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Background and Hypothesis:  Formal thought disorder 
(FTD) is a core symptom of psychosis, but its neural 
correlates remain poorly understood. This study tested 
whether four FTD dimensions differ in their association 
with brain perfusion and brain structure. Study Design:  
This cross-sectional study investigated 110 patients with 
schizophrenia spectrum disorders using 3T magnetic res-
onance imaging (MRI). The Thought and Language 
Disorder scale (TALD) was utilized, which comprises four 
subscales: Objective Positive (OP), Objective Negative 
(ON), Subjective Positive (SP), and Subjective Negative 
(SN). Resting-state cerebral blood flow (rsCBF), cortical 
thickness (CortTh), gray matter volume (GMV), and dif-
fusion MRI tractography were tested for associations with 
TALD subscales controlling for age, medication, total in-
tracranial volume, and for variance of the 3 other TALD 
subscales. Study Results:  Following Bonferroni correction, 
the FTD dimensions presented distinct neural correlates. 
OP scores were associated with increased rsCBF and in-
creased GMV in the right cerebellum lingual gyrus. Higher 
SP scores were linked to increased GMV in bilateral pre-
frontal cortex. In contrast, ON was associated with in-
creased GMV in the right premotor cortex. At more liberal 
statistical thresholds, higher SP was associated with in-
creased CortTh in the right inferior frontal gyrus, whereas 
SN scores were linked to decreased GMV in the right pre-
frontal lobe, the left inferior temporal gyrus, and the left 
supplementary motor area. Unadjusted analyses mostly 
corroborated these findings. Conclusion:  These findings 
stress the heterogeneity in FTD, suggesting distinct neural 

patterns for specific FTD experiences. In sum, FTD in psy-
chosis may require distinct treatment strategies and further 
mechanistic investigations on single-item levels. 
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Introduction

Formal thought disorder (FTD) is a multidimensional 
syndrome in many psychiatric disorders that may also 
occur in healthy subjects. It is a core symptom in schiz-
ophrenia with a prevalence of about 50%–80%.1 FTD 
severity may inform prognosis and predict illness se-
verity, as well as occupational attainment, social func-
tioning, well-being, and the quality of therapeutic 
relationships.1–7 The heterogeneity of FTD has been de-
scribed in a positive–negative dichotomy with loose as-
sociations and increased speech production on one side 
and thought blocking and concretism on the opposite.8 
Nevertheless, factor analytic studies suggest up to 5 FTD 
factors, explaining more variance than positive–nega-
tive dichotomy.1,9 While the distinction between positive 
and negative FTD is well established,8 self-reported and 
clinician’s assessment are rarely distinguished.

Kircher et al.10 introduced a novel rating scale, that 
is, the thought and language disorder scale (TALD), 
which distinguishes self-reported (subjective) and clini-
cian reported (objective) as well as positive and negative 
FTD, resulting in 4 FTD dimensions: objective positive 
(OP), objective negative (ON), subjective positive (SP), 
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subjective negative (SN). Factor analysis confirmed these 
4 FTD dimensions. Two studies linked OP FTD to exec-
utive dysfunction, whereas ON FTD was linked to other 
cognitive impairment and poor functioning, while SN 
FTD was associated with poor quality of life.11,12 These 
clinical associations with TALD subscales support the 
consideration of four distinct FTD dimensions, which are 
likely to arise from both shared and distinct neural mech-
anisms. However, little is known on the neural underpin-
nings of the 4 FTD dimensions.

Structural brain imaging of FTD consistently indicates 
reduced gray matter volume (GMV) and lower cortical 
thickness (CorTh) in the language circuitry, including the 
bilateral superior temporal gyrus (STG), inferior pari-
etal lobe (IPL), the inferior frontal gyrus (IFG), and left 
middle temporal gyrus (MTG).8,13–17 Furthermore, posi-
tive FTD was mainly linked to reduced GMV and lower 
CorTh in the core cortical language network including bi-
lateral STG and MTG, as well as the left IFG and IPL.17–

19 In contrast, negative FTD was associated with reduced 
GMV or CorTh in frontal cortices and subcortical struc-
tures including thalamus and hippocampus.17,19,20 Still, 
the available data is missing a consistent pattern of gray 
matter (GM) alterations.

Diffusion tensor imaging (DTI) studies reported white 
matter (WM) alterations in patients with FTD in major 
fronto-temporal and fronto-parietal association fibers.19,21–24 
The majority of studies indicated increased diffusion in lan-
guage tracts in patients with severe positive FTD.19,21–23,25

Functional neuroimaging studies on FTD during rest or 
during language tasks have yielded conflicting findings.8,13 
Perfusion magnetic resonance imaging (MRI) studies 
during the resting-state repeatedly indicated higher perfu-
sion with more severe FTD in regions of the bilateral lan-
guage network, specifically in the IFG, STG, MTG, and 
IPL.15,26,27 Few functional MRI (fMRI) studies investi-
gated positive or negative FTD specifically.8 For instance, 
resting-state perfusion was increased in the STG with 
higher negative FTD ratings.27 Task fMRI studies indi-
cated lower activity in the left temporal cortex in subjects 
with increased positive FTD severity.28,29 In contrast, in-
creased negative FTD was linked to higher activity in bi-
lateral dorsolateral prefrontal cortices (DLPFC), inferior 
frontal, and left temporal cortex during a 2-back task.30

To develop specific treatments for FTD, we need to 
understand the underlying pathobiology. Studies testing 
1 or 2 FTD dimensions broadly indicated an involve-
ment of the language circuitry, but failed to explain spe-
cific phenomena while reporting inconsistent patterns of 
brain-behavior associations. Given the multidimensional 
structure of FTD, we may need to test four dimensions, 
including objective, subjective, negative, and positive 
FTD. As positive and negative FTD typically correlate 
with each other, any correlation between FTD ratings 
and a neuroimaging measure will emphasize common 
over distinct effects of FTD dimensions.8,10,27 Therefore, 

we will explore the neural correlates of four TALD di-
mensions utilizing multimodal brain imaging including 
resting-state perfusion and GM structure in patients with 
schizophrenia. We hypothesize to replicate the general 
association of FTD severity with brain structural and 
perfusion alterations in the broad language network. In 
addition, we assume distinct patterns of brain-behavior 
correlations for OP, ON, SP, and SN FTD dimensions. 
To test specific contributions of each dimension, we will 
control for covariance with the other dimensions.31

Methods

Participants

For the present study, we collected data from 129 pa-
tients, of which 110 entered the final analysis following 
quality checks (see Supplementary figure S1). We com-
bined data from two clinical trials targeting psychomotor 
slowing or gesture impairments in schizophrenia spec-
trum disorders: OCoPS-P (Overcoming Psychomotor 
Slowing in Psychosis, NCT03921450) and BrAGG-
SoS (Brain stimulation And Group therapy to improve 
Gesture and Social Skills in psychosis, NCT04106427). 
Recruitment was done at the in- and out-patient depart-
ments of the University Hospital of Psychiatry, Bern. 
All participants provided written informed consent. The 
study protocols adhered to the declaration of Helsinki 
and were approved by the local ethics committee. To be 
included, participants had to be right-handed, age 18–65 
years, and to suffer from schizophrenia, schizoaffective 
disorder, brief  psychotic disorder, or schizophreniform 
disorders according to DSM-5. Exclusion criteria were 
substance abuse other than nicotine, history of neuro-
logic disease, severe brain injury, transcranial magnetic 
stimulation in the past 3 months, pregnancy or nursing, 
and any metal objects in the body. Diagnoses and ex-
clusion criteria were ascertained following clinical diag-
nostic interviews, physical examination, and review of 
case files by trained psychiatrists. One hundred four out 
of 110 patients currently received antipsychotic medi-
cation, while 24 (22%) also received additional psycho-
tropic medication, mainly antidepressants (for details see 
Supplementary table S2). In total 91 had schizophrenia, 
14 schizoaffective disorder, and 5 schizophreniform dis-
order (Supplementary table S4). Twenty-one patients had 
comorbid diagnoses, including catatonia (14), depression 
(4), obsessive-compulsive disorder (2), and posttraumatic 
stress disorder (1).

Procedures

We assessed psychopathology using the TALD10 and the 
Positive And Negative Syndrome Scale (PANSS).32 The 
TALD is a comprehensive 30-item clinical rating scale 
covering a wide array of FTD symptoms including both 
objectively observable, as well as subjective symptoms in 
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the positive and negative dimensions.10 Thus, the TALD 
is comprised of four subscales: OP, ON, SP, and SN. The 
relative score for each subscale was calculated and used 
in all subsequent analyses, that is, the sum of the subscale 
divided by the number of items of the subscale (table 
1, Supplementary table S1). All raters (LM, AK, DA, 
DB-G) were clinical psychiatrists, who received TALD 
training by the principal investigator to achieve optimal 
inter-rater reliability (α > .80). Psychopathology assess-
ments were performed within 48 h of MRI scanning. We 
calculated the mean olanzapine equivalents (OLZ eq.) ac-
cording to Leucht et al.33

MR Imaging

We performed multimodal neuroimaging at the trans-
lational imaging center of the Swiss Institute for 
Translational and Entrepreneurial Medicine, Bern, 
Switzerland and acquired 3 neuroimaging markers: 
resting-state cerebral blood flow (rsCBF); CortTh, GMV. 
The MRI scans were acquired on a 3T Prisma MRI 
whole-body scanner using a 20-channel radio-frequency 
head coil (Siemens, Germany). Patients lay horizontally 
in the MR scanner and their arms rested beside their 
trunks. We placed head motion foam pads around the pa-
tients’ heads and we explicitly instructed them to avoid 
head motion. In addition, in a subgroup of 71 patients, 
we successfully acquired diffusion-weighted images 
(DWI). Details regarding the MRI acquisition param-
eters are given in Supplementary Methods.

Perfusion and Voxel-Based Morphometry Preprocessing. First, 
the MP2RAGE T1-3D images were segmented into GM, 
WM, and cerebrospinal fluid (CSF) using the CAT12 

toolbox (http://www.neuro.uni-jena.de/cat/) in SPM12 
(Version 7771, Welcome Trust, London, UK. https://www.
fil.ion.ucl.ac.uk/spm). The segmented tissues were saved in 
both native and DARTEL space.

Perfusion Imaging Preprocessing The pulsed arterial 
spin labeling preprocessing steps consisted of realign-
ment and unwrapping to correct for motion and dis-
tortion due to field inhomogeneity. We then quantified 
rsCBF (ml/100 g/min) according to a previously applied, 
standardized protocol34–37 (see Supplementary Methods). 
CBF Images were realigned and co-registered to the cor-
responding raw T1-3D image and normalized using the 
deformation matrix of the corresponding T1-3D image. 
A denoising step was performed using subject-wise first-
level generalized linear models (GLMs) with the WM 
and CSF signal and the 6 motion parameters from re-
alignment as explanatory variables.37 We used the mean 
rsCBF map for further analysis. For quality control, we 
checked six motion parameters (x-, y-, z-translations, 
roll, pitch, and yaw) and set a limit of 2.5 mm of motion 
in any direction for exclusion.

Voxel-Based Morphometry  The preprocessing of the 
GM volume was performed using the DARTEL VBM al-
gorithm with SPM 12, following the standard procedure 
established by Ashburner.38 First, we created a DARTEL 
template by integrating the sampled patients’ brains for 
spatial normalization. Then, the modulated native GM 
was normalized and smoothed using a 6  mm FHWM 
Gaussian kernel to the MNI template for position locali-
zation using SPM12. Total intracranial volume (TIV) was 
calculated for each patient by summing GM, WM, and 
CSF tissue volumes.

CortTh and Diffusion-Weighted Imaging. Details 
for the structural imaging preprocessing are given 
in Supplementary Methods. We used the standard 
FreeSurfer image analysis suite for cortical reconstruc-
tion39 (7.1.1)(http://surfer.nmr.mgh.harvard.edu/) to 
conduct the preprocessing steps for CortTh analyses. 
The preprocessing for diffusion-weighted imaging was 
performed using FSL 6.04 (https://fsl.fmrib.ox.ac.
uk/).40,41 For tractograghy, we computed the diffusion 
tensor parameters (Fractional anisotropy [FA] and 
mean diffusivity [MD]) for each of  the 11 fiber bun-
dles of  interest (see Supplementary figure S3), using the 
Quantitative Imaging Toolkit (QIT,42 https://cabeen.io/
qitwiki). Tract-Based Spatial Statistics (TBSS) in FSL 
was used for the voxel-wise statistical analysis of  FA 
and MD.41,43

Statistical Analyses

In all the imaging analyses we controlled for age, med-
ication (OLZ), and TIV. Moreover, when exploring the 
associations of brain markers with each of the TALD 
sub-scores (OP, ON, SP, and SN), we entered the other 
three sub-scores as covariates. Internal consistency of 

Table 1. Demographic and Clinical Characteristics

 Patients (n = 110) 

Demographics
  Age (years) 36.6 ± 12.1
  Gender (males %) 52.7 %
  Education (years) 13.5 ± 2.9
  Medication (OLZ eq mg) 15.2 ± 11.0
  Duration of illness (years) 11.9 ± 11.6
  Episodes (n) 7.0 ± 11.2
Assessments
  PANSS-total 69.6 ± 20.7
   Positive 14.6 ± 5.7
   Negative 20.0 ± 7.6
  TALD total 15.8 ± 9.0
   Objective positive (relative) 0.3 ± 0.4
   Objective negative (relative) 1.0 ± 0.9
   Subjective positive (relative) 0.8 ± 0.9
   Subjective negative (relative) 0.9 ± 0.6

Note: Values represent the mean ± SD.
Note: OLZ eq, olanzapine equivalent; PANSS, Positive And Neg-
ative Syndrome Scale; TALD, Thought and Language Disorder.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://www.neuro.uni-jena.de/cat/
https://www.fil.ion.ucl.ac.uk/spm
https://www.fil.ion.ucl.ac.uk/spm
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://surfer.nmr.mgh.harvard.edu/
https://fsl.fmrib.ox.ac.uk/
https://fsl.fmrib.ox.ac.uk/
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
https://cabeen.io/qitwiki
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the TALD was tested with Cronbach’s alpha. While all 
tests were corrected for multiple comparisons, the most 
stringent correction would include adjusting for 16 tests 
(4 brain parameters and 4 TALD subscales), yielding a 
P-value of .0031.

rsCBF Analysis. For rsCBF analyses, we calculated the 
association between brain perfusion and FTD severity, 
using a second-level multiple regression model for TALD 
total score and another for the TALD sub-scores. We set 
a cluster-forming threshold of P = .005 and a P-value 
corrected with false discovery rate (qFDR) corrected < 
.05 for the cluster-wise threshold.

CortTh Analysis. To identify the association between 
CortTh and TALD total or TALD sub-scores, group 
comparisons were performed using the GLM and 
DODS (“different offset, different slope”) method with 
no smoothing.44 Left and right hemispheres were ana-
lyzed separately. The main results were corrected for 
multiple comparisons with the standard process, that is, 
a pre-cached cluster-wise Monte-Carlo simulation using 
a cluster-wise forming threshold of P < .05 and 10 000 
random permutations.45 Statistical models were also cor-
rected for the 2 hemispheres, respectively, and the cluster-
level P-value was set at .02546 to correct for multiple 
comparisons. Furthermore, the CortTh value of the sig-
nificant cluster provided by Freesurfer was exported to 
run a partial correlation (Kendall method) in R (version 
4.0.2) using the ppcor package for the TALD sub-scores 
and added age, medication, TIV, and the other TALD 
sub-scores as covariates of non-interest.

VBM Analysis. For VBM analysis, we used an absolute 
threshold of.1 to ensure the inclusion of GM voxels with 
a probability ≥ .1 of being GM. To evaluate the associ-
ation between local GMV and FTD severity, we used a 
second-level multiple regression model for TALD total 
score and a second one for the TALD sub-scores. We set 
a cluster-forming threshold of P = .005 and a P-value 
qFDR corrected < .05 for the cluster-wise threshold.

DTI Analyses. These exploratory analyses were per-
formed only in a subset of 71 patients. Using the pre-
processed DWI, we performed tractography analyses 
as well as TBSS to explore the association between the 
measures of structural connectivity and FTD severity. 
For tractography analysis, Kendall tau correlation ana-
lyses were performed between the mean FA of each of 
the 11 fiber bundles and TALD total score, as well as the 
TALD sub-scores. We performed the same set of analyses 
on the MD values. A P-value < .05 FDR corrected was 
considered statistically significant for these exploratory 
analyses. Within TBSS, a regression analysis of whole-
brain FA and MD with TALD total and subscales was 
performed. The level of significance was set at P-FWE 

corrected < .05, using a threshold-free cluster enhance-
ment with 5000 randomized permutations.
Results

Demographic and Clinical Characteristics

Clinical and demographic characteristics of the 110 pa-
tients are presented in table 1. Symptom severity as meas-
ured by the PANSS was moderate to severe, as was FTD 
according to the TALD, but no gender differences or dif-
ferences between diagnoses appeared (see Supplementary 
tables S3 and S4). Using Kendall’s tau we tested bivar-
iate correlations between the 4 TALD subscales across 
subjects. The subjective subscales (SP and SN), the 
positive subscales (OP and SP), as well as the negative 
subscales (ON and SN) showed positive correlations 
(Supplementary figure S2). Internal consistency of the 
TALD and its subscales was acceptable to good (TALD 
total α = .77, SP α = .56, SN α = .70, OP α = .83, ON α 
= .67).

General FTD Severity—TALD Total

The multiple regression model exploring the association 
between TALD and whole-brain rsCBF indicated that 
higher FTD severity is associated with increased rsCBF 
in bilateral DLPFC (Broadman area [BA] 9), left frontal 
eye field (BA 8), and right cerebellum (figure 1, table 2). 
Neither for CorTh nor for GMV did we observe associ-
ations with the TALD total score.

FTD Dimensions—TALD Subscales Objective 
Positive  The multiple regression model exploring the 
association between OP sub-score and whole-brain 
rsCBF showed that higher OP scores were associated 
with increased rsCBF in bilateral cerebellum, bilateral 
thalamus, and bilateral limbic areas (figure 1, table 2). 
Furthermore, we observed OP severity to be associated 
with higher GM volume in the bilateral cerebellum as well 
as in the right putamen and lingual gyrus (figure 1, table 
2, Supplementary figure S4). However, OP sub-score and 
whole-brain CortTh were not associated.
Objective Negative  The model exploring the ON sub-
score showed no association with whole-brain rsCBF. 
Likewise, we found no correlation with whole-brain 
CortTh. In contrast, ON severity was associated with 
higher GMV in the right middle frontal gyrus including 
the right supplementary motor area (SMA) (figure 1, 
table 2, Supplementary figure S4).

Subjective Positive (SP)  Exploring the association 
between SP and whole-brain CortTh, we observed that 
higher SP severity was linked to increased CortTh in the 
right IFG pars triangularis. Furthermore, SP severity was 
associated with higher GMV in the bilateral anterior pre-
frontal cortex, right orbital part of the IFG, as well as 
left orbito-frontal cortex. In addition, trend associations 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
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between SP severity and higher GMV were noted in right 
primary motor cortex, SMA, and right Broca’s area 
(figure 1, table 2, Supplementary figure S4). However, we 
found no association with whole-brain rsCBF.

Subjective Negative SN severity was associated with 
lower GMV in the right anterior prefrontal cortex and 
right orbital part of the IFG as well as left premotor 
cortex and SMA, left inferior temporal gyrus, and left 
temporal pole (figure 1, table 2, Supplementary figure 
S4). However, no associations were detected between SN 
scores and CBF or CortTh.

Unadjusted TALD Subscales When we analyzed the as-
sociations of the TALD subscales without correcting 
for the other subscales, results remained very similar 
(Supplementary figure 6). However, we found increased 
SN to be linked to increased rsCBF in left prefrontal and 
right premotor cortex, while its association with lower 
GMV disappeared.

Exploratory Analyses of DTI Data

In the tractography analyses, only the TALD total 
score showed negative correlations (table 3) with mean 
FA within left and right inferior fronto-occipital fas-
ciculus (IFOF), left superior longitudinal fasciculus II, 
right uncinate fasciculus, and superior temporal cortex 
connections via the corpus callosum. As an example, 2 

correlation plots are presented in figure 2A. No statisti-
cally significant association was observed for MD or any 
TALD sub-scores.

In the TBSS analysis, the multiple regression model 
exploring the association between SP severity and MD 
demonstrated a significant positive association within the 
frontal lobe (cluster: 2062 voxels, threshold free cluster 
enhancement [TFCE] p-value corrected with family-
wise error [qFWE] P = .045) in cognitive, motor, and 
language-associated pathways (figure 2B). This sub-score 
severity also presented a trend for a positive associa-
tion with mean FA in the frontal lobe (cluster: 94 voxels, 
TFCE qFWE P = .09) in the interhemispheric premotor 
pathway. All other associations were not statistically 
significant.

Discussion

In 110 patients with schizophrenia spectrum disorders, 
we aimed at exploring the neural correlates of four dis-
tinct dimensions of FTD using perfusion and structural 
MRI. In line with our hypotheses, we found distinct asso-
ciations for each of the 4 FTD dimensions controlling for 
the severity of the other FTD dimensions. Four main find-
ings emerged: (1) OP FTD was associated with increased 
resting-state perfusion and GMV in subcortical areas, such 

Fig. 1. Associations of TALD total score, as well as TALD sub-scores (OP, ON, SP, SN) severity with rsCBF, CorthTh, and GMV 
analyses corrected for each other subscale, age, medication (OLZ eq), and TIV. Red/yellow denotes a positive association (corrected 
P-value < .05), while blue denotes a negative association (corrected P-value < .05). Specific statistics of significant clusters are given in 
table 2. Detailed associations of TALD sub-scores with GMV are presented in Supplementary figure 5. TALD, Thought and Language 
Disorder scale; OP, objective positive, ON, objective negative; SP, subjective positive, SN, subjective negative; rsCBF, resting-state 
cerebral blood flow; CortTh, cortical thickness; GMV, gray matter volume; OLZ eq, olanzapine equivalents..

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac120#supplementary-data
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as bilateral cerebellum, thalamus, and basal ganglia. (2) SP 
FTD was associated with increased GMV and CorTh in 
the right IFG, whereas (3) SN FTD was linked to reduced 
GMV in premotor cortex and IFG. And (4) ON in turn 
was associated with increased GMV in premotor cortices.

Language is processed by a left-lateralized fronto-
temporal association network, including Broca’s and 
Wernicke’s regions as well as the arcuate fascicle.47–49 In 
addition, this language network is closely tied to other 
important brain networks, such as the default mode, sa-
lience, and central executive networks.48 Components of 
the network are specialized, for example, superior and 
middle temporal lobe for semantic memory, IFG for in-
tegrating multiple information, and the cingulate and 
DLPFC for language control, for example, discourse 
planning. Brain alterations located in the core language 
network and adjunct cortical and subcortical brain 
areas are neural correlates of the clinical phenomenon 
of FTD.8,47,48 In line with previous studies on FTD, the 
present study linked FTD severity to neural alterations 
in orbito-frontal and medialfrontal cortices, thalamus, 
and cerebellum.8,14,16,20 Indeed, as in previous reports, 
both negative FTD dimensions (ON and SN) were as-
sociated with bilateral GM alterations in orbito-frontal 
and medialfrontal cortices.8,14,16,17,20 Similarly, the current 

findings on resting-state perfusion broadly corroborate 
previous reports on altered perfusion and task-based ac-
tivation in the cerebellum and medial temporal lobe in 
patients with FTD.8,27,50

Besides these commonalities, this study extends pre-
vious knowledge by applying multimodal brain imaging 
and a multidimensional FTD measure that also includes 
subjective FTD. Differences between our study and prior 
reports are likely to arise from three important factors: 
sample characteristics, FTD measure used, and neu-
roimaging analyses applied. Indeed, sample size and 
heterogeneous clinical characteristics heavily impact as-
sociations between brain and behaviors. Our patients had 
a broad distribution of FTD severity, general symptom 
severity, and chronicity. While previous reports applied 
the Thought, Language, and Communication scale, our 
study used the TALD covering FTD much broader al-
lowing to explore 4 distinct FTD dimensions, including 
2 on the subjective experience of FTD.8,10,47,50,51 Finally, 
we chose to explore the contribution of each dimension 
separately, correcting for the variance of the other three 
dimensions. While this approach enables to test associ-
ations specific to single FTD dimensions, it is also prone 
to eliminate the effect of common pathways to FTD as 
their scores jointly correlate. The FTD dimensions are 
not mutually exclusive in the single subject, instead, some 
participants score on more than one FTD dimension. 
Thus, with correction for the other dimensions, shared 
neural alterations among the subscales are excluded in 
these results. However, when we explored the associations 
without correcting for the other subscales, results gener-
ally included clusters of similar size and location, sug-
gesting small contributions of the shared variance among 
FTD dimensions. Only in the SN dimension did results 
change with the novel appearance of rsCBF clusters and 
GMV clusters vanishing, which might be due to strong 
correlations of SN with SP and ON. Collectively, the cur-
rent results should be appreciated as complementary to 
previous findings.

Resting-state CBF is a marker of local metabolic ac-
tivity. Previous studies reported more severe FTD to be 
associated with higher rsCBF in the core language net-
work, i.e., bilateral STG, angular gyrus, or left IFG.15,27,52 
Our study found higher TALD total scores (severer FTD) 
to be linked to increased rsCBF in adjunct regions of 
the language network, for example in bilateral DLPFC 
and right cerebellum. The DLPFC has been proposed to 
critically contribute to language processing, for example 
when processing syntax, prosody, coherence.53 Likewise, 
the cerebellum is involved in word generation, verbal 
working memory, and articulatory movements.54–56 Thus, 
increased neural activity in bilateral DLPFC might re-
flect specific pathology causing defective language con-
trol, such as peculiar articulation or loose associations. 
Likewise, OP severity was linked to increased rsCBF 
in thalamus, fusiform gyrus, and cerebellum. Indeed, 

Table 3. Partial Correlation of the Association Between Total 
TALD Severity and Mean FA and MD Values (Corrected for 
Age, Medication [OLZ eq] and TIV) for a Subset of Our Sample 
Size (n = 71) for 11 Bundles Following Diffusion Tensor Imaging 
Analyses

 

FA MD

tau 
P-value 
(unc) 

P-value 
(fdr) tau 

P-value 
(unc) 

P-value 
(fdr) 

UNCr −.222 .007** .015* .168 .044* .242
IFOFr −.242 .003** .015* .135 .105 .288
SCPr .099 .231 .290 .020 .803 .896
ICPr .081 .326 .358 .082 .324 .509
SLFIIr −.097 .238 .290 .098 .238 .436
CC −.268 .007** .015* .083 .409 .562
UNCl −.154 .062 .113 .122 .144 .316
IFOFl −.284 .0006** .006** .135 .105 .288
SCPl −.010 .897 .897 .010 .898 .898
ICPl .101 .226 .290 .019 .815 .896
SLFIIl −.268 .007** .015* .205 .014* .154

Note: UNCr, right uncinate fasciculus; IFOFr, right inferior 
fronto-occipital fasciculus; SCPr, right superior cerebellar pe-
duncle; ICPr, right inferior cerebellar peduncle; SLFIIr, right 
superior longitudinal fasciculus II (connections to middle frontal 
cortex); CC, corpus callosum connecting prefrontal cortex to 
temporal pole and superior temporal cortex; UNCl, left uncinate 
fasciculus; IFOFl, left inferior fronto-occipital fasciculus; SCPl, 
left superior cerebellar peduncle; ICPl, left inferior cerebellar 
peduncle; SLFIIl, left superior longitudinal fasciculus II (connec-
tions to middle frontal cortex).
*Denotes a significant association P-value < .05.
**Denotes a significant association P-value < .01.
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increased neural activity during increased speech produc-
tion, tangentiality, or neologisms seems plausible. For ex-
ample, patients with positive FTD had increased neural 
activity in cerebellum, fusiform gyrus, and caudate in 
fMRI-tasks of free speech.29,57,58

In general, FTD severity has previously been linked 
to reduced GMV and lower CorTh in the language cir-
cuitry, including the bilateral STG, IPL, IFG, and left 
MTG.8,13–17 In line with our hypotheses, we found 3 FTD 

dimensions (OP, ON, SP) to be associated with increased 
GMV, while 1 (SN) was linked to reduced GMV.

The OP subscale summarizes observable signs of in-
creased thought and language production, for example, 
logorrhea, pressured speech, and neologisms.10 OP se-
verity was associated with increased GMV in right pu-
tamen and bilateral cerebellum, where we noted spatial 
overlap with findings of increased rsCBF. The association 
of GMV and OP severity was detected in bilateral lobule 

Fig. 2. (A) Example correlation plots for 2 bundles (superior longitudinal fasciculus II and left inferior frontal-occipital fasciculus) 
showing the association between mean FA and total TALD score. (B) TBSS results. Significant association between SP TALD sub-score 
severity and MD (red [in print: dark grey], TFCE FWE P = .045, 5000 simulations) and at trend level FA (green [in print: light grey], 
TFCE FWE P = .09) when controlling for age, medication (OLZ eq), TIV, and the other sub-scores. Blue = Skeleton. TALD, Thought 
and Language Disorder scale; SP, subjective positive; MD, mean diffusivity; TBSS, Tract-Based Spatial Statistics; OLZ eq, olanzapine 
equivalents..
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VI, an area active during verb generation, motor verbal 
utterance, and verbal working memory.54,56 Collectively, 
observable positive FTD seems to be associated with 
speech motor regions.

The SP subscale includes the subjective experiences of 
pressure of thought and thought interference.10 Increased 
SP scores were specifically associated with altered GM in 
the executive network, which is thought to control lan-
guage output and often found less efficient in subjects 
with conceptual disorganization.48

The ON subscale represents qualitative and quan-
titative reductions of language and thought with items 
such as concretism and poverty of speech.10 Higher ON 
scores were associated with increased GMV premotor 
areas. A similar effect had previously been reported for 
reduced motor behavior in schizophrenia, which was as-
sociated with increased GMV and increased rsCBF in the 
SMA.35,59

The SN subscale includes items such as poverty of 
thought, rumination, or blocking.10 SN was the only 
subscale linked to decreased GMV in multiple fronto-
temporal areas including the SMA. The anterior pre-
frontal cortex is critical in planning and allocating 
resources of attention.60 Disturbance of these functions 
could give rise to typical features of SN, such as inhib-
ited thinking, or impaired speech reception. SN was also 
associated with decreased GMV in the left temporal 
pole, which serves important semantic functions such as 
naming, word-object labeling, and semantic processing in 
all modalities.61

Our exploratory diffusion tensor imaging tractography 
analysis detected higher total TALD scores to be associ-
ated with reduced FA, indicating more diffusion and less 
organized WM microstructure, in the ventral language 
stream (left and right IFOF, right uncinate fasciculus). 
These results are in line with most reports linking FTD 
to FA in major fronto-temporal and fronto-parietal asso-
ciation fibers.19,21–25

While some cognitive domains and clinical courses 
have been linked to sex differences, this study did not find 
sex differences in the clinical presentation of FTD.62,63 
Also, the reported neuroimaging correlates were un-
changed when adding sex as covariate to the models (data 
not shown).

This study has several limitations. First, we exclu-
sively focused on FTD in the context of  schizophrenia 
spectrum disorders. Thus, our results may not trans-
late to FTD in other conditions. Second, the analyses 
combined data from two RCTs introducing potential 
selection bias, as patients consented to complicated pro-
cedures. Nevertheless, subjects had substantial illness 
severity and duration. Third, 104 out of  110 patients 
received antipsychotic medication at the time of  the 
study. As antipsychotics may affect both brain structure 
and FTD severity, we covaried for current dosage in all 
analyses. In addition, we corrected imaging analyses for 

TIV and age. Still, in the small group of  patients with 
other medication, further effects on brain structure are 
possible. Fourth, DTI was available only in a subset of 
our sample (n = 71), limiting the statistical power for 
these analyses. Fifth, comparisons across imaging mo-
dalities are hampered by the application of  different 
techniques to control for multiple comparisons, how-
ever, we chose the standard corrections for each neu-
roimaging method. Sixth, the cross-sectional design of 
the study does not allow inferences on whether rsCBF 
increases may compensate for altered GMV.14 Finally, 
the TALD subscales include heterogeneous numbers of 
items (OP > SN > ON > SP) due to the origin of  factor 
analysis. We calculated a relative score for each subscale, 
but the variance explained by the total TALD differs be-
tween subscales, rendering some subscales more robust 
than others.10

Conclusion

This study found distinct neural correlates across mul-
tiple MRI measures for four FTD dimensions in psy-
chosis, extending prior work on positive and negative 
FTD. Cerebellar structure and perfusion are implicated 
in OP FTD, IFG in SP FTD, and premotor cortex 
volumes in objective and SN FTD. Findings suggest 
that specific FTD dimensions may be targeted by non-
invasive brain stimulation, calling for more refined inves-
tigations on FTD networks, as well as longitudinal and 
transdiagnostic studies.
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