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Abstract
Background  Significant evidence links white matter (WM) microstructural abnormalities to cognitive impairment in schizo-
phrenia (SZ), but the relationship of these abnormalities with functional outcome remains unclear.
Methods  In two independent cohorts (C1, C2), patients with SZ were divided into two subgroups: patients with higher 
cognitive performance (SZ-HCP-C1, n = 25; SZ-HCP-C2, n = 24) and patients with lower cognitive performance (SZ-LCP-
C1, n = 25; SZ-LCP-C2, n = 24). Healthy controls (HC) were included in both cohorts (HC-C1, n = 52; HC-C2, n = 27). We 
compared fractional anisotropy (FA) of the whole-brain WM skeleton between the three groups (SZ-LCP, SZ-HCP, HC) by 
a whole-brain exploratory approach and an atlas-defined WM regions-of-interest approach via tract-based spatial statistics. 
In addition, we explored whether FA values were associated with Global Assessment of Functioning (GAF) scores in the 
SZ groups.
Results  In both cohorts, mean FA values of whole-brain WM skeleton were significantly lower in the SCZ-LCP group than 
in the SCZ-HCP group. Whereas in C1 the FA of the frontal part of the left inferior fronto-occipital fasciculus (IFOF) was 
positively correlated with GAF score, in C2 the FA of the temporal part of the left IFOF was positively correlated with GAF 
score.
Conclusions  We provide robust evidence for WM microstructural abnormalities in SZ. These abnormalities are more promi-
nent in patients with low cognitive performance and are associated with the level of functioning.
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Introduction

Schizophrenia (SZ) is a severe neuropsychiatric disorder 
that is associated with poor social [1–3] and occupational 
functioning [3, 4]. This poor functioning is related to 
neurocognitive impairment [5–8]. Neurocognitive impair-
ments can be present from the at-risk period to the chronic 
stages of SZ [9], but not all patients are affected by cogni-
tive deficits. The fifth edition of Diagnostic and Statis-
tical Manual of Mental Disorders (DSM-V) describes a 
broad range of severities of cognitive impairment in SZ, 
ranging from intact to severe [10]. However, the question 
remains unanswered whether the different levels of impair-
ment correlate with different neurobiological characteris-
tics. Understanding the relationship between the degree 
of cognitive impairment and the underlying neurobiology 
is key in developing innovative neural targets to improve 
functional outcomes in SZ.

The disconnection hypothesis in SZ has been put for-
ward in the form of various disconnection theories, such as 
disconnection of fronto-temporal regions [11, 12], forma-
tion of cortico-thalamo-cerebellar loops [13], and crossing 
of interhemispheric fibers in the corpus callosum [14]. 
White matter (WM) fibers connect brain regions struc-
turally and functionally [15, 16], including the cortices 
associated with various cognitive domains [17, 18]. WM 
microstructural abnormalities can be revealed by diffusion 
tensor imaging (DTI) because the DTI signal is sensitive 
to the movement of water molecules and WM microstruc-
tures were shown to represent directional information of 
water molecules [19–21] in postmortem animal studies 
[22–24] and human brain dissections [25–27]. Recently, 
the ENIGMA Schizophrenia DTI Working Group con-
ducted the largest international multicenter study to date; 
it included 4322 patients with SZ from 29 independent 
international cohorts and highlighted a disturbed WM 
integrity in widespread regions [28]. Previous studies 
have supported the importance of WM integrity decline for 
cognitive impairment [29–31] and functioning in SZ [3, 
32]. However, to our knowledge, the relationship between 
WM integrity, cognitive function, and global functioning 
in SZ has not yet been investigated with the same analyti-
cal methods and replicated in two independent samples 
with different MRI parameters.

Therefore, we performed a replication study that 
applied a whole-brain exploratory approach and atlas-
defined WM regions-of-interest approach via tract-based 
spatial statistics (TBSS) in two different cohorts. In the 
present study, we aimed to robustly identify microstruc-
tural differences in WM in patients with SZ subdivided 
into groups with good and poor cognitive performance. 
Moreover, we aimed to investigate the relationship 

between regions-of-interest (ROIs) selected on the basis 
of exploratory findings and functional outcomes in SZ. 
We hypothesized that brain WM microstructure in SZ is 
more severely disturbed in patients with poor cognitive 
performance and poor functioning.

Methods

Participants

Participants in cohort (1) were recruited from the Uni-
versity Hospital, LMU Munich, Germany. This study was 
approved by the local ethics committee of the University 
Hospital, LMU Munich (project number: 17–13), and writ-
ten informed consent was obtained from all participants. 
The patients were diagnosed by two independent, experi-
enced psychiatrists using the criteria of the International 
Statistical Classification of Diseases and Related Health 
Problems, 10th revision (ICD-10) [33]. Individuals with 
no current or past mental illness (according to the MINI 
Plus Interview [34]) were recruited into the HC group. 
Most patients were treated with antipsychotic medica-
tion, daily dosage of antipsychotic was calculated using 
the chlorpromazine equivalent method [35] and additional 
treatment with antidepressants and/or a benzodiazepines 
was assessed. In all patients, symptom severity was deter-
mined with the Positive and Negative Syndrome Scale 
(PANSS) [36] and level of functioning with the Global 
Assessment of Functioning (GAF) [37]. GAF scores were 
demeaned (subtracting the group mean from the individual 
scores, thus, the new mean is zero) to avoid overestimated 
associations. Parts of cohort (1) individuals were included 
in previous studies [38–40]. Participants from cohort (2) 
were recruited at the Department of Psychiatry and Psy-
chotherapy of the University Medical Center Göttingen, 
and were assessed with the baseline in a previous longitu-
dinal study [41, 42].

The demographic and clinical characteristics of the 
study participants in cohorts (1) and (2) are shown in 
Table 1. Each cohort consisted of patients with SZ and 
HC. In each cohort, the participants with SZ were evenly 
divided into a group with higher cognitive performance 
(HCP) and one with lower cognitive performance (LCP) 
on the basis of the cognitive composite score, as described 
in below. Cohort (1) comprised 52 HC and 50 patients with 
SZ, evenly subdivided into an HCP group (SZ-HCP-C1 
group, n = 25) and LCP group (SZ-LCP-C1 group; n = 25), 
and cohort (2) comprised 27 HC and 48 patients with SZ 
subdivided into an HCP group (SZ-HCP-C2 group, n = 24) 
and LCP group (SZ-LCP-C2 group, n = 24).
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Neuropsychological measurements in cohorts (1) 
and (2)

We used neurocognitive instruments that are related to 
functional deficits in SZ [7, 30, 43]. Neurocognitive func-
tion was assessed by experienced psychologists with the 
short-term memory (STM) and long-term memory (LTM), 
which were obtained from previous factor analyses of the 
Verbal Learning Memory Test [44], and the Trail Making 
Test parts A (TMT-A) and B (TMT-B) [45]. Z scores, that 
consisted of number of remembered words (STM, LTM, 
high score = good performance), and seconds to complete 
task (TMT-A, TMT-B, high score = poor performance), were 
used for the neuropsychological tests. Within each cohort, 
a cognitive composite score was calculated with the follow-
ing equation: {(STM z scores) + (LTM z scores) + (− 1) × 
(TMT-A z scores) + (− 1) × (TMT-B z scores)}/4.

Magnetic resonance imaging data acquisition 
and DTI parameters in cohort (1)

All magnetic resonance imaging (MRI) examinations were 
performed with a 3.0 T MR scanner (Magnetom Skyra, 
Siemens Healthcare, Erlangen, Germany) with a standard 
20-channel phased-array head coil. DTI was performed 
with 64 non-collinear diffusion-encoding directions and the 
following parameters: repetition time, 9600 ms; echo time, 
95 ms; field of view, 244 mm; voxel size, 2.0 × 2.0 × 2.0 mm; 
slice thickness, 2.0 mm; 65 slices; and multiple diffusion 
weighting b values (b = 1000 s/mm2 and b = 0).

MRI data acquisition and DTI parameter in cohort (2)

All MRI examinations were performed with a 3.0 T MR 
scanner (Magnetom TIM Trio, Siemens Healthcare, Erlan-
gen, Germany) with a standard 8-channel phased-array head 
coil. DTI was performed with 12 non-collinear diffusion-
encoding directions and the following parameters: repetition 
time, 6500 ms; echo time, 96 ms; field of view, 256 mm; 
voxel size, 2.0 × 2.0 × 2.0 mm; slice thickness, 2.0 mm; 49 
slices; and multiple diffusion weighting b values (b = 1000 s/
mm2 and b = 0).

Imaging analysis in cohorts (1) and (2)

DTI data were processed with TBSS programs [46] in the 
FMRIB software Library (FSL), version 6.0.0. [47]. The 
Brain Extraction Tool was used to create a binary mask 
from the non-diffusion-weighted data, and the diffusion 
tensor and associated parameters such as fractional anisot-
ropy (FA) maps were calculated with the DTIFIT program 
implemented in the FSL. Nonlinear transformation and aff-
ine registration were performed to normalize all FA data into 

a standard space with the nonlinear registration tool FNIRT 
[48]. Normalized FA images were averaged to create a mean 
FA image, and a mean FA skeleton was created by taking the 
centers of all tracts common to all participants. The voxel 
values of each participant’s FA map were projected onto the 
skeleton by searching the local maxima along the perpendic-
ular direction from the skeleton. The resulting data were fed 
into the voxel-wise statistical analysis described in Sect. 2.5.

Statistical analyses in cohorts (1) and (2)

In each cohort, differences in demographic and clinical char-
acteristics between the HC and SZ groups were analyzed by 
independent samples t tests for continuous variables (age, 
duration of school education, the z score of four neurocogni-
tive tests and the cognitive composite score) and chi-square 
tests for categorical variables (sex distribution and hand 
preference), with a significance level of α < 0.05. Differ-
ences in demographic and clinical characteristics between 
the SZ-HCP and SZ-LCP groups in each cohort were ana-
lyzed with independent samples t tests for continuous vari-
ables (duration of illness, PANSS subscores, GAF scores, 
chlorpromazine daily dose equivalents) and chi-square 
tests for the number of patients taking medication, with a 
significance level of α < 0.05. Differences in demographic 
and clinical characteristics between the HC, SZ-HCP, and 
SZ-LCP groups in each cohort were analyzed by analysis 
of variance and Bonferroni’s post hoc test for continuous 
variables (age, duration of school education, and the z scores 
of each neurocognitive test) and chi-square tests for categori-
cal variables (sex distribution and hand preference), with a 
significance level of α < 0.05. Group differences in demo-
graphic and clinical characteristics between the SZ groups 
in cohorts (1) and (2) were analyzed by independent samples 
t tests for continuous variables (age and duration of school 
education) and chi-square tests for categorical variables (sex 
distribution and hand preference), with a significance level 
of α < 0.05. All statistical analyses were performed with 
IBM SPSS statistics 20.

Whole‑brain exploratory approach

Voxel-wise statistics of the skeletonized FA data were 
applied using randomize in FSL, version 6.0.0. The HC 
and SZ groups were compared by an analysis of covariance 
design, with age and sex as nuisance covariates. We ran-
domly performed permutation-based testing with 5000 per-
mutations and inference by threshold-free cluster enhance-
ment (TFCE) with a threshold of less than 0.05. The mean 
FA values of the whole skeleton in the HC, SZ-HCP, and 
SZ-LCP groups were examined for differences by analysis 
of variance and Bonferroni’s post hoc test, with age and sex 
as covariates, with a significance level of α < 0.05.
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Atlas‑defined WM regions‑of‑interest approach

For atlas-based segmentation, all extracted skeletons were 
overlaid with the Johns Hopkins University DTI-based WM 
Atlas in FSL [49, 50]. Differences of the mean FA values 
in 20 ROIs in the HC and SZ groups were examined by 
independent samples t tests, with age and sex as covariates, 
with significance set at p < 0.00125. (= 0.05/40 WM tracts 
because 20 WM tracts were examined in each cohort). The 
mean FA values of 20 ROIs in the HC, SZ-HCP, and SZ-
LCP groups were examined for differences by analysis of 
variance and Bonferroni’s post hoc test, with age and sex 
as covariates and significance set at p < 0.00125 (= 0.05/40 
WM tracts because 20 WM tracts were examined in each 
cohort). In the voxels with a statistical difference in the mean 
FA values of 20 ROIs, voxel-wise multiple regression analy-
ses were performed with TBSS to examine the relationship 
between FA values and demean GAF scores. We used 5000 
permutations to calculate FA values using age and sex as 
covariates. Spearman's rank correlation test was carried out 
between the demeaned GAF scores and mean FA values of 
the voxels that were statistically significant in the voxel-wise 
multiple regression analysis.

Results

Demographic and clinical characteristics in cohorts 
(1) and (2)

Table 1 illustrates demographic and clinical characteristics 
of both cohorts. In cohort (1), no differences were observed 
in age, sex, or hand preference between the HC and SZ 
groups, however, duration of school education was signifi-
cantly lower in the SZ group than in the HC group. Age, sex, 
hand preference, and duration of school education were not 
different between the HC, SZ-HCP, and SZ-LCP groups. 
Furthermore, duration of illness, PANSS positive, general, 
and total scores, GAF scores, chlorpromazine daily dose 
equivalents, and the number of patients taking an antide-
pressant or benzodiazepine were not different between the 
SZ-HCP and SZ-LCP groups. However, the SZ-LCP group 
had significantly higher PANSS negative scores than the SZ-
HCP group (p < 0.01).

In cohort (2), no differences in age, sex, hand preference, 
or duration of school education were observed between the 
HC and SZ groups. Age, sex, and hand preference were not 
different between the HC, SZ-HCP, and SZ-LCP groups, 
but duration of school education was significantly lower in 
the SZ-LCP group than in the SZ-HCP group (p < 0.001). 
No significant differences were found between the SZ-HCP 
and SZ-LCP groups with regard to the duration of illness, 
PANSS subscales, GAF scores, chlorpromazine daily dose 

equivalents, and the number of patients taking an antidepres-
sant or benzodiazepine.

Further analyses of demographic and clinical charac-
teristics between the SZ groups in cohorts (1) and (2) are 
shown in Supplementary Table 1. The SZ group in cohort 
(2) had significantly higher PANSS negative, general, and 
total scores than the SZ group in cohort (1) (p < 0.05).

Group comparison of FA in cohorts (1) and (2)

Whole‑brain exploratory approach

In cohort (1), the FA values in the SZ group were signifi-
cantly lower than those in the HC group in the left temporal 
basal areas (p < 0.05, Fig. 1a). The mean FA of the whole-
brain WM skeleton was significantly lower in the SZ-LCP 
group than in the HC group (p < 0.05, Fig. 1c).

In cohort (2), the FA values in the SZ group were sig-
nificantly lower than those in the HC group in widespread 
regions (p < 0.05, Fig. 1b). The mean FA of the whole-brain 
WM skeleton was significantly lower in the SZ-HCP and 
SZ-LCP groups than in the HC group (p < 0.05, Fig. 1d).

Atlas‑defined WM regions‑of‑interest approach

The results of our analysis of the significant differences in 
WM skeleton mean FA in patients and HC in the major WM 
tracts as defined by the Johns Hopkins University WM Atlas 
are shown in Table 2. In both cohorts, the WM skeleton 
mean FA values in the SZ and SZ-LCP groups were sig-
nificantly lower than those in the HC group in the left IFOF 
(Fig. 1, Table 2), i.e., significant cognition-related FA reduc-
tions in SZ were found in the left IFOF.

Finally, multiple regression analysis revealed that in 
cohort (1), FA values in the frontal part of the left IFOF 
were significantly associated with the demean GAF scores 
(r = 0.472, p < 0.001, Fig. 2a,c); and in cohort (2), FA values 
in the temporal part of the left IFOF were significantly asso-
ciated with the demean GAF scores (r = 0.336, p = 0.022, 
Fig. 2b,d), i.e., significant positive associations were found 
between the cognitive-related FA and the demean GAF 
scores in the fronto-temporal part of the left IFOF in SZ.

Discussion

Our results provide robust evidence of WM microstruc-
tural abnormalities in patients with SZ, especially in those 
patients with lower cognitive performance (SZ-LCP). Sec-
ond, in the SZ group we found a significant positive rela-
tionship between cognition-related FA values in the fronto-
temporal part of the left IFOF and the GAF score.
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Our results are consistent with previous findings which 
revealed that WM volumes were significantly smaller in 
patients with SZ with cognitive impairment than in healthy 
individuals but WM volumes in patients without cognitive 
impairment were not [51]. Moreover, Pérez-Iglesias et al. 
[52] reported that patients with SZ with cognitive impair-
ment showed a significantly greater decrease in FA values 
than patients without cognitive impairment.

In this study, we could replicate in two independent 
cohorts of patients with SZ, that especially patients with 
poor cognitive performance were affected by WM micro-
structural abnormalities. Moreover, cognition-related WM 
abnormalities, which were mainly found in fronto-temporal 
parts of the left IFOF, were related to general, social, and 
occupational functioning.

It is worth emphasizing here that in our study FA was 
measured with different MRI scan parameters in two 

independent cohorts. A clinical application of structural 
MRI in clinical trials requires a certain robustness of read-
outs across different scanners and protocols, despite all bio-
logical and technical variability.

The advantage of the current study is the replication of 
our findings in two independent cohorts and thus increases 
generalizability. Therefore, our results provide robust evi-
dence that emphasizes the relevance of large reductions 
in FA as indicating a neurobiological mechanism of SZ in 
patients with severe cognitive impairment. Beyond the group 
comparison, the future goal is to find a framework for indi-
vidual patients [53] to allow MRI images from individuals 
to be directly compared with a reference. In particular, the 
increase in the use of MRI-based outcome measurements 
in clinical trials [54] requires a more precise definition 
and standardization, especially considering assessments of 
individuals.

Fig. 1   a Difference in fractional anisotropy (FA) values between the 
healthy controls (HC) and schizophrenia (SZ) groups in cohort (1). 
Blue to light blue voxels indicate regions where the FA values were 
significantly lower in the SZ group than in the HC group (p < 0.05). b 
Difference in FA values between the HC and SZ groups in cohort (2). 
Blue to light blue voxels indicate regions where the FA values were 
significantly lower in the SZ group than in the HC group (p < 0.05). c 
Differences in mean fractional anisotropy (FA) values of whole-brain 
white matter (WM) skeleton in healthy controls (HC) and in patients 
with schizophrenia with higher cognitive performance (SZ-HCP-C1) 
and lower cognitive performance (SZ-LCP-C1) in cohort (1). The cir-
cles represent mean FA values of the whole skeleton in the HC group; 
the squares represent mean FA values of the whole skeleton in the 
SZ-HCP-C1 group; and the triangles represent mean FA values of the 

whole skeleton in the SZ-LCP-C1 group. d Differences in mean FA 
values of whole-brain WM skeleton in the HC, SZ-HCP-C2, and SZ-
LCP-C2 groups in cohort (2). The circles represent mean FA values 
of the whole skeleton in the HC group; the squares represent mean 
FA values of the whole skeleton in the SZ-HCP-C2 group; and the 
triangles represent mean FA values of the whole skeleton in the SZ-
LCP-C2 group. FA fractional anisotropy, HC healthy controls, SZ 
schizophrenia, SZ-HCP-C1 patients with schizophrenia and higher 
cognitive performance in cohort (1), SZ-HCP-C2 patients with schiz-
ophrenia and higher cognitive performance in cohort (2), SZ-LCP-
C1 patients with schizophrenia with lower cognitive performance in 
cohort (1), SZ-LCP-C2 patients with schizophrenia with lower cogni-
tive performance in cohort (2)
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In its atlas-based analysis, the current study found a sig-
nificant positive relationship in both cohorts between cog-
nition-related FA, mainly in the fronto-temporal part of the 
left IFOF, and demean GAF scores in patients. The IFOF 
is the longest associative bundle and connects the occipital 
cortex, superior parietal lobule, and temporal basal areas to 
the frontal lobe [55, 56]. Moreover, the fronto-temporal part 
of the left IFOF is the region of greater interest in SZ: As 
early as the last century, Wernicke [57] and Kraepelin [58] 
suggested the importance of the fronto-temporal network 
in the neuropathology of SZ, and later brain investigations 
with various neuroimaging methods reinforced this idea [12, 
59, 60]. Previous DTI findings implicated prefrontal and 
temporal lobes [61–63] and the fiber tracts connecting these 
regions [64] in SZ. Our current finding of an association of 
the anisotropic reductions in the left IFOF with the cognitive 
composite and reduced GAF scores may be seen as confirm-
ing some previous reports from other DTI studies in SZ that 
used other cognitive test batteries [31, 65]. In summary, this 

replication study in a cohort from our previous studies [41, 
42] and a new cohort extends previous work [31, 65]. We 
demonstrated that the origin of neurocognitive deficits and 
poor functional outcomes in patients with SZ may be related 
to neurobiological abnormalities in the left IFOF of brain 
networks in the temporal and frontal cortex.

An interesting finding from our analysis of the whole 
skeleton is that the FA values in widespread regions were 
significantly lower in the SZ group than in the HC group 
in cohort (2) but not in cohort (1). Another interesting 
finding from our atlas-based analysis is that we found a 
significant positive relation between the FA values and the 
demean GAF scores in the temporal part of the left IFOF 
in cohort (2) but in the frontal part of the left IFOF in 
cohort (1), i.e., the local regions in the left IFOF could not 
be replicated in both cohorts. This discrepancy between 
the independent cohorts might be explained, at least in 
part, by some factors affecting FA, such as differences in 
symptom severity for SZ [28], the use of different channel 

Fig. 2   a Red-yellow voxels indicate a significant positive relation 
between the fractional anisotropy (FA) values in the left inferior 
fronto-occipital fasciculus (IFOF) and the demean Global Assess-
ment of Functioning (GAF) scores in the schizophrenia (SZ) group in 
cohort (1). b Red-yellow voxels indicate a significant positive relation 
between the FA values in the left IFOF and the demean GAF scores 
in the SZ group in cohort (2). c Scatter plot showing the relation of 
the demean Global Assessment of Functioning (GAF) scores and 
mean fractional anisotropy (FA) values of the voxels that showed a 
statistically significant correlation in voxel-wise multiple regression 
analysis in a. The squares represent patients with schizophrenia and 

higher cognitive performance in cohort (1), and the triangles repre-
sent the group of patients with schizophrenia and lower cognitive 
performance in cohort (1). d Scatter plot showing the relation of the 
demean GAF scores and mean FA values of the voxels that reached 
a statistically significant correlation in voxel-wise multiple regression 
analysis in b. The squares represent patients with schizophrenia and 
higher cognitive performance in cohort (2), and the triangles repre-
sent patients with schizophrenia and lower cognitive performance in 
cohort (2). FA fractional anisotropy, GAF global assessment of func-
tioning, IFOF inferior front-occipital fascicles, SZ schizophrenia, ROI 
region of interest
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head coils in MRI research [66] and other dimensions (e.g. 
aggression or impulsivity[67]) that were not included in 
the present study.

Some limitations of this study must be noted. First, the 
patients were taking a variety of pharmacological agents 
not only at the time of scanning, but prior to the scanning 
(i.e., lifetime use of medication). Second, they were evenly 
divided with regard to the cognitive composite score and 
could not be classified according to unique score criteria 
(e.g., > 1 SD below the normative mean), though previous 
findings show that approximately one quarter of schizo-
phrenia have similar cognitive performance as healthy 
[51]. Future studies are necessary using a greater number 
of patients, who are classified according to unique score 
criteria, with limited medication exposure and matched 
lifetime use of medication to confirm the results of our 
study.

The main strength of this study is the replication approach 
that used independent samples with different MRI parame-
ters. The results provide a foundation for developing the neu-
robiological basis of cognitive function, which could serve 
as a functional proxy in SZ and other psychiatric disorders. 
Of particular importance will be the design of an approach to 
transform individual changes of the structural and functional 
connectome towards a clinical application. Here, cognition 
and functionality for psychiatric disorders will also play an 
important role across diagnoses.
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