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Background: Atypical white matter integrity may be one of the biological

factors related to delinquency. In adults, decreased white matter integrity has

been related to antisocial behavior, but findings from research in adolescent

and young adult populations are either mixed or lacking. Here we investigated

this association within a naturalistic sample of delinquent young adults

(age 18–27).

Methods: In a sample of 95 young adult, delinquent men and 22 age

and gender matched controls, we assessed white matter integrity through

fractional anisotropy and mean di�usivity measures. We compared white

matter integrity between the groups, and within the delinquent group assessed

the association between white matter integrity and aggression, psychopathic

traits, and cannabis use.

Results: We found no di�erences in fractional anisotropy or mean di�usivity

between delinquent young adults and non-delinquent controls. Additionally,

within the group of delinquent young adults, we found no associations

between white matter integrity and aggression, psychopathic traits, or

cannabis use.

Conclusion: Our null findings suggest that white matter integrity di�erences

may be unrelated to antisocial behavior in emerging adults, and/or that white

matter di�erences between delinquent populations and controls may only

arise later in life.
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Introduction

Emerging adulthood is defined as the transition from

adolescence to adulthood and is considered a challenging and

important developmental period, ranging from 18 to 29 years

of age (Arnett, 2000). This period is characterized by rapid

changes in social context, greater freedom, and less social control

compared to adolescence (Henin and Berman, 2016). Recent

studies show emerging adulthood is a relevant period regarding

onset and changes in offending behavior, in part because the

peak of the age-crime curve lays between the ages of 21 and 25

(Craig and Piquero, 2015).

Studies assessing normal brain development show that gray

matter decreases and white matter increases may underly the

reduction in risk taking and the increases in self-regulation,

future orientation, and planning that take place during emerging

adulthood (Taber-Thomas and Pérez-Edgar, 2015). Whereas,

brain development is deemed crucial for the relationship

between adolescence and crime (Steinberg, 2009), there is little

research specifically investigating brain abnormalities related to

criminal behavior in emerging adulthood.

A recent review on the relationship between white

matter integrity and antisocial behavior (including aggression

and psychopathic/callous-unemotional traits) across the

lifespan underlines this limitation in the literature. Results

show antisocial behavior is negatively associated with

white matter integrity across a range of white matter

tracts in adults, but that studies in adolescent populations

are mixed and inconclusive, whereas studies in emerging

adulthood are absent all together (Waller et al., 2017).

These contradicting results could not be explained by

differences in sample type, age, or analysis strategy, and

future studies are advised to conduct studies in a narrower

age range.

White matter integrity can be assessed with diffusion tensor

imaging, measuring the displacement of water molecules within

white matter tracts. The structure of the axonal cell membranes

and myelin sheath hinder the diffusion of water molecules

in other directions than along the fiber tract (Pierpaoli and

Basser, 1996). Four often used measures for white matter

integrity are fractional anisotropy (FA),mean diffusivity (MD),

radial diffusivity (RD) and axial diffusivity (AD), reflecting

diffusion of water molecules along the fiber tract (FA), overall

diffusion (MD), average diffusivity along the other two minor

axes (RD) and the magnitude of diffusion parallel to fiber

tracts (AD) respectively (Beaulieu, 2002). Higher FA or AD and

lower MD or RD values reflect better white matter integrity,

associated with denser axonal packing, increased coherence of

axon orientations, and greater myelination (Beaulieu, 2002).

The current study assesses differences in white

matter integrity between a relatively large sample of

delinquent young adults (age 18–28) and age-matched

healthy controls. Within the sample of delinquent

young adults, the relationships between white matter

integrity, aggression, psychopathic traits, and cannabis use

are assessed.

Materials and methods

Participants, data acquisition and data
preprocessing

A total of n = 95 delinquent young adult men and n

= 22 age- and gender-matched healthy controls [T(117) =

0.64 p = 0.52) were included in this study. Delinquent youth

were recruited during resocialisation programs or outpatient

treatment, and matched controls were recruited from secondary

vocational education [described extensively elsewhere;

(Zijlmans et al., 2018)]. The Self-Sufficiency Matrix (Fassaert

et al., 2014) was used to assess self-sufficiency and degree of

multi-problem issues. Delinquent youth were not self-sufficient

and had multi-problem issues—which was checked through

chart review, and matched controls were self-sufficient and

did not have multi-problem issues. Participants subsequently

completed self-report assessments on aggression (Reactive

Proactive Aggression Questionnaire; RPQ), psychopathic traits

(Youth Psychopathy Inventory; YPI), and cannabis use (days

used in last month), (see Table 1). Scans were visually inspected

for quality control and tensor orientation. In each group, two

participants were excluded from analyses due to MRI artifacts.

Diffusion tensor imaging sequences were acquired using one

gradient value of b = 0 and in 32 orthogonal directions with

a b-value of 1,000 s/mm2. DTI data were pre-processed using

standard procedures in FSL (FMRIB Software Library), and

include skull stripping, eddy current correction, tensor fitting,

transformation to standard space, and Tract-Based Spatial

Statistics (see Supplementary Information).

Group comparisons between the delinquent and matched

control group, as well as the within delinquent group regression

analyses for aggression and psychopathic traits (including

subscales) were carried out with permutation-based analysis

(Nichols and Holmes, 2002), through Randomize implemented

in FSL, utilizing threshold-free cluster-enhancement method

(TFCE) (Smith and Nichols, 2009). Statistical maps were then

thresholded at P < 0.05 using family-wiser error (FWE)

correction. Analyses were not corrected for multiple testing.

This study was carried out in accordance with the

recommendations of the Medical Ethical Committee of the

VU University Medical Center. The protocol was approved by

the VU University Medical Center Medical Ethical Committee

(registration number 2013.422—NL46906.029.13). All subjects

gave written informed consent in accordance with the

Declaration of Helsinki. Participants received a reimbursement

of 30 euros for their participation in the MRI protocol and an

EEG protocol, which was administered on another day.
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TABLE 1 Participant characteristics.

Control Delinquent

Mean SD Mean SD

Age 23.4 2.66 22.46 2.45

IQ - - 82.55 10.97

RPQ Total 11.59 8.2 16.86 7.99

RPQ Proactive aggression 8.23 5 11.61 4.73

RPQ Reactive Aggression 3.36 3.61 5.25 4.41

YPI Total 37.33 5.74 34.59 8.58

YPI Affective 11.43 3.23 10.9 3.73

YPI Behavioral 12.19 2.66 12.4 3.31

YPI Interpersonal 13.71 3.62 11.28 3.72

Cannabis (days used in last month) 3.96 6.08 14.81 13.39

This table shows the participant characteristics for both the delinquent and

control groups. RPQ, Reactive Proactive Aggression Questionnaire; YPI, Youth

Psychopathy Inventory.

Analyses

Questionnaires

We assessed differences in aggression, psychopathic traits,

and cannabis use between groups with ANCOVAs in SPSS with

(1) aggression (RPQ total score, and reactive and proactive

aggression subscales), (2) psychopathic traits (YPI total score,

affective, interpersonal, and behavioral components), and (3)

cannabis use (days used in last month) as dependent variables,

while correcting for age.

White matter integrity

Group differences in white matter integrity were assessed

through permutation testing with Randomize in FSL, using

fractional anisotropy (FA), mean diffusivity (MD), radial

diffusivity (RD) and axial diffusivity (AD) as dependent

variables, while correcting for age (Winkler et al., 2014).

Within the delinquent group, regression analyses were

conducted through permutation testing with Randomize in FSL,

assessing the relationship between FA,MD, RD and AD with

(1) aggression (RPQ total score, and reactive and proactive

aggression subscales), (2) psychopathic traits (YPI total score,

and affective, interpersonal, and behavioral components), and

(3) cannabis use, while correcting for age and IQ.

Results

Questionnaires

Results reveal that delinquent young adults do show higher

self-reported levels of aggression [F(1,114) = 6.40 p = 0.01], but

not psychopathic traits [F(1,112) = 2.50 p = 0.12]. Analysis of

the questionnaire subscales reveals higher self-reported levels of

proactive aggression [F(1,114) = 7.71 P < 0.01], interpersonal

psychopathic traits [F(1,112) = 7.98 P < 0.01], and cannabis use

[F(1,113) = 13.51 P < 0.001] in the delinquent group vs. the

control group, but not higher reactive aggression [F(1,114) = 2.68

p= 0.10], affective psychopathic traits [F(1,112) = 0.52 p= 0.47],

or behavioral psychopathic traits [F(1,112) = 0.01 p= 0.93].

White matter integrity

Results of the white matter integrity analyses reveal

no differences in fractional anisotropy, mean diffusivity,

radial diffusivity or axial diffusivity between delinquent and

non-delinquent controls. Additionally, within the group of

delinquent young adults, fractional anisotropy, mean diffusivity,

radial diffusivity nor axial diffusivity were related to aggression,

psychopathic traits, or cannabis use.

Discussion

The current study assessed possible differences between

delinquent emerging adults and age-matched healthy controls

in white matter integrity, but no group differences in FA, MD,

RD or AD values were found. Even though differences in self-

reported aggression—especially proactive aggression—cannabis

use and interpersonal psychopathic traits were found between

groups, these were not related to white matter integrity within

the delinquent emerging adults. No differences were found for

self-reported total, behavioral or affective psychopathic traits or

reactive aggression.

Together with the inconsistent findings in the review by

Waller et al. (2017), our results may suggest that (1) white

matter integrity differences are unrelated to antisocial behavior

in emerging adults, and/or that (2) white matter differences

between delinquent populations and controls may only arise

later in life. A later offset of white matter differences might

be related to a number of factors, including known lifestyle

differences between these groups [see Semenza (2018)]. Studies

show that poor diet, lack of exercise, and drug/alcohol use

decrease white matter integrity (Gow et al., 2012; Kokubun et al.,

2020). Previous studies in substance dependent adolescents,

however, indicate that white matter integrity is affected early on

(Baker et al., 2013), contradicting the above explanation. Little

is known about the effect of these lifestyle choices on white

matter integrity in emerging adulthood—most studies were

conducted in elderly subjects. Whether such lifestyle choices

would mediate the relationship between delinquency and white

matter integrity differences found in adults is an interesting topic

for further research.

Another explanation for a delayed onset of white matter

differences is the higher risk of traumatic brain injury (TBI)
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in delinquent populations (Durand et al., 2017). TBI is known

to affect white matter integrity (Croall et al., 2014), may be

present in about 46% of delinquent adults, and may be a risk

factor for crime (Williams et al., 2018). TBI in delinquent

populations is most often acquired due to traffic accidents and

interpersonal violence (Durand et al., 2017), both of which are

likely to peak during emerging adulthood (Craig and Piquero,

2015). Unfortunately, no data on TBI were collected for our

current sample.

Surprisingly, the delinquent group and the matched controls

did not differ on the affective and behavioral components of

the YPI, nor on self-reported reactive aggression. This could

be a chance finding, which could hinder interpretation of

our group comparisons—but not the regression analysis for

the delinquent sample. However, analysis of internal validity,

construct validity and a factor analysis revealed that the YPI is

a valid instrument in our sample [see Zijlmans et al. (2019) and

Supplementary Information 2].

In addition to the points outlined above, delinquent young

adults are often characterized by a multitude of problems,

including addiction, mental health issues, and a poor social

network (Zijlmans et al., 2021). Although our sample size of n

= 22 should provide enough power to identify group differences

in white matter integrity between the delinquent group and

matched controls (De Santis et al., 2014), the heterogeneity

within the delinquent group could be associated with variation

in underlying white matter differences in location and integrity.

This could obscure significant results from a group analysis.

Future studies should investigate this variation by taking these

multiple problems into account in group analyses, analyzing

more heterogenous subgroups and using larger samples for

sufficient power, while also increasing the number of controls.

Assessing which lifestyle choices may mediate the relationship

between white matter integrity and antisocial behavior in

delinquent populations could also add to this growing body

of research.

Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed

and approved by Medical Ethical Committee of the Amsterdam

University Medical Centers. The patients/participants provided

their written informed consent to participate in this study.

Author contributions

JZ and RM collected the data. JJ performed the statistical

analysis and wrote the first draft of the manuscript. JJ and

JZ wrote sections of the manuscript. All authors contributed

to manuscript revision, read, and approved the submitted

version. All authors contributed to the conception and design

of the study.

Funding

This research project is funded by the De Verre Bergen

Foundation. De Verre Bergen Foundation is a venture

philanthropy organization that aims to build a better Rotterdam

through substantial investments in innovative, impactful social

ventures. The financer was not involved in the design of the

study nor the drafting of the manuscript. Furthermore, the

financer was not involved in the process of data collection,

analysis, and interpretation.

Acknowledgments

We would like to thank the participants, the social welfare

agency (Jongerenloket) in Rotterdam, and foundation De

Nieuwe Kans for their cooperation with this study.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fnbeh.

2022.895798/full#supplementary-material

Frontiers in Behavioral Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.895798
https://www.frontiersin.org/articles/10.3389/fnbeh.2022.895798/full#supplementary-material
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Jansen et al. 10.3389/fnbeh.2022.895798

References

Arnett, J. J. (2000). Emerging adulthood: A theory of development from the late
teens through the twenties. Am. psychol. 55, 469. doi: 10.1037/0003-066X.55.5.469

Baker, S. T., Yücel, M., Fornito, A., Allen, N. B., and Lubman, D. I.
(2013). A systematic review of diffusion weighted MRI studies of white matter
microstructure in adolescent substance users. Neurosci. Biobehav. Rev. 37,
1713–1723. doi: 10.1016/j.neubiorev.2013.06.015

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous
system—a technical review. NMR Biomed. 15, 435–455. doi: 10.1002/nbm.782

Craig, J., and Piquero, A. R. (2015). “Crime and punishment in emerging
adulthood,” in The Oxford Handbook of Emerging Adulthood. ed J. J. Arnett. Miami:
University of Miami.

Croall, I. D., Cowie, C. J., He, J., Peel, A., Wood, J., Aribisala, B. S., et al. (2014).
White matter correlates of cognitive dysfunction after mild traumatic brain injury.
Neurology. 83, 494–501.

De Santis, S., M. Drakesmith, S. Bells, Assaf, Y., and Jones, D. K. (2014). Why
diffusion tensor MRI does well only some of the time: variance and covariance
of white matter tissue microstructure attributes in the living human brain.
Neuroimage. 89, 35–44. doi: 10.1016/j.neuroimage.2013.12.003

Durand, E., Chevignard, M., Ruet, A., Dereix, A., Jourdan, C., Pradat-Diehl,
P., et al. (2017). History of traumatic brain injury in prison populations: A
systematic review. Ann. Phys. Rehabil. Med. 60, 95–101. doi: 10.1016/j.rehab.20
17.02.003

Fassaert, T., Lauriks, S., van de Weerd, S., Theunissen, J., Kikkert, M.,
Dekker, J., et al. (2014). Psychometric properties of the Dutch version of
the self-sufficiency matrix (SSM-D). Commun. Mental Health J. 50, 583–590.
doi: 10.1007/s10597-013-9683-6

Gow, A. J., Bastin, M. E., Maniega, S. M., Hernández, M. C. V., Morris,
Z., Murray, C., et al. (2012). Neuroprotective lifestyles and the aging brain:
activity, atrophy, and white matter integrity. Neurology. 79, 1802–1808.
doi: 10.1212/WNL.0b013e3182703fd2

Henin, A., and Berman, N. (2016). The promise and peril of emerging
adulthood: Introduction to the special issue. Cogn. Behav. Pract. 23, 263–269.
doi: 10.1016/j.cbpra.2016.05.005

Kokubun, K., Nemoto, K., and Yamakawa, Y. (2020). Fish intake may affect brain
structure and improve cognitive ability in healthy people. Front. Aging Neurosci. 12,
76. doi: 10.3389/fnagi.2020.00076

Nichols, T. E., and Holmes, A. P. (2002). Nonparametric permutation tests for
functional neuroimaging: a primer with examples. Hum. Brain Mapp. 15, 1–25.

Pierpaoli, C., and Basser, P. J. (1996). Toward a quantitative
assessment of diffusion anisotropy. Magnet. Reson. Med. 36, 893–906.
doi: 10.1002/mrm.1910360612

Semenza, D. C. (2018). Health behaviors and juvenile delinquency. Crime
Delinquency. 64, 1394–1416. doi: 10.1177/0011128717719427

Smith, S. M., and Nichols, T. E. (2009). Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation in
cluster inference. Neuroimage. 44, 83–98.

Steinberg, L. (2009). Adolescent development and juvenile justice. Ann. Rev.
Clin.Psychol. 5, 459–485. doi: 10.1146/annurev.clinpsy.032408.153603

Taber-Thomas, B., and Pérez-Edgar, K. (2015). ”Emerging adulthood brain
development," in The Oxford Handbook of Emerging Adulthood, ed J. J. Arnett
(New York, NY: Oxford University Press), 126–141.

Waller, R., Dotterer, H. L., Murray, L., Maxwell, A. M., and Hyde, L. W. (2017).
White-matter tract abnormalities and antisocial behavior: a systematic review
of diffusion tensor imaging studies across development. NeuroImage Clin. 14,
201–215. doi: 10.1016/j.nicl.2017.01.014

Williams, W. H., Chitsabesan, P., Fazel, S., McMillan, T., Hughes, N., Parsonage,
M., et al. (2018). Traumatic brain injury: a potential cause of violent crime? Lancet
Psychiatry. 5, 836–844. doi: 10.1016/S2215-0366(18)30062-2

Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., and Nichols, T.
E. (2014). Permutation inference for the general linear model. Neuroimage. 92,
381–397. doi: 10.1016/j.neuroimage.2014.01.060

Zijlmans, J., Bevaart, F., van Duin, L., Luijks, M. J. A., Popma, A., Marhe,
R., et al. (2019). Error-related brain activity in relation to psychopathic traits
in multi-problem young adults: an ERP study. Biol. Psychol. 144, 46–53.
doi: 10.1016/j.biopsycho.2019.03.014

Zijlmans, J., Marhe, R., Bevaart, F., Luijks, M. J. A., van Duin, L.,
Tiemeier, H., et al. (2018). Neural correlates of moral evaluation and
psychopathic traits in male multi-problem young adults. Front. Psychiatry. 9, 248.
doi: 10.3389/fpsyt.2018.00248

Zijlmans, J., van Duin, L., Jorink, M., Marhe, R., Luijks, M. J. A., Crone, M.,
et al. (2021). Disentangling multiproblem behavior in male young adults: a cluster
analysis. Dev. Psychopathol. 33, 149–159. doi: 10.1017/S0954579419001652

Frontiers in Behavioral Neuroscience 05 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.895798
https://doi.org/10.1037/0003-066X.55.5.469
https://doi.org/10.1016/j.neubiorev.2013.06.015
https://doi.org/10.1002/nbm.782
https://doi.org/10.1016/j.neuroimage.2013.12.003
https://doi.org/10.1016/j.rehab.2017.02.003
https://doi.org/10.1007/s10597-013-9683-6
https://doi.org/10.1212/WNL.0b013e3182703fd2
https://doi.org/10.1016/j.cbpra.2016.05.005
https://doi.org/10.3389/fnagi.2020.00076
https://doi.org/10.1002/mrm.1910360612
https://doi.org/10.1177/0011128717719427
https://doi.org/10.1146/annurev.clinpsy.032408.153603
https://doi.org/10.1016/j.nicl.2017.01.014
https://doi.org/10.1016/S2215-0366(18)30062-2
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1016/j.biopsycho.2019.03.014
https://doi.org/10.3389/fpsyt.2018.00248
https://doi.org/10.1017/S0954579419001652
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

	White matter integrity in delinquent emerging adults and non-delinquent controls, and its relationship with aggression, psychopathic traits, and cannabis use
	Introduction
	Materials and methods
	Participants, data acquisition and data preprocessing
	Analyses
	Questionnaires
	White matter integrity


	Results
	Questionnaires
	White matter integrity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


