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Brain white matter tracts (connectomes) have been analyzed in patients with schizophrenia whose condition was determined in the 
paradigm of dimensional approach.

The aim of the investigation is to study the connectivity of brain regions depending on the severity of the psychosis clinical picture 
in schizophrenia.

Materials and Methods. 46 patients (22 women and 24 men, average age — 26.5±5.3 years) with the diagnosis of schizophrenia 
have been examined in the period of the remission onset after a first psychotic episode. The condition severity was determined by 
assessing scores on the following psychometric scales: PANSS, CRDPSS, BFCRS, NSA-4, FAB. Diffusion-tensor magnetic resonance 
imaging of the brain was performed using 3Т MRI Magnetom Verio (Siemens Healthineers, Germany). Significant connections between 
the indicators of generalized fractional anisotropy of the brain pathways and the severity of the psychosis clinical picture were calculated 
based on the Spearman’s rank correlation coefficient.

Results. Specific structural features of the brain connectome correlating with symptom severity were identified for each symptom 
domain. Additionally, tracts in which changes were associated with the severity of several symptom domains simultaneously, were 
visualized. Alterations in the tracts of the right frontal parietal and parolfactory cingulum correlate with the severity of hallucinatory, 
negative, and catatonic symptoms. Changes in the tracts of the left frontal parahippocampal cingulum correlate negatively with the 
severity of hallucination and delusion, while changes in the right frontal parahippocampal cingulum correlate with the severity of delusion 
and catatonia. In cases of severe hallucinations, delusional disorders, and disorganization, the most significant changes are manifested 
in the tract structures of the left and right fornix. Significant changes in the pathways of the corpus callosum correlate with the intensity of 
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catatonic symptoms and negative symptomatology. Manifestation severity of various domains of psychosis is associated with differences 
in structural organization of the brain tracts.

Conclusion. There have been received new data on possible differential involvement of the brain structures in the pathogenesis of 
various schizophrenia manifestations such as hallucinations, delusions, disorganization phenomena, catatonia, and negative disorders, 
which may be considered as objective neurophysiological markers of the given disease.
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Introduction

The key links of pathogenesis of schizophrenia and 
other primary psychotic disorders are alterations in the 
structure and functions of certain brain regions, whose 
importance is summarized in several meta-analyses 
based on neuroimaging studies [1–3].

Symptoms of schizophrenia may be combined in 
domains (dimensions), which are present in various 
forms of psychotic disorders and also exist in the 
same patient in different qualitative and/or quantitative 
combinations [4]. Some clinical domains include 
positive disorders or distortion of reality perception 
(delusions and hallucinations), negative disorders 
(abulia/apathy, anhedonia, asociality, and reduction of 
emotion expressiveness), psychomotor disturbances (in 
the form of catatonic phenomena) as well as cognitive 
and affective disorders and disorganization phenomena 
(including formal thought disorder).

Despite the ongoing discussions concerning the 
number of obligatory dimensions (i.e. two- [5], three- 
[6], five- [7], and multifactorial characteristics, including 
also social and psychological aspects [8] of studying 
schizophrenia), dimensional unification of symptoms 
seems to be most adequate for solving research 
tasks [9], for example, for studying specific features of 
connectivity and brain white matter integrity between 
separate zones.

From the point of view of structural and functional 
changes of the brain as a substrate of disease 
development, aberrations of structural connectome 
determining the probable connections of brain neural 
networks and, consequently, the degree of neural 
network cooperation in cognitive processes are of 
special interest [10]. The architecture of the structural 
connectome may be assessed using diffusion-
tensor magnetic resonance tractography, measuring 
characteristics of fractional anisotropy of water molecule 
diffusion in the brain volume [11].

The analysis of the current literature, devoted to 
the neuroimaging schizophrenia studies, including 
tractography, has shown that these investigations 
are usually carried out in two directions. One of them 
includes searching for specific changes in the structure 

and functioning of brain neural networks at different 
stages of the disease progression. Thus, aberrations 
have been found in the structural connectome of the 
white matter characteristic, for example, for various 
stages of schizophrenia — from prodromal or the stage 
of a high risk of psychosis, to the stage of remission 
formation after psychosis [12, 13]. The second 
direction consists in determining specific features 
in the structural and functional organization of the 
brain neural networks engaged in the development of 
some syndromes of schizophrenia. One of the most 
reproducible results [1, 3, 14–16] is revealing deviations 
in the frontal and temporoparietal regions, including 
aberrations not only of the tracts (arcuate tract, corpus 
callosum, superior and inferior longitudinal tract) but 
also of morphometric (anatomical) and functional brain 
characteristics in auditory verbal hallucinations (for 
example, ERC “VOICE” project [17]). It has been also 
noted that peculiarities in the brain structures observed 
in schizophrenia may also be encountered in various 
combinations and intensity degree in patients with non-
psychotic disorders and in individuals from the healthy 
control group. Partly, it is traced in a vast heterogeneity 
of the psychosis clinical picture mediated by 
heterogeneity of the brain structural organization and in 
the possibility of symptom persistence with continuity of 
the degree and its intensity from extremely severe forms 
to the persistence at the subthreshold level [18–19].

When searching for neuroimaging markers of 
schizophrenia, it is appropriate to build a research 
paradigm taking into consideration not only dimensional 
disease structure but also continual severity 
heterogeneity of symptoms/groups of symptoms inside 
the dimensional structure, as it is reasonable to suppose 
that there exist highly specific neurobiological markers 
with high diagnostic or prognostic value for each domain 
(dimension).

In this vein, Bopp et al. [20] performed their 
investigation, in which they conducted correlation 
analysis of tract fractional anisotropy (FA) and the 
severity of psychopathological domains comparing 
the results of diffusion-tensor imaging (DTI) of 26 
patients with schizophrenia and 26 participants from 
the healthy control group. The authors have detected 
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changes in FA in nine tracts of the white matter, which 
strongly correlated with some psychopathologic 
domains measured on the SAPS/SANS scales 
(Scale for the Assessment of Positive Symptoms/
Scale for the Assessment of Negative Symptoms). 
Severity of hallucination symptom positively correlated 
with FA indicator in the left uncinate fasciculus and 
left corticospinal tract. Dissociative disorder factor 
(passivity phenomenon) showed positive correlation 
with FA in the tract of the right anterior thalamocortical 
radiations. The severity of the thought disorganization 
dimension correlated negatively with the FA value in 
the right cingulum. The degree of negative disorders 
directly correlated with FA changes in the right anterior 
thalamocortical radiations and correlated inversely with 
the right ventral cingulum bundle [20].

According to the hypothesis formulated by us, there 
is a correlation between the severity of separate groups 
of symptom domains and changes in the structural 
organization of the white matter tracts connecting 
brain regions, which are pathogenetically significant 
for these domains. To verify this hypothesis, the same 
patient sample underwent ranking with identification of 
continual heterogeneity in terms of severity degree of 
schizophrenia symptom domains.

The aim of the investigation was the correlation 
analysis between the indicators of generalized fractional 
anisotropy (GFA) of the brain white matter tracts and 
continually heterogeneous symptom severity across 
the main psychopathological domains, including 
hallucinations, delusions, disorganization phenomena, 
catatonia, and negative disorders.

Materials and Methods

Patients
We examined 46 patients (22 women and 24 

men; average age — 26.5±5.3 years) admitted to 
the psychiatric intensive care units of the Alekseev 
Psychiatric Clinical Hospital No.1 in 2018–2019. Written 
informed consent was received from all patients after 
a full description of the examination procedures in 
compliance with the Declaration of Helsinki (2024). The 
results of the present study are part of the research 
program “Molecular and neurophysiological markers 
of endocrine diseases” carried out at the Alekseev 
Psychiatric Clinical Hospital No.1 and approved by the 
Independent Interdisciplinary Committee on Ethical 
Expertise of Clinical Research of July 14, 2017 (Protocol 
No.12).

The patients were selected according to the 
following inclusion criteria: age from 21 to 35 years, 
the condition meeting schizophrenia criteria (F20) in 
ICD-10 (International Classification of Diseases) and 
DSM-5 (Diagnostic and Statistical Manual of Mental 
Disorders), right-handedness, critical reports on patient’s 
own condition with preservation of memory about 
psychotic symptoms, informed consent for participation 

in the study. Exclusion criteria included schizoaffective 
and affective disorders, organic brain diseases, severe 
somatic and/or neurological states potentially influencing 
physiology or brain structure, signs of psychoactive 
substance abuse, and general contraindications to 
magnetic resonance imaging (MRI). 

Clinical examination was conducted by two 
experienced psychiatrists involving all necessary data: 
questioning of relatives, analysis of medical cards, 
results of physical and laboratory tests, and so on. 

The severity of schizophrenia symptom domains 
was ranked by the results of clinical interview and 
after the assessment of patient conditions using 
psychometric tools, because the clinical picture and 
dynamics of psychotic disorders seemed to meet the 
schizophrenia criteria but still demonstrated different 
psychopathological domains of various severity degree. 
Thus, prominence of hallucinations in patients varied 
from separate auditory artefacts to imperative or 
threatening voices. Delusional syndrome in some cases 
manifested itself by persecutory ideas with the plot from 
everyday life (poisoning, jealousy, damage), while in 
other cases it reflected terrible distortion of thinking with 
fantastic plots (messianism, supernatural forces or the 
ability to “build intergalactic fractals”). Besides, patients 
in acute psychosis were not equally available to contact 
due to catatonic symptomatology or transient loss of 
cognitive functions.

Clinical interview was supplemented by the following 
diagnostic tools: Positive and Negative Syndrome Scale 
(PANSS); Clinician-Rated Dimensions of Psychosis 
Symptom Severity (CRDPSS) installed in DSM-5; 4-Item 
Negative Symptom Assessment (NSA-4); Bush–Francis 
Catatonia Rating Scale (BFCRS); Frontal Assessment 
Battery (FAB).

The model of continual hallucination heterogeneity 
was built based on the scores of PANSS-Р3 and 
CRDPSS-hal criteria. Auditory hallucinations have 
been identified among the patients of the tested 
sample (disorders of other modality perception were 
not detected), with a severe form (PANSS-Р3 — 5–6 
points, CRDPSS-hal — 3–4 points) being noted in 17 
patients, moderate (PANSS-Р3 — 4 points, CRDPSS-
hal — 2 points) in 14, while presence of hallucinations 
in the remaining 15 patients was uncertain (PANSS-P — 
2–3 points, CRDPSS-hal — 1 point). Such distribution 
is in line with epidemiological data on the prevalence 
of hallucinations among 60–80% patients with 
schizophrenia [21] and with their heterogeneous degree 
of manifestation — from elementary acoustic artefacts 
to complex sentences with semantic content such as 
“voices inside my head” with imperative or threatening 
character in the most severe degree [21]. In this work, 
the authors studied the correlation of the GFA indicator 
with the points on the CRDPSS scale.

Delusion severity was ranked based on the points of 
PANSS-P1 and CRDPSS-delusion. Delusional disorders 
were distributed in the following way: 35 patients were 
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diagnosed with severe and moderate forms having 
several systematized stable ideas with fanciful plots 
leading to disadaptive behavior (PANSS-Р1 — 4–6 
points, CRDPSS-del — 3–4 points); 11 patients had 
weak delusional disorders (PANSS-Р1 — 2–3 points 
and CRDPSS-del — 0–2 points) or the disorders 
were determined at a subthreshold level (one non-
systematized idea with a plot from everyday life). Such 
distribution is also in line with the data of delusional 
disorder epidemiology in schizophrenia, according to 
which this domain was encountered in 70% of patients 
with schizophrenia, and is one of the key diagnostic 
criteria [22]. In this work, the correlation of the GFA 
indicator with the score on PANSS-Р1 was studied. 

Severity of thought disorganization was determined 
in compliance with the points of PANSS-P2, CRDPSS-
dezorg and using the Frontal Assessment Battery (FAB) 
tests. Severe events of disorganization (PANSS-Р2  — 
5–7 points, CRDPSS-dez — 3–4 points, FAB  <12 
points) were found in 22 patients; in the rest 24 cases, 
there was noted the continuum from the mean degree 
of prominence to the threshold values, which is within 
the widest range of the diagnostic share for this domain 
given in the literature, i.e. from 5 to 91% of psychoses 
[23]. The total score of the tests conducted on the FAB 
scale was chosen for the correlation analysis with the 
GFA indicator. 

The continuum of catatonic psychomotor 
abnormalities were built based on the CRDPSS-
psychomotor criteria and the sum of the BFCRS points. 
The catatonia diagnosing has some specific aspects. 
It has been established that clinical conversation helps 
diagnose catatonia in 5–10% of patients [24], whereas 
the assessment of the status with psychometric tools 
increases this value to 20–43% [25]. This remark is also 
applicable to the results of the present study. Severe 
symptoms of catatonia (PANSS-G5 — 5–7  points, 
CRDPSS-psychomotor >3 points, BFCRS >10 points) 
were revealed in 16 patients; in other 30  cases 
we observed single episodic phenomena at the 
subthreshold level. In this work, the correlation of the 
GFA indicator with the total score of the BFCRS tests 
was studied.

Prominence of negative symptoms was evaluated 
using objective data obtained from the people closest 
to the patients and from medical records with one-
year depth retrospection to exclude phenomenological 
intersections with depressive symptomatology or 
neuroleptic phenomena. The results of diagnosis were 
also compared by three criteria: the total score on 
PANSS-N, the CRDPSS-negative dimension, and NSA-
4 questionnaire. According to the results of the two large 
epidemiological cross-sectional studies [26, 27], at least 
one negative symptom is found in 50% of observations. 
Our data demonstrate that moderate severity of negative 
symptomatology was identified in 22% of patients 
(PANSS-N total score >30 points, CRDPSS-negative 
>3 points, NSA-4 >15 points) taking into account the 

retrospective assessment of the state as deep as a year 
preceding the manifestation of real psychosis. In other 
cases, negative disorders were presented at the mild or 
uncertain level. The total score of the tests on the NSA-
4 was taken for the correlation analysis with the GFA 
indicator. 

Thus, five ranked samples based on the same group 
of patients, which reflected continual heterogeneity of 
the respective dimension severity, i.e. hallucination, 
delusion, thought disorganization, catatonia, negative 
symptoms, have been formed for correlation analysis. 

MRI scanning
Equipment. The study was conducted at the National 

Research Center “Kurchatov Institute” using Magnetom 
Verio MRI scanner (Siemens Healthineers, Germany) 
with 3.0 T magnetic field strength. A set of data was 
obtained for the analysis: structural 3D T1-weighted 
images in the sagittal plane (slice number — 176, 
repetition time — 2530 ms, echo time — 3.31 ms, slice 
thickness — 1 mm, deviation angle — 7°, inversion 
time — 1200 ms, field of view (FOV) — 256×256 mm2), 
two sets of data of diffusion MRI with 64 directions of 
diffusion encoding gradients with opposite directions 
of phase encoding (b-factor 1500 s/mm2, number of 
slices — 64, repetition time — 13,700 ms, echo time — 
101 ms, slice thickness — 2 mm, flip angle — 90°, 
FOV — 240×240 mm2).

Preprocessing of diffusion MRI data. Diffusion 
data were converted from DICOM to NIfTI format. Next, 
correction of diffusion data distortion artifacts was done 
by means of topup module in the FSL program (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL): assessing distortions 
in two sets of data, building a map of magnetic field 
non-uniformity inside the scanner, and thereafter data 
were corrected and smoothed according to the obtained 
maps. Minimal length of the reconstructed tracts was 10 
voxels (20 mm).

Based on the method of local connectomes, we 
analyzed the GFA indicator, which solves the problem of 
tract intersection better than FA [28]. GFA characterizes 
the generalized difference of the medium in each voxel: 
degree of myelination, density and thickness of the 
axonal pathways [29]. While the majority of the human 
structural connectome analyses are based on the 
search for global connectivity patterns on both ends of 
the anatomical pathways selected as zones of interest, 
the local connectome analysis, called connectometry, 
traces local patterns of connectivity along the fiber 
paths themselves. This allows for the identification of 
the pathway subcomponents, which express important 
associations with the tested variable [30].

Statistical processing. The corrected diffusion data 
were normalized in the DSI Studio program (http://dsi-
studio.labsolver.org) to the MNI space using the q-space 
diffeomorphic reconstruction (QSDR) to obtain the spin 
distribution function. The artifacts caused by the head 
movement and eddy current induced by the change 
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of the value and polarity of gradient fields inside the 
scanner were additionally corrected. All the corrected 
diffusion data were included into the connectometric 
base for the correlation analysis of the derived 
parameter of the diffusion MRI data (GFA coefficient) 
and the degree of symptomatology prominence.

To analyze statistically the interrelation of tract 
specific features with psychopathological manifestations, 
Spearman’s non-parametric correlation with a 
threshold of the t-criterion equal to 2.5 (the significance 
threshold value of 0.05) was used. Application of the 
Spearman’s rank correlation coefficient is explained 
by the absence of normal distribution of the dependent 
values (Kolmogorov–Smirnov test) and a non-linear 
monotonicity in the relationship of the correlated 
variables (Pearson correlation coefficient assesses linear 
relationships). As the result of the statistical analysis, 
regions (voxels), in which the GFA value correlated 
positively or negatively with the continual heterogeneity 
of the symptom severity, were localized. Further, their 
attribution to the specific tractographic pathways was 
determined using the HCP-842 atlas (http://brain.
labsolver.org/diffusion-mri-templates/hcp-842-hcp-1021). 
An additional correction for multiple comparisons (false 
discovery rate (FDR) or expected ratio of erroneous 
discoveries) were taken into consideration for each 
comparison of clinical symptomatology. To remove 
false relationships, 4-iteration correction considering 
topological brain specificities was performed. According 
to the method of local connectometry of the DSI 
Studio program [30], 4000 random permutations in 
the independent group variables (scores on certain 
psychiatric scale) were done for the assessment of the 
correction on FDR-based multiple comparisons to obtain 
null distribution of the tract lengths. The length of the 
affected subcomponent is used as a statistical index 
helping differentiate true results from the false ones 
caused by misalignment.

Results

Patient description
All examined patients were in the stage of 

reconvalescence after arresting acute psychosis, 
received antipsychotic treatment in chlorpromazine 
equivalent doses of 200–300 mg. The clinico-dynamic 
characteristics of the disease course demonstrate a 
representativeness of the studied sample and adequacy 
of the material for solving the problem. Thus, the 
average length of the prodromal stage was 18.4±6.7 
years; average manifestation age — 22.2±5.3 years; 
average age of the first hospitalization — 24.9±9.0 
years; average length of the disease from the prodrome 
onset — 10.8±7.6 years.

Psychometric indications show a morbid state at the 
time of examination. BFCRS showed 8.7±7.7 points; 
PANSS P — 24.6±7.6 points; PANSS N — 28.8±7.9 
points; PANSS G — 52.1±10.2 points; PANSS total — 

105.4±19.4 points; P1 (delirium) — 4.9±1.8 points; P3 
(hallucinations) — 3.4±2.1 points; DSM-5 — 13.7±3.9 
points; NSA-4 — 20.6±5.4 points; FAB — 14.5±3.4 
points; SAS — 3.0±2.8 points.

The majority of examined patients (63.7%) were 
disabled (unemployed and invalids) for a long time. 
Besides, patients of the studied subgroup were 
characterized by family disadaptation, i.e. they have no 
need for trustworthy relationships and were leading a 
lonely lifestyle. 

Correlation analysis  
between the generalized fractional anisotropy  
and symptom severity 

Having analyzed the correlation of the GFA degree 
with the degree of symptom severity of various domains, 
data were obtained on the non-uniform correlation 
of structural features of the brain pathways with the 
continual symptomatic heterogeneity: with the increase 
of the symptom severity, positive correlation spoke of the 
growth of the anatomical connectivity of the brain regions 
along the tested tract, whereas negative correlation 
reflected decrease of such connectivity. Considering 
specific results of symptom correlation with the tracts, 
it is necessary to take into account that the detected 
relationships allow one to talk about associativity or 
contingency of the detected structural and functional 
changes of the brain tissues but not about the direct 
cause-and-effect relations. The results presented below 
consider statistically significant indicators (p=0.05; FDR) 
in the tracts (see the Figure and Appendix).

Correlation of structural connectome and 
hallucination intensity. Positive correlation 
(Spearman’s correlation coefficient in the voxels 
changed from 0.40 to 0.58) of the hallucination severity 
degree and GFA was observed in the following brain 
pathways (see Figure (a)): left frontal parahippocampal 
cingulum, left and right parolfactory cingulum, left and 
right fornix, right frontal parietal cingulum (p=0.05; FDR).

Negative correlation (Spearman’s correlation 
coefficient in the voxels changed from 0.40 to 0.41) 
of hallucination severity and GFA was observed in the 
following brain pathways (see Figure (b)): forceps major 
of corpus callosum, left frontal parietal cingulum, left 
arcuate fasciculus, left superior longitudinal fasciculus, 
left posterior thalamic radiation. 

Correlation of structural connectome and severity 
of delusional disorder intensity. Positive correlation 
(Spearman’s correlation coefficient in the voxels 
changed from 0.40 to 0.43) of the delusion severity 
was observed in the following brain pathways (see 
Figure (c)): left and right fornix, forceps major of corpus 
callosum, forceps minor of corpus callosum, tapetum 
and body of corpus callosum, left optic radiation, middle 
cerebellar peduncle, left cerebellum.

Negative correlation (Spearman’s correlation 
coefficient in the voxels changed from 0.40 to 0.59) 
of delusion severity and GFA was observed for the 
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following brain pathways (see Figure (d)): right and left 
frontal parietal cingulum, right parolfactory cingulum, left 
and right frontal parahippocampal cingulum.

Correlation of structural connectome and 
thought disorganization intensity. Positive correlation 
(Spearman’s correlation coefficient in the voxels 
changed from 0.40 to 0.49) of thought disorganization 
severity and GFA was observed in the following brain 
pathways (see Figure (e)): right parolfactory cingulum, 
middle cerebellar peduncle, left inferior cerebellar 
peduncle.

Negative correlation (Spearman’s correlation 
coefficient in the voxels changed from 0.40 to 0.50) 
of delusion severity and GFA was observed in the 
following brain pathways (see Figure (f)): tapetum and 
body of corpus callosum, forceps major and minor 
of corpus callosum, left and right fornix, left frontal 
parahippocampal cingulum, left cerebellum, left posterior 
thalamic radiation, left posterior corticostriatal tract, left 
and right superior longitudinal fasciculus, left superior 
thalamic radiation.

Correlation of structural connectome and 
catatonia severity. Positive correlation (Spearman’s 
correlation coefficient in the voxels changed from 0.40 to 
0.42) of the brain pathways and catatonia severity was 
established for the following tracts (Figure (g)): left and 

right parolfactory cingulum, left frontal parahippocampal 
cingulum, left and right frontal parietal cingulum, forceps 
major of corpus callosum, left middle longitudinal 
fasciculus, right superior thalamic radiation, right medial 
lemniscus.

Negative correlation (Spearman’s correlation 
coefficient in the voxels changed from 0.40 to 0.50) 
of the brain pathway GFA and catatonia severity was 
registered in the following tracts (Figure (h)): left and 
right cerebellum, middle cerebellar peduncle, left and 
right fornix, forceps minor of corpus callosum, right 
parolfactory cingulum, right frontal parahippocampal 
cingulum, right frontal parietal cingulum. 

Correlation of structural connectivity and negative 
symptom severity. Positive correlation (Spearman’s 
correlation coefficient in the voxels changed from 
0.40 to 0.53) of negative symptom severity and 
GFA was observed for the following brain pathways 
(Figure (i)): right frontal parietal cingulum, right frontal 
parahippocampal cingulum, right parolfactory cingulum, 
forceps minor of corpus callosum.

Negative correlation (Spearman’s correlation 
coefficient in the voxels changed from 0.40 to 0.65) of 
brain pathway GFA and negative symptom severity was 
fixed in the following tracts (Figure (j)): tapetum of corpus 
callosum, forceps major of corpus callosum, middle 

Positive correlations Negative correlations

With hallucination 
intensity

With delusional 
disorder severity 

With 
disorganization 

phenomena 
severity

With catatonia 
severity 

With negative 
symptom severity

а b

c d

e f

g h

i j

Identified areas of tractographic pathways, for which indicators of generalized fractional anisotropy positively (a, 
c, e, g, i) and negatively (b, d, f, h, j) correlate with psychometric indicators
Color tract encoding is based on the standard RGB (red-green-blue) code, which marks the direction of fiber growth in each 
point of space: red — left to right, blue — top to bottom, green — front to rear
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cerebellar peduncle, left medial longitudinal fasciculus, 
left and right inferior fronto-occipital fasciculus, right 
parahippocampal parietal cingulum, left inferior 
longitudinal fasciculus, left and right fornix, left and right 
posterior corticostriatal tract. 

Discussion

Structural connectome and domain of 
hallucination symptom. We have defined that with the 
increase of hallucination severity the following changes 
are observed in a direct relationship:

structural connectivity increases in the brain fornix 
tracts and cingulum tracts connecting frontal regions with 
parahippocampal, parietal, and olfactory compartments;

structural connectivity decreases in the tracts 
of corpus callosum body in parietal and anterior 
departments connecting lateral and medial areas; in 
the tracts of the left superior longitudinal fasciculus 
connecting frontal, parietal, occipital, and temporal 
regions; in the region of posterior thalamic radiation 
providing sensory-motor functions; and what was 
expected, the connectivity reduces along the left arcuate 
fasciculus between the Broca’s and Wernicke’s speech 
zones. 

Complementary to the obtained results, it is worth 
noting that data on positive correlation of hallucination 
severity with alterations in the uncinated fasciculus tracts 
and left corticospinal tract were reported previously in 
the work [20]. 

The observed alterations in the architecture of the 
brain pathways are supposed to involve changes in 
the functional connectome. Thus, in patients with non-
verbal hallucinations, hyperactivity of the superior 
temporal gyrus and hypoactivity of prefrontal lobe and 
anterior cingulum are observed, which correlates with 
GFA decrease in the left temporo-parietal junction [31]. 
In chronic persistence of auditory hallucinations, there 
was noted weakening of the connectivity function and 
activity in temporal, cingulate, premotor, cerebellar, and 
subcortical compartments involved in the inner speech 
and verbal imagination [32], as well as the decrease 
of the FA coefficient in the zones of hippocampus, 
splenium, and genu of corpus collossum [33]. 

Structural connectome and domain of delusional 
disorder symptom. Delusion is an extreme distortion 
of cognitive processes such as evaluation of reward and 
evaluation of prediction, when impairment of structural 
connectivity between prefrontal, limbic, paralimbic, 
and sensory regions responsible for realization of 
the obtained social and emotional experience and 
adequacy of the analysis of what is happening, serves 
as a pathomorphological substrate [34]. Previously, 
data were obtained on positive correlation of paranoid 
delusion and a low FA level in arcuate fasciculus [35], 
corpus callosum, superior longitudinal fasciculus, and 
cingulate fasciculus [36]. We have found that there is 
negative correlation between delusion severity (based 

on psychiatric examination, it is manifested itself in 
the qualitative indicator of transition from persecutory 
to fantastic delusion) and the GFA indicator in the left 
and right cingulate tracts. We also observed positive 
correlation with GFA of the corpus callosum and left 
optic radiation tracts, which were mentioned in a 
number of investigations of the first psychotic episode of 
schizophrenia [37, 38]. The appearance of the fantastic, 
freakish fable is associated with the GFA increase in 
the tracts of fornix and middle cerebellar peduncles. 
This result suggests involvement of hippocampus and 
its structure (processes of memorizing and reactivation 
of memory traces) and cerebellum structures 
(autonomic behavior) in the processes of formation and 
manifestation of delusional disorders. 

Structural connectome and domain of thought 
disorganization. In the period of acute psychosis, 
impairment of purposefulness of thinking processes 
and their rupture up to verbigeration manifestations 
along with difficulties in movement coordination and 
misunderstanding of simple instructions, and even 
appearance of proboscis symptom are observed. 
Although this phenomenon is dynamic, it is prognostically 
important, determining the risk of unfavorable outcome 
[23]. Disorganization of thinking has been established 
to be associated with functional neuroimaging defined-
dysfunction of brain neural networks, including 
frontal compartments, auditory cortex, visual system, 
parietal compartments, limbic system, hippocampal 
pathways, regions of cingulate gyrus, and so on [39]. 
In our study we showed positive correlation between 
thinking impairment and the GFA indicators of the right 
parolfactory cingulum, tracts of the left middle and 
inferior cerebellar peduncles; negative correlation was 
shown to be with the GFA indicator of corpus callosum, 
brain fornix, tract of the superior longitudinal fasciculus. 
It is also worth mentioning that correlation analysis 
helped identify interhemispheric asymmetry, expressed 
in the changes in GFA of the cingulate tract, thalamic 
tract, cerebellum, and corticostriatal tract, replicating the 
results of several studies [39]. As in the previous cases, 
the data obtained reflect systemic alterations in the 
brain pathways involving the connectivity of the network 
regions responsible for executive functions, emotional 
sphere, memory processes, motor provision, attention, 
and decision-making as well as autonomic programs of 
execution.

 Structural connectome and negative symptom 
domain. The search for neurobiological markers of 
negative disorders is one of the priority tasks in current 
investigations due to the actually low curability rate 
and direct impact on functional outcome [40, 41]. 
Negative disorders may be considered as a reflection 
of neurodegenerative processes and loss of psychic 
functions in the form of narrowing of the emotional 
expressivity range and weakening of volitional qualities 
for feeling plenitude of life and self-realization [42]. One 
of the works fulfilled in the paradigm of the dimensional 
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approach has demonstrated positive correlation of 
negative symptom severity with the disturbances of 
the right anterior thalamic radiation tracts and negative 
correlation with the right ventral cingulate fasciculus [20]. 
The data obtained in our study widen the notion on the 
correlation of structural connectome and intensity of 
negative symptoms in schizophrenia. Deeper negative 
disorders are associated with the GFA increase in the 
right cingulum tracts and the tracts of the corpus callosum 
and with the GFA decrease not only in the cerebellar 
tracts and cingulum tract (obtained in the similar work 
[20]) but in the tracts of the fornix, corpus callosum, left 
and right corticostriatal tracts, right temporoparietal tract, 
which provides a ventral optic stream (“Who” function). 
Clinically important is identification of negative correlation 
of the negative symptoms and structural alterations in 
the left posterior compartment of the corticostriatal tract 
engaged in the volitional regulation of the motor activity, 
categorization of the objects, and adequate perception of 
emotions [43].

Alterations of structural connectome and 
catatonia. One of the key pathophysiological processes 
in catatonia is impaired control of motor acts, emotion 
expression, and regulation of behavior due to 
abnormality of horizontal modulation, i.e. prefrontal-
orbitofrontal-parietal chain, and vertical modulation, 
i.e. connecting the compartments of the anterior 
brain with the deep structures [44]. According to the 
results of the study [45], it is due to the structural and 
functional aberrations of the dorsolateral, prefrontal 
and orbitofrontal cortex that the imbalance in the work 
of the connectome of the regulating and controlling 
anterior brain compartments with amygdaloid body, 
hippocampus, thalamus takes place in catatonia. 
Characteristic manifestations of catatonia correlate with 
the dysfunction of the lateral orbitofrontal cortex, while 
catatonic symptom heterogeneity is determined by the 
differences in the degree of the damage or dysfunction 
of some links of the mentioned systems [45]. We have 
found that catatonia severity correlates with the GFA 
increase in the cingulate tracts, forceps major of corpus 
callosum, left middle longitudinal fasciculus, superior 
thalamic radiation, and right medial lemniscus. Inverse 
correlation was found between symptom severity and 
GFA in the tracts of cerebellum, fornix, forceps minor of 
corpus callosum, tracts of middle cerebellar peduncle, 
and cingulate tract.

Alterations of structural connectome and 
multiformity of different symptom domain severity. 
The data obtained by us have shown that alterations 
of some tracts of the brain white matter are associated 
with the severity of several symptom domains at once. 
Thus, changes in the tracts of the right frontal-parietal 
and parolfactory cingulum correlate with the severity of 
hallucinations, negative and catatonic symptomatology. 
The anterior cingulate gyrus is known to be linked 
with formation of subjective assessments of individual 
emotional experience and control of executive functions. 

Alterations in the cingulum connectivity are especially 
evident in empathy and cognitive regulation of emotions 
[46]. At the same time, the posterior cingulate gyrus 
is connected with integration of information into the 
structure of the individual experience involving the 
processes of attention, working/long-term memory [36]. 
Changes in the tracts of the left frontal parahippocampal 
cingulum correlate negatively with severity of 
hallucination and delusion, whereas changes in the right 
frontal parahippocampal cingulum — with the severity of 
delusion and catatonia. In case of severe hallucinations, 
delusional disorders, and disorganization, the most 
significant alterations are seen in the tracts of the left 
and right fornix. Fornix, as part of limbic system and 
the main output tract of hippocampus, is engaged in the 
work of the episodic memory connected with encoding 
and retrieval of the spatiotemporal patterns and also in 
the processes of the long-term memory retrieval [47].

Significant changes in the pathways of the corpus 
callosum, playing a key role in the information 
interhemispheric interactions, correlated with the 
prominence of catatonic symptom severity and negative 
symptomatology. The development of catatonia with 
severe disorganization phenomena was additionally 
linked with changes in the connectivity of the sensory-
motor system tracts (left and right superior thalamic 
radiation).

The results obtained in the process of the present 
study match partly the data published previously by 
Bopp et al. [20], and complement the information on a 
set of the altered tracts in the structural connectome 
related to the severity of psychopathological dimensions. 
Causes of structural connectome alterations require 
further exploration. Our results may be explained 
by various models: the character of neurogenesis 
in the brain structures, the level of functional activity 
of various neurotransmitter neuromediator systems 
involved in psychoses [48], and so on. It should be 
taken into consideration that changes may have a more 
complicated form of causal relationships and develop 
due to the interaction of multiple factors participating 
in the psychosis pathogenesis. For example, there is 
a controversial assumption on a combined effect of 
neurotropic microorganisms [49]. 

Functional and structural reorganization of the brain 
neural networks in schizophrenia occurs in ontogenesis 
and has presumably specific profile. This profile is 
determined by the dynamics of maturation of the brain 
neural network structures [50], on the one hand, and 
consequent loss of the brain grey matter, on the other 
[51], consistently affecting parietal, frontal cortex and 
temporal regions. These generalized changes are 
combined with formation of individual experience in the 
process of subject interaction with the environment and 
influence thereby the formation of functional systems 
of the body. At the level of brain structural organization, 
this is reflected in the non-linear dependence of the 
brain region connectivity strength on the intensity of 
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disease symptoms [52]. At the behavioral level, this 
dynamics of morphometric and tractographic changes 
is reflected in the complex of ontogenic symptoms 
involving impairment of integrative image perception, 
cognitive control function, formation of anticipatory 
model of behavior, social disadaptation, and others. The 
data obtained allow us to suppose that at this stage of 
psychiatry development, it is important to create objective 
assessment of schizophrenia, the basis of which will be 
structural and functional architectures of patient brain 
neural networks as a substrate for realization of psychic 
functions. Understanding disorders in the brain functional 
systems will give the possibility to develop individual 
restoration programs at the next stage. 

Strong sides of the study. Thorough examination 
of the nosologically uniform group of patients suffered 
their first psychotic episode of schizophrenia has been 
conducted. An important aspect is identifying continual 
heterogeneity of the main psychopathological domain 
severity: hallucinations, delusion, disorganization of 
thinking, catatonia, and negative symptoms. This made it 
possible not only replicate the results of the other studies 
performed in the similar design but also to receive new 
data on the brain tracts, the changes in which correlate 
with symptomatology.

Limitations of the work. Concerning the patients of 
the examined sample, it can be pointed out that in the 
clinical aspect (from the point of view of the diagnosis) 
we speak about a uniform group with the symptoms 
that are continually heterogeneous in severity. However, 
the conducted therapy has not been analyzed in detail 
as well as the characteristics of the period preceding 
the disease, including perinatal pathology, childhood 
disorders, and so on, which can potentially affect the 
morphofunctional brain characteristics. 

Conclusion

During our study, we used a dimensional approach 
of clinical diagnosis, taking into account continual 
severity heterogeneity of the main symptoms in the 
group of patients with schizophrenia. New data have 
been obtained on the possible differential involvement 
of the brain structures in the pathogenesis of diverse 
schizophrenia manifestations such as hallucinations, 
delusion, disorganization phenomena, and negative 
disorders. 
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Appendix 
Correlation of structural connectome and schizophrenia symptom intensity 
(p=0.05;  false discovery rate or expected proportion of erroneous discoveries)

Symptom Positive correlation Negative correlation
Hallucinations Left frontal parahippocampal cingulum

Left and right parolfactory cingulum
Left and right fornix
Right frontal parietal cingulum

Forceps major of corpus callosum
Left frontal parietal cingulum
Left arcuate fasciculus
Left superior longitudinal fasciculus
Left posterior thalamic radiation

Delusional disorder Left and right fornix
Forceps major of corpus callosum
Forceps minor of corpus callosum
Tapetum and body of corpus callosum
Left optic radiation
Middle cerebellar peduncle
Left cerebellum

Left and right frontal parietal cingulum
Right parolfactory cingulum
Left and right frontal parahippocampal cingulum

Disorganized thinking Right parolfactory cingulum
Middle cerebellar peduncle
Left inferior cerebellar peduncle

Tapetum and body of corpus callosum
Forceps major and minor of corpus callosum
Left and right fornix
Left frontal parahippocampal cingulum
Left cerebellum
Left posterior thalamic radiation
Left posterior corticostriatal tract
Left and right superior longitudinal fasciculus 
Left superior thalamic radiation

Catatonia Left and right parolfactory cingulum
Left frontal parahippocampal cingulum
Left and right frontal parietal cingulum
Forceps major of corpus callosum
Left middle longitudinal fasciculus
Right superior thalamic radiation
Right medial lemniscus

Left and right cerebellum
Middle cerebellar peduncle
Left and right fornix
Forceps minor of corpus callosum
Right parolfactory cingulum
Right frontal parahippocampal cingulum
Right frontal parietal cingulum

Negative 
symptomatology

Right frontal parietal cingulum
Right frontal parahippocampal cingulum
Right parolfactory cingulum
Forceps minor of corpus callosum

Tapetum of corpus callosum
Forceps major and minor of corpus callosum
Middle cerebellar peduncle
Left middle longitudinal fasciculus
Left and right inferior fronto-occipital fasciculus
Right parahippocampal parietal cingulum
Left inferior longitudinal fasciculus
Left and right fornix and left and right posterior corticostriatal tract
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