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INTRODUCTION

It is well-known that sleep and stress mutually interact.1 
Stressful life experiences disturb sleep continuity and the 
sleep cycle.2 The levels of neurotransmitters involved in the 
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sleep-wake cycle (acetylcholine and norepinephrine) are in-
fluenced by stress. Psychological stress affects the hypotha-
lamic-pituitary-adrenal axis, in turn changing sleep.1 Sleep 
disturbances alter the neural connectivities of white matter 
tracts. Such changes have been reported in the internal cap-
sule, corona radiata, thalamus, and frontal regions of insom-
nia patients.3-5 Thus, white matter neural connectivity may be 
compromised by sleep problems. 

Life stress could also affect white matter. Patients with de-
pression who were exposed to high levels of life stress exhib-
ited greater increases in white matter hyperintensity volumes 
than did those exposed to less stress, despite similar levels of 
depression.6 Thus, stress per se triggers changes in white mat-
ter integrity independent of any associated psychiatric/psy-
chological problems. The relationship between stress and 
sleep may also influence brain structural and functional con-
nectivity.7,8 The interaction between sleep and stress affects 
the brain response to emotional and sleep-related stimuli.9,10 
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Thus, sleep and stress probably interact to trigger changes in 
white matter integrity.

However, only one prior study investigated how the inter-
action between sleep and stress affected the white matter 
tracts of elderly subjects,3 and found that poor sleep quality 
induced more changes than did stress; no mediation effect of 
sleep and stress was apparent. However, even if sleep distur-
bances exert stronger effects than stress, the effects of such dis-
turbances associated with stress should differ from those of 
sleep disturbances without stress. 

No study has yet compared the white matter integrities of 
those with poor sleep with and without stress. We used diffu-
sion tensor imaging (DTI) tractography to investigate the re-
lationships between sleep, stress, and white matter integrity 
in poor sleepers with and without stress (PS+S and PS-S, re-
spectively), and good sleepers (GS). We hypothesized that the 
fractional anisotropy (FA) values reflecting white matter con-
nectivity would differ between the groups. 

METHODS

Participants
Forty-one subjects (male=24, female=17) aged between 20 

and 65 years (mean age=38.32±12.84 years) were recruited 
via advertisements placed at Seoul National University Hos-
pital and Samsung Medical Center. We included those ex-
posed to everyday stress with sleeping problems. The struc-
tured clinical interview of the Diagnostic and Statistical 
Manual of Mental Disorders IV was used to screen for psy-
chiatric disorders. Nocturnal polysomnography (PSG) was 
employed to detect sleep disorders. The exclusion criteria were 
moderate-to-severe obstructive sleep apnea (apnea-hypop-
nea index >15/h on nocturnal PSG); periodic limb movement 
disorder (periodic limb movement index >15/h on PSG); 
(even) borderline antisocial personality disorder; a current 
Axis I psychiatric disorder; shift work; pregnancy; or a past 
or current history of severe neurological or medical illness. 
Also, those unable to undergo magnetic resonance imaging 
(MRI) were excluded. Of the 41 subjects initially enrolled, 
five were excluded because the brain images were of poor 
quality (attributable to motion artefacts during acquisition). 
Brain images of 36 subjects (male=22, female=14; mean age= 
38.33±12.78 years) were used. There was no significant dif-
ference in either age (t=0.02, p=0.99) or sex (p=0.63) between 
the included 36 and excluded 5 subjects. The 36 participants 
were divided into three groups based on sleep quality and 
stress status: PS+S (n=14, male=9, female=5; mean age= 
43.93±12.78 years), PS-S (n=9, male=4, female=5; mean age= 
39.11±14.32 years), and GS (n=13, male=9, female=4; mean 
age=31.77±8.90 years). The GS group included GS with stress 

(GS+S; n=4, male=3, female=1; mean age=28.50±2.89 years) 
and GS lacking stress (GS-S; n=9, male=6, female=3; mean 
age=33.22±10.39 years). All participants gave written in-
formed consent prior to participation. The study was ap-
proved by the Institutional Review Boards of Seoul National 
University Hospital (IRB No. 1608-160-788) and Samsung 
Medical Center (IRB No. 2016-08-067).

Self-reported measures/coding 
The Pittsburgh Sleep Quality Index (PSQI) was used to as-

sess sleep quality during the prior month in terms of subjec-
tive quality, latency and duration, habitual efficiency, distur-
bance, use of sleep medication, and daytime dysfunction.11 
The score for each component ranged from 0 to 3; the maxi-
mum score was 21. Higher scores indicated poorer sleep qual-
ity. Subjects with scores >5 were classified as PS; all others 
were GS. The Life Experiences Survey (LES) was used to as-
sess stress during the past 6 months. The LES features 47 items 
covering many stressful life events, including death or illness 
of a close family member or friend, marital separation, and fi-
nancial problems. The LES features a 7-point Likert scale rang-
ing from extremely negative (-3) to extremely positive (+3). 
Positive and negative events are separately evaluated. Sub-
jects with stress were those whose negative LES scores were 
within the upper 50th percentile; all others lacked stress. 

DTI
A 3T whole-body Siemens scanner (TrioTim Syngo; Sie-

mens Healthneers, Munich, Germany) fitted with a 12-chan-
nel, birdcage head coil was used for anatomical imaging and 
DTI. Anatomical images were acquired using a T1-weighted, 
three-dimensional (3D) magnetization-prepared rapid gra-
dient echo sequence (repetition time/echo time/inversion 
time/flip angle=1,670 ms/1.89 ms/900 ms/9°, slice thickness= 
1.0 mm, in-plane resolution=1×1 mm, field of view=250 mm, 
and matrix size=256×256). DTI was performed in the axial 
plane using the following parameters: b=0 and 900 s/mm2, 
number of diffusion gradient directions=30, repetition time= 
12,000 ms, echo time=82 ms, slice thickness=2 mm, flip an-
gle=90°, and matrix size=128×128.

DTI analyses
Diffusion data files were analyzed using DSI Studio (http://

dsi-studio.labsolver.org/). Initially, the DICOM diffusion files 
were converted to NIFTI files employing MRIConverter 
(https://lcni.uoregon.edu/downloads/mriconvert) and the 
latter files imported into DSI Studio. An automated mask was 
applied prior to rendering of the 3D DTI volumes. Diffusion 
data were reconstructed using the q-space diffeomorphic 
method; this yielded individual FA maps aligned to the MNI 

http://dsi-studio.labsolver.org/
http://dsi-studio.labsolver.org/
https://lcni.uoregon.edu/downloads/mriconvert
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space employing non-linear registration to the Human Con-
nectome Project (HCP) 1,065 subject template. Mean FA val-
ues were extracted via automatic fiber tracking employing 
the HCP tractography atlas,11 which shows the white matter 
pathways revealed by diffusion MRI. The atlas contains 10 
projections (optic and acoustic radiations; the corticostriatal 
pathway; the corticospinal tract; the corticothalamic pathway; 
the fornix; and the frontopontine, occipitopontine, parieto-
pontine, and temporopontine tracts), 11 associations (the ar-
cuate fasciculus; frontal aslant tract; cingulum; extreme cap-
sule; U-fibers; and the inferior-fronto-occipital, inferior 
longitudinal, middle longitudinal, superior longitudinal, un-
cinate, and vertical occipital fasciculi), 3 commissures (the 
corpus callosum and the anterior and posterior commissures), 
5 cerebellar regions (the cerebellum; vermis; and the inferior 
cerebellar, middle cerebellar, and superior cerebellar pedun-
cles), and 7 brainstem pathways (the rubrospinal, spinotha-
lamic, and central tegmental tracts; the dorsal and medial 
longitudinal fasciculus; and the lateral and medial lemnisci). 
As some cranial nerves cannot be identified in the HCP-842 
template due to the limitation of spatial resolution, all cranial 
nerves were excluded from the regions of interests.

Statistical analysis
Categorical variables were compared using the Fisher’s ex-

act test. When differences between groups were significant, 
post-hoc pairwise comparisons were performed using the 
Fisher’s exact test. Group differences in continuous variables 
were sought via a one-way analysis of variance with the post-
hoc Tukey’s test. Individual FA values of interest were extract-
ed from DSI studio, and a one-way analysis of covariance 
with the post-hoc Tukey’s test was used to identify between-
group differences with adjustment for age and sex. All statisti-

cal analyses were performed using R software (R Development 
Core Team, Vienna, Austria); a p<0.05 was considered to in-
dicate statistical significance.

RESULTS

Demographic and clinical characteristics
The sex ratio did not differ between the three groups (PS+S, 

PS-S, and GS) but age did (F=3.51, p=0.04) (Table 1). The mean 
age of PS+S was significantly higher than that of GS (t=2.64, 
p=0.03) but the age of PS-S did not differ from those of the 
other two groups (PS-S vs. PS+S: t=0.94, p=0.62; PS-S vs. GS: 
t=1.42, p=0.34). When we compared four groups (PS+S, PS-S, 
GS+S, and GS-S), there was no significant difference in the 
sex ratio, mean age, or educational level. As expected, there 
were significant between-group differences in the LES (F= 
18.29, p<0.001) and PSQI (F=37.92, p<0.001) scores. The LES 
score was higher in PS+S than in PS-S (t=5.48, p<0.001) and 
GS (t=4.68, p<0.001). However, the LES scores did not differ 
between PS-S and GS (t=1.24, p=0.44). The PSQI scores of 
PS+S were higher than those of PS-S and GS (t=2.92, p=0.02; 
t=8.66, p<0.001; respectively). The PSQI scores were higher 
in PS-S than GS (t=4.82, p<0.001). The PSQI scores correlat-
ed positively with the LES scores of the total subjects (r=0.57, 
p<0.001). This correlation remained significant after adjust-
ment for age and sex (r=0.56, p<0.001).

Group differences in FA
We found significant between-group differences in the 

mean FA of the right middle longitudinal fasciculus (MdLF) 
(F=4.58, p=0.02) and left inferior cerebellar peduncle (ICP) 
(F=4.58, p=0.02) (Figure 1). The differences remained signif-
icant even after adjustment for age and sex (right MdLF: 

Table 1. Demographic and clinical characteristics of all participants

Variables PS+S (N=14) PS-S (N=9) GS (N=13) p F-value Post-hoc
Age (yr)* 43.93±12.78 39.11±14.32 31.77±8.90 0.04   3.51 PS+S>GS
Sex, female 5 (35.71) 5 (55.56) 4 (30.77) 0.52 - -
Education

More than eighth grade, 
  but less than high school

0 (0) 1 (11.11) 0 (0) 0.21 - -

High school diploma 3 (21.43) 0 (0) 3 (23.08) 0.61 - -
College graduate 11 (78.57) 6 (66.67) 10 (76.92) 1.00 - -

Life stress level
Negative LES*** 9.86±4.44 0.56±0.88 2.69±4.64 <0.001 18.29 PS+S>PS-S=GS

Sleep disturbance
PSQI*** 10.93±3.20 8.11±1.36 3.38±1.33 <0.001 37.92 PS+S>PS-S>GS

Values are presented as mean±standard deviation or number (%). *p<0.05; ***p<0.001. PS+S, poor sleepers with stress; PS-S, poor sleepers 
without stress; GS, good sleepers; LES, Life Experiences Survey; PSQI, Pittsburgh Sleep Quality Index  
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F=4.81, p=0.02; left ICP: F=4.70, p=0.02). Post-hoc compari-
sons showed that PS-S evidenced a higher mean FA of the 
right MdLF than did GS (t=3.35, p=0.006) (Figure 1). There 
was no difference between PS+S and PS-S (t=1.68, p=0.23) 
or between PS+S and GS (t=1.82, p=0.18). The mean FA of 
the left ICP was lower in PS+S than PS-S (t=2.81, p=0.02); the 
differences between other group pairs were not significant 
(PS+S vs. GS: t=1.11, p=0.52; PS-S vs. GS: t=1.70, p=0.22) 
(Figure 1). When GS+S (n = 4) were excluded from analysis, 
the results were similar.

DISCUSSION

This study explored whether sleep and stress ineteracted to 
change white matter integrity. Consistent with our hypothe-
sis, integrity was affected by sleep quality and stress. The aniso-
tropic diffusion of the right MdLF was higher in PS than in 
GS. The connectivity of the left ICP was reduced in PS+S com-

pared to GS. MdLF white matter integrity was higher in PS-S 
than in GS. This seems to contradict the previous finding of 
an overall reduction in neural tract associations (including 
that of the MdLF) in children with sleep disturbances.12 How-
ever, our participants/groups differed; this study did not in-
vestigate children and the children of the cited work were not 
grouped by the level of stress exposure. In this current study, 
PS+S and GS did not differ in terms of MdLF integrity. 

It is still not clear why only PS-S (but not PS+S) showed in-
creased MdLF white matter integrity. The MdLF is a long as-
sociative white matter tract connecting the temporal pole and 
the parietal, precuneus and occipital cortex.13,14 MdLF has 
been assumed to engage in language processing, particularly 
in the context of semantic language comprehension.15,16 How-
ever, the role and the division of the MdLF are controversial 
yet.17 MdLF was also suggested to involve the integration of 
visual and auditory information.18 As MdLF connects the tem-
poral pole including amygdala and precuneus cortex, MdLF 
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Figure 1. Differences in white matter integrities among poor sleepers with stress (PS+S), poor sleepers without stress (PS-S), and good sleep-
ers (GS). Brain regions that exhibited significant among-group differences in mean FAs are shown in the axial plane (A), right sagittal plane 
(B), and coronal plane (C). These areas correspond to the left ICP (red) and right MdLF (pink). The mean FA of each region (by group) is 
shown in the box plots (A). PS-S exhibited a higher right middle longitudinal fasciculus FA than did GS, and PS+S had a higher left ICP FA 
than did PS-S. *p<0.05. FA, fractional anisotropy; ICP, inferior cerebellar peduncle; MdLF, middle longitudinal fasciculus.
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may also involve the emotional regulation associated with 
amygdala-precuneus connectivity.19 Sleep plays very crucial 
role in the cognitive and affective processing such as memory 
consolidation, cognitive integration, or emotional regulation.20,21 
As sleep disturbance might produce the cognitive/affective 
impairments, compensatory MdLF strengthening (i.e., in-
creased FA) after poor sleep may appear to preserve cogni-
tive/emotional processing. 

However, in the current study, poor sleep with stress did 
not show increased FA value of MdLF. This can be due to the 
effects of stress. One previous study reported that early life 
stress decreased FA values of MdLF.22 Another study report-
ed the interaction of social stress and serotonin genotype af-
fected FA values of MdLF.23 Therefore, stress may interfere the 
compensatory MdLF strengthening after poor sleep.20

Another plausible explanation is that poor sleep caused by 
stress may differ neurologically from sleep disturbance unre-
lated to stress. Sleep disturbance has many triggers.24 Sleep 
disturbance unrelated to stress may feature neurobiological 
characteristics that differ from disturbance induced by stress 
or stress-related emotional problems. As PS-S showed higher 
rather than lower FA value of MdLF compared to GS, poor 
sleep unrelated to stress seems to be associated with strong 
white matter integration of MdLF. However, although the in-
creased white matter integrity (i.e., increased FA) sometimes 
indicates aberrant over-integrations of white matter, the de-
creased white matter integrity (i.e., decreased FA) is generally 
regarded as indicating weak and disrupted brain connectivi-
ty. Therefore, the notion that poor sleep strengthens the white 
matter integration seems to be slightly counter-intuitive. 

This study found that ICP white matter integrity was de-
creased in PS-S compared to PS+S but did not differ between 
PS and GS. It thus seems that stress mainly affected ICP white 
matter integrity. The ICP is located between cerebellum and 
brainstem. The ICP contains spinocerebellar, cuneocerebel-
lar, olivocerebellar, and vestibulocerebellar tracts, which carry 
information from body to the cerebellum. The ICP also con-
tains efferent connections from the cerebellum towards the 
vestibular nuclei along the border of the pons and medulla.25 
Indeed, the cerebellum has been suggested to be connected to 
stress-related neural tracts.26 Our findings were in line with 
previous studies reporting the association between ICP and 
trauma/stress. One study has reported that the decreased FA 
value of ICP was correlated with post-traumatic stress disor-
der symptom of combat veterans.27 Another study has also 
reported the association between childhood trauma and low 
FA value of the ICP in young adults.28 In addition, white mat-
ter change of ICP was reported to be associated with current 
stress level in older adults.29

This study has several limitations. No cross-sectional study 

can explore the temporal or causal relationships between sleep, 
stress, and white matter tract changes. Our study was explor-
ative in nature, the sample size was small, and the effects on 
individual tracts remain unclear. Future longitudinal studies 
with large sample sizes that focus on specific white matter 
tracts are required. In addition, in this study, life stress during 
the prior 6 months (regardless of the stress onset time) was 
assessed; the effects of long-term chronic stress may differ from 
those of acute stress. 

In conclusion, current study found higher MdLF FA values 
in PS-S than in the others and lower ICP FA values in PS+S 
than in the others. This finding suggests that poor sleep and 
stress interact to trigger white matter alterations, and that sleep 
disturbances related to stress and not may differ in neurobio-
logical terms. 

Availability of Data and Material
The datasets generated or analyzed during the study are available from 

the corresponding author on reasonable request.

Conflicts of Interest
The authors have no potential conflicts of interest to disclose. 

Author Contributions
Conceptualization: Yu Jin Lee, Seog Ju Kim. Data curation: Jiye Lee, 

Nambeom Kim, Yunjee Hwang, Kyung Hwa Lee. Formal analysis: Min-
jeong Kim, Jiye Lee, Jooyoung Lee. Funding acquisition: Seog Ju Kim. In-
vestigation: Jooyoung Lee, Yu Jin Lee, Seog Ju Kim. Methodology: Nam-
beom Kim, Yunjee Hwang, Kyung Hwa Lee. Project administration: Yu Jin 
Lee, Seog Ju Kim. Resources: Yu Jin Lee, Seog Ju Kim. Software: Jiye Lee, 
Nambeom Kim, Yunjee Hwang. Supervision: Yu Jin Lee, Seog Ju Kim. Val-
idation: Nambeom Kim, Jooyoung Lee, Yu Jin Lee, Seog Ju Kim. Visualiza-
tion: Minjeong Kim, Jiye Lee. Writing—original draft: Minjeong Kim, Jiye 
Lee. Writing—review & editing: Nambeom Kim, Yunjee Hwang, Kyung 
Hwa Lee, Jooyoung Lee, Yu Jin Lee, Seog Ju Kim.

ORCID iDs
Minjeong Kim	 https://orcid.org/0000-0002-1949-0041
Jiye Lee		  https://orcid.org/0000-0002-7733-2404
Nambeom Kim	 https://orcid.org/0000-0003-4960-1256
Yunjee Hwang	 https://orcid.org/0000-0001-7246-9316
Kyung Hwa Lee	 https://orcid.org/0000-0002-6168-5432
Jooyoung Lee	 https://orcid.org/0000-0002-8774-7128
Yu Jin Lee	 https://orcid.org/0000-0001-5195-2579
Seog Ju Kim	 https://orcid.org/0000-0003-2467-5451

Funding Statement
This research was supported by the National Research Foundation of 

Korea (NRF) grant funded by the Korean government (MSIT) (No. 
2020R1F1A1049200, 2022R1A2C2008417), the Bio & Medical Technology 
Development Program of the National Research Foundation (NRF) fund-
ed by the Korean government (MSIT) (No. 2020M3E5D9080561), and a 
grant of the Korea Health Technology R&D Project through the Korea 
Health Industry Development Institute (KHIDI), funded by the Ministry 
of Health & Welfare, Republic of Korea (No. HR21C0885).

REFERENCES

1.	 Cui R, Li B, Suemaru K, Araki H. Psychological stress-induced chang-
es in sleep patterns and their generation mechanism. Yakugaku Zasshi 



444  Psychiatry Investig  2023;20(5):439-444

Sleep and Stress on the White Matter Integrities

2008;128:405-411. 
2.	 Schäfer V, Bader K. Relationship between early-life stress load and sleep 

in psychiatric outpatients: a sleep diary and actigraphy study. Stress 
Health 2013;29:177-189. 

3.	 Bruce HA, Kochunov P, Kvarta MD, Goldwaser EL, Chiappelli J, 
Schwartz A, et al. Frontal white matter association with sleep quality 
and the role of stress. J Sleep Res 2023;32:e13669.

4.	 Spiegelhalder K, Regen W, Prem M, Baglioni C, Nissen C, Feige B, et al. 
Reduced anterior internal capsule white matter integrity in primary in-
somnia. Hum Brain Mapp 2014;35:3431-3438. 

5.	 Sanjari Moghaddam H, Mohammadi E, Dolatshahi M, Mohebi F, 
Ashrafi A, Khazaie H, et al. White matter microstructural abnormali-
ties in primary insomnia: a systematic review of diffusion tensor imag-
ing studies. Prog Neuropsychopharmacol Biol Psychiatry 2021;105: 
110132. 

6.	 Wang Y, Wang Q, Xie J, Zhu Y, Zhang D, Li G, et al. Mediation on the 
association between stressful life events and depression by abnormal 
white matter microstructures. Biol Psychiatry Cogn Neurosci Neuro-
imaging 2022;7:162-170.

7.	 Germain A, Buysse DJ, Ombao H, Kupfer DJ, Hall M. Psychophysio-
logical reactivity and coping styles influence the effects of acute stress 
exposure on rapid eye movement sleep. Psychosom Med 2003;65:857-
864. 

8.	 Hwang Y, Kim SJ. Brain activation changes in insomnia: a review of 
functional magnetic resonance imaging studies. Chronobiol Med 2020; 
2:103-108. 

9.	 Lee KH, Lee HY, Park I, Jeon JE, Kim N, Oh SM, et al. Life stress, sleep 
disturbance and depressive symptoms: the moderating role of prefron-
tal activation during emotion regulation. Aust N Z J Psychiatry 2022; 
56:709-720.

10.	 Kim SY, Lee KH, Lee H, Jeon JE, Lee MH, Lee J, et al. Negative life stress, 
sleep disturbance, and depressive symptoms: the moderating role of 
anterior insula activity in response to sleep-related stimuli. J Affect Dis-
ord 2022;299:553-558. 

11.	 Buysse DJ, Reynolds CF 3rd, Monk TH, Berman SR, Kupfer DJ. The 
Pittsburgh Sleep Quality Index: a new instrument for psychiatric prac-
tice and research. Psychiatry Res 1989;28:193-213. 

12.	 Raja R, Na X, Badger TM, Ou X. Neural correlates of sleep quality in 
children: sex-specific associations shown by brain diffusion tractogra-
phy. J Neuroimaging 2022;32:530-543. 

13.	 Latini F, Trevisi G, Fahlström M, Jemstedt M, Alberius Munkhammar 
Å, Zetterling M, et al. New insights into the anatomy, connectivity and 
clinical implications of the middle longitudinal fasciculus. Front Neu-
roanat 2021;14:610324.

14.	 Tanglay O, Young IM, Dadario NB, Briggs RG, Fonseka RD, Dhanaraj 
V, et al. Anatomy and white-matter connections of the precuneus. Brain 
Imaging Behav 2022;16:574-586.

15.	 Menjot de Champfleur N, Lima Maldonado I, Moritz-Gasser S, Machi 
P, Le Bars E, Bonafé A, et al. Middle longitudinal fasciculus delineation 
within language pathways: a diffusion tensor imaging study in human. 
Eur J Radiol 2013;82:151-157. 

16.	 Luo C, Makaretz S, Stepanovic M, Papadimitriou G, Quimby M, Pala-
nivelu S, et al. Middle longitudinal fascicle is associated with semantic 
processing deficits in primary progressive aphasia. Neuroimage Clin 
2020;25:102115. 

17.	 Wang Y, Fernández-Miranda JC, Verstynen T, Pathak S, Schneider W, 
Yeh FC. Rethinking the role of the middle longitudinal fascicle in lan-
guage and auditory pathways. Cereb Cortex 2013;23:2347-2356.

18.	 Kalyvas A, Koutsarnakis C, Komaitis S, Karavasilis E, Christidi F, Skan-
dalakis GP, et al. Mapping the human middle longitudinal fasciculus 
through a focused anatomo-imaging study: shifting the paradigm of its 
segmentation and connectivity pattern. Brain Struct Funct 2020;225: 
85-119. 

19.	 Ferri J, Schmidt J, Hajcak G, Canli T. Emotion regulation and amygda-
la-precuneus connectivity: focusing on attentional deployment. Cogn 
Affect Behav Neurosci 2016;16:991-1002.

20.	 Krause AJ, Simon EB, Mander BA, Greer SM, Saletin JM, Goldstein-
Piekarski AN, et al. The sleep-deprived human brain. Nat Rev Neuro-
sci 2017;18:404-418. 

21.	 Grumbach P, Opel N, Martin S, Meinert S, Leehr EJ, Redlich R, et al. 
Sleep duration is associated with white matter microstructure and cog-
nitive performance in healthy adults. Hum Brain Mapp 2020;41:4397-
4405. 

22.	 Howell BR, Ahn M, Shi Y, Godfrey JR, Hu X, Zhu H, et al. Disentan-
gling the effects of early caregiving experience and heritable factors on 
brain white matter development in rhesus monkeys. Neuroimage 2019; 
197:625-642.

23.	 Howell BR, Godfrey J, Gutman DA, Michopoulos V, Zhang X, Nair G, 
et al. Social subordination stress and serotonin transporter polymor-
phisms: associations with brain white matter tract integrity and behav-
ior in juvenile female macaques. Cereb Cortex 2014;24:3334-3349.

24.	 Benca RM. Diagnosis and treatment of chronic insomnia: a review. 
Psychiatr Serv 2005;56:332-343. 

25.	 Borchers LR, Bruckert L, Chahal R, Mastrovito D, Ho TC, Gotlib IH. 
White matter microstructural properties of the cerebellar peduncles 
predict change in symptoms of psychopathology in adolescent girls. 
Cerebellum 2022;21:380-390.

26.	 Moreno-Rius J. The cerebellum under stress. Front Neuroendocrinol 
2019;54:100774. 

27.	 Romaniuk M, Xia Y, Fisher G, Pannek K, Fripp J, Evans J, et al. The re-
lationship between chronic PTSD, cortical volumetry and white mat-
ter microstructure among Australian combat veterans. Mil Med Res 
2022;9:50. 

28.	 Kim MJ, Elliott ML, d’Arbeloff TC, Knodt AR, Radtke SR, Brigidi BD, 
et al. Microstructural integrity of white matter moderates an associa-
tion between childhood adversity and adult trait anger. Aggress Behav 
2019;45:310-318. 

29.	 Li C, Schreiber J, Bittner N, Li S, Huang R, Moebus S, et al. White mat-
ter microstructure underlies the effects of sleep quality and life stress 
on depression symptomatology in older adults. Front Aging Neurosci 
2020;12:578037.


