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Abstract

The deleterious outcomes associated with exposure to childhood maltreatment (CM) are well
known and may be at least partially mediated by self-harm behaviors. It has been suggested that
these self-harm behaviors serve as a means of decreasing negative mood states but the effects of
CM on health outcomes may be much more sinister. A wealth of data suggest that CM may lead to
experience-dependent changes in neural circuits underlying reward processes; processes associated
with many harmful behaviors. The present study examined the relationship between a history of
CM and the microstructure of a white matter tract that may be central to reward processes. Healthy
adults (V= 122) were assessed with a diffusion tensor imaging (DTI) exam and the Childhood
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Trauma Questionnaire (CTQ). Probabilistic tractography was used to delineate the accumbofrontal
“reward” tract, connecting the orbitofrontal cortex and nucleus accumbens, and measures of white
matter microstructure were extracted. We then examined whether variation in CTQ scores were
associated with variation in the microstructure of this tract as measured by fractional anisotropy
(FA). After accounting for the effects of age and sex, the CTQ total score accounted for
approximately 6% of the variance of FA in the accumbofrontal tract (F(3, 121) = 5.74; p=.001).
Post hoc analyses indicated that the overall severity of CM, rather than a specific type of
maltreatment, drove this result. These findings indicate that CM influences white matter
microstructure in a fiber tract that is likely central to reward processes and adds to a growing
literature implicating CM in long-term health-related outcomes.

Keywords

Childhood maltreatment; CTQ; DTI; Reward; Accumbofrontal tract; Nucleus accumbens;
Orbitofrontal cortex

Introduction

Childhood maltreatment (CM) encompasses all forms of physical and/or emotional ill-
treatment, sexual abuse, neglect or exploitation that results in actual or potential harm to the
child’s health, survival, development or dignity (WHO 2006). A wealth of evidence
demonstrates that exposure to adverse childhood experiences, including CM, significantly
increases the risk for a range of poor mental health outcomes (Green et al. 2010;
McLaughlin et al. 2010). Data suggest that roughly one-third of all mental disorders
worldwide are attributable to exposure to adverse childhood experiences (Kessler et al. 2010;
McLaughlin et al. 2012) and this association is stable across prospective and retrospective
measurements (Reuben et al. 2016). However, the impact of CM is not isolated to mental
health outcomes. Indeed, CM is also recognized as a significant risk factor for a range of
poor physical health outcomes including infectious diseases, pain disorders, cancer, and
cardiovascular disease (Felitti et al. 1998).

Notably, many of the associations between CM and poor health outcomes may be at least
partially mediated by harmful behaviors such as smoking, alcohol or drug abuse, overeating,
or careless sexual behaviors (Felitti et al. 1998; Merrick et al. 2017). Although it has been
suggested that these harmful behaviors serve as a means of decreasing negative mood states
resulting from a history of CM (Dembo et al. 1992; Douglas et al. 2010), the effects of CM
on health outcomes are likely much more complicated. Indeed, a wealth of recent data
suggests that CM leads to experience-dependent changes in neural circuits and networks that
may ultimately lead to dysfunction across a range of reward-based processes (Teicher et al.
2016a); processes that underlie a broad range of harmful behaviors.

For example, childhood maltreatment has been reported to be associated with reductions in
size of the striatum (Baker et al. 2013; Dannlowski et al. 2012; Edmiston et al. 2011),
alterations in the developmental trajectory of nucleus accumbens (NAcc) volume (Whittle et
al. 2016), reduced volume and thickness of the orbitofrontal cortex (OFC) (Chaney et al.
2014; De Brito et al. 2013; Hanson et al. 2010; Hanson et al. 2015c; Kelly et al. 2013; Lim
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et al. 2018; Thomaes et al. 2010) as well as reduced connectivity of the OFC to other regions
such as the amygdala (Hanson et al. 2015c). Data derived from task-based fMRI studies also
provide consistent evidence that CM is associated with an attenuated striatal response to
anticipation and/or receipt of reward (Boecker et al. 2014; Dillon et al. 2009; Hanson et al.
2015a; Hanson et al. 2015b; Mehta et al. 2010; Takiguchi et al. 2015) and more recent data
have demonstrated that these effects may be related to the emergence of behaviors that
increase the risk for self-harm. Specifically, a recent prospective study (Birn et al. 2017)
found that relative to children who were in the lowest quartile of childhood stress exposure,
those exposed to high levels of childhood stress evidenced altered brain activation within the
reward network to a monetary incentive delay task 10 years later and this altered pattern of
brain activation was associated with real-world measures of risk-taking.

Although several white matter fiber tracts serve to connect brain regions comprising the
reward network, to our knowledge no studies have sought to examine structural connectivity
of reward regions in relation to CM. One pathway that may be of particular interest is the
connection between the OFC and the NAcc, as evidence suggests that the
neurodevelopmental trajectory of these regions is related to risk-taking behavior (Galvan et
al. 2006). Recently, Karlsgodt et al. (2015b) successfully isolated the white matter tract
connecting these regions, the accumbofrontal tract and examined its developmental
trajectory in a large cross-sectional sample ranging in age from 8 to 68 years old. This work
demonstrated that FA within this tract was highest at around the age of 14 years old
suggesting that the development of this tract may be more susceptible to early stress
exposure, including CM, than other white matter tracts which tend to peak in late
adolescence or adulthood (Peters et al. 2012). Critically, Karlsgodt et al. (2015a) also
demonstrated that the accumbofrontal tract was distinct from the uncinate fasciculus, a large
white matter tract connecting the OFC and amygdala which has previously been associated
with exposure to CM (Hanson et al. 2015c¢).

The present study sought to examine the relationship between CM and variation in the
microstructure of the accumbofrontal tract using diffusion tensor imaging (DTI), which is
often used to estimate microstructural characteristics of brain white matter in humans (Assaf
and Pasternak 2008). The most commonly used measure derived from DTI is fractional
anisotropy (FA), which provides an index of the degree of anisotropic diffusion along a fiber
tract and is presumed to reflect different characteristics of axonal microstructure like extent
of myelination or axonal size, commonly described together as white matter microstructure
or integrity (Mori and Zhang 2006). Given the extent of prior data implicating CM in the
structure and function of reward-related brain regions, in the present study we hypothesized
that the microstructure of the accumbofrontal ‘reward’ tract would be directly impacted by
the history and severity of CM in otherwise healthy adults.

The present sample is comprised of 122 healthy adult volunteers (54% male; 57% White,
27% Black, 16% Other race; Mage = 35.72 + 12.92) recruited from the general population
via word of mouth, newspaper and internet advertisements and posted flyers for an NIMH-
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funded study of subclinical psychopathology (MH086756 to PD). Full demographic details
on the sample are provided in Table 1. Participants were excluded from the study if they had
a current or past psychiatric disorder, recent illicit substance use (determined by urine
toxicology) or any disorder known to affect the brain. Approximately 6% of the healthy
participants screened for this project were excluded; most of whom either met for a past
affective disorder or tested positive for illicit substance use.

Diagnostic assessments

Participants were initially administered the Structured Clinical Interview for the DSM-1V,
Non-Patient edition (SCID-I/NP) (First et al. 1995) by Ph.D. or Master’s level
psychometricians. Information obtained from the SCID was compiled into a narrative case
summary and presented to two senior Zucker Hillside Hospital faculty. Absence of
pathology was determined by consensus after the presentation of the narrative case summary
and discussion of any relevant symptomatology.

Assessment of childhood maltreatment

To assess the history of childhood maltreatment we utilized the 28-item Childhood Trauma
Questionnaire (CTQ) (Bernstein et al. 2003). The CTQ is a Likert-type self-report
questionnaire that measures five dimensions of maltreatment during childhood including
emotional (EA), physical (PA) and sexual abuse (SA) and emotional (EN) and physical
neglect (PN). All items are rated on a 5-point frequency scale in which 1 = never true, 2 =
rarely true, 3 = sometimes true, 4 = often true, and 5 = very often true. Each subscale score
ranges from 5 (no history of abuse or neglect) to 25 (very extreme history of abuse and
neglect) and summing across all 5 subscales provides a total score, ranging from 25 to 125,
representing the severity of overall maltreatment experienced by an individual during
childhood. Additionally, a 3-item minimization/denial (M/D) score, ranging from 0 (no
minimization) to 3 (substantial minimization), is also calculated to detect a response bias
that minimizes the extent of childhood trauma experienced.

Parental socioeconomic status (PSES)

Imaging

Because childhood maltreatment may be more common in low socioeconomic status
households (Hussey et al. 2006), we also assessed parental socioeconomic status using the
Hollingshead and Redlich Two-Factor Social Position Index (Hollingshead 1975). This
index utilizes measures of parental educational attainment and occupational prestige to
estimate a social position index (SPI). SPI classifies individuals into one of five potential
classes ranging from the highest (Class 1) to lowest (Class 5) socioeconomic classes. In the
present study, we utilized the rating for the parent that produced the highest class as the
primary measure of PSES.

Image acquisition—MR imaging exams were conducted at the North Shore University
Medical Center on a General Electric 3 Tesla whole body superconducting imaging system.
A radiologist reviewed all scans for gross anatomic pathology that would preclude
participation in this study. Scans with significant artifacts were repeated. We minimized
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movement by stabilizing the head with cushions prior to scanning. Diffusion tensor imaging
(DTI) data were acquired using single shot echo planar imaging, and a double spin echo to
decrease distortions due to eddy currents, with the following parameters: repetition time =
14,000 ms, echo time = minimum, matrix = 128 x 128, field of view = 240 mm, slice
thickness = 2.5 mm, and 51 contiguous axial slices aligned to the anterior and posterior
commissures. A total of 36 DTI volumes were obtained for each subject that included 31
volumes with diffusion gradients applied along 31 non-collinear directions (b = 1000 s/
mm2) and 5 volumes without diffusion weighting. To address motion, all scans were
carefully examined by both the radiologist and the lab technician prior to conducting
standard automated corrections. Additionally, prior to calculating diffusion metrics, we
calculate head displacement for each subject, estimated as a displacement distance between
two DTI volumes; the root mean square deviation is calculated from intra-subject
registration (eddy-current and motion correction) parameters, at an r = 40 mm spherical
surface using FSL’s rmsdiff tool (http://www.fmrib.ox.ac.uk/fsl/flirt/overview.html). For
each subject, the sum of displacement distances between each consecutive pair of 31 DTI
volumes (i.e., 30 displacement distances) is computed as the total head displacement for the
subject. The distribution of total displacement distances in the sample is then examined and
any outliers are removed prior to initiating probabilistic tractography.

Diffusion tensor imaging analysis—Images were processed using the Functional
Magnetic Resonance Imaging of the Brain Software Library (FSL version 5.1; Oxford,
United Kingdom,; http://fsl.fmrib.ox.ac.uk/fsl). Eddy-current distortions and head
displacements were corrected through affine registration of the 31 diffusion volumes to the
first bO volume using FSL’s Linear Registration Tool. The b-vector table (i.e., gradient
directions) for each participant was then adjusted according to the rotation parameters of this
linear correction. Non-brain tissue was removed using FSL’s Brain Extraction Tool.
Fractional anisotropy (FA) and diffusivity measures, including axial, radial, and mean
diffusivities, were then calculated at each voxel of the brain by fitting a diffusion tensor
model to the raw diffusion data using weighted least squares in FSL’s Diffusion Toolbox. FA
was chosen as the primary measure for analysis because it has been the most widely used
measure in DTI studies. Ancillary analyses investigated axial, radial, and mean diffusivity.

Probabilistic Tractography—To segment the accumbofrontal tract (Karlsgodt et al.
2015b), within-voxel probability density functions of the principal diffusion direction were
estimated using Markov Chain Monte Carlo sampling in FSL’s BEDPOST X tool (Behrens
et al. 2003). A spatial probability density function was then estimated across voxels based on
these local probability density functions using FSL’s PROBTRACKX tool, in which 5000
samples were taken for each input voxel with a 0.2 curvature threshold, 0.5-mm step length,
and 2000 steps per sample. For each tract, seed and exclusion masks were defined on the
MNI152 T1 1-mm template. The exclusion masks included the entire contralateral
hemisphere, superior frontal regions, and regions posterior to the striatum, and the seed
masks (NAcc and OFC) were defined by Harvard-Oxford atlas. Masks were normalized to
each subjects’ diffusion space using FSL’s Linear Registration Tool (Jenkinson and Smith
2001) applying the affine parameters obtained by co-registering the first b0 volume to the
MNI152 T1 1-mm template. The resulting bilateral tracts were thresholded at a normalized
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probability value and visually inspected to confirm successful tracing in each individual
subject. The tract is illustrated in Fig. 1. Mean FA and diffusivity measures of the entire tract
was then extracted for analysis.

Statistical analysis

Results

To assess the effect of a history of childhood maltreatment on white matter microstructure
within the accumbofrontal tract, we utilized a linear regression model. We used a block-wise
approach to account for variation in age and sex (block 1), which can impact FA measures in
the accumbofrontal tract (Karlsgodt et al. 2015b), as well as parental socioeconomic status
(block 2), which is often associated with childhood maltreatment (Hussey et al. 2006).
Finally, total CTQ score was entered into the third block of the model and bilateral FA in the
accumbofrontal tract was entered as the outcome variable. To further examine the
relationship between a history of CM and microstructure of the accumbofrontal tract,
bilateral axial, radial, and mean diffusivities were independently examined using a similar
block-wise approach.

Mean scores on each CTQ subscale as well as on the total score in the present sample are
presented in Table 1. Comparison of males and females across each of the CTQ measures
did not reveal any significant sex differences (all p’s > .20) and no significant differences in
minimization/denial were observed (p = .38).

The block-wise regression analysis examining the effect of CM on FA within the
accumbofrontal tract revealed a significant negative relationship. Specifically, the first block
of the model, which included sex and age as predictors of FA was significant (F(2, 121) =
4.06; p=.02) and accounted for approximately 5% of the variance in FA (/2 = .053) with
age (B = —.26; p=.005), but not sex, significant in the model. There was no significant
change in /2 from the first to the second block of the model (F(3,120) = 0.31; p = .579)
suggesting that parental socioeconomic status did not account for any meaningful variance
in FA. The 7 change from the second to the third block was significant (F(1, 118) = 8.59; p
=.004). This block of the model, which included CTQ total score as well as all prior
predictors, was significant (F(4, 119) = 4.56; p=.002) and accounted for 11% of the
variance in accumbofrontal FA (72 = .108). The effect of age remained significant and there
was a significant effect of CTQ total score (B = —.27; p = .004). The relationship between
CTQ total score and bilateral accumbofrontal tract FA is shown in Fig. 2a. Notably, when we
examined the left and right accumbofrontal tracts separately, there was evidence of a
lateralized effect. Specifically, only the analysis examining the right accumbofrontal tract
was significant (Final Model F(4,119) = 5.89; p< .001). In this case, the results of the
analysis mirrored the results examining bilateral FA indicating that age (f = -.21; p=.02)
and CTQ total score (p = —.30; p=.001) were significant predictors of FA in the right
accumbofrontal tract. This model accounted for 14% of the variance in FA (/2 = .143). The
relationship between CTQ total score and FA in the right and left accumbofrontal tract are
shown in Fig. 2b. It should be noted that one of our participants had a severe history of CM
as indexed by a score of 76 on the CTQ, which was confirmed by clinical interview. To
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ensure that this individual was not skewing the results of our analyses, we repeated the
analyses leaving that participant out; this did not result in any substantial changes to the
results and the findings remained significant.

Post hoc analyses, which aimed to examine whether a specific dimension of childhood
maltreatment could account for the relationship between CTQ total score and FA, were
carried out using the same block-wise structure as the primary analyses except that CTQ
total score was replaced by scores on all of the subscales (emotional abuse and neglect,
physical abuse and neglect, and sexual abuse). In this analysis, the final model was
significant (F(7,119) = 3.22; p=.004), but only age was a significant predictor of FA (§ =
-.22; p=.02). Finally, to further investigate the relationship between the severity of
childhood maltreatment and white matter microstructure in the accumbofrontal tract, axial
(AD), radial (RD) and mean (MD) diffusivities were also examined. Although significant
final models were produced for both RD (F(4, 119) = 5.32; p=.001) and MD (F(4, 119) =
3.20; p=.016), only age was identified as a significant predictor in these models (RD: p
=.36; p<.001; MD: g =.29; p=.002). The model examining AD was not significant (F(4,
119) = 1.82; p=.13).

Discussion

The present findings suggest that CM contributes to variation in the microstructure of white
matter in a fiber tract connecting the NAcc and OFC, which is likely central to reward
processes. These findings may have substantial implications for elucidating how CM
contributes to risk for psychiatric disorders that are characterized by deficits in reward
processing. Critically, the sample included in the present study was comprised of healthy
adults who were, on average, well beyond the age of risk for the development of serious
mental illness and who evidenced no present or past psychiatric disorders. Thus, although
none of our participants would be expected to show the type of severe deficits in reward
processing that are typically observed in psychiatric disorders, the microstructure of the
brain in regions central to reward processing evidenced a significant impact of CM. Given
these findings, it seems likely that CM may, at least in part, contribute to vulnerability to
psychopathology by disrupting the normal trajectory of neurodevelopment in key nodes of
the reward system. Notably, this effect was not specific to a type of maltreatment but rather,
to the total severity of CM. Thus, it appears that the type of CM is not as relevant as the
overall severity of CM when seeking to elucidate the impact of CM on this fiber tract. This
is broadly consistent with prior findings suggesting a cumulative effect of environmental
stressors, including CM, on the developing brain (Anda et al. 2006; DeRosse et al. 2014).

It should be noted that when we examined the left and right accumbofrontal tract
individually, the effects we observed appeared to be driven primarily by the right tract. This
laterality is noteworthy as prior work (Clark et al. 2003) has demonstrated that relative to
patients with left frontal lesions, those with right frontal lesions were significantly more
likely to make risky decisions on the lowa Gambling Task. Thus, our findings of an
association between lower FA in the accumbofrontal tract and severity of CM, might point to
a potential mechanism for the increased risk-behavior often observed in those exposed to
maltreatment during childhood and adolescence. Although we did not directly assess reward
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processing in this sample, the role of this tract in reward processing is supported by prior
work demonstrating a significant inverse relationship between FA in a fronto-striatal tract
originating in the NAcc with probabilistic reward learning (Samanez-Larkin et al. 2012) as
well as findings that variation in frontal white matter encompassed by the accumbofrontal
tract, is negatively associated with trait-based reward sensitivity (Bjornebekk et al. 2012).
Moreover, both the NAcc and OFC are central nodes in the reward network and likely work
in concert to drive reward-related decision-making though their involvement in reward
prediction and reward valuation, respectively (Kring and Barch 2014). Finally, recent
findings derived from resting state functional MRI demonstrate that the NAcc and the OFC,
along with the ventromedial prefrontal cortex comprise a distinct system that is stable in the
brain at rest and overlaps with data derived from meta-analyses of task-based reward studies
(Huckins et al. 2019).

Although prospective measures of CM have a greater potential for elucidating the role it may
play in altering neurodevelopmental trajectories, in the present study we did not
prospectively assess CM but rather, relied on data derived from a retrospective, self-report
measure. Thus, it could be argued that healthy adults over-report CM and that the present
results are inflated by this over-reporting. However, several studies have demonstrated that
adults under-report such experiences (Shaffer et al. 2008; Williams 1994) and this is at least
partially supported by the minimization/denial scores in the present sample. Specifically,
roughly 40% of our sample showed evidence of minimization and denial (M/D score > 0).
This might suggest that the effect of CM on the microstructure of the accumbofrontal tract
detected in the present study is attenuated by under-reporting (MacDonald et al. 2016).

Moreover, the retrospective assessment used in the current study did not take into
consideration the timing of the maltreatment being reported, which may be critical for
elucidating the impact of CM on neurodevelopment. For example, data suggest that the
developmental peak of this tract occurs earlier in males relative to females and thus,
exposure to CM at any given age may differentially impact this tract in males and females.
Indeed, post-hoc examination of sex differences in the present study indicated that while the
effect of CM on FA was highly significant in males (p=.001), it was only nominally
significant in females (p = .10). Given that males may experience CM earlier than females
(Stevens et al. 2018), it seems plausible that the sex difference we observed is related to sex
differences in the timing of CM exposure. Unfortunately, the CTQ does not provide data
related to the timing of CM. However, more recent measures such as the Maltreatment and
Abuse Chronology of Exposure (MACE) Scale (Teicher and Parigger 2015) may allow for
further examination of how the timing of CM might impact the development of the
accumbofrontal tract. It should be noted that several alternative explanations may also
account for the sex difference observed. First, it is possible that the brains of males are
simply more susceptible to the effects of CM. This would be consistent with our prior
findings that a history of CM is associated with reduced hippocampus volume in males, but
not in females (Samplin et al. 2013). However, it is also possible that because females
exposed to CM are more likely to develop a psychiatric disorder (Zlotnick et al. 2008), the
sample of females in the current study is inherently biased.
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Finally, although FA is thought to index white matter microstructure, reflecting both
myelination and organization of fiber tracts that form the basis of inter-regional brain
connection (Assaf and Pasternak 2008), it is by nature an inferential measure. Nevertheless,
the present findings are consistent with data derived from a variety of brain imaging studies,
including structural as well as task-based and resting-state fMRI, demonstrating that CM
significantly impacts brain development (Teicher et al. 2016b). Thus, these findings add to a
growing literature implicating CM in altering the developmental trajectory and function of
brain regions that play a critical role in reward-related processes and may provide further
insight into the mechanism underlying the association between CM and poor health
outcomes.
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Fig. 1.
The accumbofrontal tract (group mean)
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Fig. 2.

Aéqsociation between the severity of childhood maltreatment as measured by the Childhood
Trauma Questionnaire (CTQ) and a bilateral fractional anisotropy (FA) of the
Accumbofrontal Tract and b FA of the Right (top panel) and Left (bottom panel)
Accumbofrontal Tract in 122 Healthy Adults
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Table 1

Descriptives for sample included in all analyses (V= 122; 45.90% Female)

Mean SD Range

Age 35.72 1292 18.89-68.11

PSES 2.46 1.07 1-5

Education years 15.05 215 11-20

CTQ total score 30.60 7.64 25-76
Emotional abuse 6.89 291  5-20
Physical abuse 6.12 221 5-24
Sexual abuse 5.23 111 5-12
Emotional neglect 7.92 3.45 5-19
Physical neglect 9.40 152  5-17

Minimization/Denial  0.66 1.01 0-3

SD: standard deviation; PSES:. Parental Socioeconomic Status; C7@Q: Childhood Trauma Questionnaire (Bernstein et al. 2003)
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