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Purpose: Conventional theories of hemispheric emotional valence (HEV) postulate fixed hemispheric differences in emotional
processing. Schiffer’s dual brain psychology proposes that there are prominent individual differences with a substantial subset
showing a reversed laterality pattern. He further proposed that hemispheric differences were more akin to differences in personality
than in emotional processing. This theory is supported by findings that unilateral treatments, such as transcranial magnetic stimulation,
are effective if they accurately target individual differences in laterality. The aim of this paper was to assess if a computer test of
hemispheric emotional valence (CTHEV) could effectively identify individual differences in HEV and to ascertain if these individual
differences were associated with underlying differences in brain structure and connectivity.

Patients and Methods: The CTHEV was administered to 50 (18 male/32 female) right-handed participants, aged 18-19 years,
enrolled in a study assessing the neurobiological effects of childhood maltreatment. Based on a literature review, we determined
whether CTHEV correlated with lateralized volumes of the nucleus accumbens, amygdala, hippocampus, and subgenual anterior
cingulate as well as volume of the corpus callosum.

Results: CTHEV scores correlated with laterality indices of the nucleus accumbens (p = 0.00016), amygdala (p = 0.0138) and
hippocampus (p = 0.031). A positive left hemispheric valence was associated with a larger left-sided nucleus accumbens and
hippocampus and a smaller left amygdala. We identified four eigenvector network centrality DTI measures that predict CTHEYV,
most notably the left amygdala, and found that CTHEV results correlated with total and segment-specific corpus callosal volumes.
Conclusion: Individual differences in HEV can be readily assessed by computer test and correlate with differences in brain structure
and connectivity that could provide a mechanistic understanding. These findings provide further support for a revised understanding of
HEV and provide a tool that could be used to guide lateralized brain treatments.
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Introduction

Three theories have been advanced to explain differences in hemispheric emotional valence (HEV). The first is the
valence hypothesis that states that the right hemisphere is associated with negative emotions and the left with positive
emotions." The second is the right brain hypothesis that posits that the right brain is specialized for all emotions,* and
the third, the motivational hypothesis proposes that the hemispheres can be categorized as supporting approach or
withdrawal emotions,®’ with the right hemisphere specialized for the expression of emotions associated with withdrawal
responses. We believe that these theories are deficient in two major ways. First, they fail to recognize that there are

marked individual differences in HEV with a substantial portion of the population displaying a reversed laterality pattern.
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Second, they overly simplify the differences between the hemispheres, which we have proposed® involve multifaceted
differences that extend beyond positive/negative emotions or approach/withdrawal responses. This fourth theory, which
Schiffer has termed Dual Brain Psychology,” is based on extensive research,®'°'? and proposes that each hemisphere is
associated with a full array of mental properties, including emotional, cognitive, and behavioral reactions. How the
hemispheres differ may best be described from a clinical perspective with one hemisphere displaying healthier and more
mature aspects of personality and world view while the other presents as more childlike in its mental properties and

2021 and split-brain studies,?* >* we

appears to be more adversely affected by past traumas. Based on work by Wittling
found that limiting vision to one lateral visual field produces a marked differential effect on hemispheric blood oxygen
level dependent (BOLD) activity that extends throughout the contralateral hemisphere'* and we believe, that this brings
the stimulated hemisphere’s perspective to the forefront. In most participants shifting stimulation between right and left
925 We refer to this

means of assessing HEV by comparing their experience of right versus left lateral visual field (LVF) stimulation, the

visual fields produces dramatic differences in their perception of the world and their response to it.

lateral visual field test (LVFT). We proposed that this is a fundamental difference and that transcranial magnetic
stimulation (rTMS), used to treat refractory major depressive disorder (MDD), would be effective if it was applied to
the more positive hemisphere (at frequencies that produce stimulation) but would not be effective if applied at these
frequencies to the more negative hemisphere. Traditionally, rTMS is applied to the left hemisphere based on studies

1219 that we could

reporting left hemisphere dysfunction or hypoactivity.”® We confirmed in two separate studies
accurately predict whether patients would respond well or poorly to a 2-week course of left hemisphere rTMS based
on LVFT, with favorable responses occurring in participants with more positive left hemispheres.

A more nuanced understanding of hemispheric differences in emotional valence has emerged through detailed
interviews of patients with psychiatric disorders wearing lateralizing field glasses that restrict vision to left or right
visual fields. An excerpt from a published transcript® with a patient in private practice looking out of each lateral visual
field, provides a good example of the nature of hemispheric differences in emotional state, perception and expression that
we have observed. When the patient looked out of his left visual field, stimulating his right brain, he reported feeling
calm and well and reported that he would never use illicit drugs. When he looked out the right lateral visual field, he said
that he could see himself using cocaine again. The treating psychiatrist knew that the patient’s drug problem related to his
feeling that his father never respected him, causing intolerable pain that the patient and psychiatrist felt was related to his
past cocaine addiction. When the patient was asked to look out of the right visual field, stimulating the left hemisphere,
he reported when asked about his father, “With these glasses on it’s sort of like dealing with him again because it’s
always the unknown, and it’s always a pressure and a problem.” When asked to look out of the opposite visual field, he
reported, “I can deal with him on this side. I know how to handle him now.”

Clearly, this individual expressed marked differences in emotional state looking through left versus right lateralizing
field glasses with stimulation of one hemisphere associated with more positive emotions and greater confidence in
dealing with, or approaching, a difficult relationship, as well as in risk for drug abuse. In this individual, it was his left
hemisphere that was associated with more negative emotions.

We published a paper on the importance of determining the HEV in clinical and in research settings.' In that paper,
we also reported our experience with probe auditory evoked potentials (pAEP) as a basis for determining HEV in 28
subjects. We reported that there was a significant correlation with the total volume of the corpus callosum with right
negative HEV associated with a larger volume, r = 0.81, p < 0.005.

The aim of the present study was to create a rapid and reproducible test for HEV that is easier to apply than probe
evoked potentials and that did not involve direct clinician or researcher participation. Hence, we sought to develop
a computer administered test in which stimuli would be displayed to participants and their responses automatically
captured without experimenter involvement. Such a computerized version of the HEV test (CTHEV) has the advantage
over the LVFT of being more objective and appearing more constant with usual research practices. The test consists of
presenting symmetrical images of an angry person to the two lateral visual fields on separate trials and having the patient
rate his or her subjective state immediately after each trial. The test can be adapted for the internet for wider
dissemination and can be repeated to measure a patient’s progress or response to an intervention. We then sought to
test the hypothesis that lateralized differences in HEV would correlate with lateralized differences in brain volume and
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network organization that could provide a plausible neurobiological basis for these differences in HEV. Further, we also
assessed whether differences in HEV were associated with differences in personality organization using the Revised
NEO Personality Inventory.

We administered the computer test for HEV to 50 participants enrolled in a study evaluating the effects of childhood
maltreatment on brain structures, function, connectivity and longitudinal risk for substance abuse. We assessed whether
CTHEV scores were associated with the morphometry and connectivity of brain structures implicated in anxiety,
depression, and childhood maltreatment. Oathes, et al*’ reported in a review of MRI findings for anxiety and
depression,

The regions most important for understanding both categorical and dimensional aspects of anxiety and depression were the

amygdala, ventral striatum, hippocampus, and subgenual ACC.

Teicher et al*® reported that the developmental trajectory of each of these brain regions was altered in a review of studies
of brain development in individuals with childhood maltreatment. There have also been findings of network disruptions
implicated in depression and anxiety. For example, Gong, et al,”’ reported that disruptions in networks involving the
nucleus accumbens were related to the severity of depression in 75 patients compared to controls. Similarly, Ohashi

et al’®®

reported that differences in structural network architecture reliably distinguished N = 310 psychiatrically
symptomatic versus asymptomatic maltreated individuals and controls. Therefore, we sought to examine whether the
HEYV scores measured using the CTHEV were associated with the laterality indices of the nucleus accumbens, amygdala,
hippocampus, and subgenual anterior cingulate derived from gray matter morphometric measures and whether CTHEV
scores were associated with network architecture measures derived from white matter structural connectivity measures
from diffusion MRI. Lastly, we wanted to see if we could replicate our earlier finding of a correlation between the HEV

1
scores and the corpus callosum volumes.®

Materials and Methods

Recruitment

The addition of the CTHEV test to the maltreatment, neuroimaging and substance abuse prediction study was approved
by the McLean Hospital Institutional Review Board. The study complies with the Declaration of Helsinki. All subjects
provided informed written consent and were screened, recruited, and evaluated using previously described methods.>*?
Briefly, subjects for this study were recruited by advertisement using the general tag line “Memories of Childhood.”
Subjects were screened by phone for age, handedness, medications, and general health. Subjects who indicated that they
were medically healthy, right-handed, un-medicated and between 18—19 years of age were provided with a URL and
password to a HIPAA-compliant online enrollment system, which collected detailed information on their life experiences,
medical and psychiatric history, developmental history, demographics, and psychiatric symptomatology plus the MACE
scale. The overall general criteria of exclusion were as follows. Subjects were excluded who had a history of known
neurological disease or insult (eg, any genetic, congenital, traumatic, toxic, infectious, inflammatory, neoplastic, or
vascular CNS disorder), head trauma with loss of consciousness, any skull fracture, or any physical assaults above the
shoulder that involved more than open-handed slaps. Subjects were excluded with a history of premature birth or birth
complications; a history of being shaken in infancy or childhood, maternal substance abuse during pregnancy; or medical
disorders that could affect brain development (eg any disorder that affects growth, metabolism, or immune status, or
treatment with neoplastic agents, or radiation therapy). Subjects enrolled must not had used medications (except
contraceptives, thyroid hormone, or prn use of non-sedating antihistamines, albuterol inhaler, acetaminophen or
NSAIDS) for at least 2 weeks (or 5 half-lives for long-acting agents) prior to enrollment. Subjects were excluded with
history of alcohol or drug dependence, who had experimented with heroin, cocaine or solvent inhalation or who engaged
in more than moderate use of drugs or alcohols (> 10 days per month) or binge drinking. At the time of testing, they
needed to be substance free as verified by negative urine toxicology screening tests and alcohol breath testing
(Intoximeters™, St. Louis, MO). They were also excluded if their full-scale IQ was < 80. These criteria were intended
to avoid confounding variables that were not directly informative and could not be controlled for easily. Exclusion
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criteria did not include race or gender. The sample was enriched to include a preponderance of participants exposed to 3
or more types of maltreatment.

Computerized Test for Hemispheric Emotional Valence (CTHEV)

Using the program PsychoPy v1.82.01,*** we constructed a computerized test for HEV. First, a baseline test was given
in which the subject was asked to focus on a central red dot while a friendly female face was shown on the left side of the
screen for 0.4 seconds (s), after a 1 second mask, and then the subject was asked to rate his or her level of distress from 0
to 10 on a response computer screen. The response was captured by the computer program and sent to a text file in which
all of the subject’s responses would be recorded. This was to acquaint the subject with the method of scoring the
emotional response to the image. Then a photograph of an angry man, symmetrical around the midline, was shown to the
right side of the screen while the subject was asked to focus on a centrally placed red dot. This image was presented 10
times for 0.4 s, each time following a mask of 1 second. The subject was then asked to rate his or her level of distress as
before. The next trial was with a photograph of an angry woman, symmetrical around the midline, presented to the left
side of the screen. The trial parameters were otherwise identical to the right sided angry man trial. This trial was followed
by the angry man photograph presented to the left side of the screen, followed by a trial with the angry woman
photograph presented to the right side of the screen. The entire sequence of trials was then repeated. The HEV score was
computed as the difference between the left sided trials of the angry man plus the angry woman images minus the right
sided trials. HEV so computed meant that a positive number represented more distress to the left sided photograph which
would suggest that the left hemisphere had a more positive valence.

Assessment of Childhood Adversity

For the assessment of childhood adversity, we used the Maltreatment and Abuse, Chronology of Exposure (MACE)
scale.’® The MACE assesses severity of recollected exposure to ten types of maltreatment, Emotional Neglect, Physical
Neglect, Parental Verbal Abuse, Parental Physical Maltreatment, Parental Non-Verbal Emotional Abuse, Peer Emotional
Abuse, Peer Physical Bullying, Witnessing Interparental Violence, Witnessing Violence to Siblings, and Familial and
Non-Familial Sexual Abuse across each year of childhood. The scale provides two overall exposure scores. The MACE
MULTI score indicates the number of different types of childhood adversities experienced across childhood, whereas the
MACE SUM score indicates overall severity of exposure. MACE MULTI scores are similar to and correlate substantially
with the Adverse Childhood Experiences (ACE) score’’ (r = 0.70), while the MACE SUM score is similar to the
childhood trauma questionnaire (CTQ)® total score (r = 0.74). The MACE has high test-retest reliability (r = 0.91) and
meets Bland-Altman criteria for consistency of response.

Diagnoses
Categorical clinical assessment was conducted using the Structured Diagnostic Interview for DSM-IV Axis-I and Axis-II
disorders (SCID).***

Personality Assessment

Personality assessment was performed using the Revised NEO Personality Inventory (NEO PI-R), which is a revised
version of the Costa and McRae’s NEO Personality Inventory, and has been in use widely since its inception.*' The NEO
PI-R consists of 240 items and has been updated over the years, with the last updates in 2010.** The NEO PI-R assesses
the big five personality domains of Neuroticism, Extraversion, Openness to Experience, Agreeableness and
Conscientiousness, along with the facets of each personality domain, such as Neurotic Depression, Neurotic Anxiety etc.

MRI Data Acquisition

Diffusion-weighted images and high-resolution T1-weighted images were acquired at the McLean Hospital Imaging
Center using a 3T Siemens Trio with 32-channel coil (Siemens AG, Siemens Medical Solutions, Erlangen, Germany). An
image analyst with expertise in neuroanatomy observed all scans, and scans with discernible motion artifacts were
recollected while the participant was in the scanner. Diffusion-weighted images were acquired in 72 directions with scan
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parameters: b=1000 sec/mm?; echo time (TE)/repetition time (TR)=81 msec/6 sec; 3.5mm slice thickness (no gap); voxel
size = 1.§ mm x 1.8 mm x 3.5 mm. Anatomical images were acquired in the sagittal direction using a magnetization
prepared rapid gradient echo (MPRAGE) sequence with scan parameters: TE/TR/inversion time = 1/4 2.74 msec/2.1 sec/
1.1 sec; flip angle = 121°; matrix = 256x256 x 128; FOV = 256x256 x 170 mm; bandwidth 48.6 kHz; scan time 4:56.

Gray Matter Morphometry

Freesurfer ver. 6.0.0 (http://surfer.nmr.mgh.harvard.edu/) was used to analyze cortical and subcortical volumes. Details of
443-50

the Freesurfer’s processing pipeline are previously describe and are documented online (https://surfer.nmr.mgh.

harvard.edu/fswiki/FreeSurferMethodsCitation). All brain regions were segmented and labeled using the “recon-all”

pipeline. Each subjects’ T1 image was processed through cortical reconstruction which included motion correction,
removal of non-brain tissue using a watershed/surface hybrid deformation procedure,*® Talairach transformation, deep

5,48

gray matter (including amygdala and hippocampus) and subcortical white matter volumetric segmentation,*>** intensity

49:52 and surface

normalization,”' tessellation of gray matter white matter boundaries, automated topology correction,
deformation following intensity gradients to optimally locate gray/CSF and gray/white borders.****>° Cortical and
subcortical regions were parcellated by automatically assigning anatomical label to each location on a cortical surface
model. Regional volumes were calculated based on the parcellation provided in aseg.stats files and were used in the

subsequent analyses.

White Matter Structural Connectivity and Network Architecture

Diffusion MRI (dMRI) data were processed using methods previously reported by Ohashi et al.>> All dMRI data were
visually inspected for motion artifacts or incomplete coverage and then eddy current corrected DTI data were fit to
a diffusion tensor model to generate FA images using FMRIB’s Diffusion Toolbox (FDT: FSL FMRIB Software Library,
FMRIB Centre, UK). dMRI data were then aligned to the high-resolution structural image. The parcellation process for

3433 ysing the resulting inverse transformation from the registration of

each subject was conducted in DTI native space
the high-resolution structural image to standard space and the structural to dMRI transformation to transform the
automated anatomical labelling (AAL) template®® from MNI space to each subject’s native space. Deterministic
tractography (DTT) was performed on each subject to determine fiber streams between gray matter regions using
Diffusion Toolkit and TrackVis,”’ Each subject’s cerebral cortex was parcellated into 90 regions (45 per hemisphere
with the cerebellum excluded) in individual subject’s DTI space using the AAL template. Each cortical region (ROI)
defined a node and voxels were selected within the node as seed points if they had FA values greater than 0.2. The
tracking procedure was initiated from the seed points and terminated at voxels with an FA value of less than 0.15 or when
the angle between adjacent steps was greater than 45 degrees. This process was repeated for all the voxels within a node.
Two AAL nodes were considered to be connected if the reconstructed fiber streams touched these two regions. Fiber
streams connecting nodes were defined as edges. The number of fiber streams interconnecting nodes was used as
“weights” for weighted networks. Unweighted networks were constructed based on the existence of one or more fiber
streams connecting the two regions.

Eigenvector centrality, a spectral centrality network measure based on the idea that the importance of a node is
recursively related to the importance of the nodes associated with it that is a measure of the level of influence a node has
within a network, was calculated for each node from the weighted network using the R package igraph.>®

Statistical Analyses

The primary aim was to test the hypothesis that individual differences in HEV could be accounted for by lateralized
differences in the volume of brain regions involved in emotional regulation and expression. This was approached by
determining the most parsimonious multiple linear regression equation for HEV that included laterality measures from
the four prespecified brain regions as well as covariates for age, sex and multiplicity of exposure to childhood
maltreatment. Non-significant predictors were sequentially eliminated from the model until there weew no longer
any non-significant predictors, or until the removal of a predictor variable resulted in a significant worsening of the fit
based on the likelihood-ratio test. The contribution of each predictor variable to the overall fit was determined by
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variance decomposition analysis which controls for degree of cross-correlation between predictor variables.’”

Collinearity between variables was assessed through calculation of the correlation matrix and variable inflation factor.

party”
“Imridge” and “caret”. The laterality index (LI) was calculated as (left — right volumes)/(left + right volumes). HEV

EERNT3

Statistical analyses were conducted in JMP® (version 15) and R (version 3.5.0) using packages “relaimpo

measures for this sample were not normally distributed and a square-root transform was applied to the absolute values
followed by restoration of sign, which brought the distribution as close as possible to normal given the substantial
number of tied scores. We also tested the hypotheses that a thinner corpus callosum would be associated with a more
negative HEV and with more extreme differences in absolute HEV. We also sought to identify the specific segment(s) of
the corpus callosum that best accounted for differences in HEV. Ridge regression was used for this purpose as there was
substantial collinearity in segmental volumes. Generalized cross validation was used to select an optimal ridge
parameter (k).

As a further means of confirming the association with cerebral volumes we used an Al machine learning approach in
which we assessed whether HEV could be predicted based on the centrality of brain regions delineated using fiber-stream
network architecture.*® Briefly, we assumed that differences in hemispheric laterality may arise from differences in the
centrality and importance of specific brain regions and that this may be an even more relevant parameter than the volume
of the region. For this exploratory analysis, we used as potential predictor variables the eigenvector centrality measures
for 90 nodes defined using the AAL template.

Conventional statistical techniques were not suitable for this analysis as there was substantial collinearity in
eigenvector centrality measures and there were more predictor variables than participants. Instead, we identified the
most important cross-validated predictors of HEV using random forest regression with conditional inference trees (RFR-
CIT, cforest in R package party),®' a form of artificial intelligence analytics that has been reported to be resistant to
collinearity and able to handle a surfeit of potential predictors, which we have used in prior studies.®* ** Random forest
regression predicts outcome by creating a forest of decision trees with each tree generated from a different subset of the
data and constrained in the number of predictor it can consider at each decision point.®> This “wisdom of the crowd”
strategy is well suited to the analysis of collinear data sets and typically provides superior predictions than conventional
regression techniques.®® The tree structure can also model interactions and does not assume a linear relationship between
eigenvector centrality and HEV. For these analyses, the random forest was trained using data from 63.3% of the
participants and evaluated on the withheld test set (36.7%). The variable importance (VI) of each regressor in the
model was assessed by permuting the variable, refitting the forest, and calculating how much permutation of that variable
increased the mean square error of the fit to the test set. Permuting important regressors produces a large increase in mean
square error, whereas permuting unimportant regressors have negligible effect. We use a variant of Brieman’s original
approach with conditional inference trees®' that rectifies a problem in the estimation of importance of predictors with
many versus few levels or categories.®' This process was repeated 200 times to derive mean measures of VI for each
variable. To gauge significance, the overall process was then repeated 2000 times using reshuffled HEV values to
calculate chance mean and SD importance levels for each variable. The significance of the z-test differences between
observed and chance VI measures for each variable were calculated and adjusted using false discovery rate correction to
control for multiple comparisons. We used this approach as we had previously reported that random forest regression was
successful in identifying alterations in nodal network centrality that differentiated susceptible maltreated individuals,
resilient maltreated individuals and healthy unexposed controls with high accuracy.®

Although RFR-CIT provides an excellent means of identifying important predictors in highly collinear data sets it
does not provide a direct indication of the nature of the relationship between the predictor and outcome. Hence, we used
the saved random forest to predict the outcome by adjusting degree of exposure to the predictor of interest from zero to
maximum while holding all other predictors constant at as close to their median values as observed in the data to

ascertain direction of effect as we have done in previous studies.®***

Results
Participants in this study consisted of the last fifty (18M/32F) individuals consecutively enrolled into the maltreatment,
neuroimaging and substance use prediction protocol. All participants were between 18—19 years of age and right-handed.
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Overall, N=21 (8 M/13 F) were low-risk controls reporting exposure to 0.14 £ 0.36 types of maltreatment and N=29 (10
M/19 F) were members of the high-risk group and reported exposure to 4.4 + 2.1 types of maltreatment.

Neuroimaging

HEYV values ranged from —2.25 to +1.5, with positive values indicative of a more negative emotional response to images
presented to the left side/right hemisphere. Overall, 11 participants had positive HEV scores, 24 had negative HEV scores
and 15 subjects showed no lateralized difference in emotional response. Table 1 shows the correlation matrix between the
regional laterality predictors and additional covariates. Only 2 of the 21 paired correlations were significant and the
degree of collinearity was low — well within acceptable limits with a maximal variable inflation factor (VIF) of 1.354.
A parsimonious linear model accounted for 34.3% of the variance in the transformed HEV values and included 3 of the 4
regions suggested from the literature: specifically, the laterality indices of the volumes of the nucleus accumbens, the
amygdala, and the hippocampus. The LI of the rostral anterior cingulate did not approach significance in the model (p
=0.667) and was removed followed by the MACE MULTI score (p = 0.110). The model met requirements for normality
of residuals, homogeneity of variance and was free of outliers and high leverage points. There was also no problem with
collinearity as there were no significant correlations between the three significant laterality indices (all p values > 0.6)
and maximum VIF was only 1.289.

As shown in Table 2 parameter estimates were significant for the nucleus accumbens, amygdala and hippocampus.
Overall, laterality of the nucleus accumbens accounted for 17.4% of the variance in HEV while the amygdala accounted
for 4.5% and the hippocampus 4.4%. Subjects with a positive left hemisphere by HEV tended to have a larger left than
right sided nucleus accumbens and hippocampus, and a smaller left versus right amygdala. Subjects with a positive right

Table |1 Correlation Between Primary Independent Measures of Brain Laterality and Covariates

Measures Ll.acc LLhipp Ll.amyg LLrACC Age Gender MACE
Ll.acc | —0.064 0.056 —0.093 —0.185 0.202 —0.329*
LLhipp - | 0.014 —0.017 —0.187 0.002 0.208
Ll.amyg - - | —0.062 0.157 —0.375%* —0.183
LL.rACC - - - | 0.047 0.064 —0.038
Age - - - - | 0.068 0.025
Gender - - - - - | 0.171
MACE - - - - - - |

Note: *p < 0.02, **p<0.01.
Abbreviations: accmb, nucleus accumbens; amyg, amygdala; hipp, hippocampus; LI, laterality index; MACE, Maltreatment and Abuse Chronology of Exposure Score:
Number of types of maltreatment; rACC, rostral anterior cingulate cortex.

Table 2 Parameter Estimates for the Linear Regression Model for Hemispheric Emotional Valence

and Regional Brain Laterality

Term Estimate Std Error t Ratio Prob>|t|
Intercept —6.399 2.297 —2.786 0.0079
LI Amygdala —5.291 2.062 —2.565 0.0138
LI Hippocampus 7.366 3.303 2.230 0.0310
LI N. Accumbens 3.706 0.896 4.136 0.00016
Age 0.381 0.124 3.081 0.0035
Gender -0.387 0.165 —2.350 0.0233
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Table 3 Identification of Structural Networks Nodes in Which Eigenvector Centrality Was
Predictive of Hemispheric Emotional Valence as Determined Using Random Forest Regression with
Conditional Inference Trees and Following False Discovery Rate Correction for Multiple
Comparisons

Region Variable Importance SD z-Test Adjusted Prob
Left amygdala 1.494 0.308 5.463 4x10°
Left thalamus 1.169 0.299 4.560 0.00024
Left globus pallidus 0914 0.251 3.574 0.0081

Left caudate 0.785 0.239 3.653 0.0079

hemisphere tended to have a larger right than left sided nucleus accumbens and hippocampus, and a smaller right versus
left amygdala.

Table 3 indicates the variable importance measures and FDR-corrected significance levels for the 4 regional
eigenvector centrality measures that emerged as predictors of HEV. Interestingly, all the significant predictor nodes
were left-sided. Based on the RFR-CIT model greater eigenvector centrality in each of these left-sided nodes was
associated with increasing HEV scores. Similarly, the correlations between eigenvector centrality and transformed HEV
were all positive (left amygdala r = 0.478; p = 0.0006; left caudate r = 0.343 p = 0.015; left pallidum r = 0.370 p = 0.0081
and left thalamus r = 0.360; p = 0.010). Hence, the more central and important these predictive nodes were to the overall
network the more the HEV score tended to increase, reflecting a more positive left hemisphere. One limitation of this
analysis is that the AAL template does not include a nucleus accumbens node.

Eigenvector centrality differences were most significant in the left amygdala, with reduced measures of eigenvector
centrality in participants with negative HEVs. Figure 1 illustrates group differences in the fiber stream connections of this
region in participants with positive HEV, neutral HEV and negative HEV. For these displays we required that at least 30%
of participants in a group have evidence for a fiber stream connection with the target node for it to be included as an
illustrated direct connection. Interestingly, tractography revealed that direct fiber stream connections between left
amygdala and three left prefrontal regions were prevalent in participants with positive HEV and neutral HEV but were
not prevalent between left amygdala and prefrontal regions in participants with negative HEV. For example, 37.5% and
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Figure | Differences in primary and secondary nodal interconnections of the left amygdala in participants with neutral, negative or positive hemispheric emotional valences
(HEV). The amygdala is illustrated, as eigenvector centrality of this node emerged as the most significant predictor of HEV. The green circle identifies the location of the
amygdala, blue circles indicate primary interconnections, and magenta circles indicate secondary interconnections. Numbers correspond to regions in the automated
anatomical atlas. Regions: 5 — superior frontal gyrus, orbital part; |15 — inferior frontal gyrus, orbital part; 2| — subgenual cingulate/olfactory cortex; 27 — gyrus rectus; 29 —
insula; 37 — hippocampus; 39 — parahippocampal gyrus; 53 — inferior occipital gyrus; 55 — fusiform gyrus; 73 — putamen; 83 — superior temporal gyrus; 89 — inferior temporal
gyrus.

Abbreviation: HEV, hemispheric emotional valence.
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36.3% of participants with neutral and positive HEV versus 4% of subjects with negative HEVs had discernible
fiberstreams between left amygdala and the orbital part of the left superior frontal gyrus (x> = 7.73, p = 0.02). In
addition, tractography revealed a prevalent direct fiber stream connection between the left amygdala and left insula in
participants with positive (54.5%) or neutral (68.8%) HEVs that was much less apparent in participants with negative
HEVs (21.7%, ¥* = 9.1, p = 0.01). Individuals with positive or neutral HEVs also had more prevalent secondary
connections between the left amygdala and right prefrontal regions. There were also fewer prefrontal regions with direct
connections to the left pallidum in participants with negative HEVs then in participants with neutral or positive HEVs.

As predicted, we found that there was a significant correlation between HEV and total corpus callosum volume (pyg =
0.38, p = 0.0063). To further explore this association, we assessed using ridge regression whether transformed HEV
scores were associated with volume in one or more segments of the corpus callosum. Overall, transformed HEV was
predicted by the volume of the mid anterior segment (scaled b =0.431, t = 2.65 p = 0.011) and the poster segment (scaled
b =0.3573, t =2.07, p = 0.044).

We also tested the hypothesis that participants with thinner corpus callosal segments might have more extreme HEV
scores. There was a significant inverse correlation between absolute HEV and total corpus callosum volume (p4g =—0.29, p =
0.04). Ridge regression analysis using transformed absolute HEV values indicated that there was a significant inverse
association specifically with the mid posterior segment of the corpus callosum (scaled b =—0.1196, t = 2.1286, p = 0.039).

Personality Factors

The CTHEYV results correlated significantly with 2 factors of the Five-Factor Model of Personality:®” Openness (145 = —0.352,
p = 0.018) and Conscientiousness (143 = 0.323, p = 0.030). The individual facets of openness that were most strongly
associated with HEV were openness to fantasy (145 = —0.365, p = 0.014) and openness to feelings (r43 = —0.334, p = 0.025).
The inverse associations indicates that the more right positive the HEV, the more open the person. The individual facets of
conscientiousness with the strongest associations to HEV were deliberation (r4g = 0.401, p = 0.006) and achievement striving
(r48 = 0.350, p = 0.010). In this case the more left positive the HEV, the more conscientious and deliberate the personality.

Hemispheric Valence and Diagnoses

Overall, 48% of the sample had a lifetime history of one or more anxiety disorders (including 28% with social phobia,
24% with specific phobias, 14% with panic disorder and 12% with generalized anxiety disorder), which was the most
prevalent broad diagnostic category in this sample. In addition, 44%, 22% and 26% had lifetime histories of major
depressive disorder (MDD), attention deficit hyperactivity disorder (ADHD) or one or more personality disorders,
respectively. As indicated in Table 4 there were no significant associations between HEV and diagnostic category,

Table 4 Number of Participants (and Percentage) with Lifetime Histories of Psychiatric Disorders in
Relationship to Hemispheric Emotional Valence as Assessed by Computer Test

Psychiatric Disorders Negative CTHEV | Neutral CTHEV Positive CTHEV %2 p
(N=24) (N=18) (N=11)

Major Depression 9 (39%) 9 (50%) 4 (36%) 0.69 | 0.71
Any Anxiety Disorder 9 (39%) 9 (50%) 6 (55%) 0.88 | 0.65
Panic Disorder 3 (13%) I (6%) 3 (27%) 2.77 | 0.25
Generalized Anxiety Disorder | 2 (9%) 3 (17%) 1 (9%) 0.71 | 0.70
Social Phobia 6 (26%) 4 (22%) 4 (36%) 0.71 | 0.70
Specific Phobia 4 (17%) 4 (22%) 4 (36%) 1.52 | 0.47
Attention Deficit 5 (22%) 3 (17%) 3 (27%) 047 | 0.79
Hyperactivity Disorder

Any Personality Disorder 6 (26%) 4 (22%) 3 (27%) 0.12 | 0.94
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with similar prevalence rates for each diagnosis within positive, negative and neutral HEV groupings. Further, data on
lifetime history of anxiety disorder, MDD, ADHD or personality disorder were not predictive of CTHEV (all p values >
0.3) and the inclusion of these clinical variables in the analysis did not alter the significant association between
accumbens, amygdala, and hippocampal laterality and CTHEV.

Discussion
We have developed an objective, convenient, inoffensive, computerized test for the determination of HEV as defined by
Dual-Brain Psychology (DBP).® We have found that this method correlates significantly with the lateralized volumes of
a number of brain anatomical sites that are functionally related to depression, anxiety, and early life stress. The nucleus
accumbens and hippocampus volumes were relatively larger, and the amygdala was relatively smaller on the left side
when the HEV indicated that that side was the hemisphere with a more positive HEV. Similarly, more positive HEVs
were associated with greater volume of the corpus callosum and particularly the midanterior segment, whereas thinning
of the corpus callosum, specifically in the mid-posterior segment was associated with greater absolute differences in
HEV. We also found that HEV, determined by the CTHEV correlated with eigenvector centrality of a number of
important left-sided network nodes. Further, HEV by CTHEV correlated with 2 personality traits from the Five Factor
Model of personality.

We feel that the fact that the CTHEV correlates with brain anatomy and network centrality measures by MRI and with
psychological traits lends further support to the validity of the concept that HEV defined by DBP as a valid scientific

1'® and research'” significance. In subsequent studies we have used the CTHEV to

construct that has important clinica
guide a lateralized treatment using unilateral transcranial photobiomodulation (tPBM), near infrared mode in two double-
blinded randomized controlled trials.'*'® We have also reported that HEV, as assessed using lateralizing field glasses,

predicted response to left-sided rTMS'*!?

and that CTHEV would likely work as well. The potential importance of
guiding treatment based on HEV makes sense given the observation that individuals with more negative left hemisphere
are as likely to have histories of MDD as individuals with more negative right hemisphere. Neurosurgeons go to great
lengths to carefully localize language functions, whenever relevant, in all individuals, and psychiatrists administering
targeted neuromodulatory treatments may experience greater success using a personalized medicine approach to HEV
rather than assuming that all individuals are lateralized in the same way.

The use of the CTHEYV test on the internet might allow its use with larger populations. Repeated use of the computer
test might give an indication of the outcome of treatments, and clinically in psychotherapy it can be useful in showing
patients that their emotional perceptions may depend on which hemisphere is more dominant at a given time. In clinical
practice,'® the test has been used to show patients that while their anxiety might be very high in one visual field, it is
often low in the opposite, and this demonstration can be very helpfully integrated into psychotherapy.

The evidence presented on the correlations of the CTHEV lends further support to the psychological hypothesis and
therapeutic method articulated in Dual-Brain Psychology.”'® HEV is a more complex concept than established hypoth-
eses which propose that the right hemisphere is superior for emotional processing or that the right hemisphere processes
negative emotion or withdrawal emotions. The dual brain hypothesis suggests that each hemisphere is associated with
broad mental processes or personalities that differ in health and maturity and at the side that is healthier is a trait for an
individual but varies among individuals. This means that all negative mental properties are not associated with the right
hemisphere. This is a novel concept that comes out of the split-brain studies and Schiffer’s clinical and research work.
This present study supports the notion that individuals vary in the side of their positive HEV because our measure of
HEV shows strong anatomical and network lateralization that correlates with the individual’s HEV. A positive left
hemisphere valence is associated with a larger nucleus accumbens and hippocampus and a smaller amygdala which
seems consistent with that hemisphere’s broad positive psychological properties. Similarly, when the person has
a positive right HEV, his or her morphologic features are consistent with a positive psychological outlook, a relatively
larger right n. accumbens and hippocampus and a smaller amygdala.

The network eigenvector centrality findings indicated that a positive left HEV was associated with increased
centrality of hubs consisting of the amygdala, striatum (caudate and globus pallidus) and thalamus on the left side.
Conversely, centrality of these key hubs was reduced on the left side in individuals with negative left HEV. Interestingly,
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direct fiber stream connections between the left amygdala and the insula, subgenual cingulate, and portions of the orbital
frontal cortex were less prevalent in participants with negative left HEV. These regions are recognized as primary
amygdala connections that play an important role in facial emotion perception® and suggests that a more negative left
hemisphere may be a consequence of reduced top-down regulation. One limitation of the AAL template used is that it
does not include a node for the nucleus accumbens, which is a small region that borders the caudate nucleus and lies in
close proximity to the globus pallidus. Hence, these findings are consistent with the hypothesis that HEV is a function of
lateralized differences in volume and connectivity of key subcortical regions that play a critical role in the regulation of

0 !
6979 and negative’' affect.

positive

As predicted, we found that there was a significant positive correlation between HEV and total corpus callosum
volume with greater corpus callosum volume associated with greater right negative hemispheric valence. Further, we
found an inverse correlation between corpus callosum volume and absolute differences in hemispheric valence. One way
to interpret this is that greater corpus callosum volume should facilitate interhemispheric communication and integration,
and potentially limit the degree of disparity between the hemispheres in emotional valence. Conversely, reducing
communication may permit greater hemispheric autonomy and enable a greater degree of hemispheric emotional
disparity. Further, enhanced interhemispheric communication may support the more typical finding of greater right/non-
dominant hemisphere negativity, whereas reduced interhemispheric communication may play a role in the emergence of
a more positive and more emotionally mature right hemisphere.

One limitation of this study was that the sample size was modest and too small to support gender specific analyses of
lateralized differences. Further, the results may not be fully generalizable given the predominance of participants who
experienced moderate-to-severe exposure to childhood maltreatment. The DTI tractography analyses were limited by use
of anisotropic voxel sizes.””> Overall, these findings will need to be replicated by other groups and in more representative
samples. Longitudinal studies will also need to be conducted to ascertain when lateralized differences emerge and if they
are stable across childhood.

Conclusion

HEV as measured by this CTHEV varied markedly between participants and correlated with brain anatomical findings
including lateralized grey matter volumes, corpus callosum volumes, and measures of network centrality. These findings
strongly support one of the key premises of DBP, which is that individuals markedly differ in degree and direction of
lateralized differences in hemispheric valence.’ Further, this study identified an array of brain imaging findings that likely
play an important role in establishing these hemispheric differences given the importance of these identified subcortical

971 and the corpus callosum in hemispheric integration.”® There is potentially

structures in positive and negative affect
great value in the use of CTHEV to guide lateralized treatments such as unilateral tPBM,'*'® direct current stimulation,
and rTMS.'*"* In particular, unilateral tPBM, based on DBP principals, has been shown to be effective in trials treating
anxiety,'""'* depression,'® and opioid use disorder.'*'® Case reports have shown DBP to be a very effective adjunct to in-
depth psychotherapy for the treatment of anxiety, depression, PTSD, and addiction.®*>”> The fact that we have used
HEV clinically and experimentally for several years with consistent results hopefully will encourage other groups to

become interested in this novel finding that raises many interesting questions worthy of deep exploration.
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