1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuroimage. Author manuscript; available in PMC 2021 February 01.

-, HHS Public Access
«

Published in final edited form as:
Neuroimage. 2021 February 01; 226: 117598. doi:10.1016/j.neuroimage.2020.117598.

Sex Differences in Pubertal Associations with Fronto-accumbal
White Matter Morphometry: Implications for Understanding
Sensitivity to Reward and Punishment

Rajpreet Chahal, Ph.D.2, Kristen Delevich, Ph.D.P, Jaclyn S. Kirshenbaum, BA2, Lauren R.
Borchers, B.A.2, Tiffany C. Ho, Ph.D.¢, lan H. Gotlib, Ph.D.2

aDepartment of Psychology, Stanford University, 450 Jane Stanford Way, Stanford, CA 94305
bHelen Wills Neuroscience Institute, University of California, Berkeley, CA

¢Department of Psychiatry and Weill Institute for Neurosciences, University of California, San
Francisco, CA

Abstract

Researchers have reported sex-differentiated maturation of white matter (WM) during puberty. It is
not clear, however, whether such distinctions contribute to documented sex differences in
sensitivity to reward and punishment during adolescence. Given the role of the orbitofrontal cortex
(OFC) and nucleus accumbens (NAcc) in reward and punishment-related behaviors, we tested in a
cross-sectional study whether males and females (A=156, 89 females; ages 9-14 years) differ in
the association between pubertal stage and fixel-based morphometry of WM fibers connecting the
OFC and NAcc (i.e., the fronto-accumbal tract). Further, we examined whether males and females
differ in associations between fronto-accumbal WM measures and self-reported sensitivity to
reward and punishment. Pubertal stage was positively associated with fronto-accumbal fiber
density and cross-section (FDC) in males, but not in females. Consistent with previous reports,
males reported higher reward sensitivity than did females, although fronto-accumbal combined
FDC was not related to reward sensitivity in either sex. Meanwhile, only males showed a negative
association between fronto-accumbal tract FDC and sensitivity to punishment. Follow-up analyses
revealed that fiber cross-section, but not density, was related to pubertal stage and punishment
sensitivity in males, as well as to reward sensitivity in all participants. Our findings suggest there
are sex differences in puberty-related maturation of the fronto-accumbal tract, and this tract is
related to lower punishment sensitivity in adolescent males compared to females.
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1. Introduction

Puberty marks the beginning of adolescence — the transition between childhood and
adulthood that is associated with profound changes in brain structure and function
(Goddings et al., 2019; Spear, 2000). Sex differences in aspects of social motivation also
become more pronounced during puberty (Defoe et al., 2020; Harden et al., 2018), including
sensitivity to reward (i.e., the influence of reward-related stimuli on motivating behaviors),
and punishment (i.e., the influence of punishment-related stimuli on avoidance). Although,
on average, adolescents show puberty-related increases in reward sensitivity (Harden et al.,
2018) and decreases in avoidance (Colder et al., 2013; Ernst, 2014), researchers have noted
sex differences in the magnitude and direction of these changes. Specifically, males exhibit
greater increases in reward sensitivity across adolescence than do females (Harden et al.,
2018; Shulman et al., 2015); conversely, females exhibit consistently higher punishment
sensitivity than do males throughout adolescence (Pagliaccio et al., 2016), which may be
attributed to a female-specific positive association between threat sensitivity and pubertal
development (UroSevic et al., 2014).

Data suggest that developmental changes in reward and punishment sensitivity are related to
the structural and functional maturation of key neural circuits involved in reward processing,
such as those connecting the nucleus accumbens (NAcc) and orbitofrontal cortex (OFC).
Indeed, during adolescence, enhanced reward sensitivity is accompanied by corresponding
increases in activation of the NAcc (Ernst et al., 2005; Galvan et al., 2006; Van Leijenhorst
et al., 2010), which receives convergent inputs from multiple cortical regions, including the
OFC (David, 2009; Haber and Knutson, 2010). Whereas the OFC in general is implicated in
value representation, outcome evaluation, and salience processing (Rothkirch et al., 2012;
Wallis, 2007), the lateral OFC has been implicated in inhibiting responses, when necessary,
to previously rewarded stimuli (e.g., risky behaviors), and the medial OFC has been shown
to play a role in monitoring and updating reward representations (e.g., learning to associate a
previously non-rewarded stimulus with reward) (Elliott et al., 2000). In addition to their
responsiveness to monetary reward and punishment (O’Doherty et al., 2001; Shigemune et
al., 2014), the OFC and NAcc have also been implicated in human motivation for obtaining
social reward (e.g., praise from others) and avoiding social punishment (e.g., disapproval
from others) (Kohls et al., 2013). The roles of the OFC and NAcc in bivalent encoding of
both aversive and appetitive motivation for social cues is especially important to understand
during adolescence, a period of heightened sensitivity to social stimuli that is related to both
adaptive changes (e.g., positive risk-taking and maturation of cognitive control via
reinforcement learning) (Davidow et al., 2016; DePasque and Galvan, 2017; Telzer, 2016)
and the emergence of potentially maladaptive behaviors (e.g., impulsivity and negative risk-
taking behaviors in the context of peers) (Chein et al., 2011; Colder et al., 2013).
Developmental changes in top-down corticostriatal projections may underlie changes in
NAcc activation during the processing of reward and punishment throughout adolescence
(Galvan, Delevich, Wilbrecht 2020; Larsen et al., 2018). Studies examining subcortical
volume have shown that longitudinal increases in sensitivity to reward are predicted by OFC
and NAcc volume in adolescent boys and girls (UroSevic et al., 2012). However, pubertal
stage has been shown to be correlated with NAcc volume positively in boys, but negatively
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in girls (UroSevic¢ et al., 2014), suggesting that aspects of reward-related neurodevelopment
are coupled with puberty in sex-specific ways.

Several lines of evidence support the formulation that white matter (WM) micro- and
macrostructure, including within frontostriatal pathways, is influenced by puberty. In
humans, studies using diffusion tensor imaging (DTI) and structural MRI have found that
pubertal timing (i.e., the estimated age at which pubertal onset is achieved), pubertal stage,
and gonadal and adrenal hormones are associated with characteristics of WM
microstructure, volume, fiber density, and fiber cross-section (e.g., Asato et al., 2010;
Chahal et al., 2018; Genc et al., 2019, 2018a; Herting et al., 2012; Ho et al., 2020; Menzies
et al., 2015; Perrin et al., 2008). Broadly, these studies have documented that pubertal stage
is positively associated with fractional anisotropy (FA), volume, and fiber cross-section and
density, although specific regional variations have been reported. Importantly, these studies
often report sex differences in the relation between indices of pubertal development and
WM. While various studies have found that females exhibit peak levels of WM volume and
FA in several tracts earlier than do males (Lenroot et al., 2007; Kaczkurkin et al., 2019) (see
reviews by Ladouceur et al., 2012; Lebel and Deoni, 2018), it is important to note that sex
differences in WM maturation are not uniform across the brain (e.g., Simmonds et al., 2014).
The fronto-accumbal tract, which connects the OFC and NAcc (Haber and Knutson, 2010;
Rigoard et al., 2011), appears to mature earlier in males than in females, as evidenced by an
earlier age-related peak in FA (Karlsgodt et al., 2015). Additionally, higher FA of the fronto-
accumbal tract in adults has been shown to be associated with greater self-reported
impulsivity (Ikuta et al., 2018), a characteristic associated with higher reward sensitivity
(Martin and Potts, 2004) and lower punishment sensitivity (Potts et al., 2006). Despite
evidence that reward sensitivity increases during adolescence and that the NAcc and OFC
are relevant for motivating or avoiding social behaviors, no study has investigated the
association between puberty and WM morphometry of the fronto-accumbal tract in the
context of sensitivity to reward and punishment. Given the evidence for sex differences in
puberty-related volumetric development of the OFC and NAcc combined with an earlier
age-related FA peak in the fronto-accumbal tract, we posited that fronto-accumbal
morphometry would be related to puberty and sensitivity to reward and punishment in sex-
specific ways.

No prior study has sought to simultaneously test relations among pubertal stage, fronto-
accumbal WM morphology, and reward and punishment sensitivity. The main rationale for
the current study is based on the formulation that puberty, perhaps through a combination of
changes in circulating hormones and remodeling of the brain’s dopaminergic system
(Steinberg, 2008), may relate to sex differences in risk-taking behaviors and related
processes (e.g., reward and punishment sensitivity) during adolescence. The fronto-
accumbal tract connects reward-processing regions that have been shown to be positively
correlated (in volume) with pubertal stage in boys, but not girls (Harden et al., 2018).
Further, FA of the fronto-accumbal tract has been shown to relate to impulsivity (Ikuta et al.,
2018) and mature earlier (in age) in males compared to females (Karlsgodt et al., 2015),
though it has not been investigated in relation to pubertal measures or reward and
punishment sensitivity. We tested our formulation in the current study with a community
sample of male and female adolescents who were matched on pubertal status at recruitment,
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allowing us to examine cross-sectionally puberty-related sex differences in fronto-accumbal
tract morphometry and sensitivity to reward and punishment. Uniquely, we examined both
micro- and macrostructural properties of WM using fixel-based analysis (Raffelt et al.,
2017) and tractography to estimate per-person measures of combined fiber density and
cross-section (FDC) between the OFC and NAcc; separate measures of fiber cross-section
and fiber density were also estimated to further characterize the effects in question. FDC has
been shown to be “more sensitive to certain pathologies and more directly interpretable”
than are voxel-averaged quantitative measures of microstructure (e.g., fractional anisotropy)
(page 58, Raffelt et al., 2017). In addition to predicting sex differences in reward and
punishment sensitivity, we hypothesized that males would exhibit a stronger positive
association between pubertal stage and fronto-accumbal FDC than would females, indicating
that this tract is related to pubertal staging more strongly in males than in females. In
addition, because males peak in fronto-accumbal microstructural properties at an earlier age
than do females (Karlsgodt et al., 2015), we expected that males would have higher fronto-
accumbal FDC than would females. We also tested whether the association between fronto-
accumbal FDC and sensitivity to reward and punishment would differ by sex. Given our
overarching hypothesis that male-biased increases in reward proclivity and decreases in
avoidance of potentially negative outcomes during adolescence reflect sex-specific changes
in fronto-accumbal WM, we hypothesized that the association between fronto-accumbal
morphometry and sensitivity to reward (positive association) and punishment (negative
association) would be stronger in males than in females. We also examined whether the
association between pubertal stage and sensitivity to reward and punishment would differ by
sex; we hypothesized that, compared to females, males would show a more pronounced
positive association between pubertal stage and reward sensitivity, and a stronger negative
association between pubertal stage and punishment sensitivity. As an exploratory analysis,
we computed the ratio of sensitivity to reward relative to sensitivity to punishment
(rew:pun), and then tested whether males and females differ in the associations between
fronto-accumbal FDC and rew:pun, and between pubertal stage and rew:pun. This allowed
us to examine whether the proclivity for reward vs. avoidance of negative outcomes is
related to our variables of interest independent of overall levels of sensitivity.

2. Materials and methods

2.1. Sample

156 adolescents (89 females), ages 9-14 years (M=11.43, SD=1.08), were recruited from the
San Francisco Bay Area to participate in a study assessing the effects of early life stress on
psychobiological characteristics during puberty. Adolescents were recruited to be in early
pubertal stages, and males and females were matched on pubertal stage. All adolescents and
their parent(s)/legal guardian(s) provided informed assent and consent, respectively.
Exclusion criteria included inability to participate in MRI scanning (e.g., non-removable
metal in/on the body and pregnancy), intellectual delay, current or parent neurological
disorders, non-fluent English speakers, and self-reported onset of menses for females (to
ensure that adolescents were in early stages of puberty). Participants were not excluded
based on the presence of DSM-IV Axis-1 disorders (N=9 with current diagnoses; two with
social phobia, 6 with specific phobias, and one with oppositional defiant disorder, according

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chahal et al.

2.2.

Page 5

to the Schedule for Affective Disorders and Schizophrenia for School-Age Children;
KSADS; Kaufman et al., 1997), body mass index (AM=19, SD=3.80), or medication usage
(N=27 taking allergy medications). This study was approved by the Stanford University
Institutional Review Board. Informed consent was obtained from participants and all
participants were compensated for their participation.

Measures

2.2.1. Cumulative Early Life Stress Severity.—A modified version of the Traumatic
Events Screening Inventory for Children (TESI-C; Ribbe, 1996) was used to assess the
impact of stressful life experiences. Interviewers asked adolescents to provide details about
endorsed stressful life events in order to assess their severity and impact. We used a
modified version of the UCLA Life Stress Interview coding system to rate the objective
severity of each endorsed stressors, from which we computed a score of cumulative early
life stress severity. Additional details about the scoring procedure in the larger sample have
been previously been reported (King et al., 2017), and the scoring algorithm is available at
https://github.com/lucysking/els_stress_interview.

2.2.3. Pubertal Stage.—Pubertal stage was estimated using the self-reported Tanner
Staging Questionnaire (Morris and Udry, 1980), a measure shown to be significantly
correlated with physician ratings of puberty-related physical development (Shirtcliff et al.,
2009). We averaged the Tanner pubic hair and breast/testes ratings to compute an index of
overall pubertal development (Dorn et al., 2006). The self-reported Petersen Pubertal
Development Scale (PPDS; Petersen et al., 1988), height, weight, and salivary
concentrations of testosterone and dehydroepiandrosterone (DHEA) were also collected (see
Supplementary Material). While Tanner staging was used as the main pubertal measure in
our study, we also used all pubertal measures to estimate per-person latent factor scores of
pubertal status, excluding participants who did not provide salivary samples (N=16; 10%).
These latent factor puberty scores were then used in exploratory follow-up tests of our main
hypotheses.

2.2.4. Reward and Punishment Sensitivity.—Participants completed the Sensitivity
to Punishment and Sensitivity to Reward Questionnaire (SPSRQ; Torrubia et al., 2001), a
self-report measure of the Behavioral Inhibition and Behavioral Approach motivation
systems proposed by Gray’s model (Gray, 1982, 1981). This measure comprises two
subscales: a Punishment Sensitivity scale (e.g., “I worry about punishments at home or in
school”; Cronbach’s a=0.87) and a Reward Sensitivity scale (e.g., “I like to do things that
bring immediate rewards”; Cronbach’s a=0.87). Importantly, the questions included in the
SPSRQ assess proclivity for socially rewarding behaviors (e.g., “l sometimes do things to be
popular, even if those things ae not nice or are not the right things to do”), as well as
avoidance of behaviors that have the potential to be socially punishing (e.g., “Whenever
possible, I avoid showing my skills because | am afraid of being embarrassed”). The SPSRQ
has been validated in adolescents (Vandeweghe et al., 2016), in whom the Reward scale was
positively correlated with impulsivity, sensation-seeking, and extraversion, and the
Punishment scale was positively correlated with neuroticism and anxiety. Further, the
SPSRQ has been shown to have good psychometric properties (e.g., reliability, validity, and
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test-retest reliability; Conner et al., 2018). In addition to examining the Reward and
Punishment sensitivity scales separately, we also computed the ratio of reward to
punishment sensitivity (rew:pun) using the following equation:

(reward sensitivity — punishment sensitivity)
(reward sensitivity + punishment sensitivity)

rew: pun =

This ratio score was examined to elucidate sex differences in the effects of the fronto-
accumbal tract and pubertal stage on the amount of sensitivity that is attributed to reward
relative to punishment.

2.3. Acquisition of diffusion imaging

Diffusion-weighted MRI data were collected at the Stanford Center for Cognitive and
Neurobiological Imaging (https://cni.stanford.edu) using an echo planar imaging sequence
with 60 diffusion-weighted directions, with anterior-to-posterior phase encoding. Scan
parameters included: echo time=93.5 ms; repetition time=8500 ms; voxel size=0.938 x
0.939 x 2.00 mm; slices=64; flip angle=12°; b=2000mm? (6 volumes b=0) A small number
of participants (N=19; 12.18%) were scanned using acquisition of 2.00 mms3 voxel sizes
following a scanner upgrade. To control for any effects of this difference in acquisition
parameters, we included a dichotomous covariate for scan acquisition in all statistical
models.

2.4. Fixel-based analysis

We used Fixel-based Analysis (FBA) to assess the morphometry of WM tracts. Briefly, we
applied higher-order diffusion models to fiber populations within each voxel (i.e., fixels) in
order to estimate a combined measure of fiber density and cross-section (FDC). We
estimated FDC per fixel, rather than separating the metrics of fiber density and cross-section
because FDC allows for the measurement of both micro- and macro-structural properties of
WM. As stated above, FDC has been shown to be more sensitive to developmental changes
and more directly interpretable than are voxel-averaged quantitative measures of
microstructure (e.g., fractional anisotropy) (Genc et al., 2018b; Raffelt et al., 2017). All
diffusion-weighted MRI data processing was performed using MRtrix3 (Tournier et al.,
2019). Following data denoising, and eddy-current induced distortion and motion correction,
we estimated a brain mask for each individual and performed bias field correction to
eliminate low-frequency intensity inhomogeneities in the images. We then performed 1)
intensity normalization across subjects; 2) estimation of a study-specific WM mask; 3)
estimation of the group-average response function; 4) up-sampling of diffusion data and
brain mask images; 5) estimation of fiber orientation distribution (FOD) using Constrained
Spherical Deconvolution via the group average response function; 6) study-specific FOD
template generation; 7) registration of subject FOD images to the FOD template; 8)
generation of WM template fixel analysis mask; 9) thresholding of peak fixel image; 10)
warping of FOD images to template space; 11) segmentation of FOD images to estimate
fixels and their fiber density; 12) reorienting of fixel orientations in order to ensure that the
subject and template fixels had angular correspondence; 13) assignment of subject fixel to
template fixels; 13) computation of fiber cross-section; and 14) computation of a combined
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measure of fiber density and cross-section (i.e., FDC). A full description of steps taken to
compute FDC is available on the MRtrix website, along with documentation of commands
(https://mrtrix.readthedocs.io/en/3.0_rc1/fixel _based_analysis/ss_fibre_density cross-
section.html).

We used the Harvard-Oxford Atlas, available through FSL (Jenkinson et al., 2012), to define
binarized OFC and NAcc masks. We performed tractography between the seed (OFC) and
target (NAcc) regions using Fiber Assigned Continuous Tracking (FACT), a deterministic
algorithm that estimates and reconstructs streamlines between regions based on fiber
orientation tracking (Mori et al., 1999). FACT tractography was performed on individuals’
template space fiber orientation distribution maps. Fixel masks were then created using the
input tracks identified in the previous step. This approach yielded individualized
tractography-based fixel masks of two ipsilateral and two contralateral sets of fronto-
accumbal streamlines that were used to extract per-person estimates of average OFC-NAcc
FDC. Although we used the average (ipsi- and contralateral fibers) FDC of OFC-NAcc WM
in our main analyses, in follow-up supplemental analyses we also probed whether ipsi- or
contralateral streamlines differentially contributed to our findings.

Given that fiber density approximates microstructural properties relates to axonal packing,
and fiber cross-section is a macrostructural measure of fiber bundle diameter (Raffelt et al.,
2017), we also separately investigated these measures to better characterize whether one of
these properties of the OFC-NAcc tract is more or less related to puberty and reward and
punishment sensitivity.

To test whether our findings are specific to the OFC-NAcc, rather than other reward-related
regions connected to the OFC, we used the Harvard-Oxford atlas to create masks of the left
and right thalamus and the Brainnetome atlas (Fan et al., 2016) to create pregenual anterior
cingulate cortex (ACC) masks. FACT was used to reconstruct streamlines from the OFC to
the thalamus, and from the OFC to the pregenual ACC (pgACC); then these tracks were
converted to masks and used to extract per-person estimates of the average FDC in the
bilateral (average of left and right) OFC-Thalamus and OFC-pgACC tracts. These two
additional reward-related tracts (one OFC-Thalamus cortical-subcortical and one OFC-
pPgACC cortical-cortical) were used to test the specificity of the fronto-accumbal tract in
relation to pubertal stage and reward and punishment sensitivity.

2.5. Testing sex differences in the association between pubertal stage and OFC-NAcc

FDC

All statistical analyses were conducted in R v. 3.6.1 (R Core Team, 2019) using linear
regression models with age, early life stress severity (given associations between early life
stress and WM microstructural properties as well as research reporting that life stress is
related to earlier pubertal development; Hanson et al., 2013; Mendle et al., 2011), race
(given documented differences between White and Black youth in pubertal timing and
tempo; e.g., Keenan et al., 2014), and scan acquisition as covariates. First, we tested the
main and interaction effects of pubertal stage and sex on OFC-NAcc FDC. Then, we
evaluated the simple slopes of pubertal stage and OFC-NAcc FDC for each sex.
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2.6. Testing the effects of OFC-NAcc FDC, pubertal stage, and sex on sensitivity to
reward and punishment

We conducted a multivariate multiple regression (MMR) to test the main effects and
interaction of sex and pubertal status, and of sex and OFC-NAcc FDC, on two outcome
variables: reward sensitivity and punishment sensitivity. Specifically, we examined the
following questions: 1) does the association between OFC-NAcc FDC and reward and
punishment sensitivity differ by sex (tested using an interaction term of OFC-NAcc FDC
and sex)?; and 2) does the effect of pubertal status on reward and punishment sensitivity
differ by sex (tested using an interaction term of sex and pubertal status)? Thus, while we
expected to find sex differences in the association between pubertal stage and OFC-NAcc
FDC in our first model (section 2.5 above), in this MMR model, we tested whether sex
differences in reward and punishment sensitivity might be, in part, dependent on pubertal
stage and OFC-NAcc FDC. We conducted univariate follow-up tests of reward and
punishment sensitivity as separate response variables to probe the results of the MMR, and
evaluated simple slopes to probe significant two-way interactions (Potthoff, 1964). Finally,
we conducted a separate linear regression model to test these same main effects and
interactions using the rew:pun ratio as the dependent variable.

Both of our main regression models (described in sections 2.5 and 2.6 above) were re-
conducted using separate fiber cross-section and fiber density measures of the OFC-NAcc
tract, with OFC-pgACC and OFC-thalamus tracts, and with latent scores to approximate
pubertal status (i.e., including self-reported pubertal ratings, height and weight
measurements, and pubertal hormones; See Supplementary Material pages 2-3).

3. Results

Descriptive statistics for the variables of interest are presented in Table 1. Correlations
between all study variables are presented as separate correlation matrices for males and
females in the Supplementary Material (Figures S1-2). As expected given the study design,
males and females did not differ significantly in pubertal status (Figure 1), but males were,
on average, 0.77 years older than females ({154)=4.70, p<.001). As expected, age was
positively correlated with pubertal status (/=.33, p<.010). Also as expected based on prior
findings, males had higher levels of reward sensitivity (males: M=3.08 £ 0.58, females:
M=2.71 + 0.66; {152)=3.53, p=.001) and a higher ratio of rew:pun (males: M=0.07 £ 0.13,
females: M=0.02 + 0.12; £152)=2.29, p=.024) than did females (Table 1; Figure S3); there
were no sex differences in punishment sensitivity (males: M=2.73 + 0.72, females: M=2.61
+ 0.68; #152)=1.04, p=.301). We also found that compared to White participants, racial-
ethnic minority youth (N=84, of whom 18% were Black, 10% Latinx, 23% Asian American,
40% multiracial, and 7% reported ‘other race’) reported being an average of 0.20 units
higher on reward sensitivity ({152)=-1.93, p=.055) and 0.26 units higher on punishment
sensitivity ({152)=-2.33, p=.022).

Reconstructed fibers traversing the bilateral OFC and NAcc using FACT are presented in
Figure 2. Average OFC-NAcc FDC was higher in males than in females (males: M=0.28 +
0.03, females: M=0.27 + 0.03; £154)=2.85, p=.005). OFC-NAcc FDC was not correlated
significantly with pubertal stage (r=.07, p=.372), reward sensitivity (+=.17, p=.075), or

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chahal et al.

Page 9

punishment sensitivity (/=—.07, p=.382); however, OFC-NAcc FDC was positively
correlated with rew:pun (r=.22, p=.007; Table 1). OFC-NAcc FDC was highly correlated
with fiber cross-section (r=.71, p<.001) and fiber density (r=.76, p<.001); however fiber
cross-section and fiber density were not correlated (r=.09, p=.25). Tests for sex differences
in the separate OFC-NAcc fiber density and fiber cross-section measures revealed that males
showed higher cross-section compared to females (males: M=1.04 + 0.08, females: M=0.99
+0.07; 154)=4.00, p=.001), but the groups did not differ in fiber density (o=.600). Neither
fiber cross-section nor density were related to pubertal stage (/5=.02 and .09, ps=.770

and .280, respectively). OFC-NAcc fiber cross-section was positively correlated with reward
sensitivity (/=.18, p=.023), though fiber density was not (/=.04, p=.590). Additionally, as
with FDC, fiber cross-section was positively correlated with rew:pun (r=.26, p=.001), while
fiber density was not (/=.08, p=.330).

Adolescents with current diagnoses on the Kiddie Schedule for Affective Disorders and

Schizophrenia (Kaufman et al., 1997) did not differ in pubertal status, reward sensitivity,
punishment sensitivity, OFC-NAcc FDC, fiber cross-section, or fiber density from those
without current diagnoses (all ps>.05).

3.1. Sexdifferences in the association between pubertal status and OFC-NAcc FDC

We found a significant interaction of sex and pubertal status on OFC-NAcc FDC, £148)=
-2.08, p=.039. Post-hoc simple slopes analyses revealed that pubertal status was positively
associated with OFC-NAcc FDC in males (465)=2.45, p=.016), but not in females (487)=
-0.11, p=.913) (Table 2, Figure 3). Removing early life stress as a covariate from our model
did not alter the results (Table S1). Including additional covariates of body mass index
(BMI) and socioeconomic status (SES; measured as highest parent education) in our model
also did not affect our results (Table S2). To ensure that our findings were not driven by a
small number of participants who were more advanced in pubertal status (stages 3.5 and 4; 6
of the 156 participants in the full sample), we reran our analysis only in a sub-sample of
participants who were in pubertal stages 1-3. The significant interaction of sex and pubertal
status on OFC-NAcc FDC was still present (Table S3). Similarly, excluding girls who were
ages 13-14 (N=6 of a total of 89; i.e., older girls who had not experienced menarche and
might be characterized as ‘late developing’) did not alter our findings (Table S4).

To examine whether our finding of a positive association between puberty and OFC-NAcc
FDC in males was driven by ipsi- or contralateral WM fibers connecting the OFC and NAcc
regions, we conducted two follow-up linear regression models in which we substituted the
dependent variable for either ipsi- or contralateral fibers. Whereas the effect of pubertal
stage on contralateral OFC-NAcc fibers was statistically significant ({61)=2.20, p=.032), the
effect of pubertal stage on ipsilateral fibers was not significant ({61)=1.84, p=.071; Tables
S5 and S6).

3.2. Sex differences in the association between OFC-NAcc FDC and reward and
punishment sensitivity

The MMR yielded significant main effects of sex and race, as well as a significant two-way
interaction of OFC-NAcc FDC and sex, on reward sensitivity and punishment sensitivity (all
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p5<.05). Univariate analysis with reward sensitivity as the dependent variable yielded
significant main effects of sex (males > females as described above, p=.001), race (racial-
ethnic minorities > White as described above, p=.045), but no interaction of OFC-NAcc
FDC and sex (=.082) or of pubertal stage and sex (p=.731) on reward sensitivity (Table 3).

Univariate analysis with punishment sensitivity as the dependent variable also yielded a
significant main effect of race (racial-ethnic minorities > White as described above, p=.028),
and a significant interaction of sex and OFC-NAcc FDC, A1,144)=9.47, p=.002. Follow-up
simple slopes analyses showed that in males, but not in females, there was a negative
association between OFC-NAcc FDC and punishment sensitivity ({65)=—-3.11, p=.002;
Table 3, Figure 4). Removing the early life stress covariate, adding BMI and SES covariates,
excluding participants at pubertal stages above 3, and excluding female participants above
age 13 did not alter our finding of a significant interaction between sex and OFC-NAcc FDC
on punishment sensitivity; specifically, across all models, only in males was there a negative
association between OFC-NAcc FDC and punishment sensitivity (all ps<.05; Tables S7—
S10).

Finally, the exploratory analysis of the rew:pun ratio yielded a significant main effect of
OFC-NAcc FDC (40.96,144)=3.01, p=.003), and a significant interaction of OFC-NAcc
FDC with sex (40.96, 144)=-2.15, p=.033), on rew:pun. Follow-up simple slopes analyses
revealed that the positive association between OFC-NAcc FDC and rew:pun was present
only in males (£65)=3.02, p=.003), and not in females (Table 4, Figure 5).

3.3. Exploratory analyses with latent factor pubertal score

When Tanner stage was replaced by the latent factor-derived pubertal score in our main
models (described in sections 3.1-2 above), we again found a significant interaction of sex
and pubertal score on OFC-NAcc FDC (#148)=-2.57, p=.011), such that only males
exhibited a positive association between pubertal score and OFC-NAcc FDC (£65)=2.65,
p=.009), but females did not ({87)=-0.31, p=.755) (Table S11 and Figure S4). We found a
significant interaction between OFC-NAcc FDC and sex on reward and punishment
sensitivity in the exploratory MMR model (ps<.05). Univariate follow-up tests yielded an
interaction of sex and OFC-NAcc FDC on punishment sensitivity (A1, 144)=9.80, p=.002).
As expected, and shown using the raw pubertal stage measure, males, but not females,
exhibited a negative association between OFC-NAcc FDC and punishment sensitivity
(465)=-3.21, p=.002; Table S12).

3.4. Exploratory follow-up analyses with separate fiber cross-section and fiber density

measures.

A set of follow-up analyses revealed that fiber cross-section, but not density, drove the
above-reported associations. First, the significant interaction of pubertal stage and sex (in
which only males showed a positive association with OFC-NAcc; section 3.1 above) was
only observed with fiber cross-section (p=.014), but not with density (p=.510; Table S13,
Figure S5).

Second, we found a significant interaction between OFC-NAcc fiber cross-section, but not
density, and sex on reward and punishment sensitivity in the MMR model (p=.002 for cross-
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section; p=.373 for density). As with the combined FDC measure, univariate follow-up tests
yielded an interaction of sex and OFC-NAcc cross-section (A1, 144)=12.70, p<.001) on
punishment sensitivity. In males, but not in females, there was a negative association
between OFC-NAcc fiber cross-section and punishment sensitivity ({65)=-3.80, p<.001,
Table S14, Figure S6).

Third, a separate linear model also yielded a significant main effect of OFC-NAcc cross-
section (£0.95, 144)=3.88, p<.001) and an interaction of OFC-NAcc cross-section and sex
on the rew:pun ratio (40.95, 144)=-2.47, p=.015); the positive association between OFC-
NAcc fiber cross-section and rew:pun was present only in males ({65)=3.88, p<.001), and
not in females (Table S15; Figure S7).

3.5. Exploratory follow-up analyses with additional reward-related tracts

We re-ran our main models (described in sections 3.1 and 3.2 above) using the OFC-pgACC
and OFC-Thalamus tracts to examine whether our findings generalize to other reward-
related WM tracts, or specific to the fronto-accumbal OFC-NAcc tract. While we did not
find a main effect of pubertal stage or an interaction of pubertal stage and sex on OFC-
pgACC or OFC-Thalamus FDC (Table S16), we did find that the OFC-pgACC was
negatively correlated with punishment sensitivity (/=—.17, p=.032) and positively correlated
with rew:pun (r=.20, p=.015); additionally, OFC-Thalamus FDC was positively associated
with reward sensitivity (/=.16, p=.045) and rew:pun (/=.22, p=.005).

4. Discussion

In a community sample of adolescents, we examined sex differences in puberty-related
fronto-accumbal WM morphometry (specifically fiber density and cross-section; FDC)
assessed via fixel-based analysis. Further, we assessed sex differences in sensitivity to
reward and punishment as a function of fronto-accumbal FDC and pubertal status. We found
that pubertal stage is positively associated with fronto-accumbal morphometry in males, but
not in females; further, males with higher FDC in this tract reported lower punishment
sensitivity than did males with lower FDC. We did not find an association between pubertal
stage and reward or punishment sensitivity. Further, we did not find an association between
fronto-accumbal FDC and reward sensitivity; however, across the full sample, we did find
that fiber cross-section of the fronto-accumbal tract was positively associated with reward
sensitivity. In addition, we found that cross-section, but not fiber density, drove our findings
in males of an association between pubertal stage and fronto-accumbal morphometry, and
between fronto-accumbal morphometry and punishment sensitivity. Taken together, these
findings provide evidence for sex-differentiated fronto-accumbal maturation during puberty
that may be related to sex differences in how potential rewards and punishments influence
behavior.

Both males and females have been shown to exhibit increasing responsiveness to social
stimuli during adolescence (Nelson et al., 2016); in this context, the reward system,
including the NAcc and OFC, is thought to play a key role in both the adaptive and
potentially maladaptive sequelae of this heightened social responsiveness. For example,
relative to adults, adolescents have been shown to make more risky decisions in the presence

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chahal et al.

Page 12

of peers, compared to alone, during a simulated driving task. Further, greater activation in
the NAcc and OFC predicted risk-taking in the context of peers (Chein et al., 2011).
Moreover, a recent study showed that the presence of peers influenced risk-taking behaviors
during this simulated driving task in male, but not female, adolescents, suggesting that male
adolescents may be particularly sensitive to socially-rewarding environments (Defoe et al.,
2020). However, it is important to note that the development of the NAcc has also been
implicated in positive changes during adolescence. The recalibration of ventral striatum
(including the NAcc) activation has been posited to improve cognitive persistence, heighten
the effect of positive peer influences (Telzer, 2016), and support reinforcement learning
(Davidow et al., 2016) during adolescent development. The current results suggest that
morphological changes in the OFC-NAcc tract during puberty are more pronounced in males
than in females, and this sex-selective developmental pattern may contribute to both adaptive
increases in cognitive abilities (Gur and Gur, 2016) and, potentially, to maladaptive increases
in reward-seeking behaviors (e.g., impulsivity; Ikuta et al., 2018). It is unclear why the
fronto-accumbal tract is related to puberty only in males. It is possible that in males, this
tract is coupled with puberty through a combination of direct hormonal action and more
complex, indirect effects via changes in social salience and motivation (Dahl and Forbes,
2010; Delevich and Wilbrecht, 2020). Indeed, testosterone levels have been shown to be
positively associated with ventral striatum activity in response to rewards in males and
females (Braams et al., 2015; Op de Macks et al., 2011), however other research reports that
pubertal testosterone is related to dorsal striatal activation, but not ventral (Laube et al.,
2019). In addition, data from animal studies show that adrenal hormones, such as
dehydroepiandrosterone (i.e., DHEA), are involved in neurite growth and neuroprotection
(see review by Maninger et al., 2009), and that androgen signaling contributes to greater
myelination and oligodendrocyte density in males, compared to females (Cerghet et al.,
2009; Ghanem et al., 2017). Future work should focus on elucidating the role of hormonal
changes in fronto-accumbal tract development and corresponding social behaviors.

The fronto-accumbal tract is part of the cortico-striato-thalamo-cortical loop (Rigoard et al.,
2011), a reward- and salience-related circuit that supports self-regulation and cognitive
control (Peters et al., 2016). We found that fronto-accumbal fiber cross-section was
positively associated with reward sensitivity (and the ratio of reward relative to punishment
sensitivity within individuals) in both males and females, likely reflecting the fact that
individual differences in reward-seeking behaviors are attributable, in part, to developing
fronto-accumbal WM morphometry. We did not find any sex-specific effect of fronto-
accumbal FDC or cross-section on reward sensitivity, suggesting that this WM pathway
facilitates reward-seeking behaviors in both males and females. Longitudinal research
spanning adolescence is needed to understand how developmental increases in fronto-
accumbal morphometry track with changes in reward-seeking behavior in both males and
females.

We did observe a sex-specific association between the fronto-accumbal tract (both FDC and
fiber cross-section) and punishment sensitivity: specifically, males with higher FDC (and
cross-section) in this tract reported lower sensitivity to punishment. Prior research has found
that males show lower punishment-guided behavioral avoidance, in both monetary and
social conditions (Ding et al., 2017), and reduced neurophysiological response to social
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punishment (Greimel et al., 2018), than do females. Given that risk-taking behavior during a
computerized gambling task has been shown to be negatively correlated with self-reported
avoidance (Studer et al., 2013), it is possible that higher fronto-accumbal FDC observed in
males in our study contributes to the increases in sensation-seeking, impulsivity, and risk-
taking behavior documented in adolescent males (Cross et al., 2011; Shulman et al., 2015).
Supporting this formulation, we found that fronto-accumbal FDC was positively linked with
higher rew:pun in males, but not females; this observation may contribute to male-biased
increases in risk-taking behavior during adolescence. The rew:pun findings also support
recent formulations that threat and reward circuit development might interact during puberty
to influence sex differences in risk-taking and anxiety during adolescence (Baker and
Galvan, 2020). Follow-up longitudinal studies might help us to understand the role of
fronto-accumbal WM development in the emergence of internalizing and externalizing
behaviors.

Fiber cross-section, but not fiber density, was positively associated with pubertal stage and
negatively associated with punishment sensitivity. These findings suggest that in adolescent
boys, the expansion of fronto-accumbal fiber bundles during puberty coincides with lower
behavioral avoidance of potentially negative outcomes. Fiber bundle expansion has
previously been reported in a longitudinal study of adolescents in early puberty (Brouwer et
al., 2012). In addition, an electron microscopy study of young rats revealed that males had
larger axonal diameter than did females, due in part to testosterone (Pesaresi et al., 2015).
Human longitudinal studies have also reported that males show faster expansion of white
matter than do females in adolescence (Lenroot et al., 2007). Although researchers have not
explored fiber density and cross-section of the fronto-accumbal tract specifically,
particularly in relation to puberty and sex, one study found that age-related changes in
fractional anisotropy of this tract are more pronounced in males than in females (Karlsgodt
et al., 2015). While increases in anisotropy have been attributed to axonal packing and
density (Takahashi et al., 2002), it is not clear whether other micro- or macro-structural
properties of WM contribute to anisotropic diffusion (Winston, 2012). Nevertheless, fiber
density is conceptually understood to modulate fiber cross-section, and vice versa (Raffelt et
al., 2017); thus, these ‘separate’ measures should be interpreted with caution. In sum, while
the FDC measure should be investigated to ensure correct interpretation of findings as both
micro- and macro-structural variations are combined, separate examinations of fiber density
and cross-section might provide biologically useful information that should be interpreted
with care (Raffelt et al., 2017).

Future research is required examining puberty-related development of medial vs. lateral
aspects of the OFC with respect to their structural connectivity with the NAcc. As we
described above, studies suggest that there are functional distinctions between the medial
and lateral OFC, particularly in the contexts of reward processing and reward-based learning
(Elliott et al., 2000; Noonan et al., 2017). Further, anatomical and functional connections
between these OFC sub-regions and other regions of the brain (e.g., striatum, thalamus,
anterior cingulate cortex) have previously been reported (Fettes et al., 2017; Zald et al.,
2014). Specifically, the medial OFC projects to the NAcc (Bonelli and Cummings, 2007),
whereas both the lateral and medial OFC project to the caudate (Jarbo and Verstynen, 2015).
Functionally, the medial OFC has been shown to co-activate with limbic and default-mode
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regions, whereas the lateral OFC co-activates with prefrontal regions involved in cognitive
processing; however, both medial and lateral OFC sub-regions are functionally connected
with the striatum, amygdala, hippocampus, and thalamus (Zald et al., 2014). Future multi-
modal investigations of the development of structural and functional connectivity within
distinct OFC sub-regions will advance our understanding of specific cognitive processes that
underlie reward and punishment sensitivity and how they change over puberty in males and
females.

It is possible that other WM connections with the OFC might also be related to puberty and
the processing of rewards and punishment. Therefore, we examined whether our findings
generalize to other reward-related WM tracts, or are specific to the fronto-accumbal OFC-
NAcc tract. We found that while neither males nor females showed pubertal associations
with the OFC-pgACC and OFC-Thalamus tracts, both tracts were positively associated with
rew:pun but through different mechanisms: whereas OFC-pgACC FDC was negatively
related to punishment sensitivity, OFC-Thalamus FDC was positively associated with reward
sensitivity. The pgACC receives information about reward outcomes from the medial OFC
and punishment from the lateral OFC (Rolls, 2019) through structural and functional
connections (Rolls et al., 2020). The pgACC has been implicated in social cognition
(Amodio and Frith, 2006; Mao et al., 2017; Mitchell et al., 2006), including in regulating
negative emotional valence in decision-making (Amemori and Graybiel, 2012) and
processing pleasant social touch (Lindgren et al., 2012). Thus, WM connecting the OFC and
pgACC might be important in social reward processing, although the pubertal process may
not be coupled as strongly with this tract as it is with the OFC-NAcc tract in males. In
addition, the OFC and thalamus are reciprocally connected structurally (Burks et al., 2017)
and functionally (Zald et al., 2014); thalamic projections to the OFC have been shown to
support reward-related learning in mice (Fresno et al., 2019; Namboodiri et al., 2020).
Consistent with this evidence, we found that OFC-Thalamus tract FDC was positively
associated with reward sensitivity in both males and females, but was not related to pubertal
staging. Although changes in reinforcement learning have been noted as an important aspect
of adolescent development (Davidow et al., 2016; Master et al., 2020; Moin Afshar et al.,
2020), our measures of reward and punishment sensitivity were relatively coarse and more
strongly related to social processes. Future studies are needed to elucidate how different
aspects of reward processing and decision-making (e.g., learning, shaping social
interactions, positive and negative risk-taking) and their WM correlates develop during
puberty.

We also found that racial-ethnic minority participants had higher sensitivity to reward and
punishment than did White participants. To our knowledge, race differences in reward and
punishment sensitivity specifically have not previously been reported, though trajectories of
sensation-seeking and impulsivity have been explored in Black and White children through
adolescence (Pedersen et al., 2012). While Pederson et al. (2012) reported greater increases
in sensation-seeking in White, relative to Black, youth, they also reported that Black
children had higher initial levels of impulsivity. Our findings warrant research that assesses
potential cultural, societal, and economic sources of such differences, as well as the role of
the processing of reward and punishment in contributing to mental health disparities. For
example, higher behavioral avoidance, which is correlated with the SPSRQ punishment sub-
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scale, has been shown to be associated with elevated risk for internalizing and posttraumatic
stress symptoms; further, behavioral approach, which is related to the SPSRQ reward sub-
scale, has been shown to be associated with higher risk for externalizing problems in youth
(Gudifio et al., 2012).

This study is the first to examine the role of puberty in fronto-accumbal WM morphometry
and sex differences in the contribution of puberty-related frontostriatal WM to sensitivity to
reward and punishment; nevertheless, we should note four limitations of this work. First,
because of the cross-sectional design of our investigation, we cannot draw strong
conclusions about the directionality of our findings. Studying these questions longitudinally
will allow investigators to determine the extent to which pubertal advancement is coupled
with fronto-accumbal morphometric development. Second, many of our participants were in
early or middle stages of puberty; future work is needed with adolescents across a wider
span of pubertal development to determine whether our findings are specific to adolescents
in the early and middle stages of puberty. Also, given our recruitment procedure, only pre-
menarcheal females were included in our sample and, because a small proportion of the girls
(6.70%; N=6 of 89) were ages 13-14, they might be considered to be late-maturing. It is
important to note, however, that the majority of girls in our sample (93%; N=83) were ages
9-12 and 80% (N=71) were ages 9-11. Epidemiological research suggests that fewer than
10% of girls in the United States start to menstruate before age 11 (Chumlea et al., 2003)
and the median age of menarche is 12.25 years (Biro et al., 2018). Thus, pubertal stage in
our overall sample was largely representative of national trends. Further, our follow-up
analyses excluding female participants who were ages 13-14 years yielded the same results
as we obtained when they were included. Third, we used self-report measures to assess
adolescents’ sensitivity to reward and punishment. To understand the real-world sequelae of
sex-differentiated fronto-accumbal maturation, future studies should examine behavioral
differences using reward- and punishment-related paradigms or other-reports of sensation-
seeking behaviors (e.g., drug use and risky sexual behaviors). Finally, while fixel-based
analysis is fiber specific and has been shown to be more interpretable than voxel-averaged
approaches that contain multiple fiber populations (Raffelt et al., 2017), FDC is nevertheless
a relative measure that is dependent on the sample being studied. Future work with larger
sample sizes is needed to determine whether the current findings are reproducible.

5. Conclusion

Puberty-related changes in WM pathways relevant to outcome valuation may differ for
males and females, thereby contributing to sex differences in sensitivity to reward and
punishment in adolescence. The fronto-accumbal tract connecting the OFC and NAcc (both
implicated in reward-motivated and punishment-aversive behaviors) is one such pathway
that has previously been shown to peak higher and earlier (in age) in WM in males than in
females; microstructural properties of this fiber bundle have also been shown to be positively
associated with impulsivity in adults. We examined whether males and females differ in the
association between pubertal stage and fronto-accumbal morphometry in a community
sample of adolescents in which males and females were matched in distribution of pubertal
staging. Males showed higher reward sensitivity than did females; in addition, males, but not
females, exhibited a positive association between pubertal stage and fronto-accumbal FDC.
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Further, males showed a negative association between fronto-accumbal FDC and
punishment sensitivity, whereas females did not. Differences in fiber cross-section of this
tract specifically drove our findings; further, fronto-accumbal cross-section was positively
correlated with reward sensitivity in both males and females. Morphometric characteristics
of the fronto-accumbal WM tract may be more strongly associated with pubertal
development in males than females. Further, sex differences in the fronto-accumbal tract
may contribute to adolescent-typical biases in reward seeking behaviors, even in the face of
potentially negative outcomes.
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Figure 1.
Males and females did not significantly differ in the distribution of pubertal staging.
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Figure 2.
OFC-NAcc fibers reconstructed using FACT tractography.

Note.: OFC=orbitofrontal cortex; NAcc=nucleus accumbens; [xyz]=MNI coordinates
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OFC-NAcc FDC is positively associated with pubertal stage in males (blue), but not females

(green).

Note. *p<.05. FDC=fiber density and cross-section; OFC=orbitofrontal cortex;
NAcc=nucleus accumbens. A) Model-derived values (partial residuals) and slopes of sex by
pubertal stage on OFC-NAcc FDC, controlling for age, early life stress, and race. B)
Average raw (non-model-derived) OFC-NAcc FDC values per pubertal stage per sex. Error
bars represent standard error of the mean per pubertal stage, per sex. Beta estimates are not

standardized for visualization.
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Figure 4.
OFC-NAcc FDC is negatively associated with punishment sensitivity in males (blue), but

not females (green).
Note. *p<.05. FDC=fiber density and cross-section; OFC=orbitofrontal cortex;
NAcc=nucleus accumbens. Beta estimates are not standardized for visualization.
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OFC-NAcc FDC is positively associated with rew:pun sensitivity in males (blue), but not
females (green).

Note. *p<.05. FDC=fiber density and cross-section; OFC=orbitofrontal cortex;
NAcc=nucleus accumbens. Beta estimates are not standardized for visualization.
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