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Aim: White matter changes in individuals at ultra-high risk for psychosis

(UHR) may be involved in the transition to psychosis. Sleep-wake disturbances

commonly precede the first psychotic episode and predict development of

psychosis. We examined associations between white matter microstructure

and sleep-wake disturbances in UHR individuals compared to healthy controls

(HC), as well as explored the confounding effect of medication, substance use,

and level of psychopathology.

Methods: Sixty-four UHR individuals and 35 HC underwent clinical interviews

and diffusion weighted imaging. Group differences on global and callosal

mean fractional anisotropy (FA) was tested using general linear modeling.

Sleep-wake disturbances were evaluated using the subjective measures

disturbed sleep index (DSI) and disturbed awakening index (AWI) from the

Karolinska Sleep Questionnaire, supported by objective sleep measures from

one-night actigraphy. The primary analyses comprised partial correlation

analyses between global FA/callosal FA and sleep-wake measures. Secondary

analyses investigated multivariate patterns of covariance between measures of

sleep-wake disturbances and FA in 48 white matter regions of interest using

partial least square correlations.
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Results: Ultra-high risk for psychosis individuals displayed lower global FA

(F = 14.56, p < 0.001) and lower callosal FA (F = 11.34, p = 0.001) compared

to HC. Subjective sleep-wake disturbances were significantly higher among

the UHR individuals (DSI: F = 27.59, p < 0.001, AWI: F = 36.42, p < 0.001).

Lower callosal FA was correlated with increased wake after sleep onset

(r = −0.34, p = 0.011) and increased sleep fragmentation index (r = −0.31,

p = 0.019) in UHR individuals. Multivariate analyses identified a pattern of

covariance in regional FA which were associated with DSI and AWI in UHR

individuals (p = 0.028), but not in HC. Substance use, sleep medication and

antipsychotic medication did not significantly confound these associations.

The association with objective sleep-wake measures was sustained when

controlling for level of depressive and UHR symptoms, but symptom level

confounded the covariation between FA and subjective sleep-wake measures

in the multivariate analyses.

Conclusion: Compromised callosal microstructure in UHR individuals was

related to objectively observed disruptions in sleep-wake functioning. Lower

FA in ventrally located regions was associated with subjectively measured

sleep-wake disturbances and was partly explained by psychopathology. These

findings call for further investigation of sleep disturbances as a potential

treatment target.

KEYWORDS

ultra-high risk of psychosis, white matter, diffusion weighted imaging, sleep,
substance use, psychopathology

Introduction

The ultra-high risk state of psychosis (UHR) designates
a putative prodromal phase of psychosis (Yung et al., 2005)
and is defined by criteria of attenuated psychotic symptoms,
brief limited intermittent psychotic symptoms, and/or a
diagnosis of schizotypal personality disorder or a genetic
risk, along with a functional decline. A recent meta-analysis
found a transition rate to psychosis of 25% within the first
3 years (Salazar De Pablo et al., 2021). Multiple risk factors
for transitioning has been identified, including severity of
attenuated psychotic symptoms, negative symptoms, substance
use, physical inactivity, unemployment and male sex (Fusar-
Poli et al., 2020). Considering the potential detrimental effects
of psychosis, research on modifiable risk factors of disease
progression is critical for early intervention (Pantelis et al., 2005;
Bora et al., 2009).

The influence of sleep-wake disturbances on the
development of psychopathology has increasingly been
acknowledged. Sleep-wake disturbances can be evaluated using
self-report questionnaires regarding a specific period (e.g.,
last night or last month), but they are vulnerable to recall-bias
(Lunsford-Avery et al., 2015; Aili et al., 2017). Objective methods
are polysomnography (the gold standard) and actigraphy, the

latter less invasive and more convenient (Aili et al., 2017).
Due to a well-described discrepancy between subjective and
objective sleep measures, a combination of approaches is
preferred (Trimmel et al., 2021). Sleep-wake disturbances are
common in individuals diagnosed with schizophrenia (Waite
et al., 2020) and commonly precede the first psychotic episode
(Yung and Nelson, 2011; Zaks et al., 2022), and have predicted
psychotic symptoms in a high-risk sample (Lunsford-Avery
et al., 2015). According to a recent systematic review and
meta-analysis (Clarke et al., 2021), sleep-wake disturbances
are more present in UHR individuals compared to HC,
and it applies both to self-reported (e.g., sleep quality and
fragmented sleep) and objective sleep-wake measures (e.g.,
sleep latency, daytime napping, and movement during sleep).
However, few studies with objective sleep measures such as
actigraphy or polysomnography have been reported, and only
four studies were identified and included in the meta-analysis
(Clarke et al., 2021).

Cerebral white matter (WM) changes have been shown to
be implicated in the pathophysiology of psychotic disorders
(Vitolo et al., 2017; Zhao et al., 2022) including UHR individuals,
although the changes appear more subtle than in patients with
an established psychotic disorder (Peters et al., 2010; Pettersson-
Yeo et al., 2011; Karlsgodt et al., 2012; Samartzis et al., 2014;
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Wheeler and Voineskos, 2014; Canu et al., 2015). The most
applied white matter index is fractional anisotropy (FA). Lower
FA is often interpreted as impaired WM microstructure (Jones
et al., 2013) and have been associated with loss of axonal
coherence, demyelination, or neurodegeneration (Song et al.,
2002; Alexander et al., 2007, 2011; Pasternak et al., 2009). Lower
FA has been reported in UHR individuals compared to HC
in widespread WM regions (Carletti et al., 2012; Lagopoulos
et al., 2013), such as the major association tracts interconnecting
frontal regions with temporal and limbic regions (Clemm Von
Hohenberg et al., 2014; Rigucci et al., 2016; Vijayakumar et al.,
2016), as well as the large projection tracts connecting the
cortical and subcortical structures (Katagiri et al., 2015; Saito
et al., 2017). Cross-sectional studies have found regional lower
FA to be associated with more severe attenuated psychotic
symptoms (Nägele et al., 2020). In a previous independent
cross-sectional study in UHR individuals we reported WM
alterations in UHR individuals which were associated with
positive and negative symptoms as well as level of functioning
(Krakauer et al., 2017). In a study population partly overlapping
with the current sample we found that global FA at baseline
predicted transition to psychosis after one year (Kristensen et al.,
2021a), and that changes in negative symptoms were linked
to white matter changes in superior longitudinal fasciculus
(Kristensen et al., 2021b).

Psychosis has been conceptualized as a global brain disorder
of dysconnectivity (Friston, 1998). Global WM studies have
identified associations between WM microstructure and sleep-
wake measures, such as sleep duration in healthy adults
(Khalsa et al., 2017; Grumbach et al., 2020) and in adolescents
(Telzer et al., 2015), as well as sleep quality in an aging
populations (Kocevska et al., 2019), patients with depression
(Sexton et al., 2017), and patients with mild traumatic brain
injury (Raikes et al., 2018). However, the participants of
these studies are heterogeneous including clinical and non-
clinical samples, aging or adolescents, as well as neurologically
afflicted populations. Hence the results and localization of the
associations are mixed (Zitser et al., 2020). To our knowledge,
no studies to date have examined associations between WM and
sleep-wake disturbances in UHR individuals.

Global approaches may conceal information derived
from informed hypotheses on associations between specific
symptoms and predefined WM regions of interest (ROIs).
The main commissural tract in the brain is corpus callosum
(CC), which is critical for the interhemispheric information
transfer and coordination of functional activity (Mancuso et al.,
2019). CC has together with neuronal populations located to
the brainstem been hypothesized to be involved in a complex
synchronization of interhemispheric activity, regulating the
timing and duration of rapid eye movement (REM) (Nielsen
et al., 1992). Indeed, different aspects of sleep quality have
been linked to CC, such as sleep oscillations (Piantoni et al.,
2013), sleep efficiency, total sleep time (Altendahl et al.,

2020), REM as well as non-REM sleep (Avvenuti et al., 2019;
Bernardi et al., 2021). One study found that WM metrics of
CC mediated associations between poor sleep quality and
symptomatology in patients with depression (Li et al., 2020).
Hence, investigating associations between predefined ROIs such
as CC and predefined measures of sleep, as well as exploring
associations to all WM regions may be optimal.

Substance use disorder is significantly more common in
UHR individuals (Carney et al., 2017) and patients suffering
from schizophrenia (Hunt et al., 2018) than in the general
population. Substance use is known to affect both WM
microstructure (Murray et al., 2017; Hampton et al., 2019) and
sleep (Huhn et al., 2022), as well as the risk of developing
psychosis (Murray et al., 2017; Murrie et al., 2020; Hjorthøj et al.,
2021). A meta-analysis found lower FA in CC in individuals
with a substance use disorder, however, it appeared dependent
on the type of substance (Hampton et al., 2019). Studies have
demonstrated that substance use worsens both the subjective
experience of sleep quality and objective sleep-wake measures,
including reduced total sleep time (TST) and increased Wake
After Sleep Onset (WASO) (Huhn et al., 2022). It is well-known
that substance use can induce transient and dose dependent
psychotic symptoms. A recent meta-analysis reported an overall
transition rate of 25% from any substance induced psychosis
to schizophrenia with the most elevated transition rate of
34% found in patients with a cannabis-induced psychosis
(Murrie et al., 2020).

A study from our group showed that antipsychotic
medication affected WM microstructure in frontal fasciculi in
antipsychotic naïve patients with first episode psychosis (Ebdrup
et al., 2015). Additionally, changes in WM microstructure have
been reported in patients with affective disorders (Jenkins et al.,
2016; Cui et al., 2020). Hence, the potential confounding effects
of both antipsychotic medication, sleep medication, as well
as depressive symptoms being markedly prevalent in UHR
individuals may be important to explore.

In this study, we examine the association between global
and regional WM microstructure and sleep-wake disturbances
in UHR individuals compared to HC. We hypothesize, that
lower mean global FA as well as lower FA in CC are
associated with more severe sleep-wake disturbances. Secondly,
we investigate potential covariation between FA in all ROIs and
sleep-wake disturbances. Finally, we exploratively investigate
if these potential associations may be explained by substance
use, medication (antipsychotics and sleep medicine), and
psychopathology (depressive symptoms and UHR symptoms).

Materials and methods

Cross-sectional data were derived from The FOCUS-trial
(Glenthøj et al., 2015). The main trial design and primary
outcomes have been reported elsewhere (Glenthøj et al., 2015,
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2020). After initiation, the main trial was extended with several
add-on studies at a later timepoint. Hence, sample size was
reduced for the current subset of UHR individuals selected
from the main trial (Flow chart in Supplementary Figure 1).
Participants were recruited from psychiatric inpatient and
outpatient facilities in Copenhagen, Denmark, between April
2014 and December 2017. The trial protocol was approved by
the Committee on Health Research Ethics of the Capital Region
in Denmark (H-6-2013-015). All participants provided written
informed consent prior to inclusion.

Participants

Data for the current study was collected at baseline from
help-seeking individuals meeting at least one of the three UHR-
criteria according to the Comprehensive Assessment of At-
Risk Mental States (CAARMS) (Yung et al., 2005): attenuated
psychotic symptoms, and/or brief limited intermittent psychotic
symptoms, and/or trait and vulnerability state along with a
significant drop or sustained low functioning for the past year.
Exclusion criteria were a history of a psychotic episode of
more than one week duration; psychiatric symptoms explained
by a physical illness with psychotropic effect (e.g., delirium)
or acute intoxication from any substance; a diagnosis of a
serious developmental disorder (e.g., Asperger’s syndrome or
IQ < 70); or current treatment with methylphenidate. HC were
recruited by web based advertising or via advertisements at
local educational institutions. HC had no current or previous
psychiatric diagnosis, substance use or dependency, and no
first-degree relatives with a psychotic disorder. In the main
trial HC were concurrently included and matched to the UHR
individuals on age, sex, ethnicity, and parental socioeconomic
status.

Assessments

Clinical assessments
Axis I and selected Axis II diagnoses (schizotypal-,

paranoid-, and borderline personality disorder) were examined
using the Structured Clinical Interview for DSM-IV (SCID)
(First et al., 1997). To examine whether a participant met the
UHR criteria, the semi-structured interview Comprehensive
Assessment of At-Risk Mental States (CAARMS) (Morrison
et al., 2011) was used. CAARMS is rated with an intensity score
and a frequency score in four different domains of positive
UHR symptoms (unusual thought content, non-bizarre ideas,
disorganized speech, or perceptual abnormalities). Based on
these scores it is determined if the patient meets UHR-criteria.
If the intensity exceeds cut-off for psychosis and does not
resolve spontaneously within the duration of one week, the
UHR state is exceeded. Furthermore, UHR criteria of trait and

vulnerability is met with a schizotypal personality disorder or a
psychotic illness in a first degree relative, along with a decline
in functioning (≥30% drop for at least a month) or a sustained
low functioning (≤50 for at least a year) assessed with the
Social and Occupational Functioning Assessment Scale (SOFAS)
(Morosini et al., 2000). Here, we used the CAARMS composite
score, which is calculated from the four different domains of
positive UHR symptoms by multiplication of the intensity score
and the frequency score within each domain, and next adding
the scores from the 4 domains. Depressive symptomatology was
assessed using the Montgomery-Åsberg Depression Rating Scale
(MADRS) (Montgomery and Asberg, 1979), which is a 10 items
interview based questionnaire related to depressive symptoms.
The Alcohol Smoking and Substance Involvement Screening
Test (ASSIST) (Ali et al., 2002) was used to assess the occurrence
and extent of substance use. ASSIST is a short interview based
questionnaire, consisting of eight questions aiming to examine
both present (last three month) and lifetime use of different
substances (alcohol, tobacco, cannabis, cocaine, amphetamines,
inhalants, sedatives, hallucinogens, opiates, and other drugs).
For each substance ever used, frequency was rated on a 5-
point Likert scale, (0 = never, 1 = once or twice, 2 = monthly,
3 = weekly and 4 = daily or almost daily). Use of antipsychotics
and sleep medicine (including benzodiazepines, antihistamines,
and melatonin) was self-reported, both prescribed medicine for
daily use and for use “as needed” were registered, and if the
medicine was ingested during the 24-h of actigraphy.

All clinical assessments were conducted by experienced
psychologists and medical doctors with comprehensive training
in the assessment instruments. Inter-rater reliability was
assessed in the main trial using intra-class correlations for
clinical outcomes, revealing excellent inter-rater reliability
(Glenthøj et al., 2020).

Sleep assessments
The subjectively experienced sleep quality was assessed

with a modified version of the Karolinska Sleep Questionnaire
(Åkerstedt et al., 2002) both during the past night and during
the past four weeks. Seven items about sleep disturbances
were covered: (a) difficulties falling asleep, (b) disturbed/restless
sleep, (c) repeated awakenings, (d) premature awakenings,
(e) difficulties waking up, (f) non-refreshing sleep, and (g)
exhaustion at awakening. All scores ranking from 1 to 5
(1 = never, 2 = seldom, 3 = sometimes/several times per month,
4 = mostly/several days per week, 5 = always), higher scores
indicating less refreshing sleep. The Disturbed Sleep Index (DSI)
was calculated as the sum of the four items, (a), (b), (c), and (d),
ranking from 4 to 20. The Disturbed Awakening Index (AWI)
was calculated as the sum of the three items (e), (f), and (g),
ranking from 3 to 15. Individuals with missing data on single
items were excluded from the analyses.

The objective sleep-wake measures were obtained using
an actigraph. An actiwatch (ActiGraph wGT3X-BT from
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ActiGraph FL, USA) was worn on the non-dominant wrist for
24 h. Data were collected with a sampling rate of 30 Hz and
1-min epochs were used to score wake and sleep pattern. Data
were analyzed with ActiGraph Sleep Analysis (ActiGraph, FL,
USA). The actigraph measures applied in this study were: total
sleep time (TST), wake after sleep onset (WASO) (minutes
spend awake after sleep had occurred), sleep efficiency (SE)
(the ratio between TST and total time in bed), and sleep
fragmentation index (SFI) (index of restlessness during the sleep
period expressed as a percentage, higher score indicating more
disrupted sleep). The actigraph was accompanied by a sleep
diary reporting bedtime, awakening time, and medicine intake.

The subjective sleep measures are regarded as primary in the
analyses as they cover the last four weeks and must be considered
more representative than one-night actigraphy. In our analyses
we include both the subjective and the objective sleep-wake
measures and consider whether the objective measures support
the findings of the subjective measures.

Image acquisition and processing
The details of image acquisition and processing have

been described elsewhere (Kristensen et al., 2019). Briefly, we
acquired the MRI scans on a 3T scanner (Philips Healthcare,
Best, Netherlands). Two diffusion-weighted images using single
shot spin-echo echoplanar imaging sequence with 30 non-
collinear diffusion-weighted (b = 1.000 s/mm2) directions and
one non-diffusion weighted (b = 0 s/mm2) in opposite phase
encoding directions were acquired, enabling correction for
susceptibility distortions (Andersson et al., 2003). Tools from
the FSL software library v5.0.10 (Jenkinson et al., 2012) and
MRtrix31 was used for image processing. DWI data were
denoised (Dhollander et al., 2016; Veraart et al., 2016b,a),
and images were corrected for B1 field inhomogeneity (Zhang
et al., 2001; Smith et al., 2004). Eddy current and susceptibility
artifact correction (Andersson and Sotiropoulos, 2016) was
performed, and absolute and relative head motion parameters
were extracted. Tract-based spatial statistics (TBSS) (Smith et al.,
2004, 2006) was used to align FA data into the FMRIN58
template using the non-linear image registration tool (FNIRT)
(Andersson et al., 2007a,b). The mean FA image (threshold of
0.2) was thinned to create mean study-specific FA skeleton maps
(Smith et al., 2006). Using the John Hopkins University WM
tractography atlas labels (Mori and Van Zijl, 2007; Hua et al.,
2008), we calculated mean FA for the 48 ROIs for each UHR
individual. Mean global FA was calculated as the average of
the weighted FA in the 48 ROIs from skeletonized data. FA for
CC was calculated as the summed mean FA for the 3 callosal
segments (genu + body + splenium)/3 (Supplementary Figure 2
and Supplementary Text 1 for further details).

MRI quality metrics were assessed by visual inspection, and
MRI quality metrics from each subject was calculated using

1 www.mrtrix.org

a quality assessment method described by Roalf et al. (2016)
[Range between “Good” and “Excellent” quality, details are
reported elsewhere (Kristensen et al., 2019)].

Statistical analyses

Univariate analyses
All univariate analyses were performed using Statistical

Package for the Social Sciences (SPSS) version 25.0, (IBM,
Armonk, NY, USA). Descriptive variables were reported as
percent, means, and standard deviations. Chi-square tests and
general linear modelling (GLM) were used to compare UHR
individuals to HC on descriptive variables. Effect of group on
mean global FA and callosal FA were tested using GLM with age,
sex, relative and absolute motion in scanner as covariates.

Partial correlation analyses were performed in SPSS to test
covariation between mean FA in the CC and the subjective
and objective measures of sleep-wake disturbances, including
age, sex, relative and absolute motion in scanner as covariates.
Primary analyses tested the effect of group with ANOVA
(UHR individuals vs. HC). All tests were corrected for multiple
comparisons using the Benjamin–Hochberg procedure with an
FDR of p < 0.05.

Post-hoc, we tested the potential effect of substance use,
medication, and psychopathology by including each substance
as well as a composite score for substance use, medication
(antipsychotics and sleep medicine yes/no), and measure
of psychopathology [depressive (MADRS score) or UHR-
symptoms (CAARMS composite score)] as covariates, along
with age, sex, relative and absolute motion in scanner in
the partial correlation model. Post-hoc tests were uncorrected
for multiplicity.

Multivariate analyses
Group differences on the 48 ROIs were tested with

multivariate GLM using the MATLAB software (version 2021a)
including age, sex, relative and absolute motion as covariates.

The partial least square-correlation (PLS-C) analysis
(McIntosh and Lobaugh, 2004; Kovacevic et al., 2013) was
performed using the MATLAB software (version 2021a).
We included two subjective and four objective sleep-wake
measures and mean FA values of 48 WM-regions, co-varied
for age, sex, and relative and absolute motion in scanner. In
brief, PLS-C is used to identify latent variables (LVs), which
express maximum covariance between patterns of regional FA
associated with sleep-wake disturbances. Both the significance
level of the omnibus test (Reisfeld and Mayeno, 2013) and of
the individual LVs were assessed using permutation testing
(100,000 permutations) to obtain a p-value based on non-
rotated sampling distribution of singular values (Kovacevic
et al., 2013). For the omnibus test, the Inertia index that was
calculated as the sum of all singular values of all the LVs

Frontiers in Human Neuroscience 05 frontiersin.org

https://doi.org/10.3389/fnhum.2022.1029149
http://www.mrtrix.org
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-1029149 October 22, 2022 Time: 11:58 # 6

Rasmussen et al. 10.3389/fnhum.2022.1029149

identified by PLS-C, was used for permutations testing (Abdi
and Williams, 2013). LVs with a p < 0.05 were considered
significant. Only LVs with a cross-block covariance larger than
5% were reported (Grigg and Grady, 2010). The reliability of
saliences was assessed using bootstrapping (100,000 bootstraps
with procrustean rotation) to obtain 95% confidence intervals.
Confidence intervals of the saliences that did not cross zero
were considered reliable (Krishnan et al., 2011). Details on
PLS-C are provided in Supplementary Text 2.

In planned exploratory analyses, we entered substance
use, medication (antipsychotics and sleep medication), and
psychopathology [level of depressive symptoms (MADRS
score), and level of UHR-symptoms (CAARMS composite
score)] as covariates in the multivariate PLS-C. In addition,
we performed sensitivity analyses on a reduced sample of
antipsychotic free UHR individuals (n = 45). Finally, post-
hoc analyses explored a potential mediation effects of levels of
psychopathology on significant associations between regional
FA and sleep-wake measures using Process for SPSS by Hayes
(2017).

Results

Characteristics of participants are reported in Table 1. No
differences were found between UHR individuals and HC on the
sociodemographic variables of age, sex or estimated premorbid
IQ (See further details in Table 1). As well, no differences
were found when comparing characteristics of UHR individuals
in antipsychotic medication with UHR individuals with no
antipsychotic medication (see further details in Supplementary
Table 1).

White matter

UHR individuals had significantly lower global FA
(F = 14.06, p < 0.001), and lower FA in CC (F = 12.86,
p < 0.001) when compared to HC (Table 1).

Furthermore, the multivariate test including all 48 ROIs
showed significant lower FA in UHR individuals (omnibus
test p < 0.001). The significant pattern indicated that 22/48
ROIs contributed reliably with lower FA in UHR individuals
(p = 0.001) bilaterally: middle cerebellar peduncle; genu, body,
and splenium of CC; posterior limb of internal capsule;
superior corona radiata; posterior thalamic radiation; external
capsule; and superior longitudinal fasciculus. Left hemisphere:
retrolenticular part of internal capsule; posterior corona radiata;
sagittal stratum; cingulum; and tapetum. Right hemisphere:
cerebral peduncle; anterior corona radiata; and cingulum
hippocampus (Figure 1).

Sleep

We found a significant difference between groups on
the subjective sleep-wake measures (Table 2, Figure 2,
and Supplementary Figure 3). The UHR individuals had
significantly higher DSI (i.e., more disturbed sleep), both the
preceding night (F = 18.41, p < 0.001) and across the last four
weeks (F = 27.59, p < 0.001). The AWI was significantly higher
(i.e., less refreshed at awakening) in the UHR-group, both the
preceding night (F = 19.03, p < 0.001) and across the last four
weeks (F = 36.42, p < 0.001).

Overall, we found no significant differences between groups
on the objective sleep-wake measures from the actigraph.
Among female participants we found significantly higher SE
(F = 12.83, p = 0.001) and TST (F = 6.76, p = 0.011) and
significantly lower WASO (F = 8.37, p = 0.005) and SFI (F = 4.45,
p = 0.038) (Supplementary Table 2).

Substance use, psychopathology, and
medication

Among the UHR individuals, two had a history and
one had a current diagnosis of substance use disorder. Six
UHR individuals had an earlier and none had a current
diagnosis of dependence, which was in accordance with the
eligibility criteria.

UHR individuals had a significantly higher use of nicotine
(χ2 18.07, p = 0.001) compared to HC, and a significantly
lower consumption of alcohol (χ2 9.67, p = 0.046). Although
not significant, we noticed that three UHR individuals
had a daily or almost daily use of cannabis, compared
to no HC. Likewise, no HC had ever used simulants
(amphetamine, ecstasy, amphetamine, etc.), where three UHR
individuals had tried it, and one had a monthly use
(Supplementary Table 3).

The UHR individuals comprised a heterogenous sample
with a majority of n = 38 (59.4%) diagnosed with an affective
disorder, n = 37 (57.8%) with an anxiety disorder, and n = 21
(32.4%) diagnosed with a personality disorder (Table 1). The
mean baseline score on MADRS was equivalent to a mild
depression, which is in accordance with the high incidence of
affective disorders.

Thirty-eight (59.4%) of the sample were antipsychotic-naïve
and n = 19 (29.7%) reported current use of antipsychotic
medication in low dosages. Of other medications which may
affect sleep, one UHR individual reported current treatment of
a benzodiazepine, 6 melatonin, and 15 reported current use of
antidepressants (Table 1).
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TABLE 1 Sociodemographic and clinical data at baseline for individuals at ultra-high risk and healthy controls.

Variable
Mean (S.D.)/Percent

UHR
(N = 64)

Healthy controls
(N = 35)

Significance

Age Mean (SD) 23.6 (3.9) 23.7 (2.7) p = 0.87

Sex p = 0.07, χ2 2.87

Male 57.8% 40.0%

Female 42.2% 60.0%

Premorbid IQ (DART) 21.2 (7.2) 22.7 (6.9) p = 0.32

Years of education 13.7 (2.4) 16.4 (2.0) p < 0.01

Parental SES p = 0.03, χ 2 7.39

Low 7.8% 0.0%

Medium 45.3% 23.1%

High 46.9% 76.9%

Function (SOFAS) 54.1 (9.9) 87.7 (6.8) p < 0.01, F = 322.1

Activity-level# 14.9 (17.3) 42.7 (8.0) p < 0.01, F = 71.96

White matter

Global, mean FA (SD) 0.599 (0.016) 0.612 (0.012) p < 0.001, F = 14.56

Corpus Callosum, mean FA (SD) 0.739 (0.021) 0.753 (0.015) p = 0.001, F = 11.34

Absolute motion in scanner 1.262 (0.346) 1.227 (0.373) p = 0.646, F = 0.21

Relative motion in scanner 0.178 (0.083) 0.159 (0.063) p = 0.250, F = 1.34

Diagnoses

Affective disorder 59.4% (38) –

Anxiety disorder 57.8% (37) –

Personality disorder 32.4% (21) –

Other diagnoses 21.9% (14) –

Diagnose of lifetime† abuse 3.1% (2) –

Diagnose of lifetime† dependency 9.4% (6) –

Diagnose of current† abuse 1.6% (1) –

Diagnose of current† dependency 0.0% (0) –

Medication

Antipsychotic-naïve 59.4% (38) –

Current† antipsychotics 29.7% (19) –

Current† antidepressants 23.4% (15) –

Current† benzodiazepines 1.6% (1) –

Current† melatonin 9.4% (6) –

Clinical symptoms

CAARMS composite score 49.91 (15.71) –

MADRS total 15.86 (7.31) –

#Activity-level is hours per week spend on work and education. Significant difference between UHR individuals and healthy controls are marked in bold.
CAARMS, comprehensive assessment of at-risk mental state; DART, Danish adult reading list; FA, fractional anisotropy; IQ, intelligence quotient; MADRS, Montgomery-Åsberg
Depression Rating Scale, No., number; SD, standard deviation; SES, socio-economic status; SOFAS, social and occupational function assessment scale; TS, trait and state; UHR,
ultra-high risk.

Partial correlations between callosal
fractional anisotropy and sleep-wake
measures

We identified significant negative correlations between
callosal FA and WASO (p = 0.011, r = −0.337) as well
as with SFI (p = 0.019, r = −0.313) in UHR individuals
(Table 3). When including all participants, significant
correlations between callosal FA and AWI (p = 0.029,

r = −0.230), SE (p = 0.020, r = 0.243), WASO (p = 0.007,
r = −0.283), and SFI (p = 0.032, r = −0.225) remained
significant after controlling for multiplicity. However, in the
within-group analyses we could not confirm the significant
correlation between callosal FA, AWI and SE among the
UHR individuals, and no significant correlations between
global or callosal mean FA were identified in HC. The
partial correlation analyses were also performed on the
reduced sample of antipsychotic free UHR individuals
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FIGURE 1

Group difference on 48 white matter regions. Figure displays the results from the multivariate GLM testing group difference between UHR
individuals and healthy controls on fractional anisotropy (FA) in 48 regions of interest. (A) The significant group difference shows lower
fractional anisotropy in UHR individuals compared to healthy controls in the 48 regions of interest (ROIs). (B) The ROIs which contributes
reliably are visualized using JHU white matter atlas. Reliably contributing regions are bilaterally: middle cerebellar peduncle; genu, body, and
splenium of corpus callosum; posterior limb of internal capsule; superior corona radiata; posterior thalamic radiation; external capsule; and
superior longitudinal fasciculus. Left hemisphere: retrolenticular part of internal capsule; posterior corona radiata; sagittal stratum; cingulum;
and tapetum. Right hemisphere: cerebral peduncle; anterior corona radiata; and cingulum hippocampus. (C) The pattern of covariance in all 48
ROIs, with the regions contributing reliably marked in turquoise. A list linking the numbers to the regions are displayed in the
Supplementary Text 3. A, anterior; L, left; P, posterior; R, right; UHR, ultra-high risk.

(n = 45), which showed identical results (Supplementary
Table 4).

Multivariate covariance between
fractional anisotropy and sleep-wake
disturbances

The PLS-C interaction analysis on all participants revealed a
trend level significant association between patterns of regional
FA and sleep-wake disturbances comparing UHR individuals
to HCs (omnibus test p = 0.078). Post-hoc sensitivity analyses
including all HC and a subsample of antipsychotic free UHR
individuals showed a strong association (omnibus test p = 0.031)
between a pattern of disturbed sleep-wake measures (lower SE,
higher WASO, SFI, and AWI) and widespread lower FA in
24/48 WM regions explaining 69.89% of the covariance (LV1
p = 0.032) (see Supplementary Figure 4A for details). The
next step within group PLS-C analysis identified an association
between a pattern of regional FA and sleep-wake measures

in UHR individuals (omnibus test p = 0.028) but not in HC
(omnibus test p = 0.290). In UHR individuals, one significant
latent variable (LV) was identified: LV3 explained 15% of the
covariance (p = 0.013). LV3 comprised a pattern where higher
FA in fornix, along with lower FA in left and right corticospinal
tract, left cerebral peduncle, left medial lemniscus, and left
cingulum (hippocampus) contributed reliably. This pattern of
regional FA was associated with a pattern of more severely
disturbed sleep (DSI) and awakening (AWI) contributing
reliably (See Figure 3 for details).

Confounding effects of substance use,
medication, and psychopathology

Non-parametric tests of correlations between single
substances as well as composite substance score and sleep-
wake measures in all participants revealed nicotine use to be
positively correlated to scores on 5/6 measures of sleep-wake
disturbances: DSI (p = 0.003, r = 0.292), AWI (p < 0.001,
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TABLE 2 Sleep at baseline.

Variable
Mean (SD)/percent

UHR individuals
(N = 64)

Healthy controls
(N = 35)

Significance

Karolinska Sleep Questionnaire

The last 4 weeks

Disturbed Sleep Index (DSI)1 12.09 (3.56) 8.46 (2.71) p < 0.001, F = 27.59

Disturbed Awakening Index (AWI)2 11.20 (2.75) 7.86 (2.42) p < 0.001, F = 36.42

The last night

Disturbed Sleep Index (DSI)1 10.66 (3.48) 7.68 (2.83) p < 0.001, F = 18.41

Disturbed Awakening Index (AWI)2 9.44 (2.51) 7.34 (1.81) p < 0.001, F = 19.03

Actigraphy measures (last night)

Total Sleep Time (TST, h/min)3 6/39.51 (1/43.01) 6/33.97 (1/5.01) p = 0.775, F = 0.08

Sleep Efficiency (SE)4 84.90 (9.32) 86.42 (8.42) p = 0.427, F = 0.64

Sleep Fragmentation Index (SFI)5 27.41 (15.41) 25.07 (13.22) p = 0.453, F = 0.57

Wake After Sleep Onset
(WASO, min)6

59.55 (39.71) 55.74 (42.64) p = 0.662, F = 0.19

Table displays the subjective data on disturbed sleep from Karolinska Sleep Questionnaire and objective measures from one-night Actigraphy in ultra-high-risk individuals compared with
healthy controls.
1Disturbed sleep index (DSI) was computed as the sum of four items [(a)–(d), ranging 1–5, higher scores represented a more disturbed sleep]: (a) difficulties falling asleep, (b)
disturbed/restless sleep, (c) repeated awakenings, and (d) premature awakening.
2Disturbed awakening index (AWI) was computed as the sum of three items [(e)–(g), all ranging 1–5, higher scores represented poorer sleep (= less refreshing sleep)]: (e) ease of
awakening, (f) refreshing sleep, and (g) the degree of exhaustion at awakening.
3Total Sleep Time (TST) – The total number of minutes labeled as “asleep” during nighttime using the automatized algorithm from ActiGraph wGT3X-BT.
4Sleep Efficiency (SE) – Number of sleep minutes divided by the total number of minutes the subject was in bed.
5Sleep Fragmentation Index (SFI) restlessness during the sleep period expressed as sum of Movement Index (MI = The total of scored awake minutes divided by Total time in bed in
hours × 100) and Fragmentation Index (FI = The percentage of one minute periods of sleep vs. all periods of sleep in the sleep period.
6Wake after Sleep Onset (WASO): The total number of minutes the subject was awake after sleep onset occurred.
Significant difference between UHR individuals and healthy controls are marked in bold.

r = 0.578), SE (p = 0.025, r = −0.229), WASO (p = 0.013,
r = 0.252), and SFI (p = 0.016, r = 0.245) (uncorrected). No
other substances were correlated to sleep-wake measures
(Supplementary Table 5). We did not observe confounding
effect of use of single substances or the substance use composite
score on the correlation between callosal FA and sleep-wake
measures (Supplementary Table 6).

Sleep-wake disturbances were positively associated with
psychopathology in UHR individuals: DSI to depressive
symptoms (p < 0.001, r = 0.433) and AWI to UHR-symptoms
(p = 0.020, r = 0.290) (Supplementary Table 7). When post-hoc
entering psychopathology as well as use of antipsychotics and
sleep medication as covariates along with age, sex, relative and
absolute motion in scanner in the partial correlation model, we
found that the significant negative association between callosal
FA and WASO, as well as SFI sustained including antipsychotics
(WASO: p = 0.011, r = −0.337; SFI: p = 0.019, r = −0.312),
sleep medication (WASO: p = 0.011, r = −0.338; SFI: p = 0.020,
r = −0.310), UHR-symptoms (WASO: p = 0.016, r = −0.319;
SFI: p = 0.033, r = −0.286), and depressive symptoms (WASO:
p = 0.010, r = −0.339; SFI: p = 0.020, r = −0.310) as covariates
(Supplementary Table 6).

In the multivariate PLS-C, we found no effect of entering
substance use, antipsychotic medication, and sleep medication
as covariates on the overall result (Supplementary Table 8).

However, in the post-hoc sensitivity analyses on a reduced
sample of antipsychotic free UHR individuals we found
a borderline significant association between a pattern of
disturbed sleep-wake measures (lower TST, higher DSI)
and lower FA in 7/48 WM regions explaining 11.38% of
the covariance (omnibus test p = 0.033, LV3 p = 0.082)
(see Supplementary Figure 4B for details). Furthermore,
the omnibus test was only significant at trend level when
psychopathology was included in the model (UHR-symptoms
omnibus test p = 0.052. LV3 p = 0.005, cross-block covariance
15.97%; Depressive symptoms omnibus test p = 0.087, no
significant LVs).

Discussion

To the best of our knowledge, this is the first study
in individuals at UHR investigating associations between
WM microstructure and subjective and objective sleep-wake
measures and how common clinical confounders may affect
this association.

As expected, UHR individuals presented with lower FA
compared to HC at a global as well as at a regional level in
CC. This result was supported in the multivariate test including
all 48 ROIs. The finding is in accordance with the majority of
studies in UHR individuals reporting subtle and widespread
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FIGURE 2

Relations between callosal fractional anisotropy and sleep measures. Scatterplots illustrating the significant relations between mean callosal
fractional anisotropy and sleep parameters. UHR, individuals at ultra-high risk for psychosis.

TABLE 3 Sleep parameters associated with global and callosal fractional anisotropy.

Global mean FA Corpus callosum FA

UHR HC ALL UHR HC ALL

Karolinska Sleep Questionnaire (the last 4 weeks)

DSI r = 0.133
p = 0.328

r = 0.296
p = 0.106

r = −0.031
p = 0.774

r = 0.156
p = 0.250

r = 0.319
p = 0.080

r = −0.015
p = 0.887

AWI r = −0.111
p = 0.415

r = 0.095
p = 0.610

r = −0.216
p = 0.040

r = −0.173
p = 0.203

r = 0.231
p = 0.211

r = −0.230
p = 0.029*

Actigraphy (last night)

SE r = 0.166
p = 0.221

r = 0.212
p = 0.251

r = 0.186
p = 0.078

r = 0.225
p = 0.096

r = 0.303
p = 0.097

r = 0.243
p = 0.020*

TST r = −0.100
p = 0.464

r = 0.275
p = 0.134

r = −0.029
p = 0.788

r = −0.113
p = 0.407

r = 0.253
p = 0.169

r = −0.041
p = 0.702

WASO r = −0.295
p = 0.027

r = 0.016
p = 0.932

r = −0.215
p = 0.041

r = −0.337
p = 0.011*

r = −0.165
p = 0.376

r = −0.283
p = 0.007*

SFI r = −0.274
p = 0.041

r = 0.231
p = 0.212

r = −0.187
p = 0.076

r = −0.313
p = 0.019*

r = 0.173
p = 0.352

r = −0.225
p = 0.032*

Table displays results from the partial correlation-analyses between mean global and callosal fractional anisotropy (FA) and sleep parameters, covaried for age, sex, and relative and absolute
motion in scanner. Pearson’s correlation tests were two-tailed. Bootstrapping (×1,000) was performed to provide confidence intervals.
Significance level under p < 0.05 are marked in bold. *Indicates significant correlation p < 0.05 after FDR correction for multiple comparisons according to the Benjamin-
Hochberg procedure.
AWI, Disturbed awakening index; CI, confidence interval, DSI, Disturbed sleep index; FA, fractional anisotropy, HC, Healthy controls; r, correlation coefficient; SE, sleep efficiency; SFI,
sleep fragmentation index; TST, total sleep time; UHR, individuals at ultra-high risk; WASO, wake after sleep onset.

Frontiers in Human Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnhum.2022.1029149
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-1029149 October 22, 2022 Time: 11:58 # 11

Rasmussen et al. 10.3389/fnhum.2022.1029149

FIGURE 3

Multivariate correlations between sleep measures and regional fractional anisotropy. Figure displays the results from the multivariate PLS-C
analyses on UHR individuals linking covariance in a pattern of sleep disturbances with fractional anisotropy (FA) in 48 regions of interest. (A) The
pattern of variance six measures of sleep disturbances show that higher disturbed sleep index (DSI) and disturbed awakening index (AWI) marked
with purple contributes reliably to the pattern, as the confidence interval does not cross zero. (B) The pattern of sleep disturbances is linked to a
pattern of regional covariance in FA. The regions of interest which contributes reliably are visualized with the regions contributing reliably
projected on a standard brain derived from JHU white matter atlas. Regions colored yellow indicates higher FA, and blue color indicates lower
FA. Reliably contributing regions are fornix (higher FA) and left and right corticospinal tract, left cerebral peduncle, left medial lemniscus, and left
cingulum (hippocampus) (lower FA). (C) The pattern of covariance in all 48 regions of interest, with the regions contributing reliably marked in
turquoise. A list linking the numbers to the regions are displayed in the Supplementary Text 3. SE, sleep efficiency; JHU, John Hopkins
University; L, left; R, right; SFI, sleep fragmentation index; TST, total sleep time; WASO, wake after sleep onset.

WM alterations (Wheeler and Voineskos, 2014). We identified
an increased level of subjective sleep-wake disturbances (DSI
and AWI) among UHR individuals compared to HC. These
results indicate that both sleep continuity and awakening are
disturbed in UHR individuals, congruent with a recent meta-
analysis reporting significantly lower subjective sleep quality and
significantly more fragmented sleep among high risk individuals
(Clarke et al., 2021). We found no group difference regarding
the objective measures from the actigraph. Research on objective
sleep measures in UHR samples is scarce, as one trial has found

significantly reduced SE and significantly higher (i.e., more
negatively affected) WASO in UHR individuals compared to HC
(Lunsford-Avery et al., 2015), but a recent meta-analysis could
not confirm these findings (Clarke et al., 2021) and reported no
group differences.

As hypothesized, lower FA in CC was associated with
poorer outcomes in objective sleep-wake measures in UHR
individuals, although no group difference in the actigraphy
outcomes were observed. Lower FA was linked to more time
spend awake after sleep had occurred and restlessness during
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the sleep period, indicating more disrupted sleep in UHR
individuals, but not in HC. Nonetheless, when testing all
participants, the identical associations remained significant after
correction for multiplicity, which may reflect a problem with
power due to the smaller sample of HCs. The indication that
associations between regional FA and disturbed sleep-wake
measures are more pronounced in the patient group than
in HC was corroborated by the multivariate PLS-C within-
group analyses on all ROIs. Interestingly, this perspective
has become increasingly acknowledged, as several studies
have concluded that contrary to HC, behavioral measures
appear more vigorously associated with and dependent on
the structural characteristics of WM in UHR individuals and
patients with first-episode schizophrenia (Jessen et al., 2018;
Kristensen et al., 2019). A similar finding is reported by
Raikes et al. (2018) examining associations between subjectively
reported sleep disturbances and FA when comparing patients
with mild traumatic brain injury to controls (Raikes et al., 2018).
Although they did not identify any group difference on FA, they
found that higher regional FA was correlated with better sleep
quality in patients with mild traumatic brain injury, but not in
the controls.

In the full sample, the subjective sleep-wake measure AWI
was significantly correlated with FA in CC but contrary to our
expectations we did not find any firm associations between DSI
and FA in CC. However, the overall association between sleep-
wake disturbances and lower FA in widespread WM regions was
corroborated in the sensitivity PLS-C analyses including both
HCs and antipsychotic free UHR individuals (Supplementary
Figure 4A). Hence, in both HC and UHR individuals in
particular SE, WASO, SFI, and AWI appear associated with FA,
most pronounced bilaterally and in left hemisphere WM regions
located medial and ventrally. When examining UHR individuals
and HC separately, the significant association with AWI was
lost, likely due to loss of power, as the effect size was similar
and the direction of the correlation for the UHR individuals was
identical with that of the full sample. In support for this notion,
the negative correlation between FA in CC and the objective
sleep-wake measure WASO and SFI in the UHR individuals may
be considered as corresponding to AWI.

Although it is difficult to compare results across diverse
patient populations, Altendahl et al. (2020) have reported
callosal FA to be significantly associated with duration of REM-
sleep in older adults but could not confirm any links between FA
and subjective sleep measures or SE and TST (Altendahl et al.,
2020). In another longitudinal study by Telzer et al. (2015) sleep
variability in adolescents predicted callosal FA after 1.5 years
(Telzer et al., 2015). Both in patients with callosal agenesis
(Nielsen et al., 1992) and callosotomy (Avvenuti et al., 2019)
studies have indicated that CC plays a vital role for the cross-
hemispheric propagation of sleep oscillations and that aberrant
callosal FA may potentially interfere with synchronization both
in interhemispheric activity as well as in neuronal populations

within each hemisphere. Our results confirm the involvement
of callosal FA in sleep-wake disturbances as measured by
actigraphy in UHR individuals, although we cannot infer any
causality due to the cross-sectional design.

The multivariate correlation test revealed a link between
the Karolinska sleep measures of DSI and AWI contributing
reliably as indicative of sleep-wake disturbances, associated
with a pattern of lower FA in 5 ROIs, as well as higher FA
in fornix contributing reliably. The ROIs contributing reliably
appear mainly to be located ventrally, which is in accordance
with previous research locating sleep-wake regulation to sub-
thalamic circuits in the brainstem (Tahmasian et al., 2021). We
speculate if our findings could be extended to WM connecting
deep nuclei structures involved in sleep-wake regulation, such
as the brain stem with thalamus, hypothalamus, and basal
forebrain. Unfortunately, the current MRI technology does not
offer such resolution and our analysis therefore did not include
these structures.

Interestingly, FA in CC did not contribute reliably, which
indicates that the subjective sleep-wake disturbances may
predominantly be linked to other WM networks, compared
to the actigraphy measures. Our result may reflect the notion
that different aspects of sleep-wake regulation potentially is
linked to specialized and differentiated neuronal circuits and
corresponding structural networks (Héricé and Sakata, 2019).
Sleep-wake regulation involves a complex network including
different brain regions and neurotransmitters, and studies have
identified that specific damages on different parts of this
network result in various types of sleep-wake disturbances
(Schwartz and Roth, 2009; Brown et al., 2012; Scammell et al.,
2017). Hence, our results may reflect how the discrepancy
between self-reported and objective measures of sleep have been
interpreted as the measurement of different constructs which
present with different biological underpinnings (Rezaie et al.,
2018).

The directionality of FA may depend on the patient sample
or region of interest (Thomason and Thompson, 2011). FA is
an averaged measure derived from the diffusion signal. Hence,
being susceptible for extracellular fluids and crossing fibers
(Weinberger and Radulescu, 2020), FA lacks microstructural
specificity and great caution in the interpretation must be
exhibited, as there is no direct correspondence between
the MRI-derived measures and the biological underpinnings
(Weinberger and Radulescu, 2020). In particular considering
the contra intuitive directionality of FA in fornix contributing
reliably in the PLS-C, the interpretation must be exhibited
cautiously due to fornix’ proximity to cerebrospinal fluid, which
could induce volume effects (Kaufmann et al., 2017).

Our results indicate, that although use of nicotine may
affect sleep measures, no substance use affected the association
between WM and sleep in CC. Previous studies have reported
mixed results, a metanalysis found that substance use disorder
(alcohol, cocaine and opiates) was associated with FA in CC,
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but for cannabis and nicotine the results were mixed (Hampton
et al., 2019). However, the prevalence of substance use disorder
in our sample is limited, and the study was not specifically
designed to address this topic, and the result must therefore be
interpreted cautiously.

Our exploratory analyses from partial correlations revealed
that medication and psychopathology did not confound
the association between FA and the measures of WASO
and SFI. The result is not surprising, as we did not observe
any group difference on these measures comparing UHR
individuals to HC. However, the post hoc sensitivity PLS-C
analyses on antipsychotic-free UHR individuals indicated a
potential effect of antipsychotic medication on the association
between sleep-wake measures and FA. The pattern of sleep-
wake disturbances in antipsychotic free UHR individuals
indicated that mainly reduced sleep-time (lower TST)
and disturbed sleep (higher DSI) contributed reliably to
the covariation with lower regional FA (Supplementary
Figure 4B). When UHR individuals on antipsychotic
medication were included, sleep time (TST) was no longer
contributing reliably to the pattern of sleep-wake disturbances,
whereas difficulties in awakening, non-refreshing sleep
and exhaustion at awakening (higher AWI) were added as
reliable contributors (Figure 3). Although the results with
the reduced sample size were only at trend level, we notice
that it appeared to reflect the sedative effect antipsychotic
medication can have, which lends some external and clinical
validity to the finding that antipsychotic medication may
confound the association between sleep-wake disturbances
and regional FA by inducing more sleep time yet increased
sleepiness at awakening. It appears to be recommendable to
examine the effect of antipsychotics when investigating sleep
disturbances.

Finally, in the multivariate PLS-C, the level of
depressive symptoms (MADRS) as well as the level of
UHR-symptoms (CAARMS) appeared to confound the
association between regional FA and AWI as well as
DSI suggesting that the subjective sleep-wake measures
may be more susceptible for level of psychopathology.
Moreover, the group difference between UHR individuals
and HCs on AWI and DSI were highly significant. As
a result of this finding, we post-hoc explored if level
of depressive and UHR-symptoms would mediate the
association between regional FA contributing reliably
and AWI/DSI (Supplementary Table 9). As one pathway
between regional FA and psychopathology were only at trend
level (p = 0.063), the model did not fulfill requirements
for establishing a mediation effect, although all other
requirements were met and a significant mediation effect
appeared to be present, showing that level of depressive
symptoms mediated the association between FA in
fornix and DSI. We believe this trend level association
may be due to reduced power, hence reflecting a Type

2 error. A recent study demonstrated how diffusion
metrics within the CC partially mediated the associations
between poor sleep quality/high stress and depressive
symptomatology (Li et al., 2020). To confirm the finding
of a potential mediating effect of level of psychopathology
on the link between WM microstructure and sleep-wake
disturbances (which potentially could explain the different
associations in patients compared to controls), a study with
a larger sample size designed for the purpose needs to be
performed.

Methodological considerations

PLS-C can be difficult to interpret due to the complexity
of linking multivariate data patterns. Furthermore, we did not
identify any clear interaction effect. However, repeating the
within-group analyses from the primary analyses appeared to
confirm aspects of our univariate findings and contribute with
additional and more specific information on the associations
between WM ROIs and sleep-wake disturbances.

A general limitation to the study is the fact that the analyses
were secondary to an RCT and this research question was
formulated post-hoc. Furthermore, the matching between HC
and UHR individuals in the main trial was not complete
in this subsample. Further, we would optimally have cross-
validated our results in an independent sample. As this was
not possible, the results must be interpreted cautiously and
should be evaluated as hypothesis generating with a need
for replication in a larger sample. Nonetheless, we trust the
consistent associations across multiple tests to represent a
valuable contribution indicative of specific associations between
regional WM and sleep in a group of vulnerable patients.

The actigraphy measures were only recorded for a 24-
h period, which makes it susceptible to individual and
spurious variations. Actigraphy tends to overestimate sleep
length and efficiency compared to polysomnography, and
overestimation is more pronounced in individuals with sleep-
wake disturbances than in healthy individuals (Fekedulegn et al.,
2020). To minimize this overestimation, we did supplement
the actigraphy with a sleep diary, estimating time in bed more
precisely, but unfortunately no data on daytime sleep were
obtained. To increase the reliability of actigraphy compared to
polysomnography (which determine sleep stages in contrast to
actigraphy measures), studies have suggested a minimum of 5–
7 consecutive nights of actigraphy, especially when measuring
TST (Aili et al., 2017; Fekedulegn et al., 2020). The short
duration of the actigraphic measurement reduces its power to
detect between-group differences in this study. Furthermore, the
one-night actigraphic measurement renders the data sensitive
for bias due to lack of habituation to the equipment on the night
of examination. This fact might explain why average WASO in
the HC in this study was longer [55.74 min (42.64)] than what
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is usually considered normative in healthy adults (Fekedulegn
et al., 2020). This suggests that the primary finding in these UHR
individuals are subjectively poor sleep quality. Hence, although
the actigraphy data are not optimally valid we nonetheless
regard the contribution valuable, as the results appear clinically
meaningful as well as mutually confirming.

Strengths of this study comprise the consistent use of
relevant covariates along with a meticulous examination of
potential confounders. Furthermore, we believe this is the
first study to investigate links between WM and sleep-wake
disturbances in UHR individuals. Although our findings call
for replication in larger samples, our results may contribute
with preliminary hypotheses regarding neurobiological
underpinnings of a modifiable risk factor for developing
psychosis. Future perspectives of examining the relationship
between brain structure/functioning and sleep parameters
might be suggested to include AI techniques. With this
approach multiple sources of information from advanced MR-
scans, biological measures of sleep continuity/architecture
and subjective measures of sleep quality could be
modeled for purposes of prediction and eventually choice
of treatment.

Conclusion

UHR individuals presented with lower global and
callosal mean FA compared to HC. In UHR individuals,
compromised callosal microstructure was associated with
disturbed objectively measured sleep-wake functioning which
was not confounded by substance use or medication.
Subjectively measured sleep-wake disturbances were associated
with a pattern of lower FA in ventrally located WM regions
in UHR individuals. This association was not confounded
by substance use or medication, but level of depressive and
UHR symptoms partly explained it, pointing to a complex
interaction between biological factors and psychopathology
as determinants of the sleep-wake pattern. These findings
suggest sleep disturbances as a potential treatment target,
but future longitudinal studies are needed to address the
direction of causality.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed
and approved by the Committee on Health Research Ethics

of the Capital Region in Denmark (H-6-2013-015). The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

JRs: analyzing data and writing up results. DN: designing
study, preparing dataset, extracting/analyzing actigraphy data,
and reviewing/writing. LG: study coordination, collecting
data, and reviewing/writing. MJ: processing actigraphy
data and reviewing/writing. AG: processing actigraphy
data and reviewing/writing. JRg: processing MRI data and
reviewing/writing. PJ: reviewing/writing. BG MN, and BE:
financing and reviewing/writing. LB: designing study, financing
and supervising JRs, and reviewing/writing. TK: conceptualizing
and designing study, analyzing data, supervising JRs, and
writing up results. All authors contributed to the article and
approved the submitted version.

Funding

The original study and data collection was funded through
the Danish Council for Independent Research (DFF-4004-
00314); TrygFonden (ID 108119); the Mental Health Services
in the Capital Region of Denmark; the Research Fund of
the Capital Region of Denmark; the Lundbeck Foundation
Center for Clinical Intervention and Neuropsychiatric
Schizophrenia Research, CINS (R155-2013-16337); and
Lundbeck Foundation grant for BYG (R316-2019-191). DN
was supported by a grant from the Lundbeck Foundation
(R287-2018-1485). TK was supported by a Brain and Behavior
Research Foundation 2021 NARSAD Young Investigator
Grant (ID 30112).

Acknowledgments

We thank all participants for their participation
and the clinical staff for referrals and collaboration.
Furthermore, we thank Research Partners Dana and
Bill Starling for supporting TK as a Gregory and Tyler
Starling Investigator.

Conflict of interest

Author BG has been the leader of a Lundbeck
Foundation Centre of Excellence for Clinical Intervention
and Neuropsychiatric Schizophrenia Research (CINS) (January
2009–December 2021), which was partially financed by an
independent grant from the Lundbeck Foundation based on

Frontiers in Human Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnhum.2022.1029149
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-1029149 October 22, 2022 Time: 11:58 # 15

Rasmussen et al. 10.3389/fnhum.2022.1029149

international review and partially financed by the Mental
Health Services in the Capital Region of Denmark, the
University of Copenhagen, and other foundations. All grants
are the property of the Mental Health Services in the
Capital Region of Denmark and administrated by them. She
has no other conflicts to disclose. Author BE has received
lecture fees and/or is part of Advisory Boards of Bristol-
Myers Squibb, Eli Lilly and Company, Janssen-Cilag, Otsuka
Pharma Scandinavia AB, Boehringer Ingelheim, and Lundbeck
Pharma A/S.

The remaining 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/fnhum.
2022.1029149/full#supplementary-material

References

Abdi, H., and Williams, L. J. (2013). Partial least squares methods: Partial least
squares correlation and partial least square regression. Comput. Toxicol. 930,
549–579. doi: 10.1007/978-1-62703-059-5

Aili, K., Åström-Paulsson, S., Stoetzer, U., Svartengren, M., and Hillert, L.
(2017). Reliability of actigraphy and subjective sleep measurements in adults: The
design of sleep assessments. J. Clin. Sleep Med. 13, 39–47. doi: 10.5664/jcsm.6384

Åkerstedt, T., Knutsson, A., Westerholm, P., Theorell, T., Alfredsson, L., and
Kecklund, G. (2002). Sleep disturbances, work stress and work hours: A cross-
sectional study. J. Psychosom. Res. 53, 741–748. doi: 10.1016/S0022-3999(02)
00333-1

Alexander, A. L., Hurley, S. A., Samsonov, A. A., Adluru, N., Hosseinbor, A. P.,
Mossahebi, P., et al. (2011). Characterization of cerebral white matter properties
using quantitative magnetic resonance imaging stains. Brain Connect. 1, 423–446.
doi: 10.1089/brain.2011.0071

Alexander, A. L., Lee, J. E., Lazar, M., and Field, A. S. (2007). Diffusion tensor
imaging of the brain. Neurotherapeutics 4, 316–329. doi: 10.1016/j.nurt.2007.05.
011

Ali, R., Awwad, E., Babor, T. F., Bradley, F., Butau, T., Farrell, M., et al. (2002).
The Alcohol, Smoking and Substance Involvement Screening Test (ASSIST):
Development, reliability and feasibility. Addiction 97, 1183–1194. doi: 10.1046/j.
1360-0443.2002.00185.x

Altendahl, M., Cotter, D. L., Staffaroni, A. M., Wolf, A., Mumford, P., Cobigo,
Y., et al. (2020). REM sleep is associated with white matter integrity in cognitively
healthy, older adults. PLoS One 15:e0235395. doi: 10.1371/journal.pone.0235395

Andersson, J. L. R., Jenkinson, M., and Smith, S. (2007a). Non-Linear
Registration, Aka Spatial Normalisation. FMRIB Technial Report TR07JA2.
Oxford: Oxford University, . doi: 10.1016/j.neuroimage.2008.10.055

Andersson, J. L. R., Jenkinson, M., and Smith, S. M. (2007b). Non-Linear
Optimisation. FMRIB technical report TR07JA1. Oxford: Oxford University

Andersson, J. L. R., Skare, S., and Ashburner, J. (2003). How to correct
susceptibility distortions in spin-echo echo-planar images: Application to
diffusion tensor imaging. NeuroImage 20, 870–888. doi: 10.1016/S1053-8119(03)
00336-7

Andersson, J. L. R., and Sotiropoulos, S. N. (2016). An integrated approach
to correction for off-resonance effects and subject movement in diffusion
MR imaging. NeuroImage 125, 1063–1078. doi: 10.1016/j.neuroimage.2015.1
0.019

Avvenuti, G., Handjaras, G., Betta, M., Cataldi, J., Imperatori, L. S., Lattanzi, S.,
et al. (2019). Integrity of corpus callosum is essential for the cross-hemispheric
propagation of sleep slow waves: A high-density EEG study in split-brain patients.
bioRxiv 40, 5589–5603. doi: 10.1101/756676

Bernardi, G., Avvenuti, G., Cataldi, J., Lattanzi, S., Ricciardi, E., Polonara,
G., et al. (2021). Role of corpus callosum in sleep spindle synchronization and

coupling with slow waves. Brain Commun. 3:fcab108. doi: 10.1093/braincomms/
fcab108

Bora, E., Yucel, M., and Pantelis, C. (2009). Theory of mind impairment in
schizophrenia: Meta-analysis. Schizophr. Res. 109, 1–9. doi: 10.1016/j.schres.2008.
12.020

Brown, R. E., Basheer, R., McKenna, J. T., Strecker, R. E., and McCarley, R. W.
(2012). Control of sleep and wakefulness. Physiol. Rev. 92, 1087–1187. doi: 10.
1152/physrev.00032.2011

Canu, E., Agosta, F., and Filippi, M. (2015). A selective review of structural
connectivity abnormalities of schizophrenic patients at different stages of the
disease. Schizophr. Res. 161, 19–28. doi: 10.1016/j.schres.2014.05.020

Carletti, F., Woolley, J. B., Bhattacharyya, S., Perez-Iglesias, R., Fusar Poli, P.,
Valmaggia, L., et al. (2012). Alterations in white matter evident before the onset of
psychosis. Schizophr. Bull. 38, 1170–1179. doi: 10.1093/schbul/sbs053

Carney, R., Cotter, J., Bradshaw, T., and Yung, A. R. (2017). Examining the
physical health and lifestyle of young people at ultra-high risk for psychosis: A
qualitative study involving service users, parents and clinicians. Psychiatry Res.
255, 87–93. doi: 10.1016/j.psychres.2017.05.023

Clarke, L., Chisholm, K., Cappuccio, F. P., Tang, N. K. Y., Miller, M. A., Elahi, F.,
et al. (2021). Sleep disturbances and the At Risk Mental State: A systematic review
and meta-analysis. Schizophr. Res. 227, 81–91. doi: 10.1016/j.schres.2020.06.027

Clemm Von Hohenberg, C., Pasternak, O., Kubicki, M., Ballinger, T., Vu, M. A.,
Swisher, T., et al. (2014). White matter microstructure in individuals at clinical
high risk of psychosis: A whole-brain diffusion tensor imaging study. Schizophr.
Bull. 40, 895–903. doi: 10.1093/schbul/sbt079

Cui, Y., Dong, J., Yang, Y., Yu, H., Li, W., Liu, Y., et al. (2020). White matter
microstructural differences across major depressive disorder, bipolar disorder and
schizophrenia: A tract-based spatial statistics study. J. Affect. Disord. 260, 281–286.
doi: 10.1016/j.jad.2019.09.029

Dhollander, T., Raffelt, D., and Connelly, A. (2016). Unsupervised 3-tissue
response function estimation from single-shell or multi-shell diffusion MR data
without a co-registered T1 image. ISMRM Workshop Breaking Barriers Diffusion
MRI 35:5.

Ebdrup, B. H., Raghava, J. M., Nielsen, M. Ø, Rostrup, E., and Glenthøj, B.
(2015). Frontal fasciculi and psychotic with symptoms in patients schizophrenia
before and after six weeks of selective dopamine D 2 / 3 receptor blockade.
J. Psychiatry Neurosci. 41, 133–141. doi: 10.1503/jpn.150030

Fekedulegn, D., Andrew, M. E., Shi, M., Violanti, J. M., Knox, S., and Innes,
K. E. (2020). Actigraphy-based assessment of sleep parameters. Ann. Work Expo.
Health. 64, 350–367. doi: 10.1093/ANNWEH/WXAA007

First, M. B., Gibbon, M., Spitzer, R. L., Williams, J. B. W., and Benjamin, L. S.
(1997). Structured Clinical Interview for DSM-IV Axis II Personality Disorders
(SCID-II). Washington, DC: American Psychiatric Press.

Frontiers in Human Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnhum.2022.1029149
https://www.frontiersin.org/articles/10.3389/fnhum.2022.1029149/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2022.1029149/full#supplementary-material
https://doi.org/10.1007/978-1-62703-059-5
https://doi.org/10.5664/jcsm.6384
https://doi.org/10.1016/S0022-3999(02)00333-1
https://doi.org/10.1016/S0022-3999(02)00333-1
https://doi.org/10.1089/brain.2011.0071
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1046/j.1360-0443.2002.00185.x
https://doi.org/10.1046/j.1360-0443.2002.00185.x
https://doi.org/10.1371/journal.pone.0235395
https://doi.org/10.1016/j.neuroimage.2008.10.055
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1101/756676
https://doi.org/10.1093/braincomms/fcab108
https://doi.org/10.1093/braincomms/fcab108
https://doi.org/10.1016/j.schres.2008.12.020
https://doi.org/10.1016/j.schres.2008.12.020
https://doi.org/10.1152/physrev.00032.2011
https://doi.org/10.1152/physrev.00032.2011
https://doi.org/10.1016/j.schres.2014.05.020
https://doi.org/10.1093/schbul/sbs053
https://doi.org/10.1016/j.psychres.2017.05.023
https://doi.org/10.1016/j.schres.2020.06.027
https://doi.org/10.1093/schbul/sbt079
https://doi.org/10.1016/j.jad.2019.09.029
https://doi.org/10.1503/jpn.150030
https://doi.org/10.1093/ANNWEH/WXAA007
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-1029149 October 22, 2022 Time: 11:58 # 16

Rasmussen et al. 10.3389/fnhum.2022.1029149

Friston, K. J. (1998). The disconnection hypothesis. Schizophr. Res. 30, 115–125.
doi: 10.1016/S0920-9964(97)00140-0

Fusar-Poli, P., Salazar De Pablo, G., Correll, C. U., Meyer-Lindenberg, A.,
Millan, M. J., Borgwardt, S., et al. (2020). Prevention of psychosis: Advances in
detection, prognosis, and intervention. JAMA Psychiatry 77, 755–765. doi: 10.
1001/jamapsychiatry.2019.4779

Glenthøj, L. B., Fagerlund, B., Randers, L., Hjorthøj, C. R., Wenneberg, C.,
Krakauer, K., et al. (2015). The FOCUS trial: Cognitive remediation plus standard
treatment versus standard treatment for patients at ultra-high risk for psychosis:
Study protocol for a randomised controlled trial. Trials 16:25. doi: 10.1186/
s13063-014-0542-8

Glenthøj, L. B., Mariegaard, L. S., Fagerlund, B., Jepsen, J. R. M., Kristensen,
T. D., Wenneberg, C., et al. (2020). Effectiveness of cognitive remediation in the
ultra-high risk state for psychosis. World Psychiatry 19, 54–55. doi: 10.1002/wps.
20760

Grigg, O., and Grady, C. L. (2010). Task-related effects on the temporal and
spatial dynamics of resting-state functional connectivity in the default network.
PLoS One 5:e13311. doi: 10.1371/journal.pone.0013311

Grumbach, P., Opel, N., Martin, S., Meinert, S., Leehr, E. J., Redlich, R.,
et al. (2020). Sleep duration is associated with white matter microstructure and
cognitive performance in healthy adults. Hum. Brain Mapp. 41, 4397–4405. doi:
10.1002/hbm.25132

Hampton, W. H., Hanik, I. M., and Olson, I. R. (2019). Substance abuse
and white matter: Findings, limitations, and future of diffusion tensor imaging
research. Drug Alcohol Depend. 197, 288–298. doi: 10.1016/j.drugalcdep.2019.02.
005

Hayes, A. F. (2017). Introduction to Mediation, Moderation, and Conditional
Process Analysis, Second Edi Edn. New York, NY: The Guilford Press.

Héricé, C., and Sakata, S. (2019). Pathway-dependent regulation of sleep
dynamics in a network model of the sleep–wake cycle. Front. Neurosci. 13:1380.
doi: 10.3389/fnins.2019.01380

Hjorthøj, C., Posselt, C. M., and Nordentoft, M. (2021). Development over
time of the population-attributable risk fraction for cannabis use disorder
in schizophrenia in denmark. JAMA Psychiatry 78, 1013–1019. doi: 10.1001/
jamapsychiatry.2021.1471

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D. S., et al. (2008).
Tract probability maps in stereotaxic spaces: Analyses of white matter anatomy
and tract-specific quantification. Neuroimage 39, 336–347. doi: 10.1055/s-0029-
1237430.Imprinting

Huhn, A. S., Ellis, J. D., Dunn, Kelly, E., Scholler, D. J., Tabaschek, P.,
et al. (2022). Patient-reported sleep outcomes in randomized-controlled trials in
persons with substance use disorders: A systematic review. Drug Alcohol Depend.
237:109508. doi: 10.1016/j.drugalcdep.2022.109508

Hunt, G. E., Large, M. M., Cleary, M., Lai, H. M. X., and Saunders, J. B. (2018).
Prevalence of comorbid substance use in schizophrenia spectrum disorders in
community and clinical settings, 1990–2017: Systematic review and meta-analysis.
Drug Alcohol Depend. 191, 234–258. doi: 10.1016/j.drugalcdep.2018.07.011

Jenkins, L. M., Barba, A., Campbell, M., Lamar, M., Shankman, S. A., Leow,
A. D., et al. (2016). Shared white matter alterations across emotional disorders:
A voxel-based meta-analysis of fractional anisotropy. NeuroImage 12, 1022–1034.
doi: 10.1016/j.nicl.2016.09.001

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., and Smith,
S. M. (2012). Fsl. NeuroImage 62, 782–790. doi: 10.1016/j.neuroimage.2011.09.015

Jessen, K., Mandl, R. C. W., Fagerlund, B., Bojesen, K. B., Raghava, J. M., Obaid,
H. G., et al. (2018). Patterns of cortical structures and cognition in antipsychotic-
naïve patients with first-episode schizophrenia: A partial least squares
correlation analysis. Biol. Psychiatry 4, 444–453. doi: 10.1016/J.BPSC.2018.0
9.006

Jones, D. K., Knösche, T. R., and Turner, R. (2013). White matter integrity, fiber
count, and other fallacies: The do’s and don’ts of diffusion MRI. NeuroImage 73,
239–254. doi: 10.1016/j.neuroimage.2012.06.081

Karlsgodt, K. H., Jacobson, S. C., Seal, M., and Fusar-Poli, P. (2012). The
relationship of developmental changes in white matter to the onset of psychosis.
Curr. Pharm. Des. 18, 422–433. doi: 10.2174/138161212799316073

Katagiri, N., Pantelis, C., Nemoto, T., Zalesky, A., Hori, M., Shimoji, K., et al.
(2015). A longitudinal study investigating sub-threshold symptoms and white
matter changes in individuals with an “at risk mental state” (ARMS). Schizophr.
Res. 162, 7–13. doi: 10.1016/j.schres.2015.01.002

Kaufmann, L. K., Baur, V., Hänggi, J., Jäncke, L., Piccirelli, M., Kollias, S., et al.
(2017). Fornix under water? ventricular enlargement biases forniceal diffusion
magnetic resonance imaging indices in anorexia nervosa. Biol. Psychiatry 2,
430–437. doi: 10.1016/j.bpsc.2017.03.014

Khalsa, S., Hale, J. R., Goldstone, A., Wilson, R. S., Mayhew, S. D., Bagary, M.,
et al. (2017). Habitual sleep durations and subjective sleep quality predict white
matter differences in the human brain. Neurobiol. Sleep Circadian Rhythms 3,
17–25. doi: 10.1016/j.nbscr.2017.03.001

Kocevska, D., Tiemeier, H., Lysen, T. S., De Groot, M., Muetzel, R. L., Van
Someren, E. J. W., et al. (2019). The prospective association of objectively
measured sleep and cerebral white matter microstructure in middle-aged and
older persons. Sleep 42:zsz140. doi: 10.1093/sleep/zsz140

Kovacevic, N., Abdi, H., Beaton, D., and McIntosh, A. R. (2013). “Revisiting PLS
Resampling: Comparing Significance vs. Reliability Across Range of Simulations,”
in New Perspectives in Partial Least Squares and Related Methods, eds H. Abdi, W.
Chin, V. Esposito Vinzi, G. Russolillo, and L. Trinchera (New York, NY: Springer),
159–170. doi: 10.1007/978-1-4614-8283-3

Krakauer, K., Ebdrup, B. H., Glenthoj, B. Y., Raghava, J. M., Nordholm, D.,
Randers, L., et al. (2017). Patterns of white matter microstructure in individuals
at ultra-high-risk for psychosis: Associations to level of functioning and clinical
symptoms. Psychol. Med. 47, 2689–2707. doi: 10.1017/S0033291717001210

Krishnan, A., Williams, L. J., McIntosh, A. R., and Abdi, H. (2011). Partial Least
Squares (PLS) methods for neuroimaging: A tutorial and review. NeuroImage 56,
455–475. doi: 10.1016/j.neuroimage.2010.07.034

Kristensen, T. D., Glenthøj, L. B., Ambrosen, K., Syeda, W., Ragahava, J. M.,
Krakauer, K., et al. (2021a). Global fractional anisotropy predicts transition to
psychosis after 12 months in individuals at ultra-high risk for psychosis. Acta
Psychiatrica Scand. 144, 448–463. doi: 10.1111/acps.13355

Kristensen, T. D., Glenthøj, L. B., Ragahava, J. M., Syeda, W., Mandl, R. C. W.,
Wenneberg, C., et al. (2021b). Changes in negative symptoms are linked to white
matter changes in superior longitudinal fasciculus in individuals at ultra-high risk
for psychosis. Schizophr. Res. 237, 192–201. doi: 10.1016/j.schres.2021.09.014

Kristensen, T. D., Mandl, R. C. W., Raghava, J. M., Jessen, K., Jepsen,
J. R. M. J. R. M., Fagerlund, B., et al. (2019). Widespread higher fractional
anisotropy associates to better cognitive functions in individuals at ultra-high risk
for psychosis. Hum. Brain Mapp. 40:hbm.24765. doi: 10.1002/hbm.24765

Lagopoulos, J., Hermens, D. F., Hatton, S. N., Battisti, R. A., Tobias-Webb, J.,
White, D., et al. (2013). Microstructural white matter changes are correlated with
the stage of psychiatric illness. Trans. Psychiatry 3:e248. doi: 10.1038/tp.2013.25

Li, C., Schreiber, J., Bittner, N., Li, S., Huang, R., Moebus, S., et al. (2020).
White matter microstructure underlies the effects of sleep quality and life stress
on depression symptomatology in older adults. Front. Aging Neurosci. 12:578037.
doi: 10.3389/fnagi.2020.578037

Lunsford-Avery, J. R., LeBourgeois, M. K., Gupta, T., and Mittal, V. A. (2015).
Actigraphic-measured sleep disturbance predicts increased positive symptoms in
adolescents at ultra high-risk for psychosis: A longitudinal study. Schizophr. Res.
164, 15–20. doi: 10.1016/j.schres.2015.03.013

Mancuso, L., Uddin, L. Q., Nani, A., Costa, T., and Cauda, F. (2019). Brain
functional connectivity in individuals with callosotomy and agenesis of the corpus
callosum: A systematic review. Neurosci. Biobehav. Rev. 105, 231–248. doi: 10.
1016/j.neubiorev.2019.07.004

McIntosh, A. R., and Lobaugh, N. J. (2004). Partial least squares analysis of
neuroimaging data: Applications and advances. NeuroImage 23, 250–263. doi:
10.1016/j.neuroimage.2004.07.020

Montgomery, S. A., and Asberg, M. (1979). A new depression scale designed to
be sensitive to change. Br. J. Psychiatry 134, 382–389.

Mori, S., and Van Zijl, P. (2007). Human white matter atlas. Am. J. Psychiatry
164:75390. doi: 10.1176/appi.ajp.164.7.1005

Morosini, P. L., Magliano, L., Brambilla, L., Ugolini, S., Pioli, R., MorosiniI, P.-
L., et al. (2000). Development, reliability and acceptability of a new version of the
DSM- IV Social Occupational Functioning Assessment Scale (SOFAS) to assess
routine social functioning. Acta Psychiatrica Scand. 101, 323–329. doi: 10.1034/j.
1600-0447.2000.101004323.x

Morrison, A. P., Stewart, S. L. K., French, P., Bentall, R. P., Birchwood,
M., Byrne, R., et al. (2011). Early detection and intervention evaluation for
people at high-risk of psychosis-2 (EDIE-2): Trial rationale, design and baseline
characteristics. Early Interv. Psychiatry 5, 24–32. doi: 10.1111/j.1751-7893.2010.
00254.x

Murray, R. M., Englund, A., Abi-Dargham, A., Lewis, D. A., Di Forti, M., Davies,
C., et al. (2017). Cannabis-associated psychosis: Neural substrate and clinical
impact. Neuropharmacology 124, 89–104. doi: 10.1016/j.neuropharm.2017.06.018

Murrie, B., Lappin, J., Large, M., and Sara, G. (2020). Transition of Substance-
Induced, Brief, and Atypical Psychoses to Schizophrenia: A Systematic Review and
Meta-analysis. Schizophr. Bull. 46, 505–516. doi: 10.1093/schbul/sbz102

Nägele, F. L., Pasternak, O., Bitzan, L. V., Mußmann, M., Rauh, J., Kubicki, M.,
et al. (2020). Cellular and extracellular white matter alterations indicate conversion

Frontiers in Human Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fnhum.2022.1029149
https://doi.org/10.1016/S0920-9964(97)00140-0
https://doi.org/10.1001/jamapsychiatry.2019.4779
https://doi.org/10.1001/jamapsychiatry.2019.4779
https://doi.org/10.1186/s13063-014-0542-8
https://doi.org/10.1186/s13063-014-0542-8
https://doi.org/10.1002/wps.20760
https://doi.org/10.1002/wps.20760
https://doi.org/10.1371/journal.pone.0013311
https://doi.org/10.1002/hbm.25132
https://doi.org/10.1002/hbm.25132
https://doi.org/10.1016/j.drugalcdep.2019.02.005
https://doi.org/10.1016/j.drugalcdep.2019.02.005
https://doi.org/10.3389/fnins.2019.01380
https://doi.org/10.1001/jamapsychiatry.2021.1471
https://doi.org/10.1001/jamapsychiatry.2021.1471
https://doi.org/10.1055/s-0029-1237430.Imprinting
https://doi.org/10.1055/s-0029-1237430.Imprinting
https://doi.org/10.1016/j.drugalcdep.2022.109508
https://doi.org/10.1016/j.drugalcdep.2018.07.011
https://doi.org/10.1016/j.nicl.2016.09.001
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/J.BPSC.2018.09.006
https://doi.org/10.1016/J.BPSC.2018.09.006
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.2174/138161212799316073
https://doi.org/10.1016/j.schres.2015.01.002
https://doi.org/10.1016/j.bpsc.2017.03.014
https://doi.org/10.1016/j.nbscr.2017.03.001
https://doi.org/10.1093/sleep/zsz140
https://doi.org/10.1007/978-1-4614-8283-3
https://doi.org/10.1017/S0033291717001210
https://doi.org/10.1016/j.neuroimage.2010.07.034
https://doi.org/10.1111/acps.13355
https://doi.org/10.1016/j.schres.2021.09.014
https://doi.org/10.1002/hbm.24765
https://doi.org/10.1038/tp.2013.25
https://doi.org/10.3389/fnagi.2020.578037
https://doi.org/10.1016/j.schres.2015.03.013
https://doi.org/10.1016/j.neubiorev.2019.07.004
https://doi.org/10.1016/j.neubiorev.2019.07.004
https://doi.org/10.1016/j.neuroimage.2004.07.020
https://doi.org/10.1016/j.neuroimage.2004.07.020
https://doi.org/10.1176/appi.ajp.164.7.1005
https://doi.org/10.1034/j.1600-0447.2000.101004323.x
https://doi.org/10.1034/j.1600-0447.2000.101004323.x
https://doi.org/10.1111/j.1751-7893.2010.00254.x
https://doi.org/10.1111/j.1751-7893.2010.00254.x
https://doi.org/10.1016/j.neuropharm.2017.06.018
https://doi.org/10.1093/schbul/sbz102
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-1029149 October 22, 2022 Time: 11:58 # 17

Rasmussen et al. 10.3389/fnhum.2022.1029149

to psychosis among individuals at clinical high-risk for psychosis. World J. Biol.
Psychiatry 22, 214–227. doi: 10.1080/15622975.2020.1775890

Nielsen, T., Montplaisir, J., and Lassonde, M. (1992). Sleep architecture in
agenesis of the corpus callosum: Laboratory assessment of four cases. J. Sleep Res.1,
197–200. doi: 10.1111/j.1365-2869.1992.tb00038.x

Pantelis, C., Yücel, M., Wood, S. J., Velakoulis, D., Sun, D., Berger, G., et al.
(2005). Structural brain imaging evidence for multiple pathological processes
at different stages of brain development in schizophrenia. Schizophr. Bull. 31,
672–696. doi: 10.1093/schbul/sbi034

Pasternak, O., Sochen, N., Gur, Y., Intrator, N., and Assaf, Y. (2009). Free water
elimination and mapping from diffusion MRI. Magnet. Reson. Med. 62, 717–730.
doi: 10.1002/mrm.22055

Peters, B. D., Blaas, J., and de Haan, L. (2010). Diffusion tensor imaging in
the early phase of schizophrenia: What have we learned? J. Psychiatr. Res. 44,
993–1004. doi: 10.1016/j.jpsychires.2010.05.003

Pettersson-Yeo, W., Allen, P., Benetti, S., McGuire, P., and Mechelli, A. (2011).
Dysconnectivity in schizophrenia: Where are we now? Neurosci. Biobehav. Rev. 35,
1110–1124. doi: 10.1016/j.neubiorev.2010.11.004

Piantoni, G., Poil, S. S., Linkenkaer-Hansen, K., Verweij, I. M., Ramautar, J. R.,
Van Someren, E. J. W., et al. (2013). Individual differences in white matter diffusion
affect sleep oscillations. J. Neurosci. 33, 227–233. doi: 10.1523/JNEUROSCI.2030-
12.2013

Raikes, A. C., Bajaj, S., Dailey, N. S., Smith, R. S., Alkozei, A., Satterfield, B. C.,
et al. (2018). Diffusion Tensor Imaging (DTI) correlates of self-reported sleep
quality and depression following mild traumatic brain injury. Front. Neurol. 9:468.
doi: 10.3389/fneur.2018.00468

Reisfeld, B., and Mayeno, A. N. (2013). “On the Development and Validation
of QSAR Models,” in Computational Toxicology. Methods in Molecular Biology,
Vol. 930, eds B. Reisfeld and A. Mayeno (Totowa, NJ: Humana Press), 499–526.
doi: 10.1007/978-1-62703-059-5_21

Rezaie, L., Fobian, A. D., McCall, W. V., and Khazaie, H. (2018). Paradoxical
insomnia and subjective–objective sleep discrepancy: A review. Sleep Med. Rev.
40, 196–202. doi: 10.1016/j.smrv.2018.01.002

Rigucci, S., Santi, G., Corigliano, V., Imola, A., Rossi-Espagnet, C., Mancinelli,
I., et al. (2016). White matter microstructure in ultra-high risk and first episode
schizophrenia: A prospective study. Psychiatry Res. Neuroimag. 247, 42–48. doi:
10.1016/j.pscychresns.2015.11.003

Roalf, D. R., Quarmley, M., Elliott, M. A., Satterthwaite, T. D., Vandekar,
S. N., Ruparel, K., et al. (2016). The Impact of Quality Assurance Assessment on
Diffusion Tensor Imaging Outcomes in a Large-Scale Population-Based Cohort.
NeuroImage 125, 903–919. doi: 10.1016/j.neuroimage.2015.10.068

Saito, J., Hori, M., Nemoto, T., Katagiri, N., Shimoji, K., Ito, S., et al. (2017).
Longitudinal study examining abnormal white matter integrity using a tract-
specific analysis in individuals with a high risk for psychosis. Psychiatry Clin.
Neurosci. 71, 530–541. doi: 10.1111/pcn.12515

Salazar De Pablo, G., Radua, J., Pereira, J., Bonoldi, I., Arienti, V., Besana,
F., et al. (2021). Probability of transition to psychosis in individuals at clinical
high risk: An updated meta-analysis. JAMA Psychiatry 78, 970–978. doi: 10.1001/
jamapsychiatry.2021.0830

Samartzis, L., Dima, D., Fusar-Poli, P., and Kyriakopoulos, M. (2014). White
matter alterations in early stages of schizophrenia: A systematic review of diffusion
tensor imaging studies. J. Neuroimag. 24, 101–110. doi: 10.1111/j.1552-6569.2012.
00779.x

Scammell, T. E., Arrigoni, E., and Lipton, J. O. (2017). Neural circuitry of
wakefulness and sleep. Neuron 93, 747–765. doi: 10.1016/j.neuron.2017.01.014

Schwartz, J., and Roth, T. (2009). Neurophysiology of sleep and wakefulness:
Basic science and clinical implications. Curr. Neuropharmacol. 6, 367–378. doi:
10.2174/157015908787386050

Sexton, C. E., Zsoldos, E., Filippini, N., Griffanti, L., Winkler, A., Mahmood, A.,
et al. (2017). Associations between self-reported sleep quality and white matter in
community-dwelling older adults: A prospective cohort study. Hum. Brain Mapp.
38, 5465–5473. doi: 10.1002/hbm.23739

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E.,
Mackay, C. E., et al. (2006). Tract-based spatial statistics: Voxelwise analysis
of multi-subject diffusion data. NeuroImage 31, 1487–1505. doi: 10.1016/j.
neuroimage.2006.02.024

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens,
T. E. J. J., Johansen-Berg, H., et al. (2004). Advances in functional and structural
MR image analysis and implementation as FSL. NeuroImage 23, 208–219. doi:
10.1016/j.neuroimage.2004.07.051

Song, S. K., Sun, S. W., Ramsbottom, M. J., Chang, C., Russell, J., and Cross,
A. H. (2002). Dysmyelination revealed through MRI as increased radial (but
unchanged axial) diffusion of water. NeuroImage 17, 1429–1436. doi: 10.1006/
nimg.2002.1267

Tahmasian, M., Aleman, A., Andreassen, O. A., Arab, Z., Baillet, M., Benedetti,
F., et al. (2021). ENIGMA-Sleep: Challenges, opportunities, and the road map.
J. Sleep Res. 30:e13347. doi: 10.1111/jsr.13347

Telzer, E. H., Goldenberg, D., Fuligni, A. J., Lieberman, M. D., and Gálvan,
A. (2015). Sleep variability in adolescence is associated with altered brain
development. Dev. Cogn. Neurosci. 14, 16–22. doi: 10.1016/j.dcn.2015.05.007

Thomason, M. E., and Thompson, P. M. (2011). Diffusion imaging, white
matter, and psychopathology. Annu. Rev. Clin. Psychol. 7, 63–85. doi: 10.1146/
annurev-clinpsy-032210-104507

Trimmel, K., Eder, H. G., Böck, M., Stefanic-Kejik, A., Kl ösch, G., and Seidel, S.
(2021). The (mis)perception of sleep: Factors influencing the discrepancy between
self-reported and objective sleep parameters. J. Clin. Sleep Med. 17, 917–924.
doi: 10.5664/jcsm.9086

Veraart, J., Fieremans, E., and Novikov, D. S. (2016a). Diffusion MRI noise
mapping using random matrix theory. Magnet. Reson. Med. 76, 1582–1593. doi:
10.1002/mrm.26059

Veraart, J., Novikov, D. S., Christiaens, D., Ades-aron, B., Sijbers, J., and
Fieremans, E. (2016b). Denoising of diffusion MRI using random matrix theory.
NeuroImage 142, 394–406. doi: 10.1016/j.neuroimage.2016.08.016

Vijayakumar, N., Bartholomeusz, C., Whitford, T., Hermens, D. F., Nelson, B.,
Rice, S., et al. (2016). White matter integrity in individuals at ultra-high risk for
psychosis: A systematic review and discussion of the role of polyunsaturated fatty
acids. BMC Psychiatry 16:287. doi: 10.1186/s12888-016-0932-4

Vitolo, E., Tatu, M. K., Pignolo, C., Cauda, F., Costa, T., Ando, A., et al. (2017).
White matter and schizophrenia: A meta-analysis of voxel-based morphometry
and diffusion tensor imaging studies. Psychiatry Res. Neuroimag. 270, 8–21. doi:
10.1016/j.pscychresns.2017.09.014

Waite, F., Sheaves, B., Isham, L., Reeve, S., and Freeman, D. (2020). Sleep and
schizophrenia: From epiphenomenon to treatable causal target. Schizophr. Res.
221, 44–56. doi: 10.1016/j.schres.2019.11.014

Weinberger, D. R., and Radulescu, E. (2020). Structural Magnetic Resonance
Imaging All over Again. JAMA Psychiatry 78, 11–12. doi: 10.1001/jamapsychiatry.
2020.1941

Wheeler, A. L., and Voineskos, A. N. (2014). A review of structural
neuroimaging in schizophrenia: From connectivity to connectomics. Front. Hum.
Neurosci. 8:653. doi: 10.3389/fnhum.2014.00653

Yung, A. R., and Nelson, B. (2011). Young people at ultra high risk for psychosis:
A research update. Early Interv. Psychiatry 5, 52–57. doi: 10.1111/j.1751-7893.
2010.00241.x

Yung, A. R., Yuen, H. P., McGorry, P. D., Phillips, L. J., Kelly, D., Dell’Olio, M.,
et al. (2005). Mapping the onset of psychosis: The Comprehensive Assessment of
at-risk mental states. Aust. N. Zealand J. Psychiatry 39, 964–971. doi: 10.1111/j.
1440-1614.2005.01714.x

Zaks, N., Velikonja, T., Parvaz, M. A., Zinberg, J., Done, M., Mathalon, D. H.,
et al. (2022). Sleep disturbance in individuals at clinical high risk for psychosis.
Schizophr. Bull. 48, 111–121. doi: 10.1093/schbul/sbab104

Zhang, Y., Brady, M., and Smith, S. (2001). Segmentation of brain MR
images through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Trans. Med. Imaging 20, 45–57. doi: 10.1109/42.90
6424

Zhao, G., Lau, W. K. W., Wang, C., Yan, H., Zhang, C., Lin, K., et al. (2022). A
comparative multimodal meta-analysis of anisotropy and volume abnormalities in
white matter in people suffering from bipolar disorder or schizophrenia. Schizophr.
Bull. 48, 69–79. doi: 10.1093/schbul/sbab093

Zitser, J., Anatürk, M., Zsoldos, E., Mahmood, A., Filippini, N., Suri, S., et al.
(2020). Sleep duration over 28 years, cognition, gray matter volume, and white
matter microstructure: A prospective cohort study. Sleep 43:zsz290. doi: 10.1093/
sleep/zsz290

Frontiers in Human Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnhum.2022.1029149
https://doi.org/10.1080/15622975.2020.1775890
https://doi.org/10.1111/j.1365-2869.1992.tb00038.x
https://doi.org/10.1093/schbul/sbi034
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1016/j.jpsychires.2010.05.003
https://doi.org/10.1016/j.neubiorev.2010.11.004
https://doi.org/10.1523/JNEUROSCI.2030-12.2013
https://doi.org/10.1523/JNEUROSCI.2030-12.2013
https://doi.org/10.3389/fneur.2018.00468
https://doi.org/10.1007/978-1-62703-059-5_21
https://doi.org/10.1016/j.smrv.2018.01.002
https://doi.org/10.1016/j.pscychresns.2015.11.003
https://doi.org/10.1016/j.pscychresns.2015.11.003
https://doi.org/10.1016/j.neuroimage.2015.10.068
https://doi.org/10.1111/pcn.12515
https://doi.org/10.1001/jamapsychiatry.2021.0830
https://doi.org/10.1001/jamapsychiatry.2021.0830
https://doi.org/10.1111/j.1552-6569.2012.00779.x
https://doi.org/10.1111/j.1552-6569.2012.00779.x
https://doi.org/10.1016/j.neuron.2017.01.014
https://doi.org/10.2174/157015908787386050
https://doi.org/10.2174/157015908787386050
https://doi.org/10.1002/hbm.23739
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1006/nimg.2002.1267
https://doi.org/10.1006/nimg.2002.1267
https://doi.org/10.1111/jsr.13347
https://doi.org/10.1016/j.dcn.2015.05.007
https://doi.org/10.1146/annurev-clinpsy-032210-104507
https://doi.org/10.1146/annurev-clinpsy-032210-104507
https://doi.org/10.5664/jcsm.9086
https://doi.org/10.1002/mrm.26059
https://doi.org/10.1002/mrm.26059
https://doi.org/10.1016/j.neuroimage.2016.08.016
https://doi.org/10.1186/s12888-016-0932-4
https://doi.org/10.1016/j.pscychresns.2017.09.014
https://doi.org/10.1016/j.pscychresns.2017.09.014
https://doi.org/10.1016/j.schres.2019.11.014
https://doi.org/10.1001/jamapsychiatry.2020.1941
https://doi.org/10.1001/jamapsychiatry.2020.1941
https://doi.org/10.3389/fnhum.2014.00653
https://doi.org/10.1111/j.1751-7893.2010.00241.x
https://doi.org/10.1111/j.1751-7893.2010.00241.x
https://doi.org/10.1111/j.1440-1614.2005.01714.x
https://doi.org/10.1111/j.1440-1614.2005.01714.x
https://doi.org/10.1093/schbul/sbab104
https://doi.org/10.1109/42.906424
https://doi.org/10.1109/42.906424
https://doi.org/10.1093/schbul/sbab093
https://doi.org/10.1093/sleep/zsz290
https://doi.org/10.1093/sleep/zsz290
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

	White matter microstructure and sleep-wake disturbances in individuals at ultra-high risk of psychosis
	Introduction
	Materials and methods
	Participants
	Assessments
	Clinical assessments
	Sleep assessments
	Image acquisition and processing

	Statistical analyses
	Univariate analyses
	Multivariate analyses


	Results
	White matter
	Sleep
	Substance use, psychopathology, and medication
	Partial correlations between callosal fractional anisotropy and sleep-wake measures
	Multivariate covariance between fractional anisotropy and sleep-wake disturbances
	Confounding effects of substance use, medication, and psychopathology

	Discussion
	Methodological considerations

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


