectively, whereas the negative values here represent the connections that are
weaker in APost and BPost than APre and BPre respectively. Similarly, the positive values for Figure 2C and D represent the connections that are
stronger in HCs than APost and BPost respectively, whereas the negative values here represent the connections that are weaker in HCs than APost and
BPost respectively. Connections exceeding the Pp of 95% are indicated by “*” (A—D) and are shown in Figures 2E (APost> APre), F (BPost>BPre), G
(HCs > APost), and H (HCs > BPost).
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ALT Group

BLT Group

Figure 3. White matter tractography for ALT and BLT groups. Here we showed subject averaged maps of structural connectivity (in terms of QA) between

LLPC and MPFC (A: ALT Group and B: BLT Group).

BPost respectively, whereas the negative values here represent
the connections that are weaker in HCs than APost and BPost
respectively. Connections exceeding the Pp of 95% are indi-
cated by “*”in Figure 2 (A-D), and are shown in Figure 2E
(APost > APre), F (BPost >BPre), G (HCs> APost), and H
(HCs > BPost). Here, as expected, for individuals who under-
went amber-light placebo therapy, the network pattern did not

52

show any difference between post-treatment condition com-
pared to pre-treatment at a Pp of 95%. Interestingly, for indi-
viduals who underwent blue-light therapy, the connectivity
strength from LLPC to MPFC was greater for the post-treat-
ment condition compared to pre-treatment at a Pp greater than
95%, that is, LLPC acted as a “source” to deliver information to
MPFC. In addition, the information flow from LLPC to other
regions, including PCC and RLPC was still greater for HCs
than mTBI individuals who underwent amber-light placebo
therapy. However, it was only 1 connection that is, from LLPC
to PCC, which showed greater information flow in HCs than
mTBI individuals who underwent blue-light therapy.
Hierarchical PEB analysis 0”2'7’5[ level: DCM, second and third
levels: PEB): Next, we performed a hierarchical design analysis
(2X2 design) using the PEB-of-PEBs approach. At a Pp
greater than 95%, the BLT group did not show a difference in
EC strength for any of the connections at pre-treatment (BPre)
condition (ie, baseline) as compared to pre-treatment condition
(ie, baseline) for ALT group (APre). Interestingly, at a Pp
greater than 95%, there was group-treatment interaction,
which showed greater EC strength from LLPC to PCC and
RLPC to MPFC. These findings indicate that the impact of
blue-light therapy in normalizing the DMN connectivity pat-

terns are irrespective of any differences at the baseline.

FA, QA, and happiness

FA and QA: From EC analysis at Pp of 95%, it was observed
that following amber-light placebo therapy, none of the con-
nections showed an improvement in EC strength, whereas fol-
lowing blue-light therapy, 1 connection from LLPC to MPFC

was improved and the overall connectivity pattern was almost

normalized back to that observed in the HCs for BLT group.
Therefore, the structural connectivity analysis was limited to
the tracts connecting LLPC (seed region) and MPFC (region
of interest). Pre-treatment subject averaged maps of structural
connectivity (in terms of QA) between LLPC and MPFC are
shown in Figure 3(A: ALT Group and B: BLT Group). The
data showed that there was no significant difference in FA for
tracts connecting LLPC and MPFC for either ALT group
(APre vs APost) (paired #test, # (12)=-0.31, P=.760) (Figure
4A) or BLT group (BPre vs BPost) (paired #test, # (12) =-0.45,
P=.662) (Figure 4B). There was no significant difference in
QA for tracts connecting LLPC and MPFC for ALT group
(APre vs APost) (paired #test, # (12)=-0.75, P=.468) (Figure
4C), but there was a clear trend in expected direction of greater
QA for BPost compared to BPre (paired #-test, # (12)=2.1,
P=.057) (Figure 4D).

Happiness: No significant change in levels of happiness
(from 3.89 +1.06 [pre] to 3.40 =1.56 [post] on raw scale, or
64.74 =17.73 [pre] to 56.62 = 26.07 [post] on relative percent
scale) for individuals who used amber-light placebo therapy
compared to their pre-treatment condition (paired #test, #
(12)=-1.46, P=.170) (Figure 4E) was found. Similarly, levels
of happiness did not change significantly (from 4.26 =1.07
[pre] to 4.28 = 1.06 [post] on raw scale, or 70.94 = 17.81 [pre]
to 71.37 =17.73 [post] on relative percent scale) for individu-
als who used blue-light therapy compared to their pre-treat-
ment condition (paired #-test: #(12)=0.1, P=.924) (Figure 4F).
Error bars in Figure 4 represent “standard error of the mean.”
Here, relative percent of happiness scale as shown in Figure
4(E and F) represents the average of the responses across the
adjectives of each category relative to the maximum possible
rating.”

Associations among changes in EC, FA, QA, and
HAP

Identification of covariates: Pearson’s correlation analyses
between variables of interest (ie, EC, FA, and QA for 1 identi-
fied connection: LLPC to MPFC, and HAP) and age, sex,
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Figure 4. Comparisons of FA, QA, and levels of happiness (HAP). We found that there was no significant difference in FA for tracts connecting LLPC and
MPFC for either ALT group (APre vs APost) (paired t-test, P=.760) (A) or BLT group (BPre vs BPost) (paired t-test, P=.662) (B). Also, there was no
significant difference in QA for tracts connecting LLPC and MPFC for ALT group (APre vs APost) (paired t-test, P=.468) (C), but there was a clear trend of
greater QA for BPost compared to BPre (paired t-test, P=.057) (D). Lastly, we found non-significant reduction in levels of happiness for individuals who
used amber-light therapy compared to their pre-treatment condition (paired t-test, P=.170) (E). However, levels of happiness sustained for individuals who
used blue-light therapy compared to their pre-treatment condition (paired t-test: P=.924) (F). Error bars here represent “standard error of the mean.”

Table 2. Identification of covariates.

VARIABLES AGE SEX
EC 0.42* -0.18
FA -0.04 -0.40"
QA -0.18 -0.61*
HAP -0.04 -0.20

TSI DAYS LIGHT MEQ
USED SCORES
0.27 -0.18 0.38*
0.08 -0.04 0.25
-0.02 -0.08 0.02
0.10 0.14 0.04

Abbreviations: EC, effective connectivity; FA, fractional anisotropy; HAP, happiness scores; MEQ, morningness-eveningness questionnaire; QA, quantitative anisotropy;

TSI, time since injury.
*P<.05.

TSI, number of days the light device was used, and chronotype
of participants (ie, scores from MEQ) showed significant asso-
ciations between (a) EC and age (r=.42, P<.05), (b) EC and
MEQ scores (r=.38, P<.05), (c) FA and sex (»=-.40, P<.05),
(d) QA and sex (r=-.61, P=<.05); see Table 2. Therefore, age,
MEQ, and sex were included as covariates for further
analyses.

EC wversus happiness: For ALT" group, there was no signifi-
cant association between residualized changes in EC (Res EC)
from LLPC to MPFC and residualized changes in happiness
(Res HAP) (r=-.44,95% CI [-0.80 0.14]; P=.13) (Figure 5A).
For the BLT group, there was a clear trend showing positive
association between residualized changes in EC (Res EC)
from LLPC to MPFC and residualized changes in happiness
(Res HAP) (r=.49, 95% CI [-0.08 0.82]; P=.08) (Figure 5B).
Correlation coefficients between “Res EC” and “Res HAP”

were also significantly different between ALT and BLT groups
(z=-2.25, P=.02).

FA wersus happiness: For ALT group, there was no significant
association between residualized changes in FA (Res FA) for
tracts connecting LLPC and MPFC and residualized changes
in happiness (Res HAP) (r=.12,95% CI [-0.46 0.63], P=.70)
(Figure 5C). For BLT group, there was significant positive
association between residualized changes in FA (Res FA) for
tracts connecting LLPC and MPFC and residualized changes
in happiness (Res HAP) (r=.74,95% CI [0.32 0.92], P<.01)
(Figure 5D). Correlation coefficients between “Res FA” and
“Res HAP” were different (at a trend level) between ALT and
BLT groups (z=-1.86, P=.06).

OA wersus happiness: For ALT group there was no significant
association between residualized changes in QA (Res QA) for
tracts connecting LLLPC and MPFC and residualized changes
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Figure 5. Associations between residualized changes (pre- to post-treatment) in happiness (Res HAP) versus residualized changes (pre-to post-treatment)
in EC (Res EC), FA (Res FA), and QA (Res QA). We did not find significant association between residualized changes in happiness scores (Res HAP) and
residualized changes in EC (Res EC) from LLPC to MPFC for ALT group (A), but there was a clear tend showing a positive association between Res HAP
and Res EC from LLPC to MPFC for BLT group (B). There was no significant association between Res HAP and Res FA for tracts connecting LLPC and
MPFC for ALT group (C), but there was significant positive association between Res HAP and Res FA for tracts connecting LLPC and MPFC for BLT group
(D). Lastly, there was no significant association between Res HAP and Res QA for tracts connecting LLPC and MPFC for ALT group (E), but there was a
clear trend showing a positive association between Res HAP and Res QA for tracts connecting LLPC and MPFC for BLT group (F).

in happiness (Res HAP) (r=-.21,95% CI [-0.68 0.39], P=.49)
(Figure S5E). For BLT group, there was a clear trend showing a
positive association between residualized changes in QA (Res
QA) for tracts connecting LLPC and MPFC and residualized
changes in happiness (Res HAP) (r=.48,95% CI [-0.09 0.82],
P=.09) (Figure 5F).

EC wversus FA and QA: Correlation analyses were conducted
between residualized changes in EC (Res EC) from LLPC to
MPFC and residualized changes in structural brain connectiv-
ity (Res FA for FA and Res QA for QA) for the tracts connect-
ing LLPC and MPFC. For ALT group, there was an association
(at a trend level) between “Res EC” and “Res FA” (»=-.53,95%
CI [-0.83 0.03], P=.06) (Figure 6A), but not between “Res
EC” and “Res QA” (r=-.24, 95% CI [-0.70 0.36], P=.44)
(Figure 6B). For BLT group, there was no association between
either “Res EC” and “Res FA” (r=.20, 95% CI [-0.39 0.68],
P=.51) (Figure 6C), or between “Res EC” and “Res QA”
(r=.07,95% CI [-0.50 0.60], P=.82) (Figure 6D). The overall
sample (combined ALT and BLT groups) also did not show
significant association between “Res EC” and either “Res FA”
or “Res QA” (Res EC vs Res FA: 7=-.29,95% CI [-0.61 0.11],

P=.15 (Figure 6E); Res EC vs Res QA: r=-.27,95% CI [-0.60
0.12], P=.17 (Figure 6F)).

Discussion

The current findings suggest that relative to healthy-controls,
there are identifiable group-level differences in EC within
the DMN among individuals recovering from a recent mTBI.
We found an improvement over the course of treatment for
EC within the DMN, particularly from LLPC to MPFC, for
those receiving blue-light therapy, and normalizing the over-
all connectivity pattern back to that seen in healthy controls.
This pattern was not observed for the placebo group. Our
next observation was that within the BLT group, individuals
with mTBI also had greater (at a trend level) white-matter
compactness following blue-light therapy compared to base-
line. Finally, changes in the strength of EC from LLPC to
MPFC (at trend level) and both FA (highly significant) and
QA (at trend level) from pre to post treatment were associ-
ated with greater levels of happiness for the BLT' group, but
not ALT group. These findings are discussed in greater detail
below.



12

Journal of Central Nervous System Disease

r=-0.53, p = 0.06

Res FA

05 1

-1 -0.5 0
-3
E x10 S r=-0.29, p=0.15
2 Y ¢
0 () .
-2 o e
o
_4 e o
-6 { ]

B
0.04/ Q r=-0.24, p=0.44 >
L @ e ) r
° -
& ©
* 2
h-]
—@

0 1 2

r=0.07, p = 0.82
() () F’—U
® @ -
® ° - ©
() @ Pe)
c
h=]

4 05 0 05 1

F
r=-027,p=0.17 Ne]
<
) 4 o
: d%*_. o
° —
-0.05 ! e
[ 3
T
‘ )

-0.1 \ \ \
2 1 0 1 2

2

Figure 6. Associations between residualized changes (post- to pre-treatment) in EC (Res EC) versus residualized changes (post- to pre-treatment) in FA
(Res FA) and QA (Res QA). Neither of the groups ALT (A and B) or BLT (C and D) showed significant association between Res EC from LLPC to MPFC
and Res FA (A, C) or Res QA (B, D) for tracts connecting LLPC and MPFC. Overall sample also did not show significant association between Res EC from
LLPC to MPFC and either Res FA (E) or Res QA (F) for tracts connecting LLPC and MPFC.

Amber light as a control condition

Amber light may have some positive or negative photo-bio-
modulation effects. The issue of the most appropriate control
condition was one to which we have given considerable
thought. We concluded that there is no single ideal control,
since light comes in many wavelengths, each with potential
biological and psychological effects, and the absence of light is
no different. There are arguments that could be made for using
a no-intervention control, but our pilot work and work with
other conditions (eg, PTSD) suggested that participants are
significantly affected by the regimen of treatment and the psy-
chological effects of using a light device (ie, simply using a
device that emits light at the same time each day seems to be
psychologically beneficial for some people, regardless of the
wavelength). Thus, while we would likely have found stronger
differences between groups with a no-intervention condition,
our aim here was to demonstrate the specific effect of what we
believe to be the critical wavelength (ie, blue) relative to other
less effective wavelengths. At this point, this seemed to be the
most appropriate control to demonstrate the efficacy of blue
light relative to other similar conditions.”® Further, since this
wavelength has been used in a number of our prior investiga-
tions, 172377781 it appeared to be the most appropriate starting
point. Nonetheless, additional control conditions, including a
no-exposure condition, will be critical to fully understanding

the effects of light on EC.

EC within the DMN for HCs and post-mTBI

In comparison to HCs, post-mTBI participants had weaker
EC between several regions within the DMN. These findings
extend previous reports published on functional brain connec-
tivity following mTBI including weaker functional connectiv-
ity within the DMN involving the posterior cingulate cortex
and parietal areas following mTBI.3% Decreased cortical vol-
ume as well as gray matter atrophy within the posterior regions
of the brain have often been reported among individuals with
mTBI.828 We observed that EC strength within the left hem-
isphere involving the PCC and the parietal cortex was weaker
following mTBI, whereas EC strength within the right hemi-
sphere among these same regions was stronger following
mTBI. These findings suggest that following a concussion, the
DMN may reorganize the affected connectivity patterns. The
independent components involving distinct connectivity pat-
terns within each hemisphere may play important roles in
compensating for potential deficits following an mTBI.
Previous brain connectivity studies, although not specific to
mTBI, support this notion and suggest that the damaged brain
connectivity within the affected hemisphere could be compen-
sated for by the expression of stronger brain connectivity within
the less affected hemisphere.84% In the current study, stronger
EC for the mTBI group (prior to treatment), particularly in
the hemisphere contralateral to the one where stronger con-
nectivity was observed for HCs, may indicate compensatory
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reorganization of the DMN following injury. However, it
should be noted that there might be some inconsistencies in
overall DMN EC patterns in the current study compared to
previously published data due to differences in sample size and
sample populations.86:87

Effect of light-therapy on happiness, EC and

white-matter characteristics

Happiness. First, it should be noted in this study that the hap-
piness data were not available within the HCs sample so a
direct comparison between HCs and individuals with mTBI
regarding scores on happiness scale was not possible. However,
established normative data for the ANAMA4, collected from
more than 100000 active duty service members ranging from
17 to 65 years of age, suggests that the average relative percent
score on the happiness scale for the mTBI group at baseline
reported in this study (67.66 = 17.37) was within the normal
range of average scores between 64.4 +£21.6 and 68.2+21.2
collected from de-identified service members aged between 17
and 35.7 Therefore, non-significant changes in happiness lev-
els following either therapy could be due to the normal levels of
happiness in mTBI individuals at the baseline.

EC and QA. BLT showed an improvement in both effective and
structural connectivity patterns within the DMN. Emerging
evidence suggests that blue light exposure can have a wide range
of effects on cognition®® as well as on functional and structural
neural characteristics.?% It remains a question of interest as to
why blue-light exposure would have a positive effect on effective
and associated structural connectivity within the DMN. Signifi-
cant additional work will be necessary to fully determine the
underlying mechanisms of observed improvements following
morning exposure to blue light. However, the following pro-
posed theories indirectly explain the underlying mechanisms
responsible for the observed changes in functional and structural
neural characteristics following BLT for post-mTBI. The
strongest evidence for the role of blue light involves its effects on
sleep and circadian systems. Notably, dysfunctions in sleep pat-
terns are among the most common problems observed in indi-
viduals with traumatic brain injury,’>%* and it has been reported
that morning exposure to blue-light can lead to improved circa-
dian timing and greater daytime alertness resulting in overall
improvements in sleep quality in various groups.$$9>% Among
those with brain injury, sleep may modulate the mechanisms
underlying the proliferation of oligodendrocyte precursor cells
(which are critical for the repair of the myelin sheath surround-
ing axons),”” as well as the removal of neurotoxins that accumu-
late during waking hours via the glymphatic system.’® Blue-light
may also cause a phase shift in the circadian timing of sleep onset
by suppressing melatonin production from the pineal gland.”
The phase shift in the circadian timing of sleep onset may fur-
ther lead to an earlier and more regular bedtime and wake time,
allowing the individual to capitalize on sleep during the dark

period of the night, when sleep is likely to be most restorative.
This phenomenon may also play an important role in modulat-
ing neural repair processes following an mTBI. Our prior pub-
lished work on the same sample that is used in the current study
provides clear evidence of improvements in sleep quality and
circadian phase shifting following morning BLT.1217,23.78,100
Therefore, it is highly likely that the observed improvements
from BLT within the DMN in the current study may be one of
the consequences of improved sleep.

This is the first study demonstrating the effects of BLT on
EC in conjunction with white-matter characteristics within
the DMN, and its associated effects on mood. The focus here
was to go beyond reestablishing the underlying mechanisms of
how blue light induces benefits via sleep. Rather, we focused on
implementing cutting-edge brain connectivity methods to
quantify the impact of BLT on effective and structural con-
nectivity parameters of the DMN. It would be interesting for
future studies to simultaneously analyze the improvements in
sleep and improvements in both effective and structural con-
nectivity parameters following BLT.

Association between happiness and DVMIN EC. No direct differ-
ence between the light groups in mood scores was detected.
Positive associations between residualized change in scores on
the happiness scale and both residualized change in EC strength
(ie, from the left lateral parietal cortex to the medial prefrontal
cortex) as well as measures of white-matter integrity (FA) and
compactness (QA) (ie, for white-matter fiber tracts between the
same 2 regions) following BLT, but not following AL, were
found. In contrast, prior studies reported a negative association
between DMN functional connectivity and happiness in healthy
controls. In particular, Luo and colleagues reported that com-
pared to happy individuals, individuals with lower levels of hap-
piness had stronger functional connectivity within the DIMN.24
Taruffi and colleagues found higher scores on a mind-wander-
ing scale during sad music as compared to happy music, as well
as to happy but slow music compared to happy fast music.? In
a web-app based study of 2250 participants, it was found that
the mind-wandering phenomenon (a core phenomenon under-
lined by the DMN) tends to be most associated with feelings of
unhappiness.®? It should be noted that all of these studies estab-
lished the association between DMN (or mind wandering) and
levels of happiness only in healthy-controls or in general,
whereas the findings of the current study show the association
between the 2 following a treatment for individuals recovering
from an mTBI. Therefore, these findings do not contradict the
previous literature; rather our results suggest that for individuals
recovering from an mTBI, the improvements in EC within the
DMN following blue-light therapy are associated with improve-

ment in self-rated feelings of happiness.

Association between changes in EC, and changes in FA and QA.
Contrary to our hypothesis, there was no association between
residualized changes in EC and residualized changes in FA or
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QA. However, each of these parameters (ie, changes in EC,
FA, and QA) hold an association (mostly at trend level) with
changes in scores on the happiness scale. Previously, Greicius
et al reported that resting state functional connectivity within
the DMN reflects the underlying anatomical connectivity to a
large degree.®® Greicius et al described that functional con-
nectivity could exist in spite of the absence of direct structural
connections, although the existence of anatomical connectiv-
ity in absence of functional connectivity is relatively less plau-
sible, suggesting that overall both functional connectivity and
anatomical connectivity can exist independently. These cur-
rent findings are further supported by the fact that anatomical
connectivity constrains, rather than determines, EC, because
changes in EC depend on recent functional changes or trans-
mission of neuronal signals within a synapse,!”! even in the
absence of associated structural change.192 Stephan et al sug-
gested that due to the dependence of neuronal signal trans-
mission on temporal components resulting from several
mechanisms including membrane potential and opening/clos-
ing of ion gated channels, anatomical connectivity may not be
engaged during a specific directed connection or signal flow.102
In sum, absence of association between functional (ie, EC) and
diffusion-weighted (ie, FA and QA) substrates may indicate
distinct independent neural mechanisms underlying signifi-
cant changes in EC and white-matter characteristics (FA or

QA) following blue-light therapy.

Limitations

Findings from this study should be viewed in light of several
limitations. First, the changes in EC following an mTBI
reported in this study might not be generalizable across hetero-
geneous m'T'BI profiles, because every mTBI may represent a
unique injury and it is highly unlikely that specific connectivity
values would reflect changes common to most mTBIs.
Replication will be required to determine the stability of the
patterns observed in the current study. Second, despite the
non-significant sex differences, the HCs sample was fairly het-
erogeneous with regard to sex ratio (25 females and 16 males)
relative to mTBI sample (15 females and 13 males), and it is
possible that EC patterns may differ between groups due to the
heterogeneity within HCs sample. However, to rule out this
possibility, we statistically controlled heterogeneity related to
sex ratio by using “sex” as a covariate. Third, the sample sizes of
both treatment groups were relatively small, which may have
yielded some findings which only reached a trend level of sig-
nificance. Therefore, this study should be considered prelimi-
nary, and a replication with a larger sample would be beneficial
in future studies. However, despite the small sample sizes for
the treatment conditions, we found that BLT, not ALT, appears
to strengthen EC within the DMN. Lastly, this study focused
on only the DMN and happiness as the only measure of mood.
We focused on happiness as it is one of the most important
mood scales that is known to be associated with DMN. Future
studies should make use of large-scale DCM technique®! to

explore the impact of light therapy on other functional brain
networks and additional mood scales.

Conclusions

The current results demonstrate that the DMN is susceptible
to mild head injury. Moreover, empirical findings suggest that
6 weeks of morning blue-light therapy produce stronger EC
as well as greater white-matter compactness within the
DMN, especially between the lateral parietal and medial pre-
frontal regions, and sustained levels of happiness. However,
the neural mechanisms causing the underlying associations
between changes in functional/structural connectivity pat-
terns and the changes in mood could be independent, as evi-
denced by non-significant associations between changes in
EC and structural parameters. In sum, the present prelimi-
nary findings suggest that short-wavelength light therapy
could be used as a novel alternative rehabilitation technique
that can potentially strengthen the functional and structural
pathways within the DMN.
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