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Background: Functional connectivity abnormalities be-
tween Broca’s and Wernicke’s areas and the putamen re-
vealed by functional magnetic resonance imaging (fMRI) 
are related to auditory hallucinations (AH). In long-term 
schizophrenia, reduced white matter structural integrity 
revealed by diffusion imaging in left arcuate fasciculus 
(connecting Broca’s and Wernicke’s areas) is likely re-
lated to AH. The structural integrity of connections with 
putamen and their relation to AH are unknown. Little is 
known about this relationship in first-episode psychosis 
(FEP), although auditory transcallosal connections were 
reported to play a role. White matter in the Broca’s-
Wernicke’s-putamen language-related circuit and au-
ditory transcallosal fibers was examined to investigate 
associations with AH in FEP. Methods: White matter 
connectivity was measured in 40 FEP and 32 matched 
HC using generalized fractional anisotropy (gFA) de-
rived from diffusion spectrum imaging (DSI). Results: 
FEP and HC did not differ in gFA in any fiber bundle. 
In FEP, AH severity was significantly inversely re-
lated to gFA in auditory transcallosal fibers and left ar-
cuate fasciculus. Although the right hemisphere arcuate 
fasciculus-AH association did not attain significance, 
the left and right arcuate fasciculus associations were 
not significantly different. Conclusions: Despite overall 
normal gFA in FEP, AH severity was significantly re-
lated to gFA in transcallosal auditory fibers and the left 
hemisphere connection between Broca’s and Wernicke’s 
areas. Other bilateral tracts’ gFA were weakly associated 
with AH. At the first psychotic episode, AH are more ro-
bustly associated with left hemisphere arcuate fasciculus 
and interhemispheric auditory fibers microstructural 
deficits, likely reflecting mistiming of information flow 
between language-related cortical centers.

Key words:   first-episode psychosis/auditory 
hallucination/arcuate fasciculus/Broca’s area/Wernicke’s 
area/putamen/transcallosal fibers

Introduction

Inferior frontal gyrus (IFG) and posterior temporal/pari-
etal areas are critical for language-related functioning.1–5 
IFG is crucial for verbal fluency,6 and is thought to con-
trol guided semantic access.7 Increased functional mag-
netic resonance imaging (fMRI) activity in Broca’s area 
in IFG is associated with decreased activity in Wernicke’s 
area in posterior temporal/parietal cortex,8 indicating in-
hibitory control from IFG to semantic memory access via 
posterior temporal/parietal cortex.

Basal activity and functional connectivity between 
these areas is impaired in schizophrenia (Sz). Using 
fMRI, Kuperberg et al9 showed a failure of Broca’s-to-
Wernicke’s inhibition in Sz on a semantic association task, 
with widespread temporal cortex over-activity. Crossley 
et  al10 indicated a similar failure of temporal area de-
activation on a working memory task in first-episode 
schizophrenia (FESz) and clinical high risk for psychosis 
individuals (CHR). Basal over-activity in the left hemi-
sphere dominant language/semantic network has also 
been observed in CHR subjects, and over-activation of 
left superior temporal gyrus and left IFG was greater in 
those that transitioned to psychosis.11

Frontal-temporal functional dysconnectivity is rel-
evant for auditory hallucinations (AH). AH are asso-
ciated with increased basal activity in left Wernicke’s 
area, primary auditory cortex,12–16 and Broca’s area.13 
Increased fMRI functional connectivity between 
these areas has been demonstrated in AH.17 A  lack 
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of  information flow during internal speech from left 
Wernicke’s and right hemisphere homologues of  Broca’s 
and Wernicke’s areas to left Broca’s area may charac-
terize AH.18 Increased basal blood flow in left hemi-
sphere auditory cortices normalized with resolution of 
AH but returned with relapse.19 Further, brain stimula-
tion with repetitive Transcortical Magnetic Stimulation 
(rTMS) produces reductions of  AH and basal activity 
in left temporal/parietal language areas20–22 in most 
medication-resistant hallucinators. Finally, basal ac-
tivity demonstrated by arterial spin labeling is reduced 
in Wernicke’s area, Broca’s area, and primary auditory 
cortex after rTMS for AH.16 Thus, AH are associated 
with functional connectivity abnormalities in the lan-
guage/semantic cortical circuit that may lead to over-
activation within left Wernicke’s area due to failure of 
Broca’s area controlled inhibition.

The arcuate fasciculus, the major fiber bundle con-
necting Broca’s and Wernicke’s areas, may underlie such 
functional dysconnectivity. What arcuate fasciculus 
structural abnormalities impact the functional connec-
tivity between Broca’s and Wernicke’s areas remain un-
known. Strik and colleagues14 proposed that Broca’s and 
Wernicke’s areas were hyper-connected, demonstrating 
increased functional anisotropy (FA) using Diffusion 
Tensor Imaging (DTI) in hallucinators (AH+) vs non-
hallucinators (AH-).23 On the other hand, Ford and col-
leagues speculated a failure of corollary discharge from 
frontal cortex to dampen auditory cortex activity leads 
to AH.24–26 Whitford et al27 showed associations between 
reduced arcuate fasciculus integrity and a failure of cor-
ollary discharge in early course Sz. Thus, both structural 
hyper- and hypo-connectivity of arcuate fasciculus have 
been proposed as the underlying white matter abnor-
mality causing AH. Most studies of arcuate fasciculus 
integrity in Sz independent of the presence of AH have 
found decreased FA in the left arcuate fasciculus (table 1). 
Most studies find lower FA in the left arcuate fasciculus 
in AH+ compared to AH-, although some report arcuate 
fasciculus hyper-connectivity in AH+ (table 1).

FESz show more subtle white matter abnormalities 
(ref. 40, table 2). Most studies examining the arcuate fas-
ciculus observed no abnormalities in FESz,41,42 although 
lower diffusivity in the left arcuate fasciculus, the left pos-
terior superior temporal gyrus, and superior longitudinal 
fasciculus have been reported.43–45 No studies compared 
FESz hallucinators and non-hallucinators.

Because Sz shows progressive white matter impairment 
throughout life,48 individuals with long-term Sz likely 
have greater structural deterioration compared to FESz. 
The rate of white matter decline with age is 60% steeper 
in Sz than in neurotypical aging,49 resulting in greater dif-
ferences in FA as the disease progresses. Examination of 
specific neurobiological circuits that relate to symptoms 
present at disease onset will help determine whether white 
matter deficits are proximal to symptom emergence or 

develop as a disease consequence. We hypothesize AH se-
verity in early disease course will correlate with structural 
integrity in the left arcuate fasciculus.

However, while the arcuate fasciculus is a critical 
tract connecting 2 central hubs of the left hemisphere 
dominant language system, other areas are involved in 
AH and may show physical dysconnectivity. Hoffman 
et  al17 proposed that fMRI-demonstrated functional 
dysconnectivity between 3 legs of a Broca’s-Wernicke’s-
putamen circuit led to AH. Although the putamen is 
traditionally thought of as a motor area,50,51 it has a role 
in non-motoric aspects of speech such as syntax,52 and 
reductions of left putamen volume occur in progressive 
semantic dementia.53 Vinas-Gausch & Wu50 argued that 
putamen influenced language production via connections 
with Broca’s area and motor cortices, but also showed ex-
tensive connections to areas involved in syntactic, pho-
nological, and semantic processing, including left Broca’s 
area, left Wernicke’s area, left inferior parietal lobule, 
and left middle temporal gyrus. Thus, putamen plays a 
role in more cognitive aspects of language, although its 
precise role is unknown. Later single voxel connectivity 
analysis from the Hoffman group suggests AH are related 
to abnormal activity in the left language circuit and the 
default mode network, with hubs in Broca’s, Wernicke’s, 
and left putamen.54 Using fMRI, Cui et  al55 found re-
duced left putamen low-frequency activity in AH+ vs 
AH- FESz. Relatedly, Dandash et al56 reported (among 
other findings) increased resting-state functional connec-
tivity between putamen and left superior temporal gyrus 
in CHR. Thus, there is evidence for pathophysiology in 
Broca’s-Wernicke’s-putamen in AH+ Sz, even early in 
disease course.

Few studies have looked at physical connections be-
tween Broca’s area and putamen or Wernicke’s area and 
putamen. Quan et  al57 reported reduced FA in the left 
hemisphere tracts connecting the striatum (putamen, 
caudate, and nucleus accumbens) and the IFG (pars 
opercularis, pars tirangularis, pars orbitalis). Bloemen 
et al58 reported reduced white matter integrity in left su-
perior temporal areas and adjacent to right putamen 
(among other areas) in ultra-high risk individuals that 
later transitioned to psychosis. Still, putamen structural 
connectivity in Sz and its role in AH is little studied.

Finally, interhemispheric auditory cortex communica-
tion is likely also affected in AH, although results have 
been equivocal. Auditory transcallosal fibers showed in-
creased FA in AH+ FESz,59 but others report reduced 
transcallosal FA in AH+.37,60,61 Definitive knowledge is 
lacking.

In summary, 2 major circuits, the Broca’s 
area-Wernicke’s area-putamen circuit and the 
interhemispheric auditory connections, have emerged 
as likely culprits in the genesis of  AH. Although some-
what equivocal, the weight of  evidence for arcuate 
fasciculus and auditory transcallosal fibers suggests 
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reduced structural integrity. As mentioned above, left 
Wernicke’s area over-activation may be a final common 
pathway for AH. Paradoxically, reduced physical con-
nectivity may lead to functional over-activity from in-
hibitory decoupling, and recent work has demonstrated 
increased fMRI functional connectivity following mild 
traumatic brain injury.62 In terms of  structural integrity 

of  white matter, relatively little is known about the 
connections between the hub areas of  the “Hoffman 
Hallucination Circuit,” or in the connections between 
the right and left hemisphere auditory cortices with re-
spect to hallucinations. To determine the integrity of 
these white matter pathways, we examined white matter 
integrity and AH status in first-episode psychosis 

Table 1.  Arcuate Fasciculus Findings in Sz

Reference Participants
Field 

Strength Findings

Abdul-Rahman et al28 32 Sz  
44 HC

3T Sz had lower FA in left frontal arcuate fasciculus  
Sz had higher FA and AD in left temporal arcuate fas-
ciculus  
FA and AD correlated positively with severe positive 
symptoms

Boos et al29 126 Sz  
123 nonpsychotic  
siblings  
109 HC

1.5T FA in arcuate fasciculus negatively correlated with 
PANNS positive, negative, general, and total symptom 
scores  
Siblings had higher FA than Sz and HC

Burns et al30 30 Sz  
30 HC

1.5T Sz had lower FA in left arcuate fasciculus

Kubicki et al31 21 Sz  
26 HC

1.5T Sz had lower FA in left arcuate fasciculus

Catani et al32 17 AH+  
11 AH-  
59 HC

1.5T Sz had lower FA in left and right arcuate fasciculus  
AH+ had lower FA in left and right arcuate fasciculus  
AH- had lower FA in left and right arcuate fasciculus

Ćurčić-Blake18 17 AH+  
14 AH-  
14 HC

3T AH+ had lower FA in anterior left and right arcuate 
fasciculus

de Weijer et al33 44 AH+  
42 HC

3T AH+ had lower FA in left and right arcuate fasciculus

de Weijer et al34 35 Sz AH+  
35 nonpsychotic AH+  
36 HC

3T Sz AH+ had lower FA in left arcuate fasciculus than 
HC and nonpsychotic AH+

Hubl et al14 13 AH+   
13 AH-   
13 HC

1.5T FA higher in right vs left arcuate fasciculus  
AH+ had higher FA in left lateral arcuate fasciculus 
than AH- or HC  
AH+ and AH- had lower FA in medial left arcuate 
fasciculus

McCarthy-Jones et al35 18 Current AH+  
21 Remitted AH+  
40 non-auditory  
hallucinations  
34 no hallucinations  
40 HC

1.5T AH+ had lower FA in left arcuate fasciculus versus 
HC or AH-  
AH+ had lower FA in left arcuate fasciculus than AH- 
w/ hallucinations in other modalities  
FA of left arcuate fasciculus had nonlinear relation-
ship with AH state

Phillips36 23 Sz  
22 HC

1.5T Sz had lower FA in left arcuate fasciculus  
Sz had lower volume of left arcuate fasciculus

Rotarska-Jagiela et al37 24 AH+ paranoid Sz   
24 HC

3T Sz had higher FA in arcuate fasciculus than HC  
FA in left arcuate fasciculus correlated positively with 
positive PANSS factor and AH severity

Seok et al38 15 AH+  
15 AH-  
22 HC

1.5T Both AH+ and AH- had lower FA in the anterior su-
perior longitudinal fasciculus

Shergill et al39 9 Current AH+  
17 Remitted AH+  
7 AH-  
40 HC

1.5T Sz had lower FA in right frontal and temporal-parietal 
portions of superior longitudinal fasciculus  
FA of lateral aspect of left and right superior longitu-
dinal fasciculus positively correlated with “propensity 
for auditory hallucinations”

Note: Sz, schizophrenia; FESz, first-episode schizophrenia; HC, healthy comparison subjects; AH+, hallucinations present; AH-, no hal-
lucinations; T, Tesla; FA, fractional anisotropy; AD, axial diffusivity; PANSS, Positive and negative Syndrome Scale.



152

D. F. Salisbury et al.

(FEP) individuals, with the hypothesis of  reduced FA 
in one or more of  the pathways that correlated with 
AH severity.

Methods and Materials

Participants

Forty FEP individuals recruited from consecutive ad-
missions to Western Psychiatric Hospital inpatient and 
outpatient services were compared with 32 matched 
HC. FEP individuals were within 2 months of their first 
clinical contact for psychosis, and met criteria for a full 
psychotic episode. Twenty-one FEP individuals were 
diagnosed with Sz (paranoid = 11, undifferentiated =10), 
7 with psychotic disorder NOS, 3 with schizoaffective 
disorder (depressed subtype  =  2, bipolar subtype  =  1), 
2 with schizophreniform disorder, 3 with major depres-
sive disorder with psychotic features, and 4 with Bipolar 
I with psychotic features. FEP had less than 2 months of 
lifetime antipsychotic medication exposure. Twelve FEP 
(30.0%) were unmedicated.

None of  the participants had a history of  concus-
sion or head injury with sequelae, history of  alcohol or 
drug dependence, detox in the last 5 years, or neurolog-
ical comorbidity. The 4-factor Hollingshead Scale was 
used to measure socioeconomic status (SES) in par-
ticipants and in their parents. Groups were matched 

for age, gender, handedness, premorbid estimates of 
intelligence based on the Wechsler Abbreviated Scale 
of  Intelligence (WASI), and parental SES (table  3). 
Participants provided informed consent and were paid 
for participation. Procedures were approved by the 
University of  Pittsburgh IRB.

Diagnostic Assessments

Diagnosis was based on the Structured Clinical Interview 
for DSM-IV (SCID-P). Symptoms were rated using the 
Positive and Negative Symptom Scale (PANSS), Scale for 
Assessment of Positive Symptoms (SAPS), and Scale for 
Assessment of Negative Symptoms (SANS, table 3). AH 
severity was based on the PANSS hallucination score. 
Questionable hallucinators (ie, participants appearing 
to be responding to internal stimuli) were grouped with 
AH+.

Neuropsychological Tests

Participants completed the MATRICS Cognitive 
Consensus Battery (MCCB) and the WASI. Social func-
tioning was assessed with the Global Assessment Scale 
(GAS), Global Functioning: Social and Role scales 
(GF:S, GF:R), and the Social Functioning Scales (SFS, 
table 3).

Table 2.  Arcuate Fasciculus Findings in Early Schizophrenia

Reference Participants
Field 

Strength Findings

Cheung et al41 25 FESz  
26 HC

1.5T No FA differences

Cheung et al43 34 FESz  
32 HC  
Includes par-
ticipants from 
Cheung et al43

1.5T FESz had lower FA in left superior temporal gyrus (right frontal lobe,  
left anterior cingulate gyrus, etc.)  
FESz with more positive symptoms had FA values closer to controls

Douaud et al44 25 adolescent 
onset Sz  
25 HC

1.5T Sz had reduced FA in left arcuate fasciculus  

Karlsgodt et al46 12 recent-onset Sz  
17 HC

1.5T Sz had lower FA in superior longitudinal fasciculus; particular deficit in  
left hemisphere

Mandl et al47 16 FESz  
23 HC

1.5T Group differences between FESz and HC in left arcuate fasciculus from  
combined FA, mean diffusivity, magnetization transfer ratio values

Peters et al42 10 FESz (first or 
second episode)  
10 UHR  
10 HC

3T No FA differences

Szeszko et al45 10 FESz  
13 HC

1.5T FESz had lower FA in left posterior superior temporal gyrus  
(primary auditory cortex)

Whitford et al27 51 Early Course 
Sz  
40 CHR  
59 HC

3T ESz had lower FA in arcuate fasciculus than CHR and HC  
ESz had higher radial diffusivity in arcuate fasciculus than CHR  
and HC

Note: Sz, schizophrenia; ESz, early course schizophrenia; FESz, first-episode schizophrenia; HC, healthy comparison subjects; AH+, hal-
lucinations present; AH-, no hallucinations; UHR, ultra-high risk for psychosis; CHR, clinical high risk for psychosis.
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Image Acquisition

T1-weighted structural images were obtained on a 3T 
Siemens TIM Trio MRI system using a MPRAGE se-
quence. Contiguous slices were acquired in the sag-
ittal plane with 1  mm3 voxel resolution (TR/TE/TI 
[ms]  =  2530/1.74, 3.6, 5.46, 7.32/1260, 7° flip angle, 
256  × 256  × 176 acquisition matrixes, FOV  =  256  × 
256 mm, GRAPPA acceleration factor = 2, acquisition 
time 6:02). 

Diffusion spectrum imaging (DSI) was acquired in the 
same magnet and session using 101 diffusion-encoding 
directions (bmax  =  4000  s/mm2, 1.8  mm in-plane reso-
lution, 1.8 mm slice thickness, TR/TE = 9100/142 ms, 12 
b = 0 s/mm2 images, multiband acceleration factor = 3, 
113 images total, acquisition time 8:32). Images were re-
constructed with generalized q-Sampling imaging with 
a sampling length ratio of 1.2, half-sphere DSI-scheme, 
and restricted diffusion imaging.60

DSI Analysis

Diffusion fiber tracking utilized DSI_Studio software 
using a deterministic fiber tracking algorithm,63 with a 
step size of 1.0  mm, minimum fiber length of 20  mm, 
and turning angle threshold of 75. Progressive direction 
estimates were weighted 80% by neighboring fibers and 

20% by the previous step. Fibers were thresholded at a 
quantitative anisotropy value of .015-.040. The 3 fiber 
tracts in each hemisphere that connect Broca’s area to 
Wernicke’s area (arcuate fasciculus), Broca’s area to pu-
tamen, and Wernicke’s area to putamen were isolated, as 
were the transcallosal fibers connecting auditory cortex 
(figure  1). Tracts were identified by seeding a predeter-
mined number of fibers previously shown to provide full 
coverage of each tract. The arcuate fasciculus was de-
fined as 5000 fibers between Broca’s (Brodmann’s Areas 
44/45) and Wernicke’s (Brodmann’s Area 22). Fibers were 
seeded in either Broca’s or Wernicke’s and had to termi-
nate in either area. The tract from Broca’s to putamen 
was defined as 5000 fibers between Broca’s and the pu-
tamen (Harvard Oxford Subcortical Atlas). Fibers were 
seeded in either Broca’s or the putamen and had to termi-
nate in either area. The tract from Wernicke’s to putamen 
was defined as 5000 fibers between Wernicke’s and the pu-
tamen. Fibers were seeded in either Wernicke’s or the pu-
tamen and had to terminate in either area. The auditory 
transcallosal fibers were defined as 1000 fibers passing 
through the posterior third of the corpus callosum and 
ending bilaterally in Brodmann’s area 22, Heschl’s gyrus, 
or planum temporale. Manual editing was performed for 
quality control. When fibers were not part of the tract 
of interest (eg, inferior longitudinal fasciculus fibers were 

Fig. 1.  The Tracts-of-Interest. (A) Arcuate Fasciculus (AF) connecting Broca’s area (Brodmann’s areas 44/45) and Wernicke’s area 
(Brodmann’s area 22) Colors indicate direction. (B) Broca’s area to putamen (Br-Put) and Wernicke’s area to putamen (W-Put). 
Colors indicate direction. (C) Hoffman hallucination circuit between Broca’s area, Wernicke’s area, and putamen (shown only for left 
hemisphere). Colors indicate different tracts. (D) Auditory transcallosal fibers (ATC) connecting Heschl’s gyrus (HG), planum temporale 
(PT), and Wernicke’s area (Brodmann’s area 22) bilaterally. Colors indicate direction. (E) Final distributed circuit (right hemisphere 
Broca’s area-Wernicke’s area-putamen tracts not shown).
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sometimes traced along with the arcuate fasciculus), they 
were manually removed.

Generalized FA (gFA) was used among DSI metrics as it 
approximates the widely used FA from DTI. DTI calculates 
the flow of water in each voxel along several dimensions 
and calculates a tensor for each voxel, akin to an average 
vector of the rate of flow within the voxel. FA is defined as 
the ratio of the standard deviation of flow in 3 dimensions 
(the main axis of flow and the 2 directions orthogonal to 
it) to the average flow variance (root mean square) within 
the voxel. DSI measures the density of diffusion. The DSI 
orientation distribution function indicates the directions 
of movement within a voxel and the density of flow within 
each direction, providing “sub-voxel” resolution of multiple 
“directionalities.” gFA is calculated as the standard devia-
tion of the orientation density function to the root mean 
square estimate of the overall variance. Both FA and gFA 
are unitless and range between 0 and 1.

Analyses

Group demographics and neuropsychological scores 
were compared using t-tests and chi-squared tests 
where appropriate. DSI analyses for transcallosal fi-
bers utilized one-way ANOVA, and for bilateral tracts 
utilized repeated-measures ANOVA, with group as the 
between-subjects factor, and hemisphere as the within-
subjects’ factor. Planned comparisons of AH+ and 
AH- FEP subgroups and HC utilized Tukey’s Honestly 
Significant Difference. Correlations used Spearman’s rho. 
Significance was attained at P <.05.

Results

Demographics, Neuropsychological Function, and 
Clinical Symptoms

FEP and HC did not significantly differ in age, gender 
distribution, handedness, premorbid IQ, SES, or parental 
SES (table 3). FEP scored lower than HC on the MCCB 

composite score, consistent with the deleterious effects of 
psychosis on cognition, in the context of good premorbid 
IQ. FEP were generally more impaired in social func-
tioning. AH+ and AH- did not differ significantly on any 
demographic, neuropsychological, or social functioning 
measure, although AH+ generally had greater symptoms 
(table 3) (Covarying total PANSS scores and medication 
did not change the differences between AH+ and AH- 
groups. Further, total PANSS and Positive and Negative 
factor scores did not correlate significantly with gFA in 
any tract.).

Auditory Transcallosal gFA

One-way ANOVA revealed that FEP and HC did not differ 
in gFA in auditory transcallosal fibers (F(1,70)  =  0.34, 
P  =  .562, see table  4 for all gFA measures). However, 
among FEP, auditory transcallosal gFA correlated with 
hallucination severity (ρ = −0.45, P = .004, figure 2A, see 
table 5 for all correlations).

Omnibus Analysis of gFA for Bilateral Tracts

Repeated-measures ANOVA of all bilateral tracts indi-
cated differences in gFA among tracts (F(2,140) =119.30, 
P < .001, ε = 0.99) with Wernicke’s to putamen greatest 
(0.109) followed by Broca’s to Wernicke’s (0.103) and 
Broca’s to putamen (0.095). gFA was larger in the 
left hemisphere (0.103) than the right (0.101; (F(1,70) 
=6.64, P  =  .012), but this hemispheric asymmetry was 
not the same for all tracts (Tract × Hemisphere inter-
action F(2,140) =3.33, P = .04, ε = 0.99). Subsequently 
rmANOVAs were performed for each tract.

Arcuate Fasciculus gFA

There were no significant differences in gFA between FEP 
and HC for bilateral arcuate fasciculus fibers (F(1,70) < 
0.001, P = .994), and no asymmetry between hemispheres 
in either group (F(1,70) = 0.008, P = .930, table 4). However, 

Table 4.  gFA of the Hoffman Hallucination Circuit Hub Connections

FEP HC AH+ AH-

N 40 32 23 17
Auditory transcallosal 0.115 ± 0.009 0.114 ± 0.008 0.112 ± 0.009 0.119 ± 0.008a

Left arcuate fasciculus 0.103 ± 0.008 0.103 ± 0.009 0.101 ± 0.007 0.106 ± 0.008
Right arcuate fasciculus 0.103 ± 0.008 0.103 ± 0.006 0.102 ± 0.008 0.105 ± 0.007
Left Broca’s area to putamen 0.094 ± 0.006 0.097 ± 0.007 0.092 ± 0.004b 0.096 ± 0.008
Right Broca’s area to putamen 0.093 ± 0.007 0.095 ± 0.008 0.093 ± 0.006 0.094 ± 0.008
Left Wernicke’s area to putamen 0.111 ± 0.008 0.111 ± 0.009 0.109 ± 0.009 0.113 ± 0.007
Right Wernicke’s area to putamen 0.105 ± 0.009 0.109 ± 0.010 0.103 ± 0.007b 0.109 ± 0.009

Note: AH+, FEP with hallucinations; AH-, FEP without hallucinations; gFA, generalized fractional anisotropy; FEP, first-episode psy-
chosis; HC, healthy comparison subjects.

aAH+ were significantly smaller than AH- via Tukey’s Honestly Significant Difference (HSD).

bAH+ were smaller than HC via Tukey’s HSD.
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among FEP left arcuate fasciculus gFA correlated robustly 
with hallucination severity (ρ = −0.41, P = .009, figure 2B, 
table 5), but right hemisphere arcuate fasciculus gFA did 
not attain significance (ρ = −0.244, P = .141). The arcuate 
fasciculus-AH association strength was not significantly 
different between hemispheres using a within-subjects 
z-transform comparison (P = .144), but would attain sig-
nificant difference with a sample size of 90.

Broca’s Area to Putamen gFA

For bilateral Broca’s area to putamen fibers, there were 
no significant differences in gFA between FEP and HC 
(F(1,70) = 2.693, P = .105), and no asymmetry between 
hemispheres in either group (F(1,70) = 2.525, P = .117, 
table 4). Among FEP, neither left nor right Broca’s area 
to putamen gFA correlated significantly with hallucina-
tion severity (table 5).

Wernicke’s Area to Putamen gFA

For bilateral Wernicke’s area to putamen fibers, there were 
no significant differences in gFA between FEP and HC 
(F(1,64) =1.955, P = .166). The left hemisphere Wernicke’s 

area to putamen fibers showed greater gFA than the right 
hemisphere fibers (F(1,70) =7.367, P  =  .008), and this 
left greater than right asymmetry did not differ between 
FEP and HC (F(1,70) =1.221, P = .273, table 4). Among 
FEP, neither left nor right Wernicke’s area to putamen 
gFA correlated significantly with hallucination severity 
(table 5).

Discussion

FEP did not show overall white matter deficits in the 
tracts studied. However, gFA in the interhemispheric au-
ditory connections was robustly associated AH severity, 
and among overall weak correlations in bilateral tracts, 
the left arcuate fasciculus showed the most robust associa-
tion. Together, these results suggest early microstructural 
white matter abnormalities in psychosis that may relate 
to symptoms, yet be too small to detect as overall group 
differences. We show for the first time that, despite group 
gFA in the normal range, AH are associated with im-
paired white matter integrity in FEP. Although displaying 
only subtle microstructural white matter abnormalities, 
the major frontal-temporal left hemisphere language-
related connection and auditory cortex interhemispheric 
communication were robustly associated with halluci-
nation severity in FEP. Although the associations in the 
Hoffman hallucination circuit were most robust in the 
left arcuate fasciculus, all of the remaining bilateral tracts 
showed some degree of inverse relationship between 
gFA and AH, albeit nonsignificantly (table 5). Thus, the 
present data cannot determine if  this white matter integ-
rity—psychotic symptom association is specific to the left 
arcuate fasciculus or reflects a more widespread abnor-
mality. To the degree that reduced directionality in fiber 
tracts results in slowed conduction times,26 this finding 
suggests mistiming of information flow in language/se-
mantic circuits and between hemispheres in both primary 
and secondary auditory cortices. 

Symptom capture studies have identified several 
nodes that appear to be functional hubs in AH17,54 in-
cluding Broca’s area, Wernicke’s area, and the putamen. 

Table 5.  Pearson’s ρ Measures of Association Between 
Hallucinations and Each Tract gFA

Auditory  
Transcallosal

Arcuate  
Fasciculus

Broca’s 
Area to 
Putamen

Wernicke’s  
Area  
to Putamen

 −0.45  
P = .004

   

Left  
Hemisphere

 −0.41  
P = .009

−0.28  
P = .084

−0.21  
P = .196

Right Hem-
isphere

 −0.24  
P = .141

−0.21  
P = .194

−0.23  
P = .157

Note: Subject sample size = 40. Nonparametric Pearson’s ρ is re-
ported. P values are 2-tailed. Significant correlations are bolded. 
gFA, generalized fractional anisotropy. Auditory transcallosal fi-
bers span both hemispheres.

Fig. 2.  Scatterplots of auditory hallucination (AH) severity and gFA in FEP. (A) AH severity is related to auditory transcallosal gFA. 
(B) AH severity is related to left arcuate fasciculus (AF) gFA.
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Using this framework to generate a priori hypotheses 
of dysconnectivity between the nodes in AH, we found 
left Broca’s area to putamen and right Wernicke’s to pu-
tamen gFA reductions in AH+ FEP relative to controls. 
We also observed reduced gFA in auditory transcallosal 
connections in AH+ relative to AH-. Interestingly, the 
connections to putamen are unidirectional, suggesting a 
major impairment of auditory-related cortical informa-
tion flow to the basal ganglia in AH+ (Cortical projec-
tions from striatal areas arise from the globus pallidus). 
While it remains unknown precisely what role the pu-
tamen plays in AH, reduced volume,65 abnormal hemo-
dynamic coupling,17 and now dysconnection with Broca’s 
and Wernicke’s areas appear to reflect pathology specific 
to AH. Thus, as proposed by Hoffman et al,17 abnormal 
putamen connectivity may play a role in abnormal activa-
tions of semantic stores in concert with dys-coordination 
between Broca’s and Wernicke’s areas. However, the 
overall gFA reductions in AH+ must be interpreted 
with caution due to the lack of an overall group differ-
ence in the omnibus ANOVA, and need replication and 
validation.

Several other caveats need to be mentioned. The 
hypothesis-driven analyses may overlook white matter 
bundles outside the tracts-of-interest that are associated 
with AH. For example, one major cortical area implicated 
in several fMRI studies of AH is the parahippocampal 
gyrus (refs.66–68, see also meta-analysis69 and review64). The 
hippocampus and its outputs through thalamus to medial 
prefrontal cortex also likely contribute to the phenome-
nology of AH.69–71 Whole-brain analyses with discovery 
and replication samples are needed to determine a data-
driven tractography of AH, studies underway in our lab-
oratory and others. The gray matter seed areas are based 
on relatively gross Brodmann’s areas. For example, we 
used BA 22 as a proxy for Wernicke’s. A  more precise 
parcellation would better isolate the tracts-of-interest. 
We are currently developing a pipeline to utilize the HCP 
quasi-functional cortical parcellation scheme for white 
matter tractography. An atlas of pre-defined white matter 
tracts not relying on gray matter parcellation would be 
optimal and several are in development. We used gFA, 
the DSI analog of DTI FA, in this study for consistency 
with previous studies. Future work will more fully utilize 
the metrics specific to DSI that may better characterize 
the microstructural deficits in the tracts-of-interest. In the 
spirit of a trans-diagnostic systems neuroscience (RDoC) 
approach, we examined a specific symptom (AH) in FEP 
without regard to the primary diagnosis. Still, affective 
psychosis was relatively under-represented. Future work 
should expand the subject Ns available to probe the 
symptom-specific (AH+ vs AH-) vs diagnosis-specific (Sz 
spectrum vs affective psychosis) nature of these deficits.

In summary, we showed associations between AH se-
verity and white matter integrity in FEP. Even at first clin-
ical contact for psychosis, white matter dysconnectivity 

appears to be associated with AH. Understanding the gray 
and white matter structural deficits involved in AH may 
allow for the development of novel therapeutic interven-
tions, such as precisely targeted noninvasive brain stimu-
lation to normalize underlying neural pathophysiology.
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