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Abstract

Witnessing domestic violence (WDV) is a traumatic childhood experience associated with
increased risk for depression, posttraumatic stress disorder and reduced 1Q scores. Specific affects
of WDV on brain development have not been assessed. We sought to ascertain whether WDV was
associated with abnormalities in white matter (WM) tract integrity using diffusion tensor imaging
(DTI). Twenty subjects who witnessed domestic violence (16F/ 4M, mean age 22.4+2.48 yrs) but
were not physically or sexually abused were compared to 27 healthy controls (19F/ 8M, 21.9+1.97
yrs) without exposure to trauma or Axis | and 11 disorders. DTI images were acquired with a 3T
Siemens Trio scanner. Group differences in fractional anisotropy (FA), covaried by age, gender,
parental education, perceived financial sufficiency, 1Q and degree of exposure to parental verbal
aggression were assessed using tract-based spatial statistics (TBSS), which projects FA values
onto an alignment-invariant fiber tract representation. FA values in the inferior longitudinal
fasciculus of left lateral occipital lobe were significantly lower (p<0.05 corrected for multiple
comparison) in the WDV group. FA values correlated inversely with ratings of depression,
anxiety, somatization, ‘limbic irritability’ and neuropsychological measures of processing speed.
Measures of radial but not axial diffusivity were affected suggesting alterations in myelination.
Degree of FA reduction was associated with duration of witnessing interparental verbal aggression
and with exposure between ages 7 — 13 years. The inferior longitudinal fasciculus connects
occipital and temporal cortex and is the main component of the visual-limbic pathway that
subserves emotional, learning and memory functions that are modality specific to vision. This
finding is consistent with the hypothesis that exposure to childhood maltreatment is associated
with alterations in fiber pathways that convey the adverse experience to frontal, temporal or limbic
regions.
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1. Introduction

Each year millions of children are exposed to acts of physical violence between their
parents. A nationally representative sample of dual-parent households in the USA
(McDonald et al., 2006) and a National Longitudinal Survey of Children and Youth in
Canada (Moss, 2003) both reported that 8% of children had in a given year seen violence at
home. Retrospective reports from convenience samples paint a similar picture with about
14% of US undergraduates (Henning et al., 1997) and adults in a major Health Maintenance
Organization (Edwards et al., 2003) witnessing at least one act of interparental violence
(IPV). Although many parents try to shelter their children from witnessing domestic
violence (WDV), they commonly see, hear, and intervene in these episodes (Fantuzzo et al.,
1997).

WDV is a serious form of emotional abuse. We found in a sample of 18-22 year olds that it
was associated with moderately large effects on ratings of depression, anger-hostility,
dissociation and limbic “irritability’, and with very large effect sizes when combined with
exposure to other forms of maltreatment (Teicher et al., 2006a). WDV increases risk for
depression (Nicodimos et al., 2009) and aggression (Abrahams and Jewkes, 2005; Casiano
et al., 2009) by 2-4 fold, and is one of the most common causes of childhood PTSD (Luthra
et al., 2009; Silva et al., 2000).

Several studies have shown an association between exposure to childhood abuse and
alterations in gray and white matter (see (Teicher et al., 2002; Teicher et al., 2006b) for
reviews). While half or more of maltreated children with PTSD in previous neuroimaging
studies witnessed domestic violence (e.g., (Carrion et al., 2001; De Bellis et al., 2002), it is
unclear the degree to which reported effects could be attributed to WDV versus exposure to
sexual or physical abuse.

To ascertain if there are specific effects associated with WDV we conducted a diffusion
tensor imaging (DTI) analysis of white matter (WM) tract integrity in young adults with
childhood exposure. DTI, which analyzes the restricted diffusion of water molecules,
provides a more detailed assessment of fiber tracts than conventional MRI (Catani, 2006). It
has emerged as a powerful technique for studying the role of neural connectivity in health
and disease (Catani, 2006). Stress can affect fiber tract development as corticosteroids can
suppress the final mitosis of glial cells necessary for myelination. Although long axonal
connections are established in early development, the diameter and microtubular structure of
axons continues to develop into adulthood (Keshavan et al., 2002) and postnatal experience
can affect the proportion of myelinated and unmyelinated fibers of different diameters
within a tract (Juraska and Kopcik, 1988). Corpus callosum abnormalities have been
observed in several studies of childhood abuse (Andersen et al., 2008; De Bellis et al., 1999;
De Bellis et al., 2002; Jackowski et al., 2008; Teicher et al., 2004; Teicher et al., 1997).

We recently reported alterations in fractional anisotropy (FA) in portions of the arcuate
fasciculus, cingulum bundle and fornix of young adults exposed to parental verbal
aggression — another form of emotional abuse (Choi et al., 2009). The arcuate fasciculus
interconnects Wernicke’s and Broca’s area via a relay station in premotor/ motor areas
(Bernal and Ardila, 2009) and it plays a significant role in speech comprehension (Breier et
al., 2008; Choi et al., 2009). The cingulum bundle interconnects cortical and limbic regions
and the portion affected was located in the parahippocampal gyrus and associated with
symptoms of depression, ‘limbic irritability” and dissociation (Choi et al., 2009). The fornix
interconnects hippocampus with septal area and mammillary bodies and alterations in FA in
this tract correlated with ratings of anxiety and somatization (Choi et al., 2009). These
findings fit with our hypothesis that exposure to early abuse targets corticolimbic regions
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engaged in emotional regulation as well as sensory regions and pathways involved in the
perception and emotional reaction to adverse events (Teicher et al., 2006b). A priori, we
hypothesized that eye witnessing IPV would specifically target fiber tracts involved in
processing and conveying visual information.

2. Methods
2.1 Participants

Our goal was to recruit for neuroimaging right-handed subjects 18-25 years of age from the
community who were exposed to IPV (and an equivalent number of unexposed controls) but
were not exposed to other forms of abuse or other factors that could adversely affect brain
development. Subjects were excluded who had a history of sexual abuse, parental loss,
neglect, or significant physical abuse or exposure to harsh corporal punishment, as well as
exposure to war, gang violence, motor vehicle accidents, near drowning, fires, natural
disasters or animal attacks. Subjects were also required to be free from any neurological
disease or insult, including any degree of head trauma resulting in loss of consciousness > 5
minutes or migraine headaches. 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. Subjects
were selected to have no more than minimal use of drugs and alcohol.

Maximal cutoff for degree of substance use was < 2 times per month (85% never used
drugs). Maximal degree of alcohol use was limited to drinking only on weekends, with no
history of binge drinking or drug or alcohol abuse. Subjects tested negative for drugs and
alcohol on each visit.

Potential subjects responded to advertisements with the title “Memories of Childhood”, were
briefly screened by phone, and then completed an online assessment instrument with 2342
entry fields that provide a vast array of information regarding childhood history,
development, and symptomatology. They were unaware that WDV was the focus of the
study. Data were collected on 1,271 subjects. History of exposure to physical abuse was
obtained by self-report to the question: “Have you ever been physically hurt or attacked by
someone such as a parent, another family member or friend (for example have you ever
been struck, kicked, bitten, pushed or otherwise physically hurt)?”* If so, they were asked to
provide information on their relationship to this individual, the number of times they were
hurt, age of initiation and termination of these episodes, whether the abuse received, or
should have received medical attention, and whether the abuse resulted in permanent injuries
or scars (Teicher et al., 2006a). An individual was defined as having experienced physical
abuse if they reported any episode of inflicted physical injury that received or should have
received medical treatment or resulted in permanent injury, or if they reported at least 4
episodes in which they felt that they had been attacked to a less serious degree.

Individuals were defined as having experienced sexual abuse if they responded affirmatively
to the question: ““Have you ever been forced into doing more sexually than you wanted to do
or were too young to understand? (By “sexually”” we mean being forced against your will
into contact with the sexual parts of your body or his/her body)” (Teicher et al., 2006a).
They were also asked to provide information on their relationship to this individual, number
of times they were forced, age of first and last abuse, and whether or not they felt terrified or
had their life or another person’s life threatened.

Twenty-one percent (n=272) of subjects who provided online data responded affirmatively
to the question ““have you ever witnessed serious domestic violence™, but only 5% of the
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sample (n=68) endorsed exposure to WDV in the absence of physical or sexual abuse. Thirty
of these were excluded for exposure to other forms of trauma or medical factors.

All potentially eligible subjects (n=38) were invited to the laboratory and n=32 underwent
detailed evaluation, including Structural Clinical Interviews for DSM-IV Axis | and 11
psychiatric disorders (SCID) (First et al., 1997), supplemented by the ADHD section of the
K-SADS-PL (Kaufman et al., 1996). Exposure to interfamilial violence and other forms of
maltreatment were assessed using the 100-item semi-structured Traumatic Antecedents
Interview, developed by Herman et al., (1989). This interview was designed to evaluate
reports of physical or sexual abuse, witnessing violence, physical or emotional neglect,
significant separations or losses, verbal abuse, or parental discord (Roy and Perry, 2004).
The reliability of TAI variables ranges from acceptable to excellent (median intraclass R =
0.73) (Roy and Perry, 2004). Subjects were also evaluated using the Childhood Trauma
Questionnaire (CTQ) (Bernstein et al., 1997; Bernstein et al., 1994), and both self-report and
interview versions of the Conflict-Tactic Scales (Straus et al., 1998). Certified mental health
clinicians (Ph.D. psychologists, clinical nurse specialists) conducted the assessment and
evaluation interviews. A panel of three doctoral-level psychiatric clinicians with extensive
experience treating trauma-exposed children reviewed information on potential subjects and
assignments were made by full consensus. WDV subjects were selected without regard to
psychiatric history, except for alcohol or drug abuse. Selecting subjects meeting criteria for a
specific disorder could bias results by only including the most severely affected subjects.
Conversely, selecting subjects without any psychiatric history could bias results in the
opposite direction. The intent was to recruit a balanced sample that would provide a rigorous
test of our proposed hypotheses. The Institutional Review Board of McLean Hospital
approved the study. All subjects provided written informed consent.

Twenty subjects (16F/ 4M, 22.4+2.5 years old) with a history of WDV and 27 healthy age-
equivalent controls (19F/ 8M, 21.9+2.0 years old) who met full criteria were imaged.
Subjects in the WDV group reported seeing and hearing years of intense verbal aggression
between their parents, which culminated in some years in acts of physical violence. Overall,
they reported that they witnessed (between ages 3-16) 4.4 + 2.7 (mean * S.D) years of
exposure to IP physical plus verbal aggression along with 4.8 + 4.0 years of exposure to IP
verbal aggression without physical violence, for a total exposure duration of 9.2 + 2.8 years.
Most subjects indicated that the perpetrator of the violence was the father (55%) or mother’s
boyfriend (10%). Fifteen percent indicated that mother was the perpetrator of the violence
and 10% indicated both mother and father. (Two subjects did not divulge the perpetrators
identity). Seventy-five percent endorsed that WDV incidents were ‘very’ or ‘extremely’
upsetting and 80% stated that WDV had a ‘moderate’ or ‘great’ effect on their lives.

2.2 Assessment Measures

IQ was measured by neuropsychologists using the Wechsler Adult Intelligence Scale — 111
(WAIS-III) (Wechsler, 1997). The Memory Assessment Scale (MAS) (Williams, 1991) was
used to assess short-term (STM), verbal and visuospatial memory. Ratings of dissociation,
‘limbic irritability’, depression and anxiety were obtained using the Dissociative Experience
Scale, (Bernstein and Putnam, 1986) limbic system checklist-33 (Teicher et al., 1993), and
Kellner’s Symptom Questionnaire (Kellner, 1987), respectively. These measures were
selected, a priori, as we had previously reported that they were markedly elevated in a
separate sample of young adults with a history of WDV (Teicher et al., 2006a).
Sociodemographic variables are risk factors for psychopathology. The two primary
components of socioeconomic status (SES) are parental education and income. We used
these as separate factors as opposed to combining them into a single SES score, as research
suggest that they may have more value as independent covariates (Duncan and Magnuson,
2003). Subjects were often uncertain about parental income, but were well aware of the
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degree of perceived financial sufficiency, or stress, experienced while growing up. This was
rated on a scale ranging from 1 (much less than enough money for our needs) to 5 (much
more than enough money for our needs). This measure correlated better with symptom
ratings than their estimates of parental income and was used instead as a covariate.

2.3 Image Acquisition

MRI examinations were conducted at the Brain Imaging Center. The head was stabilized
with cushions and tape to help minimize movement. Multiple diffusion-weighted images
(DWIs), with 12 encoding directions and an additional T2-weighted scan, were acquired
using a 3T Siemens Trio scanner with standard single shot, spin echo, echo planar
acquisition sequence with eddy current balanced diffusion weighting gradient pulses to
reduce distortion (Reese et al., 2003). Scan parameters were: b=1000 sec/ mm2, TE/
TR=81msec/ 5sec; matrix=128x128 on 220mmx220mm FOV; slices 5mm without gap
resulting in voxels of 1.71875x1.71875x5mm. Four magnitude averages provided sufficient
signal-to-noise ratios. Volumetric T1-weighted anatomic reference images were acquired
using an MPRAGE sequence (TE/ TR/ TI1=2.74ms/ 2.1s/ 1/ 1s; 256x256x128 martix for
1x1x1.3 mm voxels).

2.4 Image Processing and Analysis

DTI preprocessing, including skull stripping and Eddy current correction, were performed
using the FMRIB Software Library (FSL, Oxford, U.K.). A diffusion tensor model was fit to
each voxel to create fractional anisotropy (FA), radial diffusivity (RD) and axial diffusivity
(AD) images. The tract-based spatial statistics (TBSS) tool in FSL was used to calculate
tract-based differences in FA values between the WDV group and controls. TBSS is a new
approach for group difference determination that uses an anatomically-based carefully tuned
nonlinear registration procedure to project results onto an alignment-invariant tract
representation (the “mean FA skeleton”) for voxelwise analysis of multi-subject diffusion
data (Smith et al., 2006). TBSS computes a group mean FA skeleton, which represents the
centers of all fiber bundles that are common to the subjects involved in the study (Smith et
al., 2006). Each subject’s aligned FA image was projected onto the skeleton, by filling the
skeleton with FA values from the nearest relevant tract center. Group-based skeletonized FA
maps were used for statistical analysis, applying a General Linear Model covariate analysis.
Requisite significance was set, a priori, to detect voxel clusters in which group differences
corrected for multiple comparisons were significant at P<0.05. Analyses were also
conducted assessing group differences in axial and radial diffusivity focusing on regions of
interest identified by the FA maps. Studies suggest that alterations in radial diffusivity but
not axial diffusivity result from effects on myelin rather than axon numbers (Brubaker et al.,
2009; Song et al., 2002).

2.5 Statistical Analyses

Data analyses were conducted using R (R Development Core Team, 2010). Differences
between groups were evaluated using analysis of covariance. Exploratory correlation
analyses assessed whether regional differences in FA could potentially account for a
significant portion of the variance in pre-specified symptom ratings. Similarly, exploratory
correlation analyses were performed for possible associations between FA in identified
regions and neurocognitive measures on the WAIS-I11 (Wechsler, 1997). We hypothesized
that since WDV has been associated with reduced 1Q scores in childhood (Koenen et al.,
2003) and infancy (Delaney-Black et al., 2002), that there may be correlations between
WAIS-I1I index scores and white matter tract integrity in subjects exposed to WDV. Both
cases and controls were included in the primary analyses, as we were interested in assessing
potential functional correlates of these delineated WM segments in the general population,
not just in subjects with WDV. Examining correlations in only one group, as sometimes
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advocated, restricts the range of the independent variable and can significantly bias results.
Range restrictions deflate correlation coefficients if they reduce the standard deviation of the
distribution of scores on one or both variables, and inflate r values if they increase the
standard deviation, and should be avoided when possible (Russo, 2003). Further, the size of
the full sample provided sufficient power (0.8) to detect medium size effects (r~0.4).
Analysis of the individuals groups only provided sufficient power (0.8) to reliably detect
large effects (r~0.6).

Spearman rank order correlations, partialling out effects of gender, were used to assess the
degree of relationship between clinical variables and FA, as rating scale scores were not
normally distributed (Kolmogrov-Smirnov and Shapiro-Wilk normality tests). Within group
analyses were calculated for variables that showed a significant relationship with FA in the
entire subject pool to determine if the regressive relationship applied more to one group than
the other.

We assessed the effects of WDV at different ages using random forest regression (R
package random Forest 4.5-34). This is a new analytic procedure, developed by Breiman
(2001) as an extension of the decision tree approach. It is a form of “ensemble learning” in
which a large number of unpruned decision trees are generated and their results aggregated.
The random part comes in as each tree is constructed using a different bootstrap sample of
the data, and each node is split using the best among a subset of predictors randomly chosen
at that node. As Liaw and Wiener indicate (2002) this somewhat counterintuitive strategy
performs very well compared to many other classifiers, including discriminant analysis,
logistic regression, support vector machines and neural networks, and is robust against
overfitting (Breiman, 2001). Advantages of random forest regression include: (1) very high
classification accuracy; (2) a novel method of determining variable importance; and (3) no
restrictions regarding the distribution and scaling properties of the data (Cutler et al., 2007).
It is primarily use is in data mining and in genomic analysis, such as microarray studies. We
coded each subjects exposure to IPV from ages 3 — 16, with 0 for no exposure in a given
year, 1 for witnessing intense verbal aggression between their parental figures that year, and
2 for witnessing both intense verbal aggression and physical violence between their parental
figures. Based on this information random forest regression analysis calculated the percent
of variance in FA that could be explained by exposure across these ages, and determined the
importance of exposure at each age. This was assessed by calculating the percent increase in
mean square error following permutation of a variable. In other words, how much was the
overall fit degraded by eliminating the contribution of a given age to the regression.

2.6 Tract-tracing

Detailed Tractography was performed in representative WDV and control subjects using
MedINRIA (Medical Image Navigation and Research Tool by INRIA;
http://www.sop.inria.fr/asclepios/software/~MedINRIA/) to better localize regions of
statistically significant differences (determined by TBSS) along the likely pathways
identified by probabilistic tract tracing. Regions of interest were selected on the directionally
encoded tensor maps similar to the methods described by Vernooij et al. (2007) and Concha
et al. (2005). Minimum fiber length was set to 5 mm and the smoothness of reconstructed
fiber to 20. Other parameters for fiber tracking used MedINRIA default values. Tracking of
fibers terminated when FA fell below a threshold of 0.18.
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3. Results

3.1 Demographics and clinical measures

As indicated in Table I, the two groups did not significantly differ in age, gender ratio, years
of education, and degree of drug or alcohol use. Subjects in these two groups also had nearly
identical mean performance scores on memory tests. There was about a four-point difference
between groups in 1Q measures, which were not significant. However, there were significant
differences between groups in parental education, perceived financial sufficiency and degree
of exposure to parental verbal aggression. Parents of subjects in the WDV group had, on
average, 1.7 fewer years of education. None of the subjects in the control group indicated
that they came from families with less than enough money to meet their needs, while this
was reported by 40% of the subjects in the WDV group. Similarly, none of the subjects in
the control group were exposed to levels of parental verbal aggression previously identified
as abusive (Teicher et al., 2006a), but 55% of subjects in the WDV group reported this
degree of exposure. Hence, neuroimaging analyses were adjusted to control for differences
in parental education, financial sufficiency and degree of exposure to parental verbal
aggression. Parameters with standardized difference scores > 0.1 can also serve as potential
confounding factors in cohort studies (Mamdani et al., 2005), so gender, age and full-scale
IQ (which encompasses all of the WAIS-I11 measures) were included as additional
covariates.

Subjects in the WDV group had increased ratings of anxiety, depression, somatization,
anger-hostility, dissociation and ‘limbic irritability’. These differences were associated with
large effect sizes. Twelve subjects in the WDV group meet DSM-IV criteria for one or more
disorders. There were 8 subjects who met criteria for past history of major depression. Four
were in remission. The remainder had recurrent episodes of depression and/ or dysthymia.
Two subjects met current criteria for PTSD, 2 met for generalized anxiety disorder, and 2 for
social phobia. One subject had ADHD, and two had a past history of eating disorders.

3.2 Neuroimaging measures

TBSS revealed one region of significantly reduced FA in the WDV group. This region was
located in the left lateral occipital lobe and was characterized by a 13.2% reduction in FA (p
< 0.05 corrected for multiple comparison, cluster size= 58, centered at MNI x=-2, y=-79,
z=11) (Figure 1). Tract tracing identified this region as a portion of the inferior longitudinal
fasciculus (ILF). The course of this fiber tract, extending from the left occipital cortex to the
left temporal lobe, and passing through the identified region of reduced FA is illustrated in
Figure 2.

ANCOVA analyses indicated that FA in this region was markedly affected by exposure to
IPV (F = 13.42, df = 1,39, P < 0.001) with gender (F = 6.6, df = 1,39, P < 0.02) as the only
significant covariate (all other P values > 0.3). Within this region of reduced FA there was
an 18.7% increase in radial diffusivity (F = 4.56, df = 1,38, P < 0.04), but only a non-
significant 8.3% increase in axial diffusivity (F = 2.97, df = 1, 38, P < 0.10).

FA in this portion of the ILF appeared to be associated with both the duration and timing of
exposure. The strongest association was between FA and duration of exposure to IP verbal
aggression unaccompanied by physical violence (Figure 3). Across all subjects there was a
Spearman rank order correlation (rs) of —0.557 (P < 0.0001), and a correlation rg = —0.670
(P < 0.002) for subjects in the WDV group. FA values in subjects with lengthy exposure to
IP verbal aggression and only brief exposure to IP physical plus verbal aggression were
more significantly affected than FA values in subjects with lengthy exposure to IP physical
plus verbal aggression and correspondingly brief exposure to IP verbal aggression alone.
This is illustrated in Figure 4 in which subjects in the WDV group were categorized into
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those with longer durations of exposure to IP verbal aggression alone than IP physical plus
verbal aggression (IP verbal > physical, n=10) and the opposite (IP physical > verbal, n=9).
(One subject could not be assigned because the history they provided was insufficiently
detailed). There was a significant main effect of subgroup (F = 10.42, df =2, 39, P <
0.0002). Average FA values were not significantly lower in subjects with IP physical >
verbal than controls (TukeyHSD = -266.4, P > 0.3). In contrast, subjects with IP verbal >
physical had much lower FA values than controls (TukeyHSD = -850.1, P = 0.0001) and
lower FA values than subjects with IP physical > verbal (TukeyHSD = -583.6, P < 0.05).
There was no difference between IP verbal > physical and IP physical > verbal subgroups in
their total duration of exposure to IP aggression (F = 0.84, df = 1, 17, P > 0.3). On average
subjects in the IP verbal > physical subgroup experience 7.6+3.3 years of exposure to IP
verbal aggression alone and 2.2+1.9 years exposure to IP physical plus verbal aggression. In
contrast, subjects in the IP physical > verbal subgroup experienced 1.8+1.8 years of
exposure to IP verbal aggression alone and 6.8+3.3 years of IP physical plus verbal
aggression.

Random forest regression (20,000 trees, 4 variables tried per split) indicated that age of
exposure accounted for 18.7% of the variance in FA measures in this portion of the ILF. As
illustrated in Figure 5 there were marked apparent differences between ages in their relative
importance. Ages 13, 12, 9 and 11 contributed most strongly to the fit. Overall, it appeared
that the ILF was most susceptible to exposure to IP aggression from ages 7-13.

As indicated in Table Il there were significant rank order correlations between FA in ILF
and ratings of somatization, depression, anger-hostility, limbic irritability, anxiety and
dissociation. Correlations between FA and psychiatric symptom rating were stronger in the
WDV group than controls (e.g., depression: WDV group rg = -0.445, p < 0.05, controls rg =
-0.113; anger-hostility: WDV group rs = -0.418, p < 0.06, controls rg = -0.098). There was
also a significant correlation between FA in this ROI and the processing speed index, which
was stronger in the controls (rs = 0.513, p < 0.01) than in WDV group (rs = 0.007). No other
index or quotient on the WAIS-I1I correlated significantly with FA in this region.

One concern in examining the potential effects of exposure to WDV is that WDV may be
due to parental mental illness, and differences observed may be more a consequence of
heredity than exposure. To test this possibility we reexamined the association covarying for
history of maternal and paternal mental illness. Scores of zero were given for no history, 1
for a definite history and 0.5 for a possible history. Two-thirds of controls indicated that
neither parent had a definite or possible history of mental illness versus only 20% of WDV
subjects (x- = 11.61, df = 4, p = 0.02). Group differences remained significant after this
adjustment (F = 14.97 df = 1,37, P = 0.0004), suggesting that the association between
exposure to WDV and reduced regional FA, was not simply an artifact of parental mental
illness.

Another possible concern is whether alterations in FA in the ILF were not actually related to
WDV but to the subject’s symptoms. To address this issue an ANCOVA analysis was
conducted controlling for all reported symptoms. The only symptom that emerged as a
significant covariate was depression ratings (all other p values > 0.5). Group differences
remained significant (F = 5.84, df = 1,43, p < 0.02) even after controlling for depression
scores and gender.

4. DISCUSSION

We provide the first evidence demonstrating an association between WDV and regional
development of white matter tracts. Specifically, WDV was associated with reduced FA and
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increased radial diffusivity in a portion of the left ILF. The ILF arises in extrastriate visual
‘association’ areas and projects to lateral and medial anterior temporal regions (Catani et al.,
2003). This pathway appears to mediate the fast transfer of visual signals to anterior
temporal regions and neuromodulatory back - projections from the amygdala to early visual
areas (Catani et al., 2003). The ILF is a key component of the visual limbic pathway that
subserves emotional, learning and memory functions that a re modality specific to vision.
Clinical syndromes associated with ILF lesions include visual agnosia (inability to recognize
objects or persons), prosopagnosia (inability to recognize faces), and impaired recent visual
memory (Tusa and Ungerleider, 1985).

DTI studies have reported correlations between reduced FA in portions of the ILF and
impairments of higher visuoperceptual functions (Rudrauf et al., 2008) including object and
picture naming (Mandonnet et al., 2009; Shinoura et al.), dyslexia (Rollins et al., 2009;
Steinbrink et al., 2008) and alexia (Epelbaum et al., 2008). Turken et al (2008) reported that
FA in the left ILF specifically correlated with processing speed on the WISC-III. Our
current finding that FA in the identified portion of the left ILF correlated with processing
speed on the WAIS-I1I helps to confirm this observation. Hence, it is likely that the left ILF
plays an important role in focusing attention and quickly scanning, discriminating between,
and sequentially ordering visual information.

We found it surprising that WDV was specifically associated with reduced FA in left but not
right ILF. We had hypothesized that WDV might target right hemisphere pathways based on
the notion that WDV was primarily a visual event. One thing however that we learned in
interviewing these subjects was that WDV has a strong auditory component, and that the
worst episodes were perceived in a multimodal manner. Hence, the left ILF may have been
affected as it also plays a role in language processing (Mandonnet et al., 2007).

Perhaps even more germane is the observation by Pourtois et al (2005) that while fearful
facial expressions alone activate the right amygdala the combined presentation of fearful
facial expressions and fearful voices specifically activates the left medial temporal gyrus
(Pourtois et al., 2005). Similarly, Ethofer et al (2006) reported that subjects rated fearful and
neutral facial expressions as more fearful when accompanied by a fearful voice, and that this
shift in ratings of facial expression by a fearful voice correlated with hemodynamic response
in the left amygdala and periamygdaloid cortex (Ethofer et al., 2006). Together, these
findings suggest that crossmodal effects on the cognitive assessment of emotional valence
are mediated via a convergence region situated in the left temporal cortex. Hence, in
hindsight it seems reasonable that combined exposure to fearful facial expressions plus
fearful voices may have overactivated portions of the left ILF and led, either through
damage or compensatory down regulation, to suppressed development of this pathway. It is
possible that reduced FA in this region may have had the beneficial effect of decreasing their
stress or fear from seeing and hearing IPV. The price of this ‘adaptation’ however may be a
reduction in visual processing speed (Turken et al., 2008), and an increased risk for dyslexia
(Delaney-Black et al., 2002 Rollins et al., 2009; Steinbrink et al., 2008). There may also be
significant psychiatric consequences, as seen in this sample.

FA in the identified portion of the left ILF correlated with ratings of anger-hostility, ‘limbic
irritability’, depression, anxiety, dissociation and somatization, particularly in the WDV
group. It is conceivable that affecting FA in the left ILF leads to an unbalanced right greater
than left-sided limbic response to visual stimuli. In many individuals the right hemisphere
appears specialized to have more emotional, particularly negative emotional responses to
stimuli (Schiffer et al., 2007). We suspect that an imbalance between the integrity of the left
and right ILF may predispose individuals to interpret relatively neutral stimuli in a more
negative way, which may increase their vulnerability to psychopathology. Most of the
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subjects with WDV in this study were also exposed to parental verbal abuse. Although we
controlled for this variable statistically, it is possible that alterations in arcuate fasciculus,
fornix and cingulum bundle, seen in subjects exposed to parental verbal abuse (Choi et al.,
2009), contributed to the neurocognitive and emotional difficulties observed in WDV
subjects.

Results from random forest regression suggest that this portion of the left ILF was most
susceptible to WDV between 7-13 years of age. Random forest regression is a relatively new
technique with strengths and weaknesses that are not fully known. It may inflate prediction
errors with certain data sets and provide good but not necessarily precise performance
parameters in others. Nevertheless, the ages indicated as most susceptible by random forest
regression coincided with the development of this pathway. FA in the left ILF was reported
to increase with age between 6 — 17 years (Eluvathingal et al., 2007). However, no
differences were reported in FA in the ILF between adolescence (14-21) and adulthood
(22-64) (Schneiderman et al., 2007), suggesting that FA plateaus in early adolescence.
Indeed, it appears from a graph presented in Hasan et al. (2010) that development of FA in
left ILF plateaus at about 15 years of age. Hence, ages 7-13 may be a particularly vulnerable
time period when FA values in this pathway are rapidly changing due to myelination. We
have previously reported that there are sensitive periods when gray and white matter
structures are most susceptible to exposure to childhood sexual abuse, and these sensitive
periods tend to correspond to times of rapid developmental change (Andersen et al., 2008).

The finding that FA in the identified portion of the left ILF correlated with the duration of
seeing and hearing intense interparental verbal arguments but not actual bouts of physical
violence was interesting and unexpected. Blumenthal and colleagues (1998) had previously
reported in college-age individuals that degree of exposure to interparental verbal aggression
was a stronger predictor of psychiatric symptomatology than exposure to interparental
violence. It may be the case that parents tried harder to protect children from seeing episodes
likely to turn violent but had less concern about their witnessing non-physical
confrontations. It may also be he case that the most powerful visual features were hurt and
enraged facial expressions rather than actual blows. Acts of violence also tended to bring
about a quick change in the confrontation. Sometimes the perpetrator would stop and
apologize. In other cases one of the parties might leave, ending the immediate confrontation,
and in some instances the police were called. Purely verbal fights could persist producing
unabated feeling of stress and uncertainty. Subjects in the physical > verbal subgroup
indicated that they were more upset by these episodes than subjects in the verbal > physical
subgroup (0-5 scale, 4.7+£0.5 vs. 4.1+0.5, F = 7.25, df = 1,17, p = 0.015), but both subgroups
indicated that the impact of these events on their lives were equally profound (F = 0.20, df =
1,17, p > 0.6). We wonder if the ILF is also affected in subjects who only experienced
intense verbal confrontations between parents in the absence of any interparental physical
violence. Although the definition of domestic or intimate partner violence includes
emotional, economic and sexual abuse, society tends to focus on the physical battery.

Herting et al., (2010) recently reported a reduction in FA in the left ILF and right optic
radiation in children 11-15 years of age with family histories of alcoholism. Alcohol abuse is
one of if not the leading risk factor for domestic violence (Kyriacou et al., 1999), and may
have contributed to their finding, though they provided no data on WDV.

TBSS did not show evidence for FA reduction in the arcuate fasiculus, cingulum bundle, or
fornix — tracts we identified as affected in a separate group of subjects who were exposed to
parental verbal abuse but not IPV (Choi et al., 2009). This was expected as we considered
degree of exposure to parental verbal aggression to be a nuisance factor in the present study
and controlled for it in the analyses. There was also no evidence for FA differences in
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corpus callosum in this sample though we, and others, have consistently identified corpus
callosum abnormalities in maltreated children using conventional MRI (Andersen et al.,
2008; De Bellis et al., 1999; De Bellis et al., 2002; Teicher et al., 2004; Teicher et al., 1997)
or DTI (Jackowski et al., 2008; Teicher et al., 2010). It is our impression that corpus
callosum abnormalities are predominant in samples that contain subjects exposed to multiple
different types of maltreatment, but may be overshadowed by alterations in more modality
specific pathways in subjects exposed to only a single type of maltreatment.

This paper focused exclusively on fiber-tract differences associated with WDV. Differences
in gray matter volume (GMV) and cortical thickness will be presented in a separate paper.
Consistent with the present findings there were GMV differences in primary and secondary
visual cortex, inferior temporal gyrus, parahippocampal gyrus, posterior cingulate and
insula. Alterations in these regions may also contribute to observed clinical differences
between WDV subjects and healthy controls. However, not all individuals exposed to WDV
experience psychiatric difficulties — some appear to be remarkably resilient. Three factors
may be of particular importance. First, polymorphisms such as the VVal66Met substitution in
brain-derived neurotrophic factor may influence susceptibility to both the clinical and
neurobiological consequences of early-life stress (Gatt et al., 2009). Second, there may be,
as this study suggests, sensitive periods when brain regions or fiber-tracts are maximally
susceptible to early stress (Andersen and Teicher, 2008; Andersen et al., 2008). Exposure
outside these ‘windows of vulnerability’ may be far less consequential. Third, there is
probably an array of protective factors that may either occur prior to exposure to inoculate
individuals against subsequent stressors, or occur following exposure to help rescue
individuals (Kaufman et al., 2004).

The study is limited by the modest sample size, and by group differences in
sociodemographic factors that were adjusted for. However, more definitive conclusions will
require samples that are matched for sociodemographic factors (De Bellis et al., 2002). It is
also limited by reliance on retrospective self-report. Some critics have raised concern about
recall bias, suggesting that subjects who are currently in emotional distress will describe
their childhood as more stressful or abusive (Pope and Hudson, 1995). Others have raised
concerns about false or ‘recovered * memories (Allen, 1995). Based on these criticisms one
might expect a high false positive rate for adult reports of childhood abuse. The opposite is
actually the case (Williams, 1994). For example, Shaffer et al (2008) reported in a group of
subjects assessed both prospectively and retrospectively that subjects often minimize their
degree of exposure on retrospective report. Individuals reporting abuse retrospectively were
those who typically endured the most severe abuse on prospective assessment. This fits with
other studies showing that adult reports of abuse are verifiable (Chu et al., 1999). As an
added layer of protection we solicited information regarding exposure to myriad forms of
adversity along with a host of positive experiences, without informing candidates what
specific experiences we were studying and what our enrollment criteria were. Our sample
consisted of individuals reporting WDV but who denied experiencing a host of other
stressful childhood experiences. These were not individuals who simply rated their
childhoods as more stressful. The self-reported incidence of exposure to WDV in our
screened sample was similar to previously published exposure rates (Edwards et al., 2003;
Henning et al., 1997; McDonald et al., 2006; Moss, 2003).

Results from this study should be applicable to subjects exposed to IPV with or without
exposure to other forms of emotional abuse such as parental verbal aggression. Subjects who
witnessed IPV but also endured physical or sexual abuse might be expected to have
additional neurobiological abnormalities (Carrion et al., 2001; De Bellis et al., 1999; De
Bellis et al., 2002; Hanson et al., 2010). This study provides support for our hypothesis that
exposure to early abuse targets corticolimbic regions or pathways engaged in emotional
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regulation as well as sensory regions and pathways mediating the perception of adverse
events (Teicher et al., 2006b). The present findings also provide a potential mechanism to
help explain some of the psychiatric and neurocognitive symptoms reported in children,
adolescents and adults who have witnessed IPV.
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Figure 1.

Coronal, sagittal and axial location of white matter tract region (shown in red, centered at
x=-2, y=-79, z=11) that differed most significantly in fractional anisotropy (FA) between
subjects with history of witnessing domestic violence and healthy controls. Green shows the
mean FA skeleton (which represents the centers of white matter fiber bundles that are
common to the subjects involved in this study). The background images are MNI152
templates.
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Figure 2.

Detailed tractography of left inferior longitudinal fasciculus fibers in a representative subject
color coded by fiber direction. Yellow region marks segment of the pathway delineated by
tract-based spatial statistics as having significantly lower FA in subjects who witnessed
domestic violence versus controls.

Neuroimage. Author manuscript; available in PMC 2013 January 16.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 20

@ controls (mean)
e |PV subjects

5500 -

5000 -

4500 -

Fractional Anisotropy (x10,000)

S
o
o
o
|
[ ]

3500 - i
| | | | | 1
0 2 4 6 8 10
Duration Intraparental Verbal Aggression (years)

Figure 3.

Scatter plot showing the relationship between years of exposure to interparental verbal
aggression (unaccompanied by physical violence) and fractional anisotropy in the inferior
longitudinal fasciculus. Blue line and confidence limits fit by natural spline with 2 degrees
of freedom. IPV = interparental violence.
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Figure 4.

Boxplot showing differences in fractional anisotropy in the inferior longitudinal fasciculus
between healthy controls, subjects exposed to more years of interparental physical plus
verbal aggression than interparental verbal aggression alone (Physical>Verbal), and subjects
exposed to more years of interparental verbal aggression than interparental physical plus
verbal aggression (Verbal>Physical).
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Figure 5.

Results from random forest regression showing the importance of witnessing domestic
violence at different ages on fractional anisotropy in the left inferior longitudinal fasciculus.
The importance of exposure at a given age is indicated by the extent to which the mean
square error of the overall fit is increased by eliminating the contribution of exposure at that
age to the overall regression.

Neuroimage. Author manuscript; available in PMC 2013 January 16.



Page 23

Choi et al.

8.0 100 69'9 (ze)9s (€2 ¢e grefnsoy-sabuy
260 1000 68'TT (99) g2 (9g) 8¢ qeUoNezIeWos
16°0 2000 Z9°01 v (re)se grguotssaideg
880 £00°0 8101 (o) v'8 (Ge) sy grelienxuy
alreuuonsan® woydwAs Jaujjay
9€'0 20 T (T'21) §°'80T (9'91) 6'€TT Xapu| paads Bulssaoold
620 €0 260 (z'sT) §'60T (T'91) TH1T xapu| A1owdA Buryiopm
110 L0 €10 (on)eLTT (69'6) 8'8TT xapu| uoieziuebio [enidadiad
v2'0 7’0 €9°0 (81'6) v'€2T (8'2T) 92T Xapu] uolsuayaidwod [eglap
€0 €0 00T (L'11) 8'6TT (8'1T) §°€CT Ol 8]eds [In4
€20 S0 €50 (8€T) vv1T (86) 0'LTT Ol 8duewIO}ad
8€'0 20 eS§T (0TT) T'T2T (T'v1) 0'92T [e]JELIEVN
9|eds wucw@___wuc_ NPy J38ISYIs\
100 0T ¥000°0 (e01) vv1T (8'8) G¥TT Atowaw [ego|o
600 80 800 (9'01) 6'0TT (6'6) 0°0TT Kiowaw fensip
0T'0 L0 vT°0 (7'21) 6'€TT (6'€T) §'GTT Kiowsw regsap
700 60 200 (0971) £'50T (z'v1) 8'50T Alowsw wisl-uoys
8]9S JUBWISSaSSY AJoWa
200 01 £0000°0 (902) 0¥1 (1'ge) 91 gre(UpuoW/S{ULIp) 35N 04|
100 90 £2°0 r0) vT°0 1r0) 1o qe(UuowysAep) asn brua
700 80 200 (8T)€VT (ST EPT (sreaf) uorreanp3 108lgns
kA 50T [ZR0 (9'72) 0°'6€ (VR 7% 81005 3sNqV [BQUIA [Eludled
GZ'T 50T 8.8¢ (20) L2 (L0)8¢€ AKouaroiyns [eroueul panadald
99°0 €00 s (827)G¥T e zot (sreak) uoneanp3 [elussed
62°0 €0 160 (s2)1ee (6T v'TC (s1eak) aby
170 250  ‘Jaysi4 H49T/NY 46T/IN8 (sarewa/saleN) 4opusD
90UaJayI pazipdepuels  anjeA-d  (JBYlo ‘eAouy)  (Q'S) UBAW BIUBJOIA I1ISAWOQ SSBUNAN - ('Q’S) ueaw sjoJiuod So1Is1ILloRIRYD
Sonsnels

'sdnoJf aous|oIA Jop Bulssaulim pue [0J1U0d Jo sBules aLIeIYdASd pue aAlIuBo0INaU ‘Sa1IsLIa)deeyd dlydeibowaq
| 3|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2013 January 16.




Page 24

Choi et al.

4% ¢000°0 [4\A

8T'T v0T JA X4

(e'sT) S'v2 (€2) 66

(61T

(onzy

Japuah
P q

‘abe
]

1oy pasnlpy
gqeAngenr g

grelone1oossia

80uUaJaylg pazipdepuels  anjea-d  (Uaylo ‘erouy)  (Q'S) UeBW BIUBJOIA dnsawoq SSBUNA  (‘d’S) ueaw $]0J3u0D

sonsiels

NIH-PA Author Manuscript

NIH-PA Author Manuscript

sonsLIgloRIRYD

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2013 January 16.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Choi et al.

Relationship between FA in portion of the inferior longitudinal fasciculus and psychiatric ratings and

nerocognitive measures.

*

Measure re p value
Dissociation -0.305 0.03
Limbic Irritability’ -0.411  0.003
Anxiety -0.343 0.02
Depression -0.424  0.002
Somatization -0.451  0.001
Anger-hostility -0.383  0.006
Short Term Memory 0.037 0.8
Verbal Memory 0.131 0.4
Visual Memory -0.114 0.5
Global Memory 0.004 0.98
Verbal 1Q 0.218 0.2
Performance 1Q 0.230 0.1
Full Scale IQ 0.227 0.1
Verbal Comprehension Index 0.224 0.1
Perceptual Organization Index  0.127 04
Working Memory Index 0.137 0.4
Processing Speed Index 0.356 0.02

Table Il

*
Spearman rank order correlation with effect of gender partialled out
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