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WM microstructure in first-episode antipsychotic-naı̈ve patients with schizophrenia and
healthy controls, and we characterize reliable contributors to the pattern of associations
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contribution to the neural underpinnings of cognitive deficits.

White matter

* Corresponding author. Centre for Neuropsychiatric Schizophrenia Research, CNSR and Centre for Clinical Intervention and Neuropsychiatric Schizophrenia Research, CINS, Mental Health Centre Glostrup, University of Copenhagen, Glostrup, Denmark.
E-mail addresses: marie@cnsr.dk (M.B. Thomas), jayachandra9978@gmail.com (J.M. Raghava), cpant@unimelb.edu.au (C. Pantelis),
egillr@dadlnet.dk (E. Rostrup), Mette.Oedegaard.Nielsen@regionh.dk (M.Ø. Nielsen), mariacnsr@gmail.com (M.H. Jensen), birte.glenthoej@regionh.dk (B.Y. Glenthøj), r.c.w.mandl@gmail.com (R.C.W. Mandl), bjoern.ebdrup@regionh.dk (B.H. Ebdrup), Birgitte.Fagerlund@
regionh.dk (B. Fagerlund).
https://doi.org/10.1016/j.cortex.2021.03.003
0010-9452/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

c o r t e x 1 3 9 ( 2 0 2 1 ) 2 8 2 e2 9 7

First-episode antipsychotic-naı̈ve
schizophrenia
CANTAB
Healthy controls

283

Methods: Thirty-six first-episode antipsychotic-naı̈ve patients with schizophrenia and 52
matched healthy controls underwent cognitive tests and diffusion-weighted imaging on a
3T Magnetic Resonance Imaging scanner. Using a multivariate partial least squares correlation analysis, we included 14 cognitive variables and mean fractional anisotropy values
of 48 WM regions.
Results: Initial analyses showed significant group differences in both measures of WM and
cognition. There was no group interaction effect in the pattern of associations between
cognition and WM microstructure. The combined analysis of patients and controls lead to a
significant pattern of associations (omnibus test p ¼ .015). Thirty-four regions and seven
cognitive functions contributed reliably to the associations.
Conclusions: The lack of an interaction effect suggests similar associations in first-episode
antipsychotic-naı̈ve patients with schizophrenia and healthy controls. This, together
with the differences in both WM and cognitive measurements, supports the involvement
of WM in cognitive deficits in schizophrenia. Our findings add to the field by showing a
coherent picture of the overall pattern of association between cognition and WM. These
findings increase our understanding of the impact of WM on cognition, contributing to the
search for neuromarkers of cognitive deficits in schizophrenia.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

The association between cognition and cerebral white matter
(WM) has been studied in both healthy populations and in
various neuropsychiatric patient samples, and it is well
established that cognitive functioning is related to the organization of WM microstructure [e.g., (Boespflug et al., 2013;
, Stiles, &
Gau, Tseng, Tseng, Wu, & Lo, 2015; Jernigan, Baare
Madsen, 2011; Madden, Bennett, & Song, 2009; Voineskos
et al., 2013)]. This suggests that cognitive deficits in neuropsychiatric disorders such as schizophrenia may implicate
disruption of key WM regions. Previous studies directly
comparing patients with schizophrenia and healthy controls
have reported both differential [e.g., (Nazeri et al., 2013)] and
similar (Karlsgodt et al., 2008; Moser et al., 2018) relationships
between the two groups. One study found a frontal cluster of
WM associated with processing speed only in healthy controls, shown by an interaction effect of group (Nazeri et al.,
2013). Another study found a similar relationship between
measures of working memory and fractional anisotropy (FA)
of the left superior longitudinal fasciculus in both patients and
controls, but with a significantly stronger correlation in patients (Karlsgodt et al., 2008). These patients, however, have
all been medicated and mostly chronic, making it difficult to
disentangle potential confounding effects of antipsychotic
medication and chronicity. It is unclear if the relationship
between cognition and WM microstructure differs between
antipsychotic-naı̈ve patients with schizophrenia and healthy
controls, as this has not been directly analyzed [e.g., (Lyall et
al., 2017; Subramaniam et al., 2018; Zhou et al., 2017)].
The pattern of associations between WM microstructure
and cognition is unclear. Some studies point towards a ‘onetract-one-function’ association between cognition and WM
microstructure in both healthy populations (Klarborg et al.,
2013; Vestergaard et al., 2011) and patients with schizophrenia (Karlsgodt et al., 2008; Szeszko et al., 2008). Other
studies indicate a more global association between cognition

and WM, either by identifying specific regions, which correlate
with a broad range of cognitive functions (Liu et al., 2013; Sui
et al., 2018; Urger et al., 2014), or by identifying multiple regions, which correlate with either one specific cognitive test
(Matejko & Ansari, 2015; Wendelken et al., 2014) or with a
global cognitive measure (Caprihan et al., 2015). These mixed
results regarding the specificity of the associations between
cognition and WM microstructure may be partly explained by
the fact that most previous studies have included a limited
number of regions and/or a limited number of cognitive
measures.
Until now, the search for neurobiological biomarkers predicting cognitive deficits has been relatively unsuccessful. In
order to prevent the cognitive deficits associated with
schizophrenia, the examination of the underlying neurobiology of deficits is important as well as the detection of
composite biomarkers.
In this paper, the goal was to examine if there are differences between patients and controls in the association between cognition and WM microstructure. Particularly, we
aimed at studying this association in a comprehensive way, in
order to characterize reliable cognitive and WM contributors to
the pattern of associations across multiple cognitive domains
and WM regions, thereby bringing the field one step closer towards understanding the neural underpinnings of cognitive
deficits. This is crucial in the search for combinations of neural
biomarkers, which could enable prediction of, and individualized treatment for, cognitive deficits in the long term.
In order to study the pattern of these associations, we used
partial least squares correlation (PLS-C) analyses (McIntosh,
Bookstein, Haxby, & Grady, 1996). Partial least squares (PLS)
allows for identification of latent variables, which are underlying associations between cognitive functions and WM
microstructure. The main advantage of PLS is that it allows
more variables than observations without the requirement for
correction for multiple comparisons (Guebel & Torres, 2013).
This makes it robust against collinearity among variables,
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making it possible to study multiple cognitive measures and
WM regions in smaller data sets.
To our knowledge, only one study of chronic, medicated
patients (Voineskos et al., 2013) has examined cognition and
WM microstructure in schizophrenia using PLS. The present
study is the first to explore WM-cognition associations in firstepisode antipsychotic-naı̈ve patients with schizophrenia and
healthy controls using PLS.
Our primary aims were: (i) to examine if there are differential patterns of associations between cognition and WM
microstructure in first-episode antipsychotic-naı̈ve patients
with schizophrenia and healthy controls, and (ii) to characterize reliable contributors to the pattern of associations
across multiple cognitive domains and WM regions using PLS.
The overarching goal was to further knowledge about the
neural underpinnings of cognitive deficits in schizophrenia.

2.

Materials and methods

2.1.

Participants

As part of a multimodal longitudinal study, we recruited patients with schizophrenia among in- and outpatients from
mental health centers in the Capital Region of Denmark between 2008 and 2014. All patients were first-episode patients,
i.e., it was their first help-seeking contact with the psychiatric
system based on schizophrenia symptoms. Moreover, all patients were antipsychotic-naı̈ve, which was strictly defined,
i.e., they had not received a single lifetime dose of antipsychotic medication. Healthy controls were recruited from the
Capital Region of Denmark through the website www.
forsøgsperson.dk. This cohort was first described in Nielsen
et al., 2012 (Nielsen et al., 2012) and has been examined in
other studies using other modalities (see www.cinsr.dk for a
complete publication list). Data on WM microstructure and
associations to psychopathology in a partially overlapping
subset of this cohort, has previously been reported (Ebdrup,
Raghava, Nielsen, Rostrup, & Glenthøj, 2016).
Inclusion criteria for patients were a first presentation of
schizophrenia according to the International Classification of
Diseases, Tenth Edition (ICD-10) and age between 18 and 45
years. Exclusion criteria for all participants were: any lifetime
exposure to antipsychotic medication or methylphenidate,
use of antidepressants or mood stabilizers within the past
month, and ongoing measures of coercion, such as involuntary hospitalization.
Healthy controls were matched 1:1 with patients based on
age, sex, and parental socioeconomic status. Further exclusion criteria for healthy controls were former or present psychiatric illness, including a diagnosis of drug dependency, and
a psychiatric diagnosis in first-degree relatives.
For all participants, current occasional drug use and tobacco
dependency were allowed and for patients, previous but not
present drug dependency was accepted. Benzodiazepines and
sleep medication were not allowed within 12 h of the Magnetic
Resonance Imaging (MRI) or the cognitive assessment. Current
drug use was measured with a urine test in both groups (Rapid
Response, Jepsen HealthCare). Details on drug and benzodiazepine use are summarized in Table 2. Both patients and

healthy controls were required to have normal physical and
neurological examinations and no history of major head injury
or mental retardation. MRI scans were inspected by an experienced radiologist to exclude overt structural pathology. All
inclusion/exclusion criteria were established prior to data
analysis. Demographic data is provided in Table 2.
Only participants with complete cognitive and WM datasets were included, because PLS analyses require full datasets.
Out of 69 patients with schizophrenia, 33 were excluded from
the current analyses. Reasons for exclusion of patients were:
medication use before finishing baseline examinations (N ¼ 2);
pathological MRI finding (N ¼ 2); poor image quality (N ¼ 3); the
initial schizophrenia diagnosis could not be confirmed (N ¼ 1);
a diagnosis of drug dependency (N ¼ 1); missing MRI data
(N ¼ 6); missing cognitive data (N ¼ 14); or missing substance
use data (N ¼ 5). Out of 67 healthy controls, 15 were excluded
from the current analyses. Reasons for exclusion of healthy
controls were: pathological MRI finding (N ¼ 1); poor image
quality (N ¼ 1); poor match (N ¼ 1); missing MRI data (N ¼ 1);
missing cognitive data (N ¼ 8); or missing substance use data
(N ¼ 3). In total, 36 patients and 52 healthy controls were
included in the current analyses. There were no differences
between included and excluded subjects in age, sex, handedness, PSES, DART, FA, substance use or PANSS scores.
Included healthy controls had more years of education (14.8)
than excluded healthy controls (13.3) (p ¼ .4) (see Table 2).
The study was conducted in accordance with the declaration of Helsinki II and approved by the Danish National
Committee on Biomedical Research Ethics (H-D-2008e088).
The study was registered at Clinicaltrials.gov (NCT01154829).
All participants provided informed signed consent.

2.2.

Clinical measures

ICD-10 diagnoses were verified by trained medical doctors
using the Schedule of Clinical Assessment in Neuropsychiatry
(SCAN), version 2.1 (Wing et al., 1990). Symptoms were
assessed by trained raters using the Positive and Negative
Syndrome Scale (PANSS) (Kay, Fiszbein, & Opler, 1987). Duration of Untreated Illness (DUI) was estimated as the time between a clear deterioration of functioning due to psychosisrelated symptoms and the inclusion date (Crespo-Facorro
et al., 2007).

2.3.

Cognitive measures

Cognitive functions were assessed by trained testers with
Cambridge Neuropsychological Test Automated Battery
(CANTAB) (Robbins et al., 1994), the Brief Assessment of
Cognition in Schizophrenia (BACS) (Keefe et al., 2004), two
subtests from Wechsler Adult Intelligence Scale, 3rd ed. (WAIS
III), and the Danish version (DART) of the National Adult
Reading Test (Nelson & O’Connell, 1978). A list of cognitive
tests, cognitive domains and outcome measures is provided in
Table 1.

2.4.

Image acquisition and processing

Whole-brain Diffusion Weighted Imaging (DWI) scans were acquired on a Philips Achieva 3.0 T whole-body MRI scanner (Philips
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Table 1 e Cognitive Battery: Tests, domains assessed and outcome measures.
Cognitive Test

Domain assessed

Outcome measure

DART
Similarities
Block design
List learning
Digit sequencing
Fluency
Symbol coding
SWM
SOC

Premorbid IQ
Current Verbal IQ
Current performance IQ
Verbal learning and memory
Verbal working memory
Verbal fluency, semantic and phonetic
Processing speed
Spatial working memory
Planning

IED
RVP
RTI

Set shifting/mental flexibility
Sustained Attention
Reaction time

Number of correctly pronounced words
Number of correct responses
Number of correct responses
Number of correct recalled words
Number of correct recalled sequences
Total correct supermarket items, F- and S-words
Number of correct numbers written
Strategy and total errors
Problems solved in minimum moves and mean initial thinking time for 5
move problems
Total errors adjusted for stages not completed
Signal detection (A0 )
Mean simple reaction time

DART: Danish Adult Reading Test; IQ: Intelligence Quotient; Tests from the Wechsler Adult Intelligence Scale, third version (WAIS-III): Similarities and Block Design, tests from the Brief Assessment of Cognition in Schizophrenia (BACS): List learning, digit sequencing, verbal fluency,
symbol coding; and tests from the Cambridge Neuropsychological Test Automated Battery (CANTAB): SWM; Spatial Working Memory, SOC;
Stockings of Cambridge, IED; Intra-Extra-Dimensional Set-shifting, RTI; Reaction Time, RVP; Rapid Visual Processing.

Healthcare, Best, The Netherlands) with an 8-channel SENSE
Head Coil (Invivo, Orlando, Florida). We used a single shot spinecho echo-planar imaging (EPI) sequence with acquired matrix
size ¼ 128  99  75; voxel dimensions ¼ 1.88  2.41  2 mm3
(axial sections, no slice gap); reconstructed matrix
size ¼ 128  128  75; voxel dimensions ¼ 1.88  1.88  2 mm3;
SENSE parallel imaging factor ¼ 3; TR/TE ¼ 7035/68 msec; flip
angle ¼ 90 ; no cardiac gating; to obtain 30 non-collinear diffusion gradient directions with b-factor ¼ 1000 sec/mm2 and 5
volumes without diffusion weighting (b ¼ 0) (van den Heuvel,
Mandl, Luigjes, & Hulshoff Pol, 2008). To enable correction for
susceptibility distortions, the acquisition was repeated with the
opposite (posterior-anterior) phase encoding direction.
 n et al.,
We used an overcomplete Local PCA method (Manjo
2013) implemented in MATLAB software (version 2014a) to
denoise the two sets of DWI scans (acquired in opposite
phase-encoding directions) to reduce rician noise. FMRIB
diffusion toolbox (part of FSL 5.0.9) (Jenkinson, Beckmann,
Behrens, Woolrich, & Smith, 2012; Smith et al., 2004) was
used for DWI image pre-processing in which images were
corrected for head motion artifacts and eddy currents
(Jenkinson, Bannister, Brady, & Smith, 2002). This was followed by a correction of susceptibility distortions (Andersson,
Skare, & Ashburner, 2003). To estimate head motion, three
translational and three rotational motion parameters were
calculated. Then data was resampled to .93  .93  1 mm
 n et al.,
resolution using non-local MRI upsampling (Manjo
2010). Non-brain tissue was removed from images using the
brain extraction tool (BET) (Smith, 2002). We chose FA as our
outcome measure, since FA is a composite measure and often
is used as a general index of WM coherence [e.g., (Kubicki
et al., 2005)]. Since FA is calculated based on the magnetic
properties of water molecules affecting the MRI signal, FA is
not a direct measure of brain structure (Weinberger &
Radulescu, 2021). It is influenced by axonal diameter, axonal
density, axonal coherence and myelin (Basser & Pierpaoli,
1996) and is often interpreted as a measure of fiber integrity.
DTI parameter maps of fractional anisotropy (FA) were
derived using DTIFIT (Smith et al., 2004) and FA maps were

skeletonized using the Tract-Based Spatial Statistics (TBSS)
pipeline (Smith et al., 2006).
The mean FA value was computed for the skeleton voxels
in each of the 48 WM regions of interest (ROIs) defined in the
John Hopkins University International Consortium of Brain
Mapping (JHU-ICBM) WM labels atlas (see Supplementary
Material, Figure S1) (Mori, Wakana, van Zijl, & NagaePoetscher, 2005; Wakana et al., 2007).

2.5.

Statistical analyses

Demographic differences (sex, handedness, parental socioeconomic status, smoking and recreational drug use) between
the patients with schizophrenia and healthy controls were
tested using Chi square, and group differences in age, years of
education, FA and cognition were compared using a two-tailed
independent samples t-test or the Wilcoxon rank-sum test as
appropriate. P-values for cognition and FA measures were
corrected with the false-discovery rate (FDR) for multiple
comparisons (Benjamini & Hochberg, 1995). FA group differences were further analyzed based on a mean FA across the 48
ROIs.
Demographic and clinical data were analyzed using SAS
statistical software (version 9.4; SAS Institute, Inc, Cary, North
Carolina, United States).
Patterns of associations between cognition and WM
microstructure were analyzed using PLS-C (Abdi & Williams,
2013; Anthony Randal McIntosh & Lobaugh, 2004; Krishnan,
Williams, McIntosh, & Abdi, 2011) with MATLAB software
(version 2017b). PLS-C is a multivariate method that can model
complex patterns of associations between two data tables
(e.g., behavioral data and brain measures) obtained on the
same set of observations. It computes latent variables (LV’s)
which describe the maximum covariance (or shared information) between the two sets of data. Compared to most
conventional statistical methods, PLS can determine latent
variables of the pattern of covariation, not just within, but
across modalities. PLS is similar to Principal Component
Analysis in identifying latent variance, but PLS has the
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Table 2 e Demographic data of patients and healthy controls, shown with either mean and standard deviation (SD) or
frequency. p-value shows the group differences.
Mean (SD) or frequency
Patients (N ¼ 36)
Age (years)a
Sex (male, female)b
Handedness (right, left, ambidextrous)c
Years of educationd
PSES (a,b,c)b,e
Lifetime substance use (0/1/2/3/4)
Alcoholc
Tobaccoc
Cannabisc
Benzodiazepinesc,e
Opioidsc,e
Current substance use (yes/no)
Cannabis
Benzodiazepines
Urine test positive for cannabis (yes/no)
Duration of untreated illness (weeks)f
ICD-10 Diagnoses
F20.0 Paranoid
F20.1 Hebephrenic
F20.3 Undifferentiated
F20.6 Simple
F20.9 Unspecified
PANSS
Positive
Negative
General
Total

Controls (N ¼ 52)

Statistic

p

W ¼ 1597.5
c2 ¼ .0396

.97
.84
.86
<.001
.57

24.9 (5.1)
20/16
30/5/1
12.4 (2.4)
8/20/7

25.0 (5.4)
30/22
46/5/1
14.8 (2.6)
17/25/9

4/7/22/3/0
9/10/14/1/2
8/21/4/3/0
25/11/0/0/0
26/10/0/0/0
2/34
3/33
1/35
2-312 (25)g

3/1/48/0/0
13/27/9/2/1
27/21/4/0/0
52/0/0/0/0
50/2/0/0/0
e
e
e
e
e

<.001
.073
.008
<.001
.003
e
e
e
e
e

23
3
3
1
6

e
e
e
e
e

e
e
e
e
e

20.5 (4.3)
20.6 (7.5)
42.7 (9.5)
83.7 (18.0)

e
e
e
e

e
e
e
e

T ¼ 4.37
c2 ¼ 1.1071

SD; standard deviation, PSES; Parental socioeconomic status: a; high, b; moderate, c; low, Lifetime substance use; 0 ¼ never tried/1 ¼ tried few
times/2 ¼ use regularly/3 ¼ harmful use/4 ¼ dependency, PANSS; Positive and Negative Syndrome Scale. Significant p values are marked with
bold.
a
Wilcoxon rank-sum test, two-sided.
b
c2 test.
c
c2, Fishers exact, two-sided.
d
Independent samples t-test, two-tailed.
e
Data point missing for one patient and one control.
f
One data point is missing.
g
Duration of untreated illness is shown with range and median.

additional great advantage in the ability to include more variables than observations, without the requirement for
correction for multiple comparisons. Latent variables are hypothesized to be have high construct validity indicating the
underlying factors examined. We chose the PLS approach,
because it was the overall pattern of relationship between
white matter and cognition that was the focus of our study.
We have recently applied a similar approach using PLS in a
cohort of individuals at ultrahigh risk of psychosis (Krakauer
et al., 2017) and in partially overlapping subsets of this
cohort, examining cognition and cortical grey matter structure (Jessen et al., 2018) and WM and psychopathology
(Raghava et al., 2021).
We included 14 measures of cognitive functions and mean
FA values of 48 WM regions covering the whole brain. The
reason for not pre-selecting specific white matter regions of
interest was based on insufficient foundation in the literature
for such an approach. Similarly, there was no strong evidence
for selecting specific cognitive domains over others.

Furthermore, we wished to examine which tracts and which
cognitive functions contributed reliably to the overall pattern
of relationship. Data used in the PLS-C analyses were
centered and normalized, and corrected for age, sex, handedness and lifetime use of alcohol, tobacco, cannabis, benzodiazepines and opioids (Weinberger & Radulescu, 2016).
The DWI-derived parameter maps (FA) were additionally
regressed for head motion (three translational, three rotational parameters) (Krakauer et al., 2017). In post-hoc analyses, we additionally regressed for education years (see
Supplementary Materials). To ease interpretation of the
PLS-C analyses, for all cognitive variables a higher score indicates a better performance.
We used two different analyses: a 2-group PLS-C analysis
with interaction (between-group analysis) and a 1-group PLSC analysis (within-group analysis).
For the primary analysis, we used a 2-group PLSeC interaction analysis to examine group interaction effects of the
pattern of associations between cognition and FA for patients
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Fig. 1 e PLS-C analysis. A. 2-group PLS-C analysis with interaction (between-group analysis). B. 1-group PLS-C analysis
(within-group analysis). COG: cognition data; ROI: Regions of Interest (FA data); S: subjects; PT: patients; HC: healthy
controls; R, covariance matrix; SVD: singular value decomposition; X: matrix of cognitive parameters; Y: matrix of FA
regions.

and healthy controls (Fig. 1A) (Jessen et al., 2018). Based on the
primary analysis, we conducted a 1-group analysis in the
combined sample of patients and healthy controls (Fig. 1B) to
characterize reliable contributors to the associations across
cognitive domains and FA. In post-hoc analyses, we analyzed
the groups separately in two 1-group PLS-C analyses (see
Supplementary Material).
In both types of analysis, the data is stored in two matrices
with cognitive (X) and FA measures (Y), respectively (Fig. 1A
and B). In the 2-group analysis, these are denoted by XPT, XHC,
YPT, and YHC (Fig. 1A). First, the data is combined in a covariance matrix (R), where the cross-products (correlations) are
computed between cognitive measures and FA data. In the 2group analysis, the R matrix is computed for each group (RPT
and RHC) and then stacked vertically (Rstacked) (Fig. 1A).
This covariance matrix (R or Rstacked) is then decomposed
using singular value decomposition (SVD) into a set of singular
values (D) and a set of singular vectors (U and VT). From the set
of singular values, the overall model (i.e., the common inertia)
is computed (Abdi, Williams, 2013). Inertia describes the
quantity of the common information between the two
matrices, thus the overall maximum covariance between
variables.
The singular vectors (U and VT) reflect the cognitive and FA
saliences and from these, the latent variables are derived, by
projecting the original matrices onto their respective saliences. The latent variables express the maximum covariance
between cognitive measures and FA data.
In the calculation of the latent variables, the SVD gives an
approximation of a matrix inversion; hence, an inversion step

is not required (as in all other multivariate analyses, e.g.,
Principal Component Analysis). This means that the correlations between variables are done in a single step, thus not
requiring a correction of the p-values and allowing the number of variables to exceed the number of observations (Guebel
& Torres, 2013).
Significance testing in PLS-C comprises two steps: First, a
permutation test to assess the significance level of the overall
model. Second, if there is an association, the reliability of saliences are assessed using bootstrapping (100,000 bootstraps,
with procrustean rotation) to obtain 95% confidence intervals
of the single variables (saliences) (Krishnan et al., 2011). Confidence intervals of the saliences that do not cross zero are
considered reliable. The permutation test (100,000 permutations) assesses the significance level of the omnibus test
(Reisfeld, Mayeno, 2013) and the latent variables, obtaining a pvalue based on non-rotated sampling distribution of singular
values (Kovacevic, Abdi, Beaton, for the Alzheimer’s Disease
Neuroimaging Initiative, & McIntosh, 2013). The permutation
test of the omnibus (i.e., inertia) tests the overall model, i.e.,
whether there is an association between the two sets of data
(cognition and FA) or, for the interaction test, whether the two
groups differ in the association. The overall association between cognition and FA was considered significant if the sum
of singular values exceeded the upper fifth percentile of the
distribution found during permutations (omnibus test) (Abdi &
Williams, 2013). Thus, the omnibus test investigates whether
the overall pattern is significant. The null-hypothesis is that
there is no association between the data (or no difference in the
association between groups). Latent variables with a p-value
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Fig. 2A e The permutation test in a 2-group PLS-C analysis with interaction (structure preserving permutations model). A
synchronized permutation preserves the link between MR data (FA) and behavioral data (cognition) but shuffles the groups.
Blue: healthy controls (HC), Green: patients (PT).

Fig. 2B e The permutation test in a 1-group PLS-C analysis (structure destroying permutations model). The link between MR
data (FA) and behavioral data (cognition) within subjects is removed. Note patients (PT) and healthy controls (HC) are
merged in one group.

below .05 were considered significant. Only latent variables
with a cross-block covariance larger than five percent were
reported (Grigg & Grady, 2010).

In the permutation test of the 2-group PLS-C model with
interaction (Krishnan et al., 2011), the exchangeability
across groups is synchronized between FA and cognition
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Table 3 e Univariate analyses of group differences on cognitive measures.
Cognitive Measure

DARTa
Similaritiesa
Block Designb
List Leaninga
Digit sequencingb
Fluencya
Symbol codingb
SWM strategyb
SWM errorsb
SOC problems solvedb
SOC thinking timeb
IEDb
RTIb
RVP a,b

Mean (SD) or frequency
Patients
(N ¼ 36)

Controls
(N ¼ 52)

Statistic

Z-score for patients

p

22.7 (8.8)
23.7 (6.0)
49.7 (10.9)
51.9 (11.2)
20.6 (4.1)
54.3 (15.7)
56.3 (15.7)
28.6 (6.5)
14.3 (17.0)
9.3 (1.7)
9510.0 (7067.1)
26.8 (21.7)
341.2 (68.3)
.974 (.024)

23.2 (6.1)
26.2 (4.1)
52.5 (8.4)
54.8 (8.2)
22.7 (3.5)
66.4 (14.9)
65.6 (11.1)
24.6 (5.5)
7.1 (9.5)
10.3 (1.2)
12579.0 (7509.5)
14.4 (12.4)
301.8 (40.4)
.988 (.013)

t ¼ .31
t ¼ 2.18
W ¼ 1505.50
t ¼ 1.32
W ¼ 1310.0
t ¼ 3.67
W ¼ 1246.50
W ¼ 1252.0
W ¼ 1379.50
W ¼ 1231.0
W ¼ 1305.0
W ¼ 1305.5
W ¼ 1202.0
W ¼ 1188.0

.1
.6
.3
.4
.6
.8
.8
.7
.8
.9
.4
1.0
1.0
1.1

.76
.033*
.41
.19
.013*
<.001*
.003*
.003*
.057
.001*
.012*
.001*
<.001*
<.001*

SD; standard deviation, Lower score is better for the following tests: SWM Strategy, SWM errors, IED, RTI.
*statistical significant after correction for multiple comparisons with the standard false discovery rate (FDR), using the conventionally accepted
false-positive rate of 5% (q ¼ .05). Significant p values are marked with bold.
a
Independent samples t-test, two-tailed.
b
Wilcoxon rank-sum test, two-sided.

(Fig. 2A). A synchronized permutation preserves the link
between MR data (FA) and behavioral data (cognition), but
shuffles the groups. It therefore analyzes if a random division of subjects is just as good as the groups, i.e., it is used to
analyze if patients and controls have MR-Cognition associations in different directions. It does not analyze if there is
an association between MR and behavioral data or not.
In the permutation test of the 1-group PLS-C model (see
(Jessen et al., 2018) for details) the link between MR data (FA)
and behavioral data (cognition) within subjects is removed
(Fig. 2B). It therefore analyzes if there is an association between MR and behavioral data or if a random association is
just as good.

3.

Results

3.1.

Clinical data

Patients and controls did not differ in age, sex, or parental
socioeconomic status. Patients had significantly fewer years
of education than healthy controls. Patients had significantly
more substance use, but tobacco use did not differ between
groups. With a mean total PANSS score of 83.4, the patients
can be considered markedly ill (Leucht et al., 2005). Demographic and clinical data are listed in Table 2.

3.2.

Univariate analyses

Univariate analyses show that patients performed worse than
healthy controls on 10 out of 14 cognitive measures, all surviving FDR correction (Table 3). FA measurements in six ROIs
was lower for patients (left cingulum, three regions comprising
the left and right fornix, right superior fronto-occipital

fasciculus and the left sagittal stratum), but none survived FDR
(Fig. 3). When FA differences were calculated based on a mean
FA across the 48 ROIs, mean FA was lower in patients (p ¼ .046).

3.3.

Multivariate analyses

The first PLS-C analysis revealed no overall interaction effect
between patients with schizophrenia and healthy controls
(omnibus test p ¼ .55). In the subsequent analysis, in which
patients and controls were analyzed as one group, a significant
pattern was identified (omnibus test p ¼ .015) with one significant latent variable (LV1; p ¼ .039) explaining 61.3% of the
cross-block covariance (Fig. 4). Seven out of 14 cognitive variables and 34 out of 48 WM regions contributed reliably and
positively to the correlation. The cognitive tests contributing
reliably encompassed verbal memory, verbal working memory, fluency, processing speed, planning, cognitive flexibility
and sustained attention (Fig. 4A). The WM regions contributing
reliably to the associations included a widespread pattern of
ROIs, e.g., the superior frontal occipital fasciculus, the internal
capsule, cerebellar tracts and corona radiata (Fig. 4B,C). Regions
with the highest salience were: genu, body and splenium of the
corpus callosum (commissural fiber), right and left cingulum,
fornix (association fibers), right posterior limb of the internal
capsule, right cerebral peduncle, right and left superior corona
radiata, the left sagittal stratum (projection fibers), pontine
crossing tract, middle cerebellar peduncle, right inferior cerebellar peduncle (cerebellar fibers). When additionally regressing for years of education in post-hoc analyses, there was still
no overall interaction effect between patients and controls
(omnibus test p ¼ .35). The overall model in the combined
analysis was still significant (omnibus test p ¼ .03). The patterns of the latent variables were similar, but their significance
approached trend-level (see Supplementary Materials).
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Fig. 3 e Manhattan plot of group differences on fractional anisotropy (FA). The red line indicates a significance threshold of
.05, not corrected with the false-discovery rate (FDR) for multiple comparisons. None of the regions survived FDR.

4.

Discussion

In this study of first-episode antipsychotic-naı̈ve patients with
schizophrenia and healthy controls we did not find evidence
for differential associations between cognition and WM
microstructure. We identified a significant pattern of associations between cognition and WM microstructure in the
combined group with a global involvement of WM regions and
several cognitive measures.
Our study is in line with previous studies regarding a
similar association between WM microstructure and cognition in patients with schizophrenia and healthy controls
(Karlsgodt et al., 2008; Moser et al., 2018). e.g., working memory has been found to be correlated with FA of the left superior
longitudinal fasciculus in both patients with schizophrenia
and healthy controls, but with patients showing a significantly
stronger correlation (Karlsgodt et al., 2008). This was in recent
onset patients, which together with our findings supports a
similar association at early stages of the illness. Other multivariate studies in chronic patients also support a similar
relation between WM microstructure and cognition in patients and controls (Moser et al., 2018; Sui et al., 2018).
Other studies have found differential associations between
patients with schizophrenia and healthy controls [e.g., (Nazeri
et al., 2013; Nestor et al., 2007; Voineskos et al., 2013)], but only
one of these has included a direct test of group differences
(Nazeri et al., 2013). For example, processing speed has been
associated with a frontal cluster of WM in healthy controls, but
an interaction effect of group revealed that this was not evident
in the patients (Nazeri et al., 2013). Also, FA of the fornix has
been reported to correlate with different cognitive indices in
patients and controls, but these differences were not
confirmed with an interaction analysis (Nestor et al., 2007). To
our knowledge, all of the studies examining group differences
between patients with schizophrenia and healthy controls
have studied medicated patients (Karlsgodt et al., 2008; Moser

et al., 2018; Nazeri et al., 2013). Since our study included antipsychotic-naı̈ve patients, the discrepancy between studies
may partly be explained by antipsychotic medication, which
might influence WM microstructure, regardless of receptor
profile (Ebdrup et al., 2016; Ozcelik-Eroglu et al., 2014;
Samartzis, Dima, Fusar-Poli, & Kyriakopoulos, 2014). The effect
of antipsychotics can be difficult to differentiate from the
impact of chronicity and may even be protective (Ebdrup et al.,
2016; Xiao et al., 2018). Chronicity may further add to the heterogeneity of findings (Xiao et al., 2018), as the widespread
impairments in FA early (Alvarado-Alanis et al., 2015;
Samartzis et al., 2014) and later in the disease (Kelly et al., 2018;
Klauser et al., 2017) may reflect different neurobiological
mechanisms (Lyall et al., 2017), thus influencing the associations to cognition differentially. The influence of antipsychotic
medication on cognition is very limited, except detrimental
€ ke et al., 2008).
effects at high doses (Szo
In the combined group of patients and controls, the pattern
of associations between WM microstructure measured using
FA and cognitive scores indicates a global involvement of WM
and several cognitive functions. The contributors of WM
microstructure with the highest salience involve regions
which have consistently shown aberrations in schizophrenia,
e.g., the genu and body of corpus callosum (Kelly et al., 2018;
Subramaniam et al., 2018), the sagittal stratum (Subramaniam
et al., 2018), corona radiata (Kelly et al., 2018), the cingulum
(Klauser et al., 2017; Lee et al., 2013) and the fornix (Lee et al.,
2013). Similarly, six of the seven reliable cognitive contributors
(verbal memory, verbal working memory, fluency, processing
speed, planning, sustained attention and set shifting/cognitive flexibility) show lower scores in the patients, in line with
previous studies in schizophrenia (Jazbec et al., 2007; Kern
et al., 2011). Together with lower mean FA in patients, our
findings of global WM pattern of association with cognition
suggest a role for WM impairments in cognitive deficits in
schizophrenia.
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Fig. 4 e Latent variable 1 from the 1-group PLS-C analysis for healthy controls and patients combined. A: Bar plot with
saliences for cognitive variables and confidence intervals. A higher score is better for all cognitive data. B: Bar plot with
saliences for brain variables (FA) and confidence intervals. Confidence intervals that do not cross zero indicate reliable
contributing variables. C: Brain saliences mapped onto a JHU-ICBM WM labels atlas, with red-yellow areas indicating the
salience (for illustrative purposes only).

These results are in line with studies relating select cognitive
functions to single fiber tracts, e.g., memory has been found to
be correlated with the fornix (Rametti et al., 2009), processing
speed with the cingulum (Seitz et al., 2016) and attention and
set-shifting with the superior longitudinal fasciculus (Klarborg
et al., 2013; Urger et al., 2014). Our results are furthermore in
line with the only other PLS study which has examined cognition and WM microstructure in patients with schizophrenia
(Voineskos et al., 2013). They also found fibers throughout the
brain to contribute reliably to the pattern of associations, e.g.,
genu and splenium of the corpus callosum, left and right uncinate fasciculus, the left and right inferior fronto-occipital
fasciculus and the left cingulum. In the cognitive pattern the
authors found that e.g., processing speed, working memory,
fluency and letter cancellation task reliably contributed in
medicated patients with schizophrenia, and trail making and
letter cancellation in controls. Others studies also found measures of processing speed to be correlated with whole-brain FA
(Bruce et al., 2017; Kochunov et al., 2017). Across these studies,
the most consistent finding may be the association between
processing speed and WM microstructure. Together with
fluency, processing speed showed the highest salience in the
pattern of associations with WM microstructure. Both functions
have been found to show some of the largest effect sizes for the

difference between patients with schizophrenia and healthy
controls (Fatouros-Bergman, Cervenka, Flyckt, Edman, & Farde,
2014; Kern et al., 2011) and both are influenced by healthy aging
(Stokholm, Jørgensen, & Vogel, 2013; Vogel, Stokholm, &
Jørgensen, 2013). A link between these age effects in healthy
controls and deficits found in schizophrenia has been proposed,
suggesting acceleration of normal effects of age in schizophrenia (Fagerlund et al., 2020; Harvey & Rosenthal, 2018).
Moreover, processing speed has been shown to be a mediating
link between cognition and WM microstructure (Deary et al.,
2006; Penke et al., 2010) and between age and intelligence
(Coyle, Pillow, Snyder, & Kochunov, 2011), indicating that both
age and schizophrenia may impact cognition through WM and
processing speed. Studies indicate that the relationship between white matter and cognition is established early in
childhood (Deoni et al., 2016; Ullman & Klingberg, 2016). Indirectly, our findings of deficits in both cognition and white
matter suggest neurodevelopmental problems with white
matter and cognition prior to illness onset.
In our sample, intelligence did not contribute reliably to the
pattern. Even though an association between intelligence and
WM microstructure is a frequent finding in both healthy
subjects (Moser et al., 2018; Muetzel et al., 2015; Urger et al.,
2014) and patients with schizophrenia, this is not a
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consistent finding (Joo et al., 2018). A recently published study
including an overlapping sample (Jensen et al., 2018) found an
association between intelligence and total WM volume. The
reason for this difference could be that volume and FA
represent different measures of WM (Alba-Ferrara & de
Erausquin, 2013; Soares, Marques, Alves, & Sousa, 2013). In
addition to WM volume and structure, intelligence has also
been related to the function in WM (Li et al., 2020).
Some strengths and limitations should be considered.
Importantly, the inclusion of first-episode, strictly defined
antipsychotic-naı̈ve patients, makes it possible to examine
associations between WM and cognition early in the illness
process, without the impact of chronicity and possible medication effects (Ebdrup et al., 2016; Ozcelik-Eroglu et al., 2014;
Xiao et al., 2018). Also, we included a matched healthy control
group, which enabled us to examine the specificity of findings
to schizophrenia versus controls. Moreover, we applied PLS-C
analysis, a statistical method that does not require variables
to be independent, which is an important advantage since
cognitive as well as MRI measures are highly inter-correlated.
The PLS-C analyses further enabled us to include measures of
whole-brain WM microstructure and a range of cognitive
variables, thereby allowing an explorative approach to investigating the associations of WM microstructure to cognition.
Even though patients and controls were well-matched on
age, sex and parental socioeconomic status, there were differences in the use of substances. Alcohol (Moser et al., 2018),
cannabis (Saito et al., 2018; Serpa et al., 2017) and tobacco
(Baeza-Loya et al., 2016; Savjani et al., 2014) have been shown
to have an influence on MRI measurements of WM. For
cannabis, studies on the influence on WM in otherwise
healthy samples have shown conflicting results, which is
likely due to difference in age of onset and in the severity and
duration of use among the participants (Hampton, Hanik, &
Olson, 2019). Studies show that an earlier onset (Gruber,
€ nenç, & Lukas, 2014) and greater quanDahlgren, Sagar, Go
tity of cannabis use (Becker, Collins, Lim, Muetzel, & Luciana,
2015) are associated with more severe changes in WM FA. The
influence of cannabis on WM measures in schizophrenia is
similar in severity to the WM aberrations seen in nonpsychotic, long-term, heavy cannabis users and the WM differences seem to be even more pronounced in cannabis-using
patients with schizophrenia (Solowij et al., 2011). Similarly,
recreational substance use in general appears to alter the WM
structure in patients with schizophrenia and thus acts as a
confounding effect (Raghava et al., 2021). We included alcohol,
cannabis, tobacco, benzodiazepines and opioids as covariates
in analyses. We have not examined the specific effect of the
covariates on the association between WM and cognition
because this study was not powered to do so. Future studies
might focus on this, as some of these substances are known to
have an effect on WM and cognition.
Patients and controls differed in years of education and we
included this as a covariate in post-hoc analyses (see
Supplementary Materials). The analyses corrected for years of
education did not change the primary results substantially, but
indicated an association between cognition and white matter
relatively independent of the influence of drug use, socioeconomic status, and education. Due to the PLS requirement of full
datasets on cognition, MRI and covariates, our study is limited

by the relatively low number of participants, thereby increasing
the risk of type II errors and limiting the stability and generalization of results. As standard PLS-C does not allow for missing
data in any sub-measure and data imputation in PLS-C is not
straightforward, as single imputation is discouraged (Newman,
2014), participants were excluded if any single data point was
missing. Nevertheless, given the antipsychotic-naı̈ve status of
the patient sample, this is a comparatively large sample,
although we cannot rule out type II errors. In order to track
possible changes in the associations between cognition and
WM microstructure over the course of schizophrenia, longitudinal follow-up examinations of both patients and healthy
controls are warranted. Future studies should combine
different modalities in order to identify a combination of biomarkers predicting cognitive functions in first-episode schizophrenia. In this study, we have limited the analysis to the
structural properties of WM, while future studies may combine
this with functional properties, as cognition has also been
related to the function of WM and the WM functional connectome has been suggested as a neuromarker of general fluid
intelligence (Li et al., 2020).
In conclusion, we did not find differential patterns of associations across multiple cognitive measures and WM regions, suggesting similar associations in first-episode
antipsychotic-naı̈ve patients with schizophrenia and healthy
controls at this early stage of the illness. In both patients with
schizophrenia and healthy controls, lower cognitive performance is related to less WM integrity. Together with lower
measures on both WM integrity and cognitive performance in
patients, these findings support the involvement of WM
microstructure in the cognitive deficits of schizophrenia early
in the illness. We found the reliable contributors to the pattern
of associations to be characterized by a global involvement of
cerebral WM microstructure and several cognitive measures.
These findings also add to the field by showing a coherent
picture of the overall pattern of association between cognition
and WM, replacing the previous focus on single tracts and
functions. Overall, our findings increase the knowledge of WM
involvement in the neural underpinnings of cognitive deficits
in schizophrenia.
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