UC Irvine
UC Irvine Previously Published Works

Title

The Relationship Between White Matter Microstructure and General Cognitive Ability in
Patients With Schizophrenia and Healthy Participants in the ENIGMA Consortium

Permalink

https://escholarship.org/uc/item/1xb9r696

Journal
American Journal of Psychiatry, 177(6)

ISSN
0002-953X

Authors

Holleran, Laurena
Kelly, Sinead
Alloza, Clara

Publication Date
2020-06-01

DOI
10.1176/appi.ajp.2019.19030225

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1xb9r6g6
https://escholarship.org/uc/item/1xb9r6g6#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Am J Psychiatry. Author manuscript; available in PMC 2021 June 01.

-, HHS Public Access
«

Published in final edited form as:
Am J Psychiatry. 2020 June 01; 177(6): 537-547. doi:10.1176/appi.ajp.2019.19030225.

The Relationship Between White Matter Microstructure and
General Cognitive Ability in Patients With Schizophrenia and
Healthy Participants in the ENIGMA Consortium

Laurena Holleran, Ph.D.,

School of Psychology, Centre for Neuroimaging and Cognitive Genomics, National Centre for
Biomedical Engineering Science and Galway Neuroscience Centre, National University of Ireland
Galway, Galway

Sinead Kelly, Ph.D.,
Imaging Genetics Center, Mark and Mary Stevens Neuroimaging and Informatics Institute, Keck
School of Medicine, University of Southern California, Marina del Rey

Clara Alloza, Ph.D.,

Department of Psychiatry, University of Edinburgh, Edinburgh; Department of Child and
Adolescent Psychiatry, Instituto de Investigacién Sanitaria Gregorio Marafién, lISGM, Hospital
General Universitario Gregorio Marafién, School of Medicine, CIBERSAM, Universidad
Complutense, Madrid

Ingrid Agartz, M.D., Ph.D.,
NORMENT, K.G. Jebsen Center for Psychosis Research, Division of Mental Health and
Addiction, Oslo University Hospital and Institute of Clinical Medicine, University of Oslo, Oslo

Ole A. Andreassen, M.D., Ph.D.,
Department of Psychiatry, Ulleval University Hospital and Institute of Psychiatry, University of
Oslo, Oslo

Celso Arango, M.D., Ph.D.,

Department of Child and Adolescent Psychiatry, Instituto de Investigacion Sanitaria Gregorio
Marafion, lISGM, Hospital General Universitario Gregorio Marafion, School of Medicine,
CIBERSAM, Universidad Complutense, Madrid

Nerisa Banaj, Ph.D.,
Laboratory of Neuropsychiatry, Department of Clinical and Behavioral Neurology, IRCCS Santa
Lucia Foundation, Rome

Vince Calhoun, Ph.D.,
Mind Research Network and Department of Electrical and Computer Engineering, University of
New Mexico, Albuquerque

Dara Cannon, Ph.D.,

Send correspondence to Prof. Donohoe (gary.donohoe@nuigalway.ie).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holleran et al. Page 2

School of Psychology, Centre for Neuroimaging and Cognitive Genomics, National Centre for
Biomedical Engineering Science and Galway Neuroscience Centre, National University of Ireland
Galway, Galway

Vaughan Carr, M.D.,
Neuroscience Research Australia and School of Psychiatry, University of New South Wales,
Sydney

Aiden Corvin, M.R.C.Psych., Ph.D.,
Neuropsychiatric Genetics Research Group, Department of Psychiatry, Trinity College Dublin

David C. Glahn, Ph.D.,
Olin Neuropsychiatric Research Center, Institute of Living, Hartford Hospital and Department of
Psychiatry, Yale University School of Medicine, New Haven, Conn.

Ruben Gur, Ph.D.,
Department of Psychiatry, University of Pennsylvania, Philadelphia

Elliot Hong, M.D.,
Maryland Psychiatric Research Center, Department of Psychiatry, University of Maryland School
of Medicine, Baltimore

Cyril Hoschl, M.D., F.R.C.Psych.,
National Institute of Mental Health, Klecany, Czech Republic

Fleur M. Howells, Ph.D.,
Department of Psychiatry and Mental Health, Neuroscience Institute, University of Cape Town,
Cape Town, South Africa

Anthony James, M.R.C.Psych.,
Highfield Unit, Warneford Hospital, Oxford, U.K.

Joost Janssen, Ph.D.,

Department of Child and Adolescent Psychiatry, Instituto de Investigacion Sanitaria Gregorio
Marafion, liSGM, Hospital General Universitario Gregorio Marafién, School of Medicine,
CIBERSAM, Universidad Complutense, Madrid

Peter Kochunov, Ph.D.,
Maryland Psychiatric Research Center, Department of Psychiatry, University of Maryland School
of Medicine, Baltimore

Stephen M. Lawrie, M.D., F.R.C.Psych.,
Department of Psychiatry, University of Edinburgh, Edinburgh

Jingyu Liu, Ph.D.,
Mind Research Network, Lovelace Biomedical and Environmental Research Institute,
Albuguerque, N.Mex.

Covadonga Martinez, Ph.D.,

Department of Child and Adolescent Psychiatry, Instituto de Investigacion Sanitaria Gregorio
Marafion, liISGM, Hospital General Universitario Gregorio Marafién, School of Medicine,
CIBERSAM, Universidad Complutense, Madrid

Am J Psychiatry. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holleran et al. Page 3

Colm McDonald, M.R.C.Psych., Ph.D.,

School of Psychology, Centre for Neuroimaging and Cognitive Genomics, National Centre for
Biomedical Engineering Science and Galway Neuroscience Centre, National University of Ireland
Galway, Galway

Derek Morris, Ph.D.,

School of Psychology, Centre for Neuroimaging and Cognitive Genomics, National Centre for
Biomedical Engineering Science and Galway Neuroscience Centre, National University of Ireland
Galway, Galway

David Mothersill, Ph.D.,

School of Psychology, Centre for Neuroimaging and Cognitive Genomics, National Centre for
Biomedical Engineering Science and Galway Neuroscience Centre, National University of Ireland
Galway, Galway

Christos Pantelis, M.R.C.Psych.,
Melbourne Neuropsychiatry Centre, Department of Psychiatry, University of Melbourne and
Melbourne Health, Carlton South, Australia

Fabrizio Piras, Ph.D.,
Laboratory of Neuropsychiatry, Department of Clinical and Behavioral Neurology, IRCCS Santa
Lucia Foundation, Rome

Steven Potkin, M.D.,
Department of Psychiatry and Human Behavior, School of Medicine, University of California,
Irvine

Paul E. Rasser, M.S.,
Priority Centre for Brain and Mental Health Research, Priority Research Centre for Stroke and
Brain Injury, University of Newcastle, Newcastle, Australia

David Roalf, Ph.D.,
Department of Psychiatry, University of Pennsylvania, Philadelphia

Laura Rowland, Ph.D.,
Maryland Psychiatric Research Center, Department of Psychiatry, University of Maryland School
of Medicine, Baltimore

Theodore Satterthwaite, M.D.,
Department of Psychiatry, University of Pennsylvania, Philadelphia

Ulrich Schall, M.D., Ph.D.,
Priority Centre for Brain and Mental Health Research, University of Newcastle, Newcastle,
Australia

Gianfranco Spalletta, M.D., Ph.D.,

Laboratory of Neuropsychiatry, Department of Clinical and Behavioral Neurology, IRCCS Santa
Lucia Foundation, Rome; Department of Psychiatry and Behavioral Sciences, Baylor College of
Medicine, Houston

Filip Spaniel, M.D., Ph.D.,
National Institute of Mental Health, Klecany, Czech Republic

Am J Psychiatry. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holleran et al. Page 4

Dan J. Stein, M.D., Ph.D.,
Department of Psychiatry and Mental Health, Neuroscience Institute, University of Cape Town,
Cape Town, South Africa

Anne Uhlmann, Ph.D.,
Department of Psychiatry and Mental Health, University of Cape Town, Cape Town, South Africa

Aristotle Voineskos, M.D., Ph.D.,

Kimel Family Translational Imaging-Genetics Research Laboratory, Campbell Family Mental
Health Research Institute, Centre for Addiction and Mental Health, Department of Psychiatry,
University of Toronto, Toronto

Andrew Zalesky, Ph.D.,

Melbourne Neuropsychiatry Centre, Department of Psychiatry, University of Melbourne and
Melbourne Health, Carlton South, Australia; Department of Biomedical Engineering and
Melbourne Neuropsychiatry Centre, University of Melbourne, Melbourne, Australia

Theo G.M. van Erp, Ph.D.,
Clinical Translational Neuroscience Laboratory, Department of Psychiatry and Human Behavior,
and Center for the Neurobiology of Learning and Memory, University of California Irvine, Irvine

Jessica A. Turner, Ph.D.,
Department of Psychology, Georgia State University, Atlanta

lan J. Deary, Ph.D.,
Centre for Cognitive Ageing and Cognitive Epidemiology, Department of Psychology, University of
Edinburgh, Edinburgh

Paul M. Thompson, Ph.D.,
Imaging Genetics Center, Mark and Mary Stevens Neuroimaging and Informatics Institute, Keck
School of Medicine, University of Southern California, Marina del Rey

Neda Jahanshad, Ph.D.,
Imaging Genetics Center, Mark and Mary Stevens Neuroimaging and Informatics Institute, Keck
School of Medicine, University of Southern California, Marina del Rey

Gary Donohoe, Ph.D.

School of Psychology, Centre for Neuroimaging and Cognitive Genomics, National Centre for
Biomedical Engineering Science and Galway Neuroscience Centre, National University of Ireland
Galway, Galway

Abstract

Objective: Schizophrenia has recently been associated with widespread white matter
microstructural abnormalities, but the functional effects of these abnormalities remain unclear.
Widespread heterogeneity of results from studies published to date preclude any definitive
characterization of the relationship between white matter and cognitive performance in
schizophrenia. Given the relevance of deficits in cognitive function to predicting social and
functional outcomes in schizophrenia, the authors carried out a meta-analysis of available data
through the ENIGMA Consortium, using a common analysis pipeline, to elucidate the relationship
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between white matter microstructure and a measure of general cognitive performance, 1Q, in
patients with schizophrenia and healthy participants.

Methods: The meta-analysis included 760 patients with schizophrenia and 957 healthy
participants from 11 participating ENIGMA Consortium sites. For each site, principal component
analysis was used to calculate both a global fractional anisotropy component (gFA) and a
fractional anisotropy component for six long association tracts (LA-gFA) previously associated
with cognition.

Results: Meta-analyses of regression results indicated that gFA accounted for a significant
amount of variation in cognition in the full sample (effect size [Hedges’ g] = 0.27, CI1=0.17-0.36),
with similar effects sizes observed for both the patient (effect size=0.20, C1=0.05-0.35) and
healthy participant groups (effect size=0.32, C1=0.18-0.45). Comparable patterns of association
were also observed between LA-gFA and cognition for the full sample (effect size=0.28, C1=0.18—
0.37), the patient group (effect size=0.23, CI1=0.09-0.38), and the healthy participant group (effect
size=0.31, C1=0.18-0.44).

Conclusions: This study provides robust evidence that cognitive ability is associated with global
structural connectivity, with higher fractional anisotropy associated with higher 1Q. This
association was independent of diagnosis; while schizophrenia patients tended to have lower
fractional anisotropy and lower 1Q than healthy participants, the comparable size of effect in each
group suggested a more general, rather than disease-specific, pattern of association.

Schizophrenia is a leading cause of disability worldwide (1). Although this disability is
typically characterized by clinical symptom severity, the cognitive deficits associated with
the disorder strongly predict social and functional outcomes (2-4). These deficits are
observed across multiple cognitive domains (5), suggesting that broad, rather than regionally
specific, changes in brain function are likely to underpin these deficits.

At a neural systems level, robust evidence of widespread differences in both white and gray
matter has been demonstrated in large samples of patients with schizophrenia compared with
healthy participants (6, 7). Compared with healthy participants, people with schizophrenia
show widespread thinning of cortical gray matter and reduced cortical surface area,
particularly in frontal and temporal lobe regions (7). Analysis of subcortical gray matter
volumes has similarly shown evidence of widespread differences, including bilateral volume
abnormalities of the hippocampus, amygdala, and thalamus (8). Recently, in the largest
diffusion tensor imaging (DTI) study of white matter abnormalities undertaken to date,
widespread reductions in fractional anisotropy (FA) were observed for a majority (19/25) of
tracts, with the largest effects observed for global white matter FA, and more locally, in large
tracts including the anterior corona radiata and the corpus callosum (6).

Taken collectively, these widespread abnormalities indicate a disease pathology reflective of
generalized changes to the brain’s structural network and functions. This is consistent with
the disconnectivity hypothesis of schizophrenia (9, 10), which suggests that functional
impairments and disability result from abnormal and inefficient communication among
distributed networks of brain regions (11, 12). This hypothesis would be further supported if
these indices of disconnectivity could be directly related to variation in cognitive
performance and functional outcomes, but well-powered studies in this area are lacking.
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To address this gap, we aimed in this study to examine the relationship between brain
structure and cognitive function on a large, global scale. To do this, we carried out a meta-
analysis of available data through the ENIGMA Consortium, using a common analysis
pipeline, to elucidate the relationship between white matter microstructure and a measure of
general cognitive performance, 1Q, in patients with schizophrenia and healthy participants.
We hypothesized that 1) a significant positive correlation would be observed between white
matter microstructure and 1Q across samples, and 2) this association would be moderated by
diagnosis.

Meta-Analysis

Study sample.—Data for this study were collected via the ENIGMA Schizophrenia DTI
Working Group and consisted of a subsample of participating sites in a previously published
study (6). Inclusion criteria for the present study were based on the availability of data
processed using the ENIGMA DTI protocol and measures of estimated 1Q for each
participant in a given data set. The final sample consisted of 11 sites with data on both DTI
and 1Q, totaling 957 healthy control participants and 760 patients. Each study sample had
been assessed with all participants’ written informed consent and approved by the relevant
local institutional review boards. Individuals whose diffusion images were of poor quality
were excluded from the analysis.

Measurement of 1Q.—The Wechsler Scale of Adult Intelligence (WAIS) was used to
estimate 1Q in all 11 studies. Ten sites used the English version of the test (WAIS, 3rd
edition); at the Madrid site, the Spanish version of the WAIS was used. The WAIS consists
of a battery of verbal and nonverbal subtests, scores of which are combined to derive scores
for verbal 1Q, performance 1Q, and full-scale (total) 1Q. Because not all sites had both verbal
and performance scores, our analyses were based exclusively on full-scale 1Q scores. The
number of subtests used to determine this full-scale score also varied among sites. Following
previous large-scale multisite analyses of 1Q in schizophrenia by other consortia (e.g.,
COGENT [13]), 1Q scores calculated for all sites were based on prorated subtest scores. For
nine of the 11 sites, full-scale 1Q was based on three or more subtests, and at two sites, it
was calculated on the basis of only the two subtests that were available for those samples
(the Australian Schizophrenia Research Bank [ASRB] and the Maryland Psychiatric
Research Center [MPRC]).

Image acquisition and processing.—Image data were acquired using site-specific
diffusion MRI sequences. Details of study type, scanner, and acquisition parameters for each
site are presented in Table S1 in the online supplement. For each site, preprocessing,
including eddy current correction, echoplanar imaging-induced distortion correction, and
tensor fitting, was carried out locally based on local protocols and procedures, and was
further informed by quality control pipelines available at the ENIGMA DTI web site (http://
enigma.ini.usc.edu/protocols/dti-protocols) and the Neuroimaging Informatics Tools and
Resources Clearinghouse site. To correct for motion during image acquisition, preprocessing
included the alignment of diffusion-weighted images to the b=0 using linear image
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registration. Individual subject data with excessive motion were not included in this analysis.
As per Kelly et al. (6), harmonization of preprocessing schemes was not enforced across
sites, to allow individual sites to use existing pipelines that may be more appropriate for
their data acquisition. After preprocessing, harmonized image analysis of DTI measures of
FA was then conducted at each site in exactly the same manner using the ENIGMA DTI
protocol. The ENIGMA DTI protocol using tract-based spatial statistics (TBSS) (14) outputs
averaged FA across all white matter tracts (listed in Table S2 in the online supplement). The
TBSS output includes FA values for both right and left white matter tracts and an average
FA value based on the average FA from both hemispheres. Average FA values were used in
this analysis to minimize multiple comparisons and any potential issues of site-based left/
right flipping, which would limit interpretations of a lateralized analyses.

Statistical Analysis

Per-site analysis.—Calculation of FA is based on specific acquisition protocols, including
scanner make and model, diffusion sequence parameters, methods of tensor estimation
models, and processing pipelines (15, 16). To overcome this systematic limitation,
preliminary analysis was carried out individually at each site to assess the association
between white matter tract microstructure and estimates of 1Q. Only then were summary
statistics compared, thus removing the issue of variances across sites due to scanner or
acquisition parameters.

Per-site latent fractional anisotropy factor analysis.—To reduce the burden of
multiple testing, we undertook principal component analysis of white matter tracts indexed
by diffusion tensor imaging to index white matter. For each site separately, principal
component analysis, implemented in SPSS, was used to derive an unrotated first principal
component, representing global white matter, termed gFA. In addition, six long association
tracts, which have previously been associated with variation in 1Q (see Table S2 in the online
supplement), were also subjected to a principal component analysis, for which the first
unrotated principal component was again derived, termed LA-gFA. Calculation of these
components followed an approach similar to that used in analyses carried out by Cox et al.
(17) and Penke et al. (18). These studies reported that a latent factor explained a substantial
portion of the variance in FA across all white matter tracts, where by at an individual level,
higher FA in a single tract predicted higher FA in all tracts. Generation of a single principal
component for our analyses was designed to minimize the need to control for multiple
comparisons across all white matter tracts. For each principal component analysis, we
examined scree plots and the extraction values to determine whether tract FA values could
be represented by a single latent factor. Comparable scree plots were observed for data
across all sites for gFA (Figure 1A). The loadings of each white matter tract on the first
principal component are presented in Supplement 2 (Excel file) in the online supplement. FA
variance explained by the first unrotated component ranged from 44% to 70%, with a
median of 56% (see Table S3 in the online supplement). Our second principal component
analysis included FA of six long association tracts (LA-gFA) based on white matter tracts
previously associated with 1Q in the literature (19-26). The six tracts were the arcuate
fasciculus, the anterior limb of the internal capsule, the superior longitudinal fasciculus, the
uncinate fasciculus, the inferior fronto-occipital fasciculus, and the cingulate bundle. As
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with gFA, comparable scree plots were observed for data across all sites for LA-gFA (Figure
1B).

The same principal component analysis method was used to derive both global and long
association latent factors for sites that included secondary diffusion parameters. Secondary
parameters included mean diffusivity, radial diffusivity, and axial diffusivity.

Per-site assessment of the variance in IQ explained by white matter
microstructure.—To calculate the variance in 1Q explained by white matter
microstructure, a hierarchical regression analysis was carried out on a site-by-site basis
(using SPSS, version 24). Alter controlling for age and gender, the change in r2 was used to
estimate the variance in 1Q explained by either gFA or LA-gFA. These regression analyses
were carried out for both the full sample and for patients and control participants separately
to allow determination of the effects of diagnosis.

Meta-Analysis

RESULTS

The Comprehensive Meta-Analysis software program (https://www.meta-analysis.com/)
(statistical consultancy was not provided) was used locally to analyze summary data from all
11 contributing sites. The meta-analysis consisted of a two-level model comprising 1) a
random-effects model estimating the average effect size by combining the observed effect
sizes across all studies in the sample, and 2) a mixed-effects model incorporating diagnosis
as a moderator variable to estimate the between-group variation and determine the effect of
diagnosis on the observed association between white matter microstructure and 1Q. A
secondary analysis was carried out to determine the moderating effects of gender on the
association between white matter tracts and 1Q.

Meta-Analysis

Demographic data (gender, age, and 1Q) for the total ENIGMA samples of 957 healthy
control participants and 760 patients with schizophrenia are provided in Table S4 in the
online supplement. The mean age for the patient and control samples across all sites was 36
years (SD=9.1 and SD=10.1, respectively). With adolescent sites removed, the mean age for
the patient and control samples was 39 years (SD=5.55 and SD=5.98, respectively). The
patient group was 70% male (535 males, 225 females), and the control group was 56% male
(539 males, 418 females) (X2:4.2, p=0.04). The mean 1Q was 97 (SD=16.47) across patient
samples and 113 (SD=13.14) for the control participants (see Table S4). These values are
somewhat higher than might be expected, especially for the patient group; a review of Table
S4 suggests that this difference is due to the 1Q of patients in the ASRB data set, which was
the only data set to have a mean patient 1Q >100.

Analysis of means and standard deviations for 1Q across sites (see Table S4) shows that on
average, patients had significantly lower 1Q compared with the control participants (control
group: mean=113, SD=5.82; patient group: mean=97, SD=8.24; t=5.94, df=27, p<0.001).
The variance in 1Q across sites was less for the control participants compared with the
patients (variance for control group: mean=13.14, SD=2.85; for patients: mean=16.53,
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SD=3.31; t=-2.94, df=27, p<0.01). The differences in IQ and variance in 1Q remained
significant with exclusion of the ASRB data (IQ for control participants: mean=110,
SD=6.02; for patients: mean=93, SD=6.89; t=5.85, df=27, p<0.001; variance in 1Q for
control group: mean=14.33, SD=2.65; for patients: mean=17.50, SD=3.41; t=-2.24, df=27,
p<0.05).

The white matter tracts included in the gFA and LA-gFA principal component analyses are
outlined in Table S2 in the online supplement. The scree plots from the principal component
analysis for each site provided evidence for a strong single latent factor for both global FA
(gFA) and the six long association tracts (LA-gFA) in each case (Figure 1). To determine the
variances in 1Q explained by global and long association white matter tracts, a regression
analysis was carried out for gFA and LA-gFA separately, controlling for both age and
gender, in patients and healthy control participants, on a site-by-site basis.

gFA Analyses

Meta-analytical results from the regression analysis for gFA showed that global white matter
accounted for a significant amount of variance in 1Q in the overall sample (3% variance,
effect size [Hedges’ g]=0.27, 95% C1=0.17-0.36, p<0.001) (Figure 2; see also Table S5 in
the online supplement).

When considered separately, similar effects were observed in both the healthy control group
(effect size=0.32, 95% C1=0.18-0.45, p<0.001) and the patient group (effect size=0.20, 95%
C1=0.05-0.35, p<0.01) (Figure 3).

A between-group analysis was undertaken to estimate whether the strength of association
between white matter and 1Q was different in the patient group compared with the healthy
control group. No effect of diagnosis was observed (mixed-model between-groups X2:1.29,
p=0.26), indicating that the amount of variance in 1Q explained by gFA was comparable
between these groups.

Given the differences in developmental stage of two samples that included adolescent
participants (Oxford and Madrid) compared with the rest of the cohort, we reran the analysis
excluding these two sites (control participants, N=120; patients, N=84). Removal of these
adolescent data sets did not change the results of the meta-analysis, and comparable findings
were obtained for the sample overall (effect size [Hedges’ g]=0.27, 95% C1=0.17-0.38,
p<0.001), the control group (effect size=0.32, 95% CI1=0.18-0.46, p<0.001), and the patient
group (effect size=0.21, 95% CI1=0.06-0.37, p<0.01). Furthermore, we observed higher 1Q
in the patient group across the ASRB sites. Again, removing this site from the analysis did
not change the observed effect size for the control group (effect size=0.33, 95% CI1=0.18-
0.48, p<0.001) and the patient group (effect size=0.21, 95% CI=0.006-0.40, p<0.05).

Because of the variance in effect size across sites, a leave-one-out analysis was carried out to
determine whether the observed results were driven by single sites. The leave-one-out cross-
validation requires multiple iterations of the meta-analysis on all the data except the one site
excluded per iteration (n—1). A meta-analysis was then carried out on the mean and
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standard deviation of the observed effect size for each iteration, with one study omitted for
the analysis. The results of gFA leave-one-out analysis remained significant for each
iteration, with a mean effect size of 0.25 (range=0.18-0.34) for the full sample, a mean
effect size of 0.29 (range=0.26-0.34) for the control participants, and a mean effect size of
0.20 (range=0.18-0.22) for the patients (Figure 4A,; see also Table S8 in the online
supplement).

LA-gFA Analyses

Association

To test specifically for a relationship between cognition and long association fiber tracts
previously hypothesized in the literature to be involved in cognitive performance, a single
latent FA factor was generated for the six long association tracts identified above (LA-gFA).
Similarly to global white matter microstructure, LA-gFA accounted for a significant amount
of variance in 1Q in the full sample (3.5% variance, effect size=0.28, 95% C1=0.18-0.37,
p<0.001) (Figure 3). This significant effect for LA-gFA was also observed separately in the
control group (effect size=0.31,95% C1=0.18-0.44, p<0.001) and the patient group (effect
size=0.23, 95% CI1=0.09-0.38, p<0.01). The meta-analytic results for LA-gFA are outlined
in Table S6 in the online supplement. The between-sample LA-gFA meta-analysis results
again indicate that there was no significant difference in the observed effect size between the
control and patient groups (X2:0.55, p=0.46). As with gFA, these results did not change
after removing adolescent populations (overall sample: effect size [Hedges’ g]=0.29, 95%
Cl=0.18-0.40; control group: effect size=0.33, 95% CI1=0.19-0.47; patient group, effect
size=0.23, 95% CI1=0.08-0.39), with no observed effect of diagnosis (XZ:O.85, p=0.36).
Similarly, removal of the ASRB data did not significantly change the effect size for both the
control group (effect size=0.32, 95% CI1=0.18-0.47, p<0.001) and the patient group (effect
size=0.27, 95% CI1=0.07-0.47, p<0.01), with no significant effect of diagnosis (X2:0.18,
p=0.68). The comparable findings between gFA and LA-gFA are perhaps not surprising
given the strong positive correlation between these components (see Table S7 in the online
supplement). Given this, to determine whether the effects observed for gFA were driven by
long association tracts, we recalculated the gFA component to exclude the six long
association tracts on which the LA-gFA was based. The results obtained were largely
unchanged, both for the whole group analysis (3% variance, effect size=0.29, 95% CI1=0.19-
0.39, p<0.001) and separately for the control group (effect size=0.30, 95% CI1=0.17-0.44,
p<0.001) and the patient group (effect size=0.27, 95% CI=0.13-0.42, p<0.001). Finally, as
in the gFA analyses, a leave-one-out analysis was also undertaken. Here again, the results
remained unchanged (full sample: mean effect size=0.27, range=0.21-0.33; control group:
effect size=0.31, range=0.29-0.33; patient group: effect size=0.23, range=0.21-0.27) (Figure
4B; see also Table S9 in the online supplement).

Between gFA/LA-gFA and IQ in Males and Females

To determine the effects of gender on the relationship between white matter and 1Q, a further
meta-analysis was carried out. Similar results were observed between males and females in
gFA (males: effect size [Hedges’ g]=0.36, 95% CI1=0.23-0.48, p<0.001; females: effect
size=0.39, 95% CI=0.22-0.55, p<0.001), with no significant difference (X2:0.088, p=0.77)
(see Figure S1A and Table S10 in the online supplement). For gFA, female patients had the
largest observed effect size, although this was not significantly different compared with male
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patients (female patients: effect size=0.45, 95% CI=0.25-0.65, p<0.001; male control
participants: effect size=0.25, 95% C1=0.07-0.43, p<0.01; X2:2.14, p=0.14). Similarly,
there was no effect of gender in the healthy control sample (female control participants:
effect size=0.27, 95% C1=0.06-0.48, p<0.05; male control participants: effect size=0.39,
95% CI1=0.20-0.47, p<0.001; x%=0.68, p=0.14).

Likewise for LA-gFA, there was no significant difference in the observed effect sizes for
males and females (males: effect size=0.33, 95% CI1=0.21-0.46, p<0.001; females: effect
size=0.37, 95% CI1=0.20-0.53, p<0.001) (see Figure S1B and Table S11 in the online
supplement). Female patients had the largest observed effect size for LA-gFA, although this
was not significantly different compared with male patients (female patients: effect
size=0.39, 95% CI1=0.10-0.68, p<0.01; male healthy participants: effect size=0.19, 95%
Cl1=0.01-0.37, p<0.01; X2:1.35, p=0.26). Similarly, there was no effect of gender in the
healthy control sample (female healthy participants: effect size=0.31, 95% CI1=0.10-0.52,
p<0.01; male healthy participants: effect size=0.38, 95% CI1=0.20-0.57, p<0.001; X2:0.27,
p=0.60).

Between Diffusion MRI Secondary Parameters and 1Q

Secondary diffusion MRI parameters were available for a subset of sites (ASRB, Edinburgh,
Dublin, Human Brain Informatics, MPRC, Galway) that included 397 healthy control
participants and 467 patients with schizophrenia. Meta-analysis, reported in Table S12 in the
online supplement, shows that radial diffusivity (RD) had the largest effect size for both
global (gRD) and long association tracts (LA-gRD) across the full sample (gRD: effect
size=0.33,95%CI1=0.13-0.52, p=0.001; LA-gRD: effect size=0.34, 95% C1=0.08-0.0.52,
p=0.01). Standardized beta coefficients from this analysis are reported in Table S13 in the
online supplement.

DISCUSSION

In this study, we sought to characterize the relationship between white matter microstructure
and 1Q and to compare this association between patients with schizophrenia and healthy
control participants. We carried out a meta-analysis of data sets from participating ENIGMA
groups, analyzed according to a common analysis pipeline, to assess the relationship
between white matter microstructure and 1Q in patients with schizophrenia and healthy
participants. Our findings indicated that global white matter microstructure accounted for a
significant amount of variation in 1Q (effect size=0.27), both in patients with schizophrenia
and in healthy participants, with the size of the association observed to be comparable
between groups. Comparable results were obtained with either global white matter values
(effect size=0.27) or six regional association white matter tracts (effect size=0.28) that
connect frontal, parietal, and temporal lobes and have previously been hypothesized to be
involved in 1Q. These findings were unequivocal, supporting the value of meta-analysis
based on harmonized pipelines and large data sets.

The results of this ENIGMA meta-analysis consistently showed a pattern of significant
(albeit modest) associations between white matter FA and 1Q in both patients and healthy
participants. Robust evidence of association between variation in 1Q and variation in white
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matter structural connectivity was found, with similar effect sizes observed in patients and
healthy participants. A landmark review carried out by Deary and Caryl (24) suggested that
intelligence is regulated by a widely distributed complex neurological network. Our study
provides empirical evidence for this claim in the largest I1Q study undertaken to date,
consistent with previous studies linking white matter microstructure to processing speed (a
cognitive variable highly correlated with 1Q) (18, 22, 27). Collectively, these results indicate
that global white matter provides a neural network to support the functional cortical
communication required for general cognitive performance. The similar effect sizes
observed in both global and long association fiber—based measures of FA underline the
nature of this relationship as a global phenomenon rather than a regionally specific
association.

Previous studies focused mainly on individual white matter tracts, including fronto-parietal
white matter (22, 28), the cingulate (21, 29, 30), the uncinate fasciculus (20), the fornix (19),
and the corpus callosum (31). A significant positive correlation between 1Q in fronto-parietal
white matter (28), the uncinate fasciculus (20), and the cingulate bundle (21, 30) was
frequently observed in schizophrenia, with negative or no significant associations reported in
healthy participants. The heterogeneity of results between studies was most likely due to
small sample sizes and methodological differences that limited replicability of results
(19-22, 28-32). In this study, we have overcome the limitation of small sample sizes by using
a harmonized DTI processing pipeline and statistical analysis on over 1,700 participants. We
also concluded that our findings were not driven by any single site (based on the leave-one-
out analyses for both gFA and LA-gFA) and can therefore be expected to generalize to
independent samples. In addition, these findings did not appear to be explained by the higher
proportion of males in the total sample, as we have shown that the association between white
matter microstructure and 1Q is not significantly different between males and females.

The Relationship Between White Matter Microstructure and IQ in Patients and Healthy
Participants

Our results indicate that the relationship between structural connectivity and higher
cognitive function is broadly comparable between patient and healthy groups, with no
differences in effect sizes observed. We previously reported (6) widespread white matter
deficits in schizophrenia that spanned 19 white matter tracts and hypothesized that in
schizophrenia these may predict variation in cognition more strongly in patients than control
subjects, as suggested by previous small-scale studies (20-22, 28, 30). By contrast, however,
we observed similar effects between patients and healthy participants. This finding suggests
that individual variances of low to high efficiency in transfer of information across white
matter tracts is associated with a range of lower to higher cognitive functioning, irrespective
of diagnosis. Therefore, patients with schizophrenia occupied the lower quadrant of the
correlation matrix between white matter microstructure and 1Q. We speculate, based on
these results, that a common neurodevelopmental process and cytoarchitecture predicts
outcomes in cognitive performance, independent of a clinical diagnosis. However, further
studies of the genetic and neurodevelopment associations between schizophrenia, white
matter, and measures of cognitive ability will be needed to address these questions.
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Patients in the ASRB data set had an average 1Q score of 105. Generally, patients with
schizophrenia consistently demonstrate a medium-sized impairment in 1Q (33), with an 8-
point 1Q deficit observed in the premorbid stage (33) and a deficit of 14-21 points among
those with first-episode and chronic schizophrenia (34-36). Furthermore, lower 1Q is
associated with increased risk of schizophrenia (37). To determine whether the ASRB
patient 1Q (above average norms) was confounding any diagnostic effect, the analysis was
rerun without these data. The effect size observed for the patient group, for both gFA and
LA-gFA, did not significantly change, supporting the hypothesis that the association
between white matter and 1Q is independent of diagnosis.

Kelly et al. (6) reported that patients with schizophrenia had significantly higher mean
diffusivity and radial diffusivity across the majority of white matter tracts. Higher radial
diffusivity, which underlies changes in fractional anisotropy, is indicative of microstructural
alterations. Specifically, it provides an index of diffusion in an orientation perpendicular to a
white matter tract. Our findings indicate both higher FA and, related to this, lower RD are
associated with higher cognitive function in both patients and control participants. Similar
effect sizes were observed for the association between radial diffusivity and 1Q in both
patients and control participants. While the precise biological interpretation of changes in
radial diffusivity must be done cautiously, previous studies have speculated that radial
diffusivity is associated with demyelination (38). Increased radial diffusivity associated with
demyelination supports our finding that efficient global structural connectivity facilitates
higher cognitive function, independent of diagnosis.

Strengths and Limitations

In this study, we adopted a “prospective” meta-analytic approach that analyzed the
relationship between 1Q and DTI based on a well-validated and harmonized ENIGMA DTI
analysis pipeline carried out in a large sample of 1,717 participants. Doing so overcomes
many of the significant limitations of previous studies by minimizing sources of
heterogeneity and the potential for consequent false positive or negative findings. However,
future analyses could also include methods to incorporate harmonized measures of
environmental factors, such as educational level, socioeconomic status, general health, and
lifestyle, which may have an impact on cognitive outcomes. ENIGMA DT] pipelines
incorporate tract-based spatial statistics (14), which is a widely used method for voxel-based
analysis of white matter tracts. Although tensor-based limitations have been widely reported
—i.e., the model does not capture all information on white matter microstructure, such as
myelination, axonal packing density, or neuroinflammation—DTI remains the most
consistently used method in diffusion MRI analysis, and pending a general consensus on
non-tensor-based processing methods that are devoid of potential artifacts, the analysis
carried out here is the most advanced that definitively supports the structural underpinnings
of cognitive performance. During image preprocessing, DTI data were corrected for motion-
induced artifacts; however, studies have shown that some white matter tracts may be more
sensitive to microscopic head movements, which may produce spurious group differences
(39). To overcome motion-induced variances, previous single-site studies have included a
metric of motion as a covariate in the analysis (39, 40). Further development of these
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methods would be required for implementation in multisite analyses in large consortium-
based data sets.

We used a principal component analysis to derive components for global and long
association tract FA values. While this eliminates the need for correction for multiple
comparisons, it reduces the ability to detect a possible, albeit unlikely, association between
cognition and specific individual white matter tracts. Previous studies used similar principal
component analyses to assess the relationship between global neural underpinnings of
functional measures (17, 41).

While we have unequivocally shown here a relationship between white matter and cognitive
ability, further studies are necessary to determine the associations with gray matter
measures. Although this has been more widely studied, study sample sizes have still been
limited, and methodological issues make it difficult to summarize the findings. The latest
ENIGMA study (Grasby et al., under review) shows a strong overlap between the genetic
influences on cortical surface area and educational attainment. Analyses similar to that
carried out here may help identify cortical regions associated with cognitive deficits
observed in schizophrenia. Finally, further analysis is also required to determine whether the
associations reported here generalize to other psychiatric disorders, although the
comparability between patients and healthy participants observed here suggests that this is
likely.

CONCLUSIONS

This study provides robust evidence that cognitive ability is associated with global structural
connectivity and that more efficient white matter microstructure is associated with higher
IQ. This association was independent of diagnosis: across the distribution of scores on FA
and 1Q measures, patients tended to have lower FA and lower 1Q, healthy participants tended
to have higher FA and higher 1Q, and the effect sizes of these associations between FA and
IQ were comparable between groups. These findings suggest that a general association
between lower FA and lower 1Q is likely, with white matter microstructure likely to
represent a significant component in the neural basis of 1Q.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. gFA Principal Component Analysis
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B. LA-gFA Principal Component Analysis
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FIGURE 1. Screeplotsfor gFA and LA-gFA principal component analysesin a study of white
matter microstructure and cognitive ability in schizophrenia?

@ gFA=global fractional anisotropy component; LA-gFA=fractional anisotropy component
for six long association tracts; ASRB=Australian Schizophrenia Research Bank;
COBRE=Center for Biomedical Research Excellence; HUBIN=Human Brain Informatics;
MCIC=MIND Clinical Imaging Consortium; MPRC=Maryland Psychiatric Research
Center; TOP=Thematically Organized Psychosis (TOP) NORMENT Research Study.
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FIGURE 2. Forest plot for gFA meta-analysisin a study of white matter microstructure and
cognitive ability in schizophrenia?
aThere was no significant difference between the observed effect size in patients compared
with control participants (x?=1.3, p=0.26). Effect values indicated with a vertical line are

Hedges’ g group summaries for patients and control groups separately; the diamond

represents summary statistics for the full sample. gFA=global fractional anisotropy
component; ASRB=Australian Schizophrenia Research Bank; COBRE=Center for

Biomedical Research Excellence; EDIN=Edinburgh; HUBIN=Human Brain Informatics;
MCIC=MIND Clinical Imaging Consortium; MPRC=Maryland Psychiatric Research
Center; TOP=Thematically Organized Psychosis (TOP) NORMENT Research Study. In the
lower half of the figure, the “p” appended to site names indicates the values relating to the

patient cohort for each sample.
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Group by Hedges’ Lower  Upper

Diagnosis Study Name g SE  Variance Limit Limit z P Hedges' g and 95% CI

HC ASRB-1 0039 0356 0127 -0.659 0737 0110 0913

HC ASRB-2 0.464 0233 0.054 0.007 00921 1988 0.047 ™
HC ASRB-3 0.182 0.494 0244 -0.787 1150 0.367 0.713

HC ASRB-4 0062 0381 0145 -0686 0809 0161 0.872

HC ASRB-5 0187 0332 0111 -0465 0838 0561 0.575

HC EDIN 0.062 0.341 0116 -0.606 0729 0.182 0.856

HC Dublin 0208 0263 0.069 -0307 0724 0793 0428 ———
HC HUBIN 0942 0402 0.162 0154 1730 2343 0.019 ——
HC MCPR 0177 0239 0.057 -0292 0.645 0.739 0.460 — e Bl e

HC TOP 0.374 0133 0.018 0.114 0634 2815 0.005 +

HC MCIC 0485 0195 0.038 0102 0867 2486 0.013 [ T
HC COBRE 0354 0224 0.050 -0.084 0793 1584 0.113 N S E—
HC Madrid 0.125 0221 0.049 -0307 0.558 0.567 0.571 [ S

HC Oxford 0217 0312 0098 -0395 0829 0.696 0.487

HC 0309 0066 0.004 0178 0.439 4646 0.000 ——

Sz ASRB-1p 0384 0186 0.035 0019 0749 2061 0.039 .

Sz ASRB-2p 0.009 0219 0.048 -0420 0438 0.040 0.968 _—

Sz ASRB-3p 0.234 0511 0261 -0.768 1236 0.458 0.647

Sz ASRB-4p 0176 0328 0107 -0467 0819 0537 0.592 =

Sz ASRB-5p 0088 0253 0064 -0408 058 0349 0727 —_—

Sz EDINp 1579 0.501 0.251 0.598 2561 3155 0.002 —
Sz Dublinp 0205 0391 0152 -0560 0970 0525 0.600

Sz Galp 0122 0413 0171 -0.688 0932 0.295 0.768

Sz HUBINp 0.185 0.398 0158 -0.594 0965 0465 0.642

Sz MCPRp 0.542 0.382 0.146 -0.207 1291 1418 0.156 -

Sz TOPp 0000 0381 0145 -0747 0747 0.000 1000 -

Sz MCICp 0342 0210 0.044 -0.069 0754 1631 0.103 —

Sz COBREp 0.064 0.208 0.043 -0.344 0471 0305 0.760 _—

Sz Madridp 0351 0323 0104 -0283 0984 1085 0.278 -

Sz Oxfordp 0108 0341 0116 -0561 0776 0316 0752 =

Sz 0.234 0.075 0.006 0.088 0381 3135 0.002 _—

Overall 0276 0.050 0.002 0179 0.373 5555 0.000 <>

-1.00 -0.50 0.00 0.50 100

FIGURE 3. Forest plot for LA-gFA meta-analysisin a study of white matter microstructure and
cognitive ability in schizophrenia?

aThere was no significant difference between the observed effect size in patients compared
with control participants (x2=0.55, p=0.46). Effect values indicated with a vertical line are
Hedges’ g group summaries for patients and control groups separately; the diamond
represents summary statistics for the full sample. LA-gFA=fractional anisotropy component
for six long association tracts; ASRB=Australian Schizophrenia Research Bank;
COBRE=Center for Biomedical Research Excellence; EDIN=Edinburgh; HUBIN=Human
Brain Informatics; MCIC=MIND Clinical Imaging Consortium; MPRC=Maryland
Psychiatric Research Center; TOP=Thematically Organized Psychosis (TOP) NORMENT
Research Study. In the lower half of the figure, the “p” appended to site names indicates the
values relating to the patient cohort for each sample.
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FIGURE 4. L eave-one-out meta-analysisfor gFA and L A-gFA in a study of white matter

Hedges'

9

0.295
0.279
0.336
0.292
0.289
0.298
0.286
0.266
0.282
0.293
0.262
0.289
0.207
0.214
0.196
0.175

0.198
0.204
0.208
0.216
0.206
0211

0.200
0.203

0.252

0.322
0.305
0.325
0.318
0.309
0.286
0.326
0.288
0.319
0.312
0.290
0.309
0.257
0.253
0.230
0.200
0.232
0.231
0.222
0.213
0.219
0.236
0.238
0.229
0.275

SE

0.062
0.059
0.061
0.057
0.056
0.057
0.059
0.059
0.058
0.057
0.064
0.018
0.085
0.070
0.067
0.066
0.066
0.066
0.066
0.069
0.066
0.067
0.066
0.021

0.013

0.062
0.058
0.060
0.057
0.056
0.057
0.058
0.059
0.058
0.057
0.063
0.018
0.087
0.069
0.066
0.065
0.065
0.066
0.066
0.068
0.065
0.066
0.065
0.020
0.013

Variance

0.004
0.003
0.004
0.003
0.003
0.003
0.003
0.004
0.003
0.003
0.004
0.000
0.007
0.005
0.005
0.004
0.004
0.004
0.004
0.005
0.004
0.004
0.004
0.000

0.000

0.004
0.003
0.004
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.004
0.000
0.008
0.005
0.004
0.004
0.004
0.004
0.004
0.005
0.004
0.004
0.004
0.000
0.000

Lower
Limit

0.173

0.163
0.217

0.180
0.179

0.185
0.171

0.150
0.168
0.181

0.137

0.254
0.040
0.078
0.064
0.047
0.069
0.074
0.078
0.080
0.077
0.080
0.071
0.163

0.226

0.201
0.192
0.207
0.207
0.200
0.175

0.212
0.172

0.206
0.201
0.166
0.275
0.087
0.118

0.100
0.073
0.104
0.103
0.093
0.079
0.091
0.107
0.110

0.189
0.249

Upper
Limit

0.417
0.395
0.455
0.404
0.399
0.411

0.401
0.382
0.396
0.405
0.387
0.324
0.374
0.350
0.328
0.303
0.327
0.334
0.338
0.352
0.335
0.342
0.329
0.243

0.278

0.443
0.418
0.443
0.429
0.418
0.397
0.440
0.404
0.432
0.423
0.414
0.344
0.427
0.388
0.360
0.327
0.360
0.359
0.351
0.347
0.347
0.365
0.366
0.269
0.301

4746
4727
5.546
5123
5.151
5.187
4883
4.490
4.852
5.141
4.097
16.280
2434
3.076
2921
2671
3.001
3.071
3131
3115
3.122
3.155
3.031
9.880

18.776

5199
5.289
5.404
5.601
5.552
5.038
5.609
4.880
5.531
5.495
4.583
17.556
2959
3.672
3474
3.084
3.565
3.525
3.376
3112
3.365
3.577
3.645
11.265
20.644

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.015
0.002
0.003
0.008
0.003
0.002
0.002
0.002
0.002
0.002
0.002
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.001
0.002
0.000
0.000
0.001
0.002
0.001
0.000
0.000
0.000
0.000

microstructure and cognitive ability in schizophrenia®
@ For both gFA and LA-gFA, 11 separate meta-analyses were carried out with n—1 site. The

mean Hedges’ g effect size was taken for each meta-analysis with one site omitted for each
iteration. The study name corresponds to the results when this site was omitted from the
analysis. The association between both gFA and LA-gFA with 1Q remained significant for

each iteration, indicating that the results are not driven by a specific site. gFA=global
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100

100

fractional anisotropy component; LA-gFA=fractional anisotropy component for six long
association tracts; ASRB=Australian Schizophrenia Research Bank; COBRE=Center for
Biomedical Research Excellence; EDIN=Edinburgh; HUBIN=Human Brain Informatics;

MCIC=MIND Clinical Imaging Consortium; MPRC=Maryland Psychiatric Research

Center; TOP=Thematically Organized Psychosis (TOP) NORMENT Research Study. In the
lower half of each panel, the “p” appended to site names indicates the values relating to the
patient cohort for each sample.
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