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Background and Hypothesis:  Studies have linked auditory 
hallucinations (AH) in schizophrenia spectrum disorders 
(SCZ) to altered cerebral white matter microstructure 
within the language and auditory processing circuitry 
(LAPC). However, the specificity to the LAPC remains 
unclear. Here, we investigated the relationship between AH 
and DTI among patients with SCZ using diffusion tensor 
imaging (DTI).Study Design:  We included patients with 
SCZ with (AH+; n = 59) and without (AH−; n = 81) cur-
rent AH, and 140 age- and sex-matched controls. Fractional 
anisotropy (FA), mean diffusivity (MD), radial diffusivity 
(RD), and axial diffusivity (AD) were extracted from 39 
fiber tracts. We used principal component analysis (PCA) 
to identify general factors of variation across fiber tracts 
and DTI metrics. Regression models adjusted for sex, age, 
and age2 were used to compare tract-wise DTI metrics and 
PCA factors between AH+, AH−, and healthy controls and 
to assess associations with clinical characteristics.Study 
Results:  Widespread differences relative to controls were 
observed for MD and RD in patients without current AH. 
Only limited differences in 2 fiber tracts were observed be-
tween AH+ and controls. Unimodal PCA factors based 
on MD, RD, and AD, as well as multimodal PCA factors, 
differed significantly relative to controls for AH−, but not 
AH+. We did not find any significant associations between 

PCA factors and clinical characteristics.Conclusions:  
Contrary to previous studies, DTI metrics differed mainly 
in patients without current AH compared to controls, 
indicating a widespread neuroanatomical distribution. This 
challenges the notion that altered DTI metrics within the 
LAPC is a specific feature underlying AH.

Key words: white matter microstructure/magnetic 
resonance imaging/probabilistic tractography/psychotic 
disorders/dimensionality reduction

Introduction

Auditory hallucinations (AH), ie, auditory percepts 
not elicited by an external source, is a core symptom in 
schizophrenia spectrum disorders (SCZ).1–3 Although 
the pathophysiology of AH is poorly understood, mag-
netic resonance imaging (MRI) studies have implicated 
alterations in cerebral white matter (WM) microstruc-
ture,4–7 regional morphology of the cerebral cortex,8,9 
and functional activation during active hallucination.10 
Notably, many studies report alterations in the language 
and auditory processing circuitry (LAPC)11,12 in patients 
with SCZ and AH, including cortical regions such as 
Heschl’s gyrus,8 Broca’s area,13 and Wernicke’s area,14 
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as well as the WM fiber tracts connecting them. It has 
been hypothesized that disrupted connectivity within the 
LAPC results in erroneous source attribution, which in 
turn leads to AH.15–18

Diffusion tensor imaging (DTI) studies have re-
ported alterations in WM fiber tracts within the LAPC 
in patients with SCZ and AH.19–22 Given its crucial role 
in language processing, the left arcuate fasciculus (AF), 
a heavily myelinated fiber bundle that connects Broca’s 
and Wernicke’s areas, has been frequently studied.12,23 
However, results have been inconsistent, with reports of 
both higher19,20,24 and lower18,25,26 fractional anisotropy 
(FA) in patients with AH. Studies have also reported lower 
FA in SCZ with verbal AH compared to controls within 
the left inferior fronto-occipital fasciculus (IFO), the left 
uncinate fasciculus (UF), and the right superior longitu-
dinal fasciculus (SLF), as well as within interhemispheric 
auditory pathways.18,27–29 Since most studies have focused 
on a selection of fiber tracts, the full extent of the rela-
tionship between AH in SCZ and WM microstructure 
remains unclear.

Numerous studies have employed current measures of 
AH, ie, measures of AH spanning a specified time be-
fore clinical inclusion to the study (typically 1–2 weeks). 
Interestingly, a recent study identified 3 distinct courses 
of AH during the first 10 years of illness in SCZ.30 
These were characterized by initially low and subse-
quently decreasing severity, high and fluctuating severity, 
and high and increasing severity. In clinically stable 
populations, current measures of AH will tend to iden-
tify the latter 2 groups as hallucinators, whereas lifetime 
measures do not distinguish between the groups. As such, 
current and lifetime measures are sensitive to different 
state- and trait-related components. Current measures of 
AH may be better suited for identifying participants with 
frequent and persistent hallucinations. This group has 
been hypothesized to exhibit specific WM microstructure 
alterations.31 However, lifetime measures of AH may pro-
vide complementary information about susceptibility to-
ward AH.

Leveraging the shared variation across DTI metrics and 
fiber tracts can provide information beyond analyzing 
each metric and fiber tract in isolation.32–34 For example, 
Chamberland et al35 identified principal components that 
explained 80% of the variation across fiber tracts and dif-
fusion measures. Their results revealed age-related effects, 
some of which were not detectable at the level of indi-
vidual DTI metrics. Importantly, the components loaded 
onto diffusion measures with shared sensitivities to spe-
cific tissue properties, demonstrating that this approach 
yields biologically interpretable information. Using a 
similar approach, Vaher et al34 found evidence for both 
generalized and tract-specific dysmaturation in pre-
term individuals. Thus, combining DTI metrics can en-
hance sensitivity to group differences and brain-behavior 
associations.36–38

Here, we investigated the relationship between current 
AH (ie, within a week of clinical inclusion) and FA, mean 
diffusivity (MD), radial diffusivity (RD), and axial dif-
fusivity (AD) in patients with SCZ and healthy controls. 
We included a broad range of fiber tracts and DTI met-
rics and pooled variation across both fiber tracts and DTI 
metrics using an established dimensionality reduction 
framework.33–35 We hypothesized lower FA and higher 
MD and RD in fiber tracts within the LAPC in patients 
with current AH.4,18,21 Since patients without current AH 
may have a lifetime history of AH, we further subdivided 
this group into participants with and without a lifetime 
history of AH and contrasted them with healthy controls. 
We assessed the effects of psychotic symptom severity, 
age at onset, duration of illness, and antipsychotic med-
ication use and dose in exploratory analyses. Finally, we 
examined if  putative group differences were influenced by 
sex, age, head size, or BMI.

Methods

Participants

Participants diagnosed with SCZ and age-and-sex-
matched healthy controls were included from the on-
going Thematically Organized Psychosis (TOP; n = 659) 
study at the Oslo University Hospital, Norway, and from 
the Human Brain Informatics (HUBIN; n = 92) project 
at Karolinska Institutet in Stockholm, Sweden. Patients 
were referred from psychiatric units and outpatient 
clinics in the greater Oslo region and from catchment 
areas within the North-Western Stockholm County, re-
spectively. Healthy controls were recruited based on pop-
ulation registries for both TOP and HUBIN and among 
hospital staff  for HUBIN.

Exclusion criteria included an age outside the range 
18–65 years, intelligence quotient (IQ) less than 70, and 
neurologic illness or previous moderate to severe head in-
jury. Controls were also excluded if  they had a history 
of substance abuse/dependency or a first-degree relative 
diagnosed with a severe psychiatric disorder as deter-
mined by a screening interview and, for TOP, the Primary 
Care Evaluation for Mental Disorders (Prime-MD).39

Healthy controls were age-and-sex-matched to the 
patient group using genetic matching without replace-
ment in the MatchIt package40 in R. We used the model 
Diagnosis ~ Age + Sex + Scanner with exact matching on 
MRI scanner. This approach avoids issues with propen-
sity score matching, which may not ensure close pairings 
of participants.41

The final study sample (n = 280) included 140 age- 
and sex-matched healthy controls (mean age: 33.2; 
range = [18.4, 63.6]; 35.7% female) and 140 patients 
with SCZ (mean age: 33.3; range = [18.5, 63.6]; 35.7% 
female) diagnosed with schizophrenia (n = 106), 
schizophreniform disorder (n = 24), and schizoaffective 
disorder (n = 10).
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Clinical Assessment

For patients in TOP, diagnoses and lifetime symptoms 
were assessed using the Structured Clinical Interview 
for DSM-IV axis 1 disorders (SCID-IV),42 and cur-
rent symptoms, ie, the week before clinical assess-
ment, were evaluated with the Positive and Negative 
Syndrome Scale, PANSS.43 PANSS scores were con-
verted to symptom factors from the Wallwork 5-factor 
model,44 ie, positive (P1 + P3 + P5 + G9), nega-
tive (N1 + N2 + N3 + N4 + N6 + G7), disorgan-
ized (P2 + N5 + G11), excited (P4 + P7 + G8 + G14), 
and depressive (G2 + G3 + G6) symptom factors. For 
patients in HUBIN, diagnoses and lifetime symptoms 
were assessed using the SCID-III-R42 and Schedules for 
Clinical Assessment in Neuropsychiatry (SCAN),45 and 
current symptoms were evaluated with the Scales for the 
Assessment of Positive and Negative Symptoms, SAPS 
and SANS.46,47

Antipsychotic medication use was determined via 
interviews. To compare doses across antipsychotic med-
ication type and dosage, we converted antipsychotic 
medication dosage to chlorpromazine equivalent doses 
(CPZ; mg/day).48 We defined age at onset as age at first 
psychotic episode (verified by SCID-IV, SCID-III-R, 
or SCAN) and duration of illness as years from age 
at onset to age at MRI scan. IQ was assessed with the 
Wechsler Abbreviated Scale of Intelligence (WASI-II) in 
TOP and the Wechsler Adult Intelligence Scale (WAIS) 
in HUBIN. Alcohol and drug use was assessed with the 
Alcohol Use Disorder Identification Test (AUDIT)49 and 
the Drug Use Disorders Identification Test (DUDIT).50 
Psychosocial functioning was rated using the split version 
of the Global Assessment of Functioning Scale (GAF).51

We determined current AH status based on the 
PANSS-P3 item in TOP and the SAPS-H1 item in 
HUBIN. For TOP, we defined the current AH group 
(AH+) as participants with a P3 score ≥3, and conversely 
the current non-AH group (AH−) as those with a P3 
score <3. For HUBIN, we defined the current AH group 
as having an H1 score ≥2, and the current non-AH group 
(AH−) as H1 <2. For the follow-up analyses including a 
lifetime history of AH, we further subdivided the AH− 
group into 2 subgroups: Patients with a lifetime history 
of AH (L-AH) and patients who had never experienced 
AH (N-AH). To determine the lifetime history of AH, we 
used the SCID-B16 item for TOP and the 17.004 item in 
SCAN for HUBIN.

The AH+ group (n = 59) comprised 49 patients with 
schizophrenia (83.1%) and 10 patients with schizoaffective 
disorder (16.9%), and the AH− group (n = 81) comprised 
57 patients with schizophrenia (70.4%), 14 patients with 
schizoaffective disorder (17.3%), and 10 patients with 
schizophreniform disorder (12.3%). The L-AH group 
comprised 49 patients and the N-AH group comprised 24 
patients. Eight patients with missing data on lifetime AH 

were excluded from the latter stratification. See supple-
mentary note 1 for additional information on the clinical 
assessment of AH.

MRI Acquisition and Processing

MRI data was acquired on 3 different 3T scanner 
platforms; a GE Signa HDxt and a GE Discovery MR750 
at Oslo University Hospital (OUS), Ullevål, Oslo, and 
a GE Discovery MR750 at Karolinska Institutet in 
Stockholm, Sweden. See supplementary table 3 for ac-
quisition parameters. DTI images were processed using 
an optimized pipeline52 and FSL53 (version 6.0.3) with 
corrections for noise,54 Gibbs ringing,55 echo-planar im-
aging (EPI) motion, eddy currents, and susceptibility 
distortions. DTI metrics were estimated with dtifit using 
the linear weighted least squares algorithm.

Fiber tractography was performed with XTRACT56 in 
FSL using well-validated and robust protocols for auto-
mated fiber tractography. Median FA, MD, RD, and AD 
were extracted for 39 inter- and intra-hemispheric fiber 
tracts. See figure 1 and table 1 for overviews of the in-
cluded fiber tracts and supplementary note 2 for informa-
tion on fiber tract selection. To compute intracranial 
volume (ICV), we used Sequence Adaptive Multimodal 
Segmentation (SAMSEG)57 with default parameters 
using a single T1-weighted image as input.

The batch-adjustment algorithm ComBat58 was used to 
adjust for non-biological variation in DTI metrics due to 
differences in pulse sequence and scanner platform. This 
is a Bayesian adjustment method originally developed for 
removing batch effects in genomics that has since been 
applied to a wide range of neuroimaging data, including 
DTI.59 Age, sex, and diagnosis were entered as variables of 
interest. See supplementary figure 1 for boxplots showing 
the effect of scanner harmonization and supplementary 
note 3 for information on quality assurance procedures.

Statistical Analyses

Statistical analyses were performed in R (version 4.2.3; 
R Core Team, 2018). All regression models included age, 
age2, and sex as covariates, where we included age2 since 
the relationship between age and DTI metrics may be 
nonlinear.60 Cohen’s d effect sizes (d) were obtained from 
t-values using the effectsize package61 implemented in R. 
We adjusted P-values for the false discovery rate (FDR) 
using the Benjamini–Hochberg procedure.62 An FDR-
adjusted P-value of <0.05 was considered statistically 
significant.

Demographic and Clinical Group Comparisons.  We 
assessed group differences in age, sex, years of education, 
handedness, BMI, IQ, AUDIT and DUDIT scores, age at 
onset, duration of illness, number of psychiatric hospital 
admissions, GAF functioning (GAF-F) and symptom 
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(GAF-S) scores, the 5 Wallwork symptom factors, an-
tipsychotic use (yes/no), CPZ-equivalent doses, and 
antiepileptic and antidepressant use. Continuous and 
categorical variables were compared using the Kruskal-
Wallis test and the χ2 test, respectively.

Tract- and Metric-Specific Analyses.  To assess group 
differences in tract-specific DTI metrics in AH+ and 
AH− compared to healthy controls, we fitted univariate 
regression models with DTI metrics (FA, MD, RD, or 
AD) in each of the 39 fiber tracts as dependent variables 
and current AH status as the variable of interest. To as-
sess tract-wise group differences between AH+ and AH− 
for each DTI metric, we fitted similar models among 
AH+ and AH− only.

In follow-up analyses, we explored group differences 
in tract-specific DTI metrics in 2 subgroups of patients 
without current hallucinations. In these analyses, 
we compared patients who did not have current 
hallucinations but did (L-AH) or did not (N-AH) have a 
lifetime history of AH with healthy controls and, among 
patients only, each other. The aim of these analyses was 
to assess whether any differences between AH− and CTR 
were driven by lifetime AH.

Finally, we compared tract-specific DTI metrics in all 
patients with SCZ, ie, current AH+ and AH− combined, 
with those of controls in regression models where diag-
nostic group was included as the variable of interest.

Uni- and Multimodal General Factor Analyses.  To assess 
the patterns of associations with AH status across WM 
fiber tracts and DTI metrics, we extracted uni- and mul-
timodal general factors (g-factors) following a previously 
established dimensionality reduction framework.33–35 This 
entailed principal component analysis (PCA) across fiber 
tracts for each DTI metric to create unimodal g-factors 
and across both fiber tracts and DTI metrics to create mul-
timodal g-factors. The PCA was performed in the com-
plete dataset (ie, 280 participants). PCA was conducted 
by singular value decomposition on scaled tract-specific 
DTI metrics using the prcomp function in R. To assess 
the suitability of the data for factor analysis, we used the 
Kaiser–Meyer–Olkin test63 and Bartlett’s test of sphe-
ricity, which measure the amount of shared variance and 
the overall degree of correlation within the variables.

Unimodal g-factors were created by conducting PCA 
on all 39 fiber tracts, for each DTI metric separately. 
Based on the literature,33–35 we aimed to identify 1 general 
factor for each DTI metric to capture shared variation 
across fiber tracts. We therefore extracted the first prin-
cipal components. This yielded 4 g-factors, g-FA, g-MD, 
g-RD, and g-AD, quantifying the proportion of shared 
variation across fiber tracts for each DTI metric.

Multimodal g-factors were created by conducting PCA 
on all tracts and DTI metrics simultaneously. That is, we 
performed PCA on a matrix with rows corresponding to 
subject-tract pairs (ie, 39 rows per subject) and 4 columns 

Fig. 1.  Visualization of the fiber tracts included in the present study. The top row shows fiber tracts within the language and auditory 
processing circuitry (LAPC). The bottom row shows the other fiber tracts.
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corresponding to FA, MD, RD, and AD measurements. 
Prior studies found that 2 components were required to 
capture multimodal variation.33–35 We therefore extracted 
the first and second principal components, resulting in 2 
multimodal g-factors, g-Dim1 and g-Dim2, quantifying 
the proportion of shared variation across both DTI met-
rics and fiber tracts.

To compare uni- and multi-modal g-factors in AH+ 
and AH− with those of healthy controls, we fitted sepa-
rate regression models with current AH (AH+/AH−) as 
the variable of interest and each g-factor as dependent 
variables. We fitted similar models among patients to di-
rectly compare g-factors of AH+ with those of AH−.

Associations With Clinical and Demographic Variables.  We 
performed additional analyses to investigate if  clinical 
characteristics other than AH status were associated 
with DTI measurements. Among patients we assessed 
relationships between uni- and multimodal g-factors and 
the following clinical variables: Age at onset, duration 
of illness, antipsychotic medication use (yes/no), CPZ-
equivalent dose, and the 5 Wallwork symptom factors 
(positive, negative, depressed, disorganized, and excited). 
In these analyses, we fitted separate univariate regression 
models for each clinical measure as variables of interest 
and each g-factor as dependent variables.

Since ICV and BMI can contribute to variation in 
DTI metrics,64 we next examined if  group differences in 
g-factors were confounded by these variables. To do this, 
we fitted separate regression models with ICV and BMI 
included as independent variables together with the cur-
rent AH term. We fitted the models both in the whole 
sample, for the contrast of AH+ and AH− with controls, 

and among patients only, for the direct comparison of 
AH+ with AH−.

Finally, we examined if  group differences in current 
AH differed by age or sex. To do this, we fitted regres-
sion models including interaction terms for current AH 
by age and age2 and sex, as well as their respective main 
effects. Uni- and multimodal g-factors were specified as 
dependent variables and separate models were fitted for 
each putative interaction.

Results

Demographic and Clinical Group Comparisons

Years of education and IQ were lower in patients, AH+, 
and AH− compared to controls. DUDIT scores were 
higher in patients, AH+, and AH− compared to controls. 
GAF-F and GAF-S scores were lower in AH+ compared 
to AH−. Positive, excited, and depressed symptom 
factors, and CPZ-equivalent doses were higher in AH+ 
compared to AH−. See table 2 for clinical and demo-
graphic variables for the final sample and supplementary 
tables 1 and 2 for the same divided by dataset.

Tract- and Metric-Specific Analyses

See figure 2 for bar plots of Cohen’s d effect sizes for MD 
and RD, supplementary figure 7 for bar plots of Cohen’s 
d effect sizes for FA and AD, and supplementary tables 
4–7 for Cohen’s d effect sizes and FDR-adjusted and un-
adjusted P-values for each DTI metric.

We observed no significant group differences between 
AH+ and AH− and healthy controls for FA or AD. 
Compared to controls, AH− had higher MD in several 

Table 1.  List of fiber tracts of interest. 

Abbreviation Full name

Language and auditory processing circuitry (LAPC) AF Arcuate Fasciculus
AR Acoustic Radiation
ILF Inferior Longitudinal Fasciculus
IFO Inferior Fronto-Occipital Fasciculus
SLF1 Superior Longitudinal Fasciculus 1
SLF2 Superior Longitudinal Fasciculus 2
SLF3 Superior Longitudinal Fasciculus 3
UF Uncinate Fasciculus

Association fibers FA Frontal Aslant
MDLF Middle Longitudinal Fasciculus
VOF Vertical Occipital Fasciculus

Limbic fibers CBD Cingulum subsection: Dorsal
CBP Cingulum subsection: Peri-genual
CBT Cingulum subsection: Temporal

Commissural fibers FMA Forceps Major
FMI Forceps Minor
MCP Middle Cerebellar Peduncle

Projection fibers ATR Anterior Thalamic Radiation
CST Corticospinal Tract
OR Optic Radiation
STR Superior Thalamic Radiation

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
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Table 2.  Demographic and clinical characteristics by group.

CTR 
(N = 140)

SCZ 
(N = 140)

Test of difference 
(SCZ vs CTR)

AH+ 
(N = 59)

AH− 
(N = 81)

Test of difference 
(AH+ vs AH−)

Demographics and IQ
 � Age [years] 33.2 

(11.9)
33.3 

(12.0)
N.S. 34.0 

(12.1)
32.8 

(11.9)
N.S.

 � Sex [female] 50 
(35.7%)

50 
(35.7%)

N.S. 20 
(33.9%)

30 
(37.0%)

N.S.

 � Education [years] 14.2 (2.4) 12.3 (2.3) H = 42.3, 
P < 1E-10

SCZ < CTR

12.2 
(2.6)

12.3 
(2.0)

N.S.

 � Handedness [right] 69 
(87.3%)

70 
(90.9%)

N.S. 33 
(89.2%)

37 
(92.5%)

N.S.

 � BMI 24.6 (3.6) 25.9 (5.3) N.S. 25.2 
(4.9)

26.4 
(5.6)

N.S.

 � IQa 113.4 
(10.4)

101.8 
(13.3)

H = 45.3, 
P < 1E-10

SCZ < CTR

101.8 
(13.6)

101.8 
(13.2)

N.S.

Alcohol and drug use
 � AUDIT 5.7 (3.2) 6.7 (6.3) N.S. 7.7 (7.5) 6.1 (5.3) N.S.
 � DUDIT 0.3 (1.3) 5.1 (8.1) H = 37.7, 

P < 1E-9
SCZ > CTR

6.4 (9.1) 4.3 (7.3) N.S.

Clinical variables
 � Age at onset [years] N.A. 22.2 (6.3) N.A. 21.1 

(5.1)
22.9 
(7.1)

N.S.

 � Duration of illness [years] N.A. 10.6 
(10.5)

N.A. 12.8 
(11.4)

8.9 (9.5) N.S.

 � Psychiatric hospital admissionsa N.A. 2.9 (3.3) N.A. 3.1 (3.3) 2.8 (3.3) N.S.
 � GAF-F N.A. 47.3 

(12.1)
N.A. 42.9 

(9.9)
50.5 

(12.5)
H = 11.0, 
P < .001

AH+ < AH−
 � GAF-S N.A. 47.6 

(12.5)
N.A. 41.7 

(8.2)
51.9 

(13.3)
H = 25.3, 
P < 1E-6

AH+ < AH−
PANSS factorsa

 � Positivea N.A. 9.0 (4.0) N.A. 12.4 
(2.5)

6.8 (3.1) H = 55.9, 
P < 1E-13

AH+ > AH−
 � Negativea N.A. 13.2 (5.1) N.A. 14.0 

(5.6)
12.7 
(4.8)

N.S.

 � Disorganizeda N.A. 5.6 (2.9) N.A. 6.2 (3.5) 5.3 (2.3) N.S.
 � Exciteda N.A. 5.3 (2.1) N.A. 6.0 (2.9) 4.9 (1.1) H = 3.9, P < .05

AH+ > AH−
 � Depresseda N.A. 7.8 (2.9) N.A. 8.7 (2.6) 7.3 (2.9) H = 7.2, P < .01

AH+ > AH−
Medication use
 � AP use [yes] N.A. 129 

(92.8%)
N.A. 52 

(89.7%)
77 

(95.1%)
N.S.

 � CPZ-equiv. AP dose [mg/day] N.A. 347.7 
(206.6)

N.A. 428.9 
(256.9)

290.3 
(137.0)

H = 8.8, P < .01
AH+ > AH−

 � Antiepileptic usea [yes] N.A. 14 
(12.6%)

N.A. 4 (9.5%) 10 
(14.5%)

N.S.

 � Antidepressant usea [yes] N.A. 29 
(26.1%)

N.A. 13 
(31.0%)

16 
(23.2%)

N.S.

Note: H, Kruskal–Wallis test statistic; AUDIT, Alcohol Use Disorders Identification Test; DUDIT, Drug Use Disorders Identification 
Test; GAF-F, Global Assessment of Functioning (GAF) functioning scale; GAF-S, GAF symptom scale; PANSS, Positive and Negative 
Syndrome Scale; AP, antipsychotic medication; CPZ-equiv., chlorpromazine-equivalent; N.A., not applicable; N.S., not significant.
aTOP dataset only.
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fiber tracts, including the bilateral AF, right AR, left 
ATR, right CBD, right CBP, left CBT, bilateral CST, left 
FA, bilateral ILF, bilateral IFO, bilateral MDLF, bilat-
eral OR, bilateral STR, right SLF1, bilateral SLF2, bilat-
eral SLF3, bilateral UF, bilateral VOF, FMA, and FMI. 
We also observed higher MD in AH+ in the right MDLF 
and the right OR compared to controls.

Higher RD was observed in AH− for the bilateral 
AF, left ATR, right CBP, left CBT, right ILF, bilateral 
IFO, bilateral MDLF, bilateral OR, right SLF2, bilat-
eral SLF3, right VOF, FMA, and FMI compared to 
controls. We also observed higher RD in the right OR 
in AH+ compared to controls. There were no significant 
differences between AH+ and AH− after correction for 
multiple testing for any of the DTI metrics.

We found no group differences between either L-AH or 
N-AH and healthy controls for FA and AD. Compared to 
controls, L-AH had higher MD in the left AF, left ILF, bi-
lateral IFO, bilateral MDLF, bilateral OR, and the FMA. 

We also observed higher RD in the bilateral IFO, OR and 
the FMA in L-AH compared to controls. Only the right 
ILF showed higher MD in N-AH compared to controls. 
In the direct comparison between L-AH and N-AH, the 
only significant difference was for FA in the right FA tract 
indicating lower FA in N-AH compared to L-AH.

When comparing the whole patient group (SCZ) with 
controls, significant differences were found in a wide range 
of fiber tracts for MD, RD, and AD, but not FA. See 
supplementary figures 8 and 9 for bar plots of Cohen’s d 
effect sizes, supplementary tables 8–11 for Cohen’s d ef-
fect sizes and FDR-adjusted and unadjusted p-values for 
each DTI metric, and supplementary note 4 for a descrip-
tion of these results.

Uni- and Multimodal General Factor Analyses

Kaiser–Meyer–Olkin test and Bartlett’s test of sphericity 
indicated excellent suitability for factor analysis. See 

Fig. 2.  Cohen's d effect sizes for the contrast between patients with schizophrenia with (AH+) and without (AH−) current hallucinations 
and healthy controls for radial diffusivity (RD) and mean diffusivity (MD). Fiber tracts are ordered by estimated effect size. Error bars 
indicate 95% confidence intervals. Significant differences after FDR correction are marked with asterisks.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
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supplementary figures 10–13 for correlation matrices be-
tween fiber tracts and supplementary figure 14 for a den-
sity plot of the correlations.

Explained variance of the unimodal g-factors ranged 
from 41.1% for g-FA to 63.9% for g-MD, whereas the 
second principal components only explained between 
5.4% for RD to 6.6% for AD. See supplementary figure 
15 for scree and variable contribution plots and supple-
mentary table 12 for tract-wise correlations with each 
general factor.

For the multimodal g-factors, the explained vari-
ance was 64.3% for g-Dim1 and 32.5% for g-Dim2. 
Correlations with g-Dim1 were negative (r = −0.72) for 
FA, and positive for MD (r = 0.95), RD (r = 0.99), and 
AD (r = 0.42). For g-Dim2 the correlations were negative 
for FA (r = −0.66), MD (r = −0.25), and AD (r = 0.88), 
and positive for RD (r = 0.13). Most of the variance of 
g-Dim1 was contributed by RD (37.8%), MD (35.3%), 
and FA (19.9%). For g-Dim2, AD (60.1%) and FA 
(33.9%) contributed the most to the variance. See sup-
plementary table 13 for correlations and contributions of 
each DTI metric to the multimodal g-factors and supple-
mentary figure 16 for scree plots and variable contribu-
tion plots.

In the regression analyses we found significant group 
differences between AH− and controls for all uni- and 
multimodal g-factors, except g-FA. These associations in-
dicated lower g-Dim2 and higher g-MD, g-RD, and g-AD 
in AH− compared to controls. No significant differences 
between AH+ and controls were observed for any of the 
g-factors. See figure 3 for violin plots of each g-factor for 
each group adjusted for age, age2, and sex.

Associations With Clinical and Demographic Variables

We found no significant associations between uni- and 
multimodal g-factors and age at onset, duration of illness, 
antipsychotic medication use (yes/no), CPZ-equivalent 
dose, or the positive, negative, disorganized, depressed, 
or excited Wallwork symptom factors.

ICV was significantly associated with g-FA, g-RD, 
g-AD, and g-Dim2. Group differences between AH− and 
healthy controls remained significant for g-RD, g-AD, 
g-Dim2 when also adjusting for ICV. There were no sig-
nificant associations between g-factors and BMI or sig-
nificant interactions between current AH status and age 
or sex for any of the g-factors.

Discussion

The main finding of the present study was a widespread 
pattern of tract-wise differences represented by higher 
MD and RD in patients with SCZ without current AH 
(AH−) compared to healthy controls. Surprisingly, only 
MD in the right middle longitudinal fasciculus (MDLF) 
and both MD and RD in the right optic radiation (OR) 

differed significantly in patients with current AH (AH+) 
relative to healthy controls, indicating higher MD and 
RD. In line with these findings, uni- and multimodal 
g-factors differed only between the AH− group and 
healthy controls. These findings suggest that altered DTI 
metrics in schizophrenia are not a specific feature under-
lying AH and instead point toward a more complex rela-
tionship between WM microstructure and AH.

Most previous DTI studies on AH in SCZ have fo-
cused on a limited set of fiber tracts under the assump-
tion that WM alterations relevant to AH are localized 
within the language and auditory processing circuitry 
(LAPC). We observed higher MD and RD in several 
fiber tracts within the LAPC in patients without current 
AH compared to controls. These fiber tracts included the 
arcuate fasciculus (AF), inferior longitudinal fasciculus 
(ILF), the superior longitudinal fasciculus (SLF), infe-
rior fronto-occipital fasciculus (IFO), and the uncinate 
fasciculus (UF). We also found associations with AH in 
interhemispheric fiber tracts including the forceps major 
and minor (FMA and FMI) and the dorsal, peri-genual 
and temporal subsections of the cingulum bundle (CBD, 
CBP, and CBT), as well as in fiber tracts not in the LAPC, 
eg, the vertical occipital fasciculus (VOF) and the OR. 
The involvement of interhemispheric pathways in AH in 
SCZ has been proposed previously, but findings have been 
inconsistent.4,18,27,29,65 Our results provide evidence for the 
involvement of interhemispheric fiber tracts in AH and 
suggest that the relationship between WM microstructure 
and AH is widespread rather than confined to the LAPC.

The AH− group differed significantly compared to 
healthy controls for all uni- and multimodal g-factors, ex-
cept g-FA, suggesting a generalized effect. In agreement 
with the literature,33–35 the first principal components 
explained most of the variation in the unimodal principal 
component analyses (41.1%–63.9%), while the second 
principal components explained only 5.4%–6.6%. For the 
multimodal g-factors, the second principal component 
explained a non-negligible proportion of the variation, 
which is also in line with past studies.33–35 Interestingly, 
g-AD was significantly higher in AH− patients compared 
to controls although there were no significant tract-
specific differences for AD. Similarly, g-Dim2, which 
mostly received contributions from FA (33.9%) and AD 
(60.1%), was significantly lower in AH− compared to 
controls. These findings may indicate enhanced sensi-
tivity to WM microstructure differences with the use of 
dimensionality reduction.

In a study on individuals at clinical high risk for psy-
chosis and patients with first-episode psychosis, Sato et 
al21 found positive associations between current halluci-
nation severity and MD in the left SLF and inferior IFO. 
Though this contrasts with our findings, the patients 
included in our study had a relatively long duration of 
illness (mean = 10.6 years). Similarly, Salisbury et al14 
reported associations between current hallucination 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgae008#supplementary-data
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severity and quantitative anisotropy in first-episode psy-
chosis.66 Given the dynamic nature of WM microstruc-
ture,60 it would be necessary to perform longitudinal data 
collection to assess trajectories of WM microstructure 
and AH. We could not ascertain if  the observed group 
differences emerged after illness onset or point toward a 
subgroup of patients that are less prone to AH and more 

likely to exhibit WM differences as measured with DTI. 
Notably, our follow-up analyses on patients without cur-
rent AH but with a lifetime history of AH (L-AH) showed 
group differences between patients with lifetime AH 
compared to controls in several fiber tracts. On the other 
hand, patients with no lifetime history of AH (N-AH) 
did not differ compared to healthy controls. Given the 

Fig. 3.  Uni- and multimodal g-factors residualized with respect to age, age2, and sex for controls (CTR), patients with current 
hallucinations (AH+), and patients without current hallucinations (AH−).
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small number of participants with no lifetime history 
of AH (n = 24), this may reflect a loss of power in these 
analyses. We encourage future studies to assess the longi-
tudinal course of WM microstructure and relationships 
with AH as the illness progresses from an acute to a more 
chronic phase.

There were no significant group differences in g-factors 
between patients who used antipsychotic medica-
tion compared to patients who did not, nor significant 
associations between g-factors and CPZ-equivalent dose. 
However, only a small number of patients did not use an-
tipsychotic medication and we did not have data on cu-
mulative exposure which may have challenged our ability 
to detect medication-related effects. The literature on the 
effects of antipsychotic medication on DTI metrics is 
sparse and has largely focused on FA.67 Previous studies 
have reported both reduced68 and increased69–71 FA fol-
lowing antipsychotic treatment. Further studies with 
more comprehensive medication data are needed to char-
acterize the effects of antipsychotic medication on WM 
microstructure.

It should be noted that although associations with 
DTI metrics are often ascribed to microstructural tissue 
properties such as degree of myelination, fiber tract or-
ganization, axonal ordering and density, and membrane 
permeability, the specificity is low and DTI metrics reflect 
a combination of neurobiological processes.72,73 In par-
ticular, the interpretation of FA as a measure of white 
matter integrity has been questioned.74 While it is not 
possible to directly link DTI metric alterations to mi-
crostructure, DTI metrics exhibit different sensitivities 
to distinct tissue properties. For instance, joint diffusion 
and histological studies in the cuprizone model of demy-
elination in mice indicate that RD is related to de- and 
re-myelination,75–77 whereas AD may be more sensitive 
to axonal damage.78 Similarly, MD has been reported to 
be more sensitive to myelin-staining indices than either 
FA or RD.79 We therefore recommend that future studies 
employ a wider range of diffusion metrics to investigate 
putative WM microstructural correlates of AH in SCZ.

The present study highlights some important 
challenges when mapping symptoms onto function-
ally defined brain networks, that are also relevant in the 
context of  other symptom constructs such as Formal 
Thought Disorder (FTD).80 Importantly, longitudinal 
assessments of  both symptoms and brain structure are 
needed to investigate the time-varying course of  AH, 
its relationship with illness duration and phase, and to 
track putative compensatory changes reflecting WM 
plasticity. The challenge of  clinical heterogeneity and 
overlap with variation in healthy controls may be partly 
mitigated by employing a symptom capture approach 
to assess within-subject neural correlates of  AH.31 
Furthermore, experimental paradigms hold great poten-
tial for formulating and testing mechanistic models of 
AH and recent animal studies on experimentally induced 

hallucination-like percepts have yielded insights difficult 
to achieve in studies on humans.81 Finally, most studies 
on AH do not distinguish between distinct features of 
AH such as frequency, localization of  the percepts, and 
the valence of  voices, which may reflect discrete neuro-
biological mechanisms and future studies should strive 
toward a more detailed characterization of  the phenom-
enology of  AH.

Strengths of the study included a clinically well-
characterized patient group, which allowed us to test 
associations with current antipsychotic medication use 
and dose, duration of illness, and psychotic symptoms. 
Importantly, our relatively large sample size afforded us 
the statistical power to assess a broader range of fiber 
tracts than previous studies and to combine and compare 
FA, MD, RD, and AD through dimensionality reduc-
tion. Fiber tractography was performed using a repro-
ducible framework at the subject-level rather than relying 
on maps from subject space to a common template. This 
improves the accuracy of fiber tract reconstruction by 
taking individual anatomical differences into account.

Several important limitations should be considered 
when evaluating the results of this study. Since the data 
were cross-sectional, we could not estimate longitudinal 
changes to WM microstructure. Similarly, fluctuations in 
the presence and severity of AH may have impacted the 
stratification approach. We also did not have access to 
cumulative exposure to antipsychotic medication or du-
ration of AH. The current AH+ group was smaller than 
the current AH− group which may have reduced sensi-
tivity. In line with some previous studies,65,82–84 we only 
observed significant differences compared to controls and 
not between AH+ and AH−. As such, strong conclusions 
on the differences between AH+ and AH− should be 
avoided. Hallucination status was assessed with 2 dif-
ferent instruments, PANSS and SAPS, in the TOP and 
the HUBIN datasets, and there were differences in the 
clinical characteristics, with the patients in the HUBIN 
dataset having a longer duration of illness. Furthermore, 
while we matched patients and controls on scanner and 
corrected for scanner effects using a well-established har-
monization procedure, we cannot rule out that residual 
effects of scanner remained. Finally, DTI metrics are in-
direct measures of WM microstructure and strong bio-
physical conclusions should be avoided.74,85

In conclusion, we found higher MD and RD across 
widespread fiber tracts mainly in patients without cur-
rent AH compared to controls. In contrast to our hy-
pothesis, patients with SCZ and current AH only differed 
significantly relative to healthy controls for MD in the 
MDLF and for MD and RD in the OR. These results 
challenge the idea that altered DTI metrics in the LAPC 
in patients with SCZ is a specific feature underlying AH. 
Instead, the findings suggest a more complex relation-
ship between AH status and WM microstructure. We 
encourage future studies to investigate the longitudinal 
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course of  AH and WM microstructure and to employ 
more direct measures of  myelin alongside detailed clin-
ical evaluations of  AH.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin Open online.
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