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Objective: Cognitive impairment in schizophrenia (SCZ) is associated with neuroinflammation
and neurotrophic dysregulation. The role of pro-inflammatory interleukins (IL) and brain-derived
neurotrophic factor (BDNF) in these alterations remains unclear. This study investigated the
associations between IL-18, IL-2, IL-6, BDNF, and cognitive function in patients with SCZ receiving
typical or atypical antipsychotics.

Methods: The sample included 162 healthy controls (mean age = 33.6+2.0 years), 88 patients with
SCZ receiving typical antipsychotics (36.4+6.4 years), and 62 patients receiving atypical
antipsychotics (34.0+4.0 years). Cognitive performance was assessed using a battery of attentional,
executive, and visuospatial working memory tasks. Data were analyzed using machine-learning
algorithms, multivariate statistics, and structural equation modeling.

Results: Patients with SCZ showed pronounced cognitive deficits, reduced BDNF concentrations, and
elevated IL levels compared with healthy controls, with the largest alterations observed among those
receiving typical antipsychotics. Higher medication dosages and longer illness duration were
associated with greater cognitive decline and stronger neuroimmune dysregulation.

Conclusions: The findings indicate that elevated cytokines and reduced neurotrophic support may
contribute to cognitive impairment, whereas persistent cognitive dysfunction further amplifies
inflammatory activity. These observations highlight the need to broaden current assessment
approaches and systematically examine biomarkers together with clinical features.
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Introduction

Schizophrenia (SCZ), a complex psychiatric disorder
affecting approximately 1% of the global population,
imposes a substantial burden on cognitive, emotional,
and social functioning. Cognitive deficits, a core feature of
SCZ, are present in up to 80% of patients and are one of
the strongest predictors of functional outcome." These
impairments, which include alterations in attention,
memory, and executive control, significantly compromise
daily activities and quality of life and are often considered
among the most disabling aspects of the disorder.’?
Cognitive dysfunction in SCZ is closely linked to
biological abnormalities, particularly neuroinflammation
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and neurotrophic dysregulation.®* Elevated levels of pro-
inflammatory cytokines, such as interleukin-1p (IL-1B),
IL-2, and IL-6, play a central role in the disorder’s
pathophysiology.® These cytokines can compromise the
blood-brain barrier and activate inflammatory signaling in
the central nervous system, thereby exacerbating cogni-
tive decline.® In parallel, reductions in brain-derived
neurotrophic factor (BDNF), a key regulator of synaptic
plasticity and neuronal survival, have been consistently
associated with cognitive impairment and illness sever-
ity.”® Understanding how neuroimmune alterations inter-
act with neurotrophic mechanisms is essential for
clarifying the biological basis of cognitive dysfunction in
scz.3®
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Beyond receptor-level effects, cytokine-related
mechanisms also contribute to cognitive impairment in
SCZ. Elevated IL-1B, IL-2, and IL-6 disrupt synaptic
plasticity, neurogenesis, and neurotransmission, worsen-
ing attention, memory, and executive performance.'®
Other cytokines, including IL-4, IL-8, and IL-10, amplify
neuroinflammation and further affect cognition.®'" Essen-
tial for neuronal maintenance and learning, BDNF is
typically reduced in SCZ and is associated with cognitive
decline.' Although proposed as a biomarker, its interac-
tion with immune pathways is still unclear, and its stabi-
lity in serum vs plasma remains a methodological
consideration.®

Typical antipsychotics, such as haloperidol, may
heighten cytokine activity and worsen cognition. Atypical
antipsychotics, acting on dopamine and serotonin sys-
tems, appear to be more effective in balancing cytokine
levels and enhancing BDNF expression, potentially
improving cognitive function.'? However, findings remain
inconsistent due to methodological variability and sample
heterogeneity. In particular, differences in treatment
duration, medication switching, and comorbid factors
may moderate immune and cognitive outcomes, compli-
cating interpretation and contributing to inconsistent
findings. These inconsistencies highlight the complexity
of cytokine modulation by antipsychotic medications and
its link to neuroimmune and cognitive processes in SCZ,
which has implications for clinical translation.® The
directionality of these effects remains debatable. For
instance, it is unclear whether elevated cytokines drive
cognitive impairment or reflect compensatory activities
due to the use of antipsychotics.

This study investigates how cytokines and neurotrophic
factors influence cognitive function in SCZ. Consistent
with previous studies linking antipsychotic medication,
disease progression, and symptom severity, we aimed to
clarify interactions among clinical, biological, and cogni-
tive variables. Advancing understanding in this field may
open avenues for targeted therapies or interventions
aimed at improving quality of life and functional outcomes
in patients with SCZ.

Methods
Participants

The sample consisted of 162 healthy participants (mean
age = 33.56 years; SD = 2.00), 88 SCZ patients using
typical antipsychotics (mean age = 36.40 years; SD =
6.40), and 62 SCZ patients using atypical antipsychotics
(mean age = 34.01 years; SD = 4.00). The participants,
aged 20 to 50 years, reported no retinal or eye impair-
ments in prior exams.

The patients, who met the DSM-5 criteria for SCZ, were
outpatients receiving maintenance antipsychotic therapy.
Symptom severity and clinical characteristics were
assessed using standardized instruments, including the
Positive and Negative Syndrome Scale,’® the Brief
Psychiatric Rating Scale,’ and the Montgomery-Asberg
Depression Rating Scale.'® In alignment with our hypo-
theses, these scales were used to examine variance in
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symptom severity, symptom manifestation, and clinical
features between patient groups. Trained examiners,
blinded to the other parts of the study, administered the
rating scales. The chlorpromazine equivalent was calcu-
lated using the Andreasen method.'®

During eligibility screening, 36 participants were
excluded due to predefined criteria, including a recent
history of neurological disorders (n=12), cardiovascular
disease (n=3), traumatic brain injury (n=1), and chronic
exposure to neurotoxic substances or substance use
disorder (n=20), which are known to influence neurocog-
nitive performance and inflammatory biomarkers in psy-
chiatric populations.’”'® For healthy controls (HCs),
exclusion criteria also included the use of medications
known to affect cognitive processing (e.g., benzodiaze-
pines) and any lifetime neuropsychiatric disorder, as
assessed by a structured clinical interview. All patients
were clinically stable outpatients with no recent substance
abuse and had maintained their current antipsychotic
therapy regimen for at least 6 months prior to assessment,
as confirmed by medical records. Patients were expected
to have stable social support, adhere to their medication,
and have no other psychotic disorders. Medication class
(typical or atypical antipsychotics) was determined accord-
ing to routine clinical practice and standard clinical care.
All participants had normal or corrected-to-normal visual
acuity (> 20/20, binocular), verified using a Snellen chart,
ensuring adequate visual sensitivity and minimizing indivi-
dual differences that may influence performance in visually
demanding tasks.?°?? The final sample was drawn from
a larger dataset to ensure representative distribution of
demographic and clinical characteristics. Recruitment and
assessment procedures were standardized across sites
through shared protocols, centralized training, and ongoing
quality control, contributing to consistent assessment
across centers.?023

Serum sample collection

Blood samples were collected in triplicate and allowed
to clot at room temperature for an hour, easing serum
separation for ELISA R&D analysis (R&D Systems, Inc.,
Minneapolis, MN, USA). This ensured the reliability of the
serum and the accuracy of cytokine measurement. Blood
samples were taken under uniform procedures, such as in
the early morning (to control for diurnal variation), by
trained professionals using sterile techniques in a clinical
environment. According to standard guidelines, the
samples were centrifuged at 1,600 x g for 25 minutes.
Participants were instructed to avoid heavy meals to
prevent interference or metabolite variability. The use of
high-quality reagents and adherence to validated proto-
cols allowed for low intra- and inter-assay variability
(coefficients below 9%).2*

Cognitive tasks

This section describes the cognitive tasks used in the
study. Brief descriptions are provided below, with addi-
tional methodological details available in Supplementary
Materials S1 and S2, Supplementary Figures S1-S4.



These procedures were selected for their sensitivity to
cognitive deficits commonly observed in SCZ'%25 Al
assessments were administered by trained researchers
following standardized protocols to ensure consistency
across sessions.

Flanker task

The Flanker task assessed selective attention and
attentional control. Participants identified a central target
letter while ignoring flanking letters on either side.
Reaction time (RT) was the primary outcome measure,
with faster RTs indicating better performance.?® RTs can
provide insight into subtle mechanisms not necessarily
reflected in error rates, which tend to plateau.

Color-word matching Stroop task

The Stroop task was used to evaluate executive control,
particularly inhibitory control and cognitive flexibility.
Participants identified the font color of words under
congruent (i.e., word meaning matching the font color)
and incongruent (word meaning conflicting with the font
color) conditions. Faster RTs across conditions indicated
better performance.?”

Corsi block-tapping

The Corsi block-tapping test was administered to assess
non-verbal visuospatial working memory and attention
span, as well as efficiency and processing speed (i.e.,
RTs). Participants were required to reproduce sequences
of blocks presented on a computer screen. Blocks were
sequentially indicated by a brief visual emphasis, with
only one block highlighted at a time. This procedure
served exclusively to mark the order of the sequence and
did not involve changes in stimulus features. Dependent
measures included RT for reproducing forward and
backward sequences and the maximum correctly repro-
duced sequence length (span). Faster RTs and higher
span values indicated better cognitive performance.?®

Data analysis

Data distribution was assessed using measures of central
tendency and dispersion. Normality was assessed using
skewness and kurtosis estimates based on the Monte
Carlo methods (cut-off = 1.96). Statistical analyses were
performed using IBM SPSS Statistics 25 (IBM Corp.,
Armonk, NY, USA) and MATLAB R2018b (MathWorks,
Natick, MA, USA).

Data were normally distributed, allowing the use of
parametric tests. Homogeneity of variances was evalu-
ated using Levene’s test, and homogeneity of covariance
matrices was assessed using Box’s M test for multivariate
analyses. The 3? (3 x 2) test was used to examine
nominal variables, such as sex. Analysis of variance
(ANOVA) was used to compare biological and socio-
demographic data across groups. A one-way ANOVA
was applied specifically to the Flanker test results.
Additionally, three separate multivariate ANOVAs were
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conducted to analyze the test results of the Corsi test
(four dependent variables), the Stroop test (two depen-
dent variables), and IL and neurotrophic factor outcomes.

Principal component analysis was used to reduce data
dimensionality. Components were retained based on
eigenvalues > 1 and inspection of the scree plot.
K-means clustering with Euclidean distance was then
applied to the retained component scores to identify latent
subgroups. The optimal number of clusters was deter-
mined using multiple complementary criteria, including
the elbow method, silhouette score, Davies-Bouldin
index, and Calinski-Harabasz index. Nested cross-valida-
tion was implemented to evaluate clustering stability and
ensure robustness across resampled datasets.

Random forest models were used to assess feature
importance in distinguishing groups. Models were trained
using an 80/20 training-testing split and were evaluated
using accuracy, precision, and recall metrics. Feature
importance scores were normalized to allow direct
comparison across predictors. Model stability and perform-
ance were evaluated using cross-validation procedures.
Sensitivity analyses were conducted to examine the
robustness of results across alternative model specifica-
tions and potential confounding variables, with additional
safeguards implemented to reduce overfitting and improve
model reliability.?°

Structural equation modeling was conducted to evalu-
ate relationships among clinical, biological, and cognitive
variables while accounting for potential confounders. Prior
to model estimation, the dataset was screened for
multicollinearity. Confounders identified in the literature
were incorporated as mediators or moderators in the
structural equation models. Sensitivity analyses were
performed to evaluate the stability of the structural
equation modeling results across alternative model
specifications.

Ethics statement

This study adhered to Declaration of Helsinki principles
for research involving human participants and received
ethical approval from the ethics committee of the
Universidade  Federal da Paraiba (certificate:
45774715.9.0000.5188), the institutional review board of
the Svenskagier Neurology Institute (protocol SB-2024-
04-002), and the Saint Petersburg State University ethics
committee. Participation was voluntary, and all partici-
pants provided written informed consent prior to inclusion
in the study. The capacity of each participant to provide
informed consent was assessed, and all procedures
complied with local regulatory and ethical guidelines.

Results
Sample characteristics

The characteristics of the participants are summarized in
Table 1. The groups did not significantly differ in age [F(2,
309) = 2.21, p = 0.160], education level (F[2, 309]) = 1.14,
p = 0.064), or sex (Xz[g] = 1.88, p = 0.389). Handedness
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Table 1 Demographic, clinical, and biological characteristics of the sample

HC Typical SCZ Atypical SCZ

(n=162) (n=88) (n=62) p-value
Age, years 33.56 (2.00) 36.40 (6.40) 34.01 (4.00) 0.160
Education, years 15.72 (5.52) 13.92 (7.60) 14.12 (2.27) 0.064
Male/female, n 72/90 32/56 19/43 0.389
Handedness, n (L/R) 40/122 14/74 6/56 0.036
Duration of the disease, years 0.00 11.59 (4.30) 9.00 (6.10) 0.052
Chlorpromazine-equivalent 0.00 963.96 (341.04) 882.61 (650.87) 0.370°
PANSS total 0.00 40.16 (19.44) 37.00 (12.06) 0.223"
PANSS positive 0.00 10.97 (2.50) 9.01 (3.50) 0.001"
PANSS negative 0.00 10.03 (8.14) 7.50 (4.58) 0.017"
IL-1B (pg/mL) 0.22 (0.15) 0.38 (0.09) 0.34 (0.07) < 0.001
IL-2 (pg/mL) 2.09 (0.97) 7.80 (3.54) 6.72 (1.99) < 0.001
BDNF (ng/mL) 22.82 (7.36) 9.34 (2.96) 12.63 (3.04) < 0.001
IL-6 (pg/mL) 2.00 (0.82) 4.26 (2.59) 3.29 (1.52) < 0.001

Data presented as mean (SD), unless otherwise specified.

IL = interleukin; BDNF = brain-derived neurotrophic factor; HC = healthy controls; L/R = left/right; PANSS = Positive and Negative Syndrome

Scale; SCZ = schizophrenia.
"SCZ group comparisons only.

Sex and handedness were analyzed using %2 tests; all other variables were analyzed using appropriate group comparison tests.
Chlorpromazine-equivalent doses are expressed in mg/day. p-values correspond to group analyses.

differed across groups (x%z = 4.32, p = 0.036), with
approximately 80% of participants being right-handed.

Biomarkers

Group differences in inflammatory and neurotrophic
biomarkers are illustrated in Figure 1. Patients with SCZ
showed higher IL-18, IL-2, and IL-6 levels and lower BDNF
concentrations compared with HCs, with the largest
deviations observed in the typical antipsychotic group.

Interleukin-1p levels

There were significant differences between groups for IL-
1B level (F[2, 309] = 56.50, p < 0.001, v® = 0.35; 95%
BCa 0.28-0.42). Post-hoc analysis showed that both SCZ
typical and SCZ atypical patients had higher IL-1p levels
than HCs (all p < 0.001). SCZ typical also had higher IL-
1B levels than SCZ atypical patients (p = 0.016; g = 0.40
[95%BCa 0.21-0.50]).

Interleukin-2 levels

There were significant differences between groups for IL-
2 levels (F[2, 309] = 54.80, p < 0.001; o® = 0.48; 95%
BCa 0.34-0.60). Post-hoc analysis showed that both SCZ
typical and SCZ atypical patients had higher IL-2 levels
than HCs (all p < 0.001). SCZ typical also had higher IL-2
levels than SCZ atypical patients (p = 0.042; g = 0.19
[95%BCa 0.06-0.37]).

Brain-derived neurotrophic factor levels

BDNF level differed significantly between groups (F[2,
309] = 50.65, p < 0.001; »® = 0.39; 95%BCa 0.30-0.46).
Post-hoc analysis showed that both SCZ typical and SCZ
atypical patients had lower BDNF levels than HCs (all p <
0.001). The SCZ typical group also had lower BDNF
levels than the SCZ atypical group (p < 0.001; g = 0.52
[95%BCa 0.28-0.70]).
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Interleukin-6 levels

There were significant differences between groups for IL-
6 levels (F[2, 309] = 60.40, p < 0.001; ®® = 0.33; 95%
BCa 0.27-0.44). Post-hoc analysis showed that both SCZ
typical and SCZ atypical patients had higher IL-6 levels
than HCs (all p < 0.001). The SCZ typical group also had
higher IL-6 levels than the SCZ atypical group (p = 0.008;
g = 0.34 [95%BCa 0.21-0.50]).

Cognitive performance

Cognitive task performance across groups is presented in
Figure 2. Overall, patients with SCZ showed slower RTs
and reduced accuracy across the Flanker, Stroop, and
Corsi tasks compared with HCs.

Flanker task

There were significant differences between groups for the
Flanker task (F[2, 309] = 62.80, p < 0.001; »® = 0.38
[95%BCa 0.29-0.52]). Post-hoc analysis revealed that
both the SCZ typical group and the SCZ atypical group
had higher RTs than HCs (all p < 0.001), suggesting
reduced performance in both patient groups. Additionally,
the SCZ typical group had a higher RT than the SCZ
atypical group (g = 0.40 [95%BCa 0.19-0.60]).

Stroop test

Significant group differences were observed in the Stroop
test (F[4, 618] = 74.78, p < 0.001, Pillai's trace = 0.76).
For congruent stimuli, both the SCZ typical and SCZ
atypical groups had higher RTs than HCs (all p < 0.001).
Additionally, the SCZ typical group had a higher RT than
the SCZ atypical group (p = 0.036, g = 0.27; 95%BCa
0.10-0.44). Similarly, for incongruent stimuli, both patient
groups had higher RTs than HCs, with the SCZ typical
group having a higher RT than the SCZ atypical group
(g = 0.48; 95%BCa 0.26-0.60).
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Figure 1 Violin graphs comparing distributions of biomarkers across HCs and schizophrenia groups. Each graph illustrates the
median values with solid red lines and the interquartile ranges with dashed black lines, showing the dispersion and central
tendency of the data. The width of each violin indicates the density of data points at different levels of each marker. BDNF =
brain-derived neurotrophic factor; HCs = healthy controls; IL-1B = interleukin-1p; IL-2 = interleukin-2; IL-6 = interleukin-6.

Corsi test

Analysis of the Corsi test revealed significant differences
between groups (F[8, 614] = 62.32, p < 0.001, Pillai’s
Trace = 0.78).

Corsi forward RT: both patient groups had higher RTs
than HCs. There was no significant difference between
the SCZ typical and SCZ atypical groups (p = 0.290).

Corsi backward RT: both patient groups had higher
RTs than HCs (all p < 0.001), and the SCZ typical group
had higher RTs than the SCZ atypical group (Hedges’
g = 0.60; 95%BCa 0.30-0.89).

Corsi forward span: both patient groups had a lower
span than HCs (all p < 0.001). Lower span refers to a
reduced ability to reproduce sequences of information.
However, despite these differences, performance
between the SCZ typical and SCZ atypical groups was
comparable (p = 0.873).

Corsi backward span: both patient groups had a lower
span than HCs (all p < 0.001), with lower performance
in the SCZ typical group than the SCZ atypical group
(p < 0.001, g=0.61; 95%BCa 0.33-0.84).

Additional analyses

Correlation and multiple regression analyses

Associations among clinical, cognitive, and biological
variables were examined. Detailed results are pre-

sented in the Supplementary Material S3, Supplementary
Figures S5-S8.

Principal component and clustering analyses

The analysis showed a silhouette score of 0.42 and a
Calinski-Harabasz index of 201.06, indicating well-defined
clusters. Diagnostic tests confirmed model robustness:
the Breusch-Pagan test (p = 0.39) found no heterosce-
dasticity, and the Durbin-Watson statistic (1.06) showed
minimal positive autocorrelation. The Akaike information
criterion of 200.49 suggests a reasonable model fit.
Validation through K-fold and leave-one-out cross-valida-
tion resulted in low mean squared errors (0.02 and 0.001),
verifying the model’s accuracy and reliability.

These findings reveal significant variations among the
clusters regarding the influence of cytokines on cognitive
function: cluster 1 (SCZ typical), cluster 2 (HCs), and
cluster 3 (SCZ atypical) explain 36%, 13%, and 20% of
the variance, respectively. The SCZ typical cluster
involved pronounced negative correlations between ele-
vated IL-13 and IL-6 levels, and cognitive performance
(i.e., Flanker task, Stroop incongruent, Corsi backward
span, R-values spanning from -0.50 to -0.59, all p <
0.01), suggesting a severe relationship. In contrast, the
atypical SCZ cluster had less severe influence (R-values
from -0.40 to -0.54, average p = 0.019). Additionally, the
control cluster, which was characterized by lower levels
of IL-1B8, IL-2, and IL-6, was positively correlated with
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Figure 2 Violin graphs illustrating cognitive task performance in patients with cognitive impairment in schizophrenia and HCs.
The graphs detail the results for various tasks. Red solid lines in each violin plot represent median values, while the black
dashed lines display the interquartile ranges, illustrating data dispersion and central tendency. The width of each violin
indicates the density of data points at different values. Adjacent to the plots, an effect size graph shows the significant
differences between the typical and atypical schizophrenia groups, with larger effect sizes and confidence intervals pointing to
notably reduced performance in the typical schizophrenia group. HCs = healthy controls.

cognitive outcomes (r = 0.39 to r = 0.60). Negative
correlations with BDNF in both the typical (r = -0.51) and
atypical (r = -0.43) SCZ clusters further underscored the
role of this neurotrophic factor. The SCZ typical group,
presenting the highest variance, aligned with expected
cognitive variability due to more pronounced pathological
manifestations. Conversely, the lower variance among
HCs supports the hypothesis of less cognitive disturbance
in the absence of pathological conditions.

Feature importance analysis for group differentiation

We used a random forest classifier to differentiate SCZ
patients from HCs, training it on predictor variables and
target labels (Supplementary Tables S1 and S2). The
classifier achieved 80% overall accuracy, with high
precision: 86% for HCs, 84% for typical SCZ, and 64%
for atypical SCZ. Specificity was robust: 90% for HCs,
84% for typical SCZ, and 78% for atypical SCZ.
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Feature importance analysis, normalized to sum to
100%, identified ILs and BDNF as key predictors,
accounting for approximately 40% of the predictive
accuracy (Supplementary Table S2). Other significant
predictors included Flanker task, Stroop incongruent, and
Corsi backward RT results, highlighting the role of
biomarkers and cognitive metrics in distinguishing
between groups. These findings emphasize the impor-
tance of ILs and cognitive metrics in differentiating SCZ
subtypes from HCs, affirming the value of integrating
biological and cognitive data in clinical and practical
contexts (Supplementary Table S2 and Supplementary
Figure S9).

Multiple structural equation models

Preliminary analyses showed moderate correlations
among key cognitive measures: Flanker RT and Corsi
block forward span, Corsi block forward RT, and Stroop



congruent RT had correlation coefficients of 0.42, 0.45,
and 0.40, respectively. More pronounced correlations
were observed between these cognitive tasks and more
challenging cognitive measures. Specifically, Stroop
incongruent RT correlated strongly with Corsi block
forward span, Corsi block forward RT, and Stroop
congruent RT, showing coefficients of 0.70, 0.74, and
0.80, respectively. Similar strong correlations were noted
with Corsi block backward span and Flanker RTs,
highlighting the interconnectedness of these cognitive
functions.

Based on these intercorrelations, the Corsi block
forward span, Corsi block forward RT, and Stroop
congruent RT were excluded from further analyses to
avoid redundancy and enhance model precision. Addi-
tionally, an autocorrelation assessment among all pre-
dictors, including IL levels and BDNF, indicated no
significant autocorrelation, allowing for their inclusion in
the structural equation models. Before proceeding to
group stratification, moderators were rigorously evaluated
for their viability within the model. Most variables showed
weak associations (e.g., Brief Psychiatric Rating Scale,
Positive and Negative Syndrome Scale, age) with
coefficients not exceeding the 0.05 threshold and had
high residual volumes.

However, exceptions were noted with variables such as
illness duration, chlorpromazine equivalent, and total
Positive and Negative Syndrome Scale score, which
were significantly associated (adjusted R® = 0.70, 0.56,
and 0.61, respectively; all p < 0.001). Similarly, sig-
nificant relationships were found for Corsi block backward
span, Corsi block backward RT, and Stroop incongruent
RT, each with p < 0.01 and adjusted R® = 0.57.
Collectively, IL and BDNF levels accounted for between
48.9% and 80% of the variance in outcomes, under-
scoring their significant predictive power in the model
(Supplementary Table S3 and Supplementary Figure
S10).

Discussion

In this study, we examined the interactions among
biological factors, clinical characteristics, and cognitive
performance in patients with SCZ who were receiving
typical or atypical antipsychotics. Specifically, we inves-
tigated how pro-inflammatory cytokine (IL-1, IL-2, IL-6)
and BDNF levels were related to cognitive outcomes and
how these associations interacted with symptom severity
and illness duration.

The results revealed moderate to large effect sizes
(0.56 to 1.12) across the measurements, indicating
significant differences between the SCZ groups and
controls. Patients on typical antipsychotics had the most
pronounced impairments, while those on atypical anti-
psychotics showed similar patterns, but to a lesser extent.
Higher antipsychotic doses, longer illness duration, and
altered cytokine and BDNF levels emerged as key
predictors of cognitive deficits. Clinical and treatment-
related factors may influence cognition indirectly by
modulating neuroinflammatory and neurotrophic path-
ways. In this model, medication type and iliness burden
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influenced biomarker expression, which, in turn, mediates
the severity of cognitive dysfunction. These findings
support a biologically mediated pathway linking clinical
variables and treatment exposure to cognitive outcomes
in SCZ.3%%"

Marked dysregulation of inflammatory and neurotrophic
pathways was observed in both SCZ groups, with
significant differences in IL-1p (0® = 0.39), IL-2 (0® =
0.50), BDNF (0? = 0.41), and IL-6 (0 = 0.35). These
changes suggest that disease-related changes extend
beyond central neural processes to systemic physiology.
Both typical and atypical antipsychotics modulate cyto-
kine levels, and meta-analytic evidence shows that typical
agents are associated with increased IL-1p, IL-2, and
IL-6, alongside functional changes in the prefrontal cortex
and hippocampus.®3* Likewise, changes in BDNF
associated with antipsychotic use are linked to alterations
in neuroplasticity and cognitive performance.®*" In vitro
and preclinical studies have shown that elevated cyto-
kines alter synaptic plasticity, hippocampal neurogenesis,
and BDNF-dependent signaling, providing mechanistic
support for the observed biomarker-cognition associa-
tions.®839 Although treatment mitigates some dysregula-
tions, cognitive impairment and biomarker alterations
persist over time.>4°

Cognitive assessments revealed significant impairments
in processing speed, working memory, and executive
function in SCZ patients relative to controls (®® = 0.40).
Patients receiving typical antipsychotics had more pro-
nounced deficits, particularly in response inhibition and
cognitive flexibility, than those receiving atypical antipsy-
chotics (Hedges’ g = 0.33). These differences align with
known pharmacological distinctions between antipsychotic
classes.*'**2 Typical antipsychotics primarily block dopa-
mine D2 receptors, which can lead to severe cognitive side
effects. In contrast, atypical antipsychotics also target
serotonin receptors, which may result in lower cognitive
impairment.*? However, cognitive outcomes are strongly
influenced by illness severity and medication dose.
Evidence indicates a dose-dependent relationship, with
higher antipsychotic exposure associated with greater
cognitive impairment.*® Cognitive outcomes were also
influenced by iliness severity and duration, highlighting the
importance of rigorous methodology and control of
confounding factors.**

Our multivariate approaches further clarified these
relationships. Principal component analysis distilled com-
plex data into clusters directly linked to inflammation and
cognitive performance, explaining more than 70% of the
total variance.*® Clustering analyses applied to these
components revealed distinct biomarker patterns that
differentiated SCZ patients, particularly across medication
subgroups, from controls based on IL levels and BDNF.
Random forest modeling achieved high classification
accuracy based on biological and clinical variables,
suggesting that multivariate machine-learning app-
roaches may aid early identification and monitoring of
disease progression in SCZ, while structural equation
modeling analyses further clarified the relationships
among biomarkers, clinical variables, medication type,
and cognitive outcomes. Emerging analytical tools,
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including large language models, may further facilitate the
integration and interpretation of complex clinical and
biological data.*® Structural equation modeling identified
the most influential predictors and consistently explained
a substantial proportion of variance in cognitive perform-
ance, providing insight into how inflammatory and
neurotrophic changes interact with clinical factors to
shape cognitive deficits in SCZ.° Furthermore, the
analyses showed how these variables were related to
and influenced by other variables in the model, such as
symptom severity and illness duration, supporting a
multilevel model in which clinical burden and treatment
exposure modulate biological pathways that contribute to
cognitive dysfunction.

Together, these results support integrated models that
account for biological, clinical, and cognitive factors. They
inform future research and therapeutic interventions
aimed at mitigating cognitive impairment and improving
patient outcomes. For instance, studies have shown that,
due to their multi-receptor action, atypical antipsychotics
result in fewer cognitive deficits than typical antipsycho-
tics.*” Elevated cytokine levels and reduced BDNF were
significant predictors of cognitive impairment, with
patients on typical antipsychotics showing more pro-
nounced deficits.*’***®  This necessitates different
approaches to treatment, focusing on personalized
strategies to enhance cognitive outcomes and overall
quality of life in SCZ patients.'?4°

Our study has limitations. The cross-sectional design
limits inferences about temporal relationships and causal
pathways. Although the sample size was sufficient to
detect significant effects, it may not fully capture the
heterogeneity of SCZ, particularly less common but
clinically meaningful subgroups. Despite controlling for
multiple confounders, unmeasured factors, including
nonrandomized exposure to typical or atypical antipsy-
chotics, never-medicated individuals, medical or psychia-
tric comorbidities, and other clinical and metabolic factors,
may have influenced the findings. Longitudinal studies
with baseline and follow-up assessments that account for
medication initiation and treatment duration are needed to
clarify the directionality of associations between biomark-
ers and cognitive outcomes. Finally, replication in
independent cohorts is required to strengthen the gen-
eralizability of the findings, although they may extend to
clinically similar populations.

Future research should address these limitations by
expanding sample sizes, ensuring greater demographic
and clinical diversity, and integrating multimodal
approaches such as genomics, proteomics, metabolo-
mics, and neuroimaging to better characterize the
biological basis of cognitive deficits in SCZ. Together,
these advances may support the development and
validation of machine learning models for early diagnosis
and personalized treatment strategies, which could
improve clinical outcomes and quality of life for patients.
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