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Abstract

Background The heterogeneity of cognitive impairments in schizophrenia has been widely observed. However,
reliable cognitive boundaries to differentiate the subgroups remain elusive. The key challenge for cognitive subtyping
is applying an integrated and standardized cognitive assessment and understanding the subgroup-specific neurobio-
logical mechanisms. The present study endeavors to explore cognitive subgroups and identify their morphological
features.

Methods A total of 920 schizophrenia patients and 169 healthy controls were recruited. MATRICS Consensus Cogni-
tive Battery was applied to assess cognitive performance and recognize cognitive subgroups through latent profile
and latent transition analysis. Cortical thickness and gray matter volume were employed for the morphological
features across subgroups.

Results Four reproducible cognitive subgroups were identified, including multidomain-intact, executive-preserved,
executive-deteriorated, and multidomain-deteriorated subgroup. After 12 weeks of follow-up, the cognitive char-
acteristics of three out of the four subgroups kept stability, except for multidomain-deteriorated subgroup in which
48.8% of patients with improved cognition transited into the executive-deteriorated subgroup. Across subgroups,
significant gradient features of brain structure were exhibited in fronto-temporal regions, hippocampus, and insula.
Compared to healthy controls, multidomain-intact subgroup showed the most intact cognition and morphology,
and multidomain-deteriorated subgroup with youngest age showed morphological decline in extensive regions.
The remaining two subgroups showed intermediate cognitive performance, but could be distinguished by executive
function and morphological differences in posterior cingulate cortex.
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Conclusions Our study provides novel insights into the heterogeneity of cognitive impairments in schizophrenia
and the morphological features from cross-sectional and longitudinal levels, which could advance our understanding
of complex cognition-morphology relationships and guide personalized interventions.

Keywords Schizophrenia, Heterogeneity, Cognitive subgroup, Latent profile analysis, Cortical thickness, Gray matter

volume

Background

Cognitive impairment, as one of the core characteris-
tics in schizophrenia, has been established as signifi-
cantly influencing patient’s functional outcomes [1, 2].
Patients with cognitive impairments experience greater
interference with real-world functioning, more symp-
tom burdens, and worse quality of life. These impair-
ments manifest in many neurocognitive domains such
as processing speed, working memory, attention, verbal
memory, fluency, and executive function [3, 4], with vari-
ability in the patterns of impairments across schizophre-
nia patients. Previous studies have identified distinct
cognitive subgroups in schizophrenia patients. These
subgroups differ in their level of overall impairments,
ranging from mild to severe in two to four subgroups
[5-7], or had prominent impairments in several domains
of cognition, such as diminished verbal fluency, dimin-
ished verbal memory and motor control, diminished face
memory and slowed processing, and diminished intel-
lectual function [8]. Despite these advances, a unified
conclusion regarding cognitive impairments in schizo-
phrenia has not yet been reached, which is possibly due
to unintegrated cognitive domains, varying assessment
tools, and lack of biological mechanism verification.

The abnormalities in brain morphology have been
widely observed in schizophrenia and closely relate to
cognitive impairments [9]. Patients with schizophrenia
display extensive cortical thinning and gray matter loss
in the frontal and temporal regions compared to healthy
controls [10, 11]. These morphological alternations cor-
relate with declines in executive function, working mem-
ory, verbal memory, language learning, and processing
[12, 13]. Additionally, volume reductions in the temporo-
limbic structures may affect overall cognitive function
[14]. However, the heterogeneity of cognitive impair-
ments still prevents consistent results. For instance,
Woodward and Heckers [15] found that cognitively pre-
served patients with schizophrenia did not exhibit any
localized changes in gray matter compared to healthy
control; however, cognitively impaired patients exhibited
widespread reductions in gray matter and white matter.
Furthermore, cortical thinning appears to follow a similar
trend, being more pronounced in severely impaired cog-
nition as compared to preserved cognition [16]. Taken
together, these studies indicate that cortical volume or

thickness may not be uniformly decreased across all indi-
viduals with schizophrenia; rather, they may differ with
the severity of cognitive impairments. Therefore, it is
critical to delineate the heterogeneous patterns of cogni-
tive impairments and identify the brain characteristics of
each profile.

To analyze the heterogeneity of cognitive impairments,
data-driven methods are generally used, such as k-means
clustering, Gaussian Mixture Model, and the latent pro-
file analysis (LPA). Among them, LPA, as an individual-
centered and model-based clustering approach [17], has
unique advantages. Compared to traditional clustering
methods, LPA has fewer prerequisites for application,
more reasonable clustering criteria and result testing,
and less arbitrariness [17-19]. This method can limit
model parameters based on theory or practice, which
makes the classification more objective and realistic.
The flexibility of LPA makes it adaptable to the hetero-
geneous study of complex psychiatric and psychological
phenomena [20]. For example, this approach has been
shown to be useful in identifying cognitive phenotype in
schizophrenia [21], Alzheimer [22], and epilepsy [23], as
well as in examining cognitive decline in traumatic brain
injury [24]. By using LPA, a recent study revealed some
cognitive profiles in schizophrenia patients based on par-
tial domains of cognition [7], and also left the question of
whether they represent unique biological variations in a
subset of individuals. Besides, we also plan to apply the
latent transition analysis for the longitudinal data at dif-
ferent time points to test the longitudinal stability of cog-
nitive profiles.

Thus, to advance our understanding of the cognitive
heterogeneity and its relationship with morphology,
this study intends to identify subgroups of schizophre-
nia patients with distinct cognitive impairment profiles
using LPA based on comprehensive cognitive subtests,
and examine their clinical features and morphological
structure via magnetic resonance imaging (MRI). The
MATRICS Consensus Cognitive Battery, recognized as
the gold standard for cognitive assessment in schizo-
phrenia, is utilized to ensure the integrated and standard
assessment for cognitive performance. To foreshadow
the result, we (1) confirm the existence of “intact” and
“severely impaired” cognitive subgroups, (2) identify spe-
cific patterns of structural variations in different cognitive
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impairment subgroups, and (3) we also hypothesized that
symptom severity would increase as profile varied from
intact to severe subgroup.

Methods

Participants

The subjects consisted of 920 patients with schizophrenia
and 169 healthy controls (HC). All patients were divided
into three cohorts: Discovery Set (n=661), LPA-Repli-
cation Set (n=169), and Neuroimaging-Validation Set
(n=90). The Discovery Set was derived from large mul-
ticenter cross-sectional data, and LPA-Replication Set
was selected from two 24-week clinical trials in which
patients completed 12- and 24-week follow-up. Table 1
provides an overview of three cohorts and the detailed
source of the sample is described in Additional file 1: S1.
Participants [25, 26].

The inclusion criteria for patients in Discovery Set
and LPA-Replication Set were as follows: (1) subjects
aged 16—60 years, (2) met schizophrenic criteria of the
Diagnostic and Statistical Manual of Mental Disorders
Fifth Edition (DSM-5) [27] or International Classifica-
tion of Diseases-tenth edition (ICD-10) [28]. And the
key exclusion criteria included (1) a history of clini-
cally unstable systemic medical disorder; (2) a DSM-5/
ICD-10 diagnosis of substance use disorder, intellectual
disability, autism spectrum disorder, and dementia; (3)
failure to complete cognitive assessments at enrollment.
The Neuroimaging-Validation Set is a sample of patients
with first-episode schizophrenia who met DSM-5 or
ICD-10 criteria for schizophrenia and was independently
recruited from the First Affiliated Hospital of Zhengzhou
University. Inclusionary criteria for Neuroimaging-Vali-
dation Set included an age range of 16—45 years, duration
of the disease less than 2 years, and a total PANSS score
greater than 60. Exclusion criteria were consistent with
those of the two datasets described above. In addition to
our patient population, 169 HC (124 LPA-HC, 45 Neu-
roimaging-HC) were recruited from the communities,
streets, and schools in Changsha, Nanjing and Zheng-
zhou cities. Moreover, HC with first-degree relatives with
any mental illness were also excluded.

Cognitive and clinical assessment

For all participants, the cognitive performance was
assessed via Chinese version of MATRICS Consensus
Cognitive Battery (MCCB) [29, 30]. The operators at each
center underwent rigorous training and the quality of
MCCB assessment was checked by our team during data
collection. The MCCB battery requires approximately 90
min to administer. It consists of seven cognitive domains
derived from nine subtests: processing speed [Trail Mak-
ing Test: part A (TMT), Brief Assessment of Cognition in
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Schizophrenia: symbol coding (BACS SC), and category
fluency: animal (Animal fluency)], attention/vigilance
(Continuous Performance Test, CPT), working memory
(digital sequence and Wechsler Memory Scale Spatial
Span, WMS III), verbal learning and memory (Hopkins
Verbal Learning Test-Revised, HVLT-R), visual learning
and memory (Brief Visuospatial Memory Test-Revised,
BVMT-R), reasoning and problem solving (Neuropsy-
chological Assessment Battery, NAB), and social cogni-
tion (Mayer—Salovey—Caruso Emotional Intelligence
Test, MSCEIT). The raw scores of the 9 cognitive subtests
were converted to T scores according to Chinese norms
(corrected for age, gender, and education), and the T
scores were utilized as the primary measurement.

All patients completed MCCB assessments during
enrollment, and as part of the 24-week clinical trial,
patients in the LPA-Replication Set conducted MCCB
assessments at three time points (baseline, 12w, 24w).
The Positive and Negative Syndrome Scale (PANSS) was
conceived as an effective instrument to evaluate clinical
psychopathology [31]. In the combined sample of Discov-
ery Set and LPA-Replication Set, 669 individuals received
a single antipsychotic (290 risperidone, 215 olanzap-
ine, 72 amisulpride, 42 aripiprazole, 29 paliperidone, 9
ziprasidone, 3 quetiapine, 2 blonanserin, 1 lurasidosne,
1 perospirone, and 5 clozapine); 50 individuals received
2 or more antipsychotics (19 with clozapine and only 1
with first-generation antipsychotics: perphenazine); 86
individuals were drug-naive; 25 individuals had missing
medication records. And because of their condition, 14
individuals were on mood stabilizers (9 valproate and 5
lithium) and 4 were on benzodiazepines. Daily doses of
antipsychotics were recorded and converted to chlor-
promazine equivalents (CPZeq) [32].

MRI data acquisition and preprocessing

A subsample of 274 patients from the combined Discov-
ery Set and LPA-Replication Set, and 73 healthy subjects
from LPA-HC underwent brain MRI examinations with
3D T1-weighted sequences at two sites at baseline (site
1: the Second Xiangya Hospital, 183 patients and 37 HC;
site 2: the Nanjing Brain Hospital, 91 patients and 36
HC). And additional 90 patients from Neuroimaging-Val-
idation Set and matched 45 HC from Neuroimaging-HC
also underwent MRI examinations in the First Affiliated
Hospital of Zhengzhou University (site 3).

Image processing was conducted using the Freesurfer
package (version6.0, http://surfer.nmr.mgh.harvard.edu),
comprising cortical thickness maps, mean volume esti-
mates for intracranial volume (ICV), and total brain vol-
umes (TBV); image processing was also conducted using
the CAT12 package (CAT12, r1653, http://dbm.neuro.
uni-jena.de/cat/index.html) to obtain gray matter volume
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(GMV). Before statistical analysis, the preprocessed maps
were uniformly processed through Combat to eliminate
site effects. Details of image acquisition, data preprocess-
ing, and Combat Harmonization are given in Additional
file 1: S2. MRI Acquisition Protocol and S3. MRI data
preprocessing [33—40].

Latent profile analysis and latent transition analysis

for cognition

LPA was first performed on the scores of nine subtests
of MCCB in the Discovery Set to identify potentially
homogeneous groups of schizophrenic patients, and
then in the LPA-Replication Set to determine whether
the number and characteristics of profiles identified in
the Discovery Set could also be observed. In each data-
set, models of one to five latent profile(s) were modeled
separately. The optimal model was selected based on
the fit indices, as well as interpretability and parsimony.
The model fitting indices included Akaike’s Information
Criteria (AIC) [41], Bayesian Information Criteria (BIC)
[42], sample-size adjusted BIC (aBIC), entropy [43],
Bootstrap Likelihood Ratio Test (BLRT) [44], and Lo-
Mendel-Rubin adjusted likelihood ratio test (LMR) [45].
Lower AIC, BIC, and aBIC values indicate a better model
fit. Significant BLRT and LMR indicate that k class solu-
tion superior to k-1 class solution. Since BIC, aBIC, and
BLRT are considered to be robust fitting indicators [46],
they are considered preferentially in the selection of the
optimal model. The entropy (ranges from 0 to 1) is used
to evaluate the classification accuracy of the model, with
higher entropy representing higher classification accu-
racy. Since entropy is susceptible to sample size, values
above or close to 0.8 are acceptable [47].

Then, latent transition analysis (LTA) was performed
using longitudinal data from the LPA-Replication Set
to characterize the dynamic transitions of the samples
between classes over time. LTA estimated the transition
probability from one latent class at time 1 to other latent
classes at time ¢+ 1. The LPA and LTA were performed
in Mplus (version 8.3) [48]. Once the optimal model was
determined, the combined sample of Discovery Set and
LPA-Replication Set was used for classification and sub-
sequent analysis.

Statistical analysis

Group differences of basic demographics and clinical
variables were examined with ¢-tests, analysis of variance
(ANOVA), and chi-square tests, followed by Bonferroni
post hoc comparisons. For data that did not fit normal
distribution, nonparametric test was applied. If there is a
profile shift in the longitudinal data, the effect of group
on the PANSS scores were analyzed with a repeated-
measures ANOVA, with between factor group (patients
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shifted to other profile vs stabilized in the original pro-
file) and within factors PANSS scores and time (baseline
and 12 weeks follow-up). All the above operations were
performed in SPSS Statistics 25.0.

After controlling for age, gender, education, and ICV
(only for GMV comparisons), statistical maps for group
effects on cortical thickness at each vertex and GMV at
each voxel were generated using analysis of ANOVA in
SPAMRI (v1.2) [38] and SPM12 (v7219, http://www.
filion.ucl.ac.uk/spm), respectively (see in Additional
file 1: S3. MRI data preprocessing). The surviving clus-
ters from ANOVA were selected as regions of interest
(ROIs) and then mean thickness or GMYV values of ROIs
were extracted for post hoc analysis. Meanwhile, ICV,
absolute TBV, and TBV adjusted for ICV were examined
using ANOVA with age, gender, education, and type of
MRI scanner entered as covariates. Multiple comparisons
were corrected using Bonferroni method.

On the other hand, we validated the replicability of
MRI features related to cognitive subgroups in the inde-
pendent Neuroimaging-Validation Set. First, the latent
profile model was trained on seven MCCB domain scores
in the combined Discovery Set and LPA-Replication Set
and then predicted the cognitive profile in the Neuroim-
aging-Validation Set. Next, the ROI values of subgroups
were extracted from Neuroimaging-Validation Set, and
the same post hoc analyses and Bonferroni correction for
multiple comparisons were conducted.

Results

Demographics and clinical characteristics

Demographics and clinical characteristics of cases
(m=920) and HC (#=169) are shown in Table 1 and
Additional file 1:Table S1. While there were modest dif-
ferences in demographics and clinical symptoms between
the Discovery and the LPA-replication Set, no significant
differences were observed in cognitive performance.

Cognitive subtyping by LPA based on MCCB

Discovery phase

Based on Discovery Set, LPA was conducted and Table 2
depicts the fit statistics from the series of latent profile
models with one to five profiles. The values of AIC, BIC,
and aBIC decreased as the number of extracted profiles
increased, while the p values of BLRT were consistently
significant (p<0.001), indicating that a greater number
of profiles fit the data increasingly better. But the decre-
ments of AIC and aBIC slowed for model 3-5, so the fit-
ting and profile interpretation of models 3-5 should be
carefully considered. While the 4-profile model showed
slightly higher BIC than 3-profile model, the 4-profile
model showed lower AIC and aBIC. Although 5-pro-
file model showed the lowest AIC and aBIC among the


http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm

Page 6 of 17

(2025) 23:13

Huang et al. BMC Medicine

159 oney pooyiay 1 desisioog (474 ‘1591 Ol1es pooy Iyl palsnipe uigny-|opusin-0T YT DId paisnipe azis-ajdwes Hjgp ‘e11a11id uolewlojul uelsakeg Jjg ‘eliallid UOIIRWIOI S 1YY DY

9€'0/0C°0/61°0/1C0/¥00 L000> ol'lelL'/c— 700 8C0€L 6990 vSL€6E'VS LV6°LLS'VS 860°V0€'VS S
€C0/C€0/8C0/L1°0 1000> 990'/91'/T— LC0 #9802 690 0LV TEV'YS P8 78S S €1T8SEYS ¥
9¢'0/65°0/51°0 1000> [aaad Vids 1000> 1GE99¢ o0 1 /8'89%'%S 9rS'6857S ZELOLY'YS €
¢L'0/820 1000> 80€'9¢8'LT— 1000 > 908CE01 S6.0 LTLE0L'YS SP9T6LYS SYi’099'%S 4 (1)
Or91/'sS 209°€//1'SS 919'889'SS L uoiedl|day-yd1+A19A02sIg
€1°0/0€°0/2C0/6C'0/900 1000 > 0910995 — Lo ¥8%79¢ €60 vL0°L6€ELL 659085'LL STL'66ELL S
€C'0/0C0/05°0/£00 L00 198°€/95 — L0 8/8'9¢C 96,0 €LSTLYLL GGS995L L 0ZE9LY'LL 14
9€0/£5'0/L00 1000 > Y6L6CL5— 1000 > L2601 LS80 6ECTCY LL 859°TyS’LL LTy LL €
LS0/€t0 1000> £11°0S85— 710 6ECLET 90 69S¥LSLL SCTE09'LL 885°GLSLL 14 €D
8689¢/'LL 68€6/'LL €6S/EL'LL l uonedl|day-yd1
€C0/01°0/15°0/€1°0/€0°0 ¥C0 S70'999S — 9’0 L9€'S¢C 0€80 STL8LY'LL 04£'109'L L SETOTV'LL S
9C'0/¢S0/L10/L1L0 700 010895 — LSO r56C 8080 YrEVTYLL 9TE9/G'LL L609CY L L 14
0€0/190/600 1000 > lrlelss— €00 859/ €80 S8 PEYLL PrL'SSSLL 80C9EY'L L €
€5°0/4¥°0 1000> L20'S185— €Lro 701’881 £0L°0 Yo E6r L L 0z6'185'LL €8T YEYLL 14 @)
66€'G99'L L z6eTeLLL 7S0999'L L L uoned!|day-yd1
91'0/05°0/21°0/51°0/90°0 6C0 9/6'1995 — 650 9LL've 8080 9STELY'LL 106965 L L 99€°SLYLL S
G1'0/€1°0/0C°0/¢50 1000> 6816/95— 050 89/L°€EE 8640 90C8LY'LL 881°0/5'LL €56617'L1L ¥
LT0/%50/61°0 1000> ELLoLLS— L00 59909 992°0 966TEY'LL SLEESSLL 6LEVEY L €
S/0/5C0 1000 > 0Ce'1e8s— 1000> o18le €580 LOTSLY'LL €98°€95"L L 9TTIULY'LL 4 (1)
G86'//9'L1 6L6VEL'LL 0v98/9'LL L uonedl|day-yd1
81°0/¢C0/€€0/900/1C0 1000> 60V 8Ly LT~ Lo S¥9'€9 0990 089'96'Cy LEG8YL'EY v61°888'CY S
9¢'0/8C°0/0€°0/91°0 1000> LISy L= 8%0 €860'€S S¥90 L11966'Ty 6L58YL'EY 618CE6'TY 14
95°0/6C0/S1°0 1000> €LE6SS 1T~ 1000> 1SS€CT VAZA0) SYLL10'EY 96€'8EL'EY €€9/96'Ty €
69°0/1€0 1000 > L6€T86'LT— 1000> GEETEEB 1640 LSS LLT'EY 43400594 9T9vLL'Ey 4
LESTC0YY 7891801 ¥6/°000'7¥ L ISEteaNq
anjead anjead
suonodoud ajyoid 14719 1419 qN HN1 Kdonu3 oige ol pl\ 9|yoid

(691 = U) 19S uonedl|day-yd1 pue (199 = U) 195 A19A02sI 10j SisAjeue ajyoid Jusie| 10} sdIpUl 14 T dqel



Huang et al. BMC Medicine (2025) 23:13

models, it resulted in one group with too few participants
(6% of cases), which typically represents spurious classi-
fication and is not meaningful [49, 50]. Thus, a 4-profile
model fits the data best.

Replication phase

Fit statistics of replication phase are provided in Table 2.
Results indicated that 4-profile model had a lower AIC
and aBIC, a significant BLRT p-value compared to 3-pro-
file model, and also a favorable entropy value. The BLRT
p-value indicated that 5-profile model did not fit as well
as a 4-profile model. Additionally, model 5 contained one
profile of less than 10% of the sample. Based on these cri-
teria, a 4-profile model was considered optimal.

Cognitive patterns of subgroups

LPA of the combined Discovery Set and LPA-Replica-
tion Set showed appropriate AIC, BIC, aBIC, and BLRT
p-value for 4-profile model (Table 2). The cognitive char-
acteristics of four subgroups are depicted in Fig. 1 and
Additional file 1: Table S2. Profile 4 showed only slightly
decreased performance in Symbol Coding (p =0.004) and
Continuous Performance Test (p=0.01) (2/9 subtests)
compared to HC, named multidomain-intact subgroup.
Profile 3 showed moderately decreased performance in
most subtests (p<0.001) except Wechsler Memory Scale
Spatial Span (WMS) and Neuropsychological Assess-
ment Battery (NAB) compared to HC, named execu-
tive-preserved subgroup. Profile 2 showed moderately
decreased performance in nine subtests, especially in
WMS (p=1.39%x107'%) and NAB (p=3.04x107°%) com-
pared to HC, named executive-deteriorated subgroup.
Profile 1 showed more severe impairment in eight sub-
tests (p<0.001) (except NAB) than profile 2, named
multidomain-deteriorated subgroup. This 4-profile
solution consisted of 23% profile 4 (n=194), 32% pro-
file 3 (n=265), 28% profile 2 (n=231), and 17% profile 1
(n=140). In addition, cognitive scores of subgroups were
standardized to Z-scores using HC’s MCCB scores as a
criterion (Additional file 1: Figure S1).

Clinical features of cognitive subgroups

Significant differences for demographic and clinical char-
acteristics among cognitive profiles are summarized in
Fig. 2 and Additional file 1: Table S2. In particular, multi-
domain-deteriorated and executive-preserved subgroup
had similar age and age of onset, both of which were
younger than multidomain-intact and executive-deteri-
orated subgroup. Multidomain-deteriorated subgroup
received less years of education than executive-dete-
riorated subgroup. In addition, executive-deteriorated
subgroup had the highest proportion of females (83%)
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compared to other subgroups, while executive-preserved
subgroup had the lowest proportion of females (42.3%).

There was no significant difference in positive symp-
toms among the four groups; however, the negative
symptoms, general pathology scores, and total PANSS
scores were most severe in multidomain-deteriorated
subgroup (all p<0.001), least severe in multidomain-
intact subgroup (all p<0.05), and intermediate in the two
moderate subgroups. There was no significant difference
in the duration of disease among groups. And on medi-
cation, only executive-preserved subgroup was observed
to have a higher daily dose than multidomain-intact
subgroup.

Longitudinal stability of cognitive profiles

and symptomatology reductions

Given the best fit of the 4-profile solution, a latent transi-
tion analysis of 4 profiles was performed. Table 3 depicts
latent transition probabilities for each profile from T1
to T2 and T2 to T3. Most profiles exhibit high transi-
tion probabilities to themselves (>0.8), suggesting that
most individuals remain at their respective profiles over
time. However, 48.8% of profile 1 (n=18) shifted to pro-
file 2 from T1 to T2 in the longitudinal cohort, and the
rest (n=19) remained in profile 1. At baseline, cognitively
stable patients in profile 1 performed significantly worse
on the WMS compared to cognitively improved patients
(24.63 £7.81 vs 33.00 £ 9.32, p=0.005), whereas there was
neither a significant difference in the other eight subtests,
nor in symptoms (Additional file 1: Table S3). Longitu-
dinally, the repeated measures ANOVA indicated a sig-
nificant main effect of time of PANSS score (all p <0.001),
neither a main effect of group nor a group*time interac-
tion were found. This result suggests that both groups
showed symptomatic reductions from baseline to 12
weeks, but there was no difference in the degree of
improvement between the two groups (Additional file 1:
Table S4).

Differences in cortical thickness among subgroups

Significant differences were found in cortical thickness
among the groups (Fig. 3, Additional file 1: Table S6
and Table S8), whereas this effect was not apparent in
the multidomain-intact subgroup, which showed only
decreased cortical thickness in right precentral gyrus
(preCG). Executive-preserved subgroup exhibited sig-
nificantly reduced cortical thickness in left supramar-
ginal gyrus, left superior frontal gyrus (SFG), right
preCG, right pars opercularis (POp), and right lateral
orbital frontal cortex compared to the HC. The execu-
tive-deteriorated subgroup demonstrated similar but
more extensive cortical thinning, with additional reduc-
tions in the left middle temporal gyrus. Furthermore, the



Huang et al. BMC Medicine (2025) 23:13

(a) Cognitive Profiles
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Fig. 1 Cognitive profiles by latent profile analysis (A) and their differences among groups (B). The figure represents the cognitive performance
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reflect the 95% confidence interval. V" means that the cognitive test is significantly worse than HC, and "1" is the opposite. p<0.05, p<10A-204,
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multidomain-deteriorated subgroup showed significantly
reduced cortical thickness in the left supramarginal
gyrus, left SFG, left middle temporal gyrus, right preCG,
and right POp compared to HC.

Additionally, Jonckheere-Terpstra test showed that
there was a statistically significant trend of less loss

of cortical thickness with higher levels of cognitive
performance (from profile 1 to profile 4 and to HC)
in left supramarginal gyrus (z=5.19, p<0.001), left
SFG (z=4.51, p<0.001), left middle temporal gyrus
(z=3.31, p=0.001), right preCG (z=4.44, p<0.001),
right POp (z=4.11, p<0.001), and right lateral orbital
frontal cortex (z=3.30, p=0.001).
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Table 3 Transition probabilities across time by using latent transition analysis

T1 (rows) to T2 (columns) T2 (rows) to T3 (columns)
Profiles 1 2 3 4 Profiles 1 2 3 4
1 0512 0.488 0 0 1 0.893 0.107 0 0
2 0 0.812 0 0.188 2 0 1 0 0
3 0 0 0.891 0.109 3 0 0 1 0
4 0 0 0 1 4 0 0 0 1
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Fig. 3 Cortical thickness differences across cognitive subgroups. a-f Brain maps show cortical regions with thickness differences among profiles
(p<0.05, corrected by Random Field Theory), and bar charts show the post-hoc ROI analysis (p<0.05, corrected by Bonferroni)
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Differences in GMV among subgroups

The pattern of GMV loss mirrored that of cortical thin-
ning across the subgroups, i.e., executive-deteriorated
subgroup displayed the most extensive and pronounced
abnormalities compared to HC (Fig. 4, Additional file 1:
Table S7-8). The multidomain-intact subgroup did not
differ significantly from the HC in any regional brain
volume. Compared to HC and multidomain-intact sub-
group, executive-preserved subgroup had reduced GMV
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in left hippocampus and left insula; executive-deterio-
rated subgroup had reduced GMV in right superior tem-
poral gyrus, left hippocampus, right medial prefrontal
cortex (mPFC), left insula, left posterior cingulate cor-
tex/precuneus (PCC/PCu), left supplementary motor
area (SMA), and left inferior parietal gyrus, and multid-
omain-deteriorated subgroup had reduced GMYV in right
superior temporal gyrus, left hippocampus, right mPFC,
and left insula. Notably, between the two groups with
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Fig. 4 GMV differences across cognitive subgroups. a-g Brain maps show gray matter regions with GMV differences among profiles (p<0.05,
corrected by cluster-based Family Wise Error), and bar charts show the post-hoc ROI analysis (p<0.05, corrected by Bonferroni).*p < 0.05, **p < 0.01,
***n < 0.001. GMV = gray matter volume, L = left, R = right. h and i: Mean differences in global brain measures that survived Bonferroni correction.
ICV = intracranial volume, TBV = total brain volume
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moderate cognitive deficits, executive-deteriorated sub-
group had lower GMV in PCC/PCu compared to execu-
tive-preserved subgroup.

Additionally, Jonckheere-Terpstra test showed that
there was a statistically significant trend of less loss of
GMYV with higher levels of cognitive performance (from
profile 1 to profile 4 and to HC) in right superior tempo-
ral gyrus (z=4.40, p<0.001), left hippocampus (z=4.88,
p<0.001), right mPFC (z=4.39, p<0.001), left insula
(z=4.91, p<0.001), left PCC/PCu (z=3.85, p<0.001),
left SMA (z=4.86, p<0.001), and left inferior parietal
(z=3.07, p=0.002).

Differences in WMV among subgroups

As showed in Additional file 1: Table S7 and Figure S3,
the multidomain-deteriorated and executive-preserved
subgroup exhibited a significantly decreased WMV of
left hippocampus compared to the multidomain-intact
subgroup, whereas the multidomain-intact subgroup
showed significantly increased WMYV of left hippocam-
pus compared to HC.

Global brain estimates

Figure 2 and Additional file 1: Figure S2 present com-
parisons of ICV, absolute TBV, and TBV adjusted for
ICV. There was no significant group difference in ICV
in any group. And adjusting for ICV, TBV was signifi-
cantly reduced in multidomain-deteriorated subgroup
(p=0.007, Cohen’s d=4.12) and executive-preserved
subgroup (p=0.01, Cohen’s d=3.20) compared to multi-
domain-intact subgroup.

Validation of morphological features

The LPA model divided the Neuroimaging-Validation
Set into 23.33% profile 1, 25.56% profile 2, 24.44% profile
3, and 26.67% profile 4. Clinical data and profile results
are included in Additional file 1: Table S10-11 and Figure
S4. As shown in Additional file 1: Figure S5 —6, MRI fea-
tures show high similarity in trends among groups. Par-
ticularly, Jonckheere-Terpstra test showed a significantly
similar trend for loss of cortical thickness in left supra-
marginal gyrus (z=3.546, p<0.001), left SFG (z=4.477,
p<0.001), right POp (z=2.40, p=0.016), and loss of
GMV in left hippocampus (z=2.784, p=0.005).

Discussion

To the best of our knowledge, this is the first study using
a data-driven LPA and LTA approach to uncover cogni-
tive subgroups, their longitudinal stability and structural
features in schizophrenia. In this study, we identified four
heterogeneous subgroups of cognitive impairments and
their structural brain characteristics (cortical thickness
and GMV) through the data-driven LPA and LTA based
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on cognitive data (MCCB) in a large cohort of schizo-
phrenia patients. These four profiles were well-validated
in an independent cohort and showed consistency in
the structure of profile over time. The current study
has 3 main findings: (1) Four distinct cognitive profiles
were identified in schizophrenia: a multidomain-intact
subgroup, two moderately impaired groups driven by
executive function (executive-preserved and executive-
deteriorated), and a multidomain-deteriorated subgroup;
(2) Cognitive subgroups exhibited significant gradient
features in fronto-temporal regions, hippocampus, and
insula; and (3) Multidomain-intact subgroup exhibited
better clinical outcomes compared to multidomain-dete-
riorated subgroup.

Cognitive subgroups in schizophrenia

Our finding confirmed the heterogeneity of cognition
based on full subtests of MCCB in schizophrenia, which
is partially consistent with current reports. However, the
optimal solution is not unified, and currently, there are
3-profile and 4-profile solutions [6, 21, 51]. In our 4-pro-
file solution, the multidomain-deteriorated (profile 1)
and multidomain-intact subgroups (profile 4) were over-
lapped with “High” and “Low” ability profile in 3-profile
solution [21]. But we further subdivided the “Moderate”
ability profile into two subsets (profiles 2 and 3), which
were mainly distinguished by executive function per-
formance. Specifically, multidomain-intact subgroup
(profile 4) closely approximates HC across all cognitive
subtests except for BACS and CPT within ~ 0.5 SD. Exec-
utive-preserved (profile 3) and executive-deteriorated
subgroups (profile 2) are characterized by moderate cog-
nitive impairments of 0.5~ 1.5 SD below HC, except that
WMS and NAB in profile 3 are equivalent to those of
HC, and NAB in profile 2 exceeds 1.5 SD. Multidomain-
deteriorated subgroup (profile 1) is defined by cognitive
performance of>1.5 SD below the norm. Notably, the
common features among our four profiles are the signifi-
cant impairments in processing speed indexed by BACS
and attention/vigilance indexed by CPT subtests, sup-
porting these domains as sensitive features of cognitive
impairments in schizophrenia [4].

Moreover, our results also highlight consistency with
previous findings that executive function clearly deline-
ated the two intermediate cognitive impairment subtypes
[7, 52]. Executive functioning deficits are often regarded
as one of the main neuropsychological deficits in schiz-
ophrenia [53]. Frequently, the Wisconsin Card Sorting
Test and the Stroop Task were reported deficits in schizo-
phrenia [54], which suggest that the cause of executive
functioning deficits was the abnormality in several cog-
nitive processes like speed of processing and attention/
vigilance [55]. And executive function robustly indexes
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genetic risk for general psychopathology [56]. Besides,
there were heterogeneity in executive function impair-
ment in schizophrenia, with varying types and degrees
[57, 58]. This may be partly due to differences in evalua-
tion methods, but more importantly, it reflects the diver-
sity of damage. Further evaluation of executive function
as an endophenotype is needed in the future to explain
cognitive heterogeneity in schizophrenia. Together, these
findings suggest that from the perspective of overall cog-
nitive impairment, schizophrenia exhibits common cog-
nitive impairments in symbol encoding and attention
retention, but heterogeneous impairments in most other
cognitive domains, especially in executive function.

In addition, we observed that the separation between
executive-deteriorated subgroup (profile 2) and execu-
tive-preserved subgroup (profile 3), relied on language-
related functions (indexed by HVLT-R and Category
Fluency) and executive functions (indexed by WMS and
NAB). Executive-deteriorated subgroup exhibited rela-
tively better language-related functions but relatively
poorer executive functions, while executive-preserved
subgroup retained intact executive functions but sur-
prisingly showed poorer language functions compared
to executive-deteriorated subgroup. Language functions
involve executive components, such as retrieval capa-
bilities, initiation, inhibition, and self-monitoring [59].
However, previous studies investigating the involve-
ment of executive functions in verbal fluency tasks also
reported ambiguous results. For instance, some studies
failed to identify a clear relationship between semantic
task performance and executive functions in one or more
executive subdomains [60, 61]. In contrast, other studies
have reported that better working memory, inhibition,
and cognitive flexibility performance may lead to higher
total scores of produced words [62, 63]. Additionally,
one study found that the relationship between memory
performance and language fluency is specific to females
[64]. Notably, in this study, the proportion of females in
executive-deteriorated subgroup was significantly higher
than that in executive-preserved subgroup. Therefore, we
speculate that the contribution of executive functions to
language functions may vary across different subgroups,
but this requires further clarification through advanced
language and executive tasks.

Longitudinally, more than 80% of individuals in execu-
tive-deteriorated, executive-preserved, and multidomain-
intact subgroups (profiles 2, 3, 4) maintained consistency
at three time points. Interestingly, almost half of multi-
domain-deteriorated subgroup (profile 1) turned into
executive-deteriorated subgroup (profile 2) after 12 or 24
weeks. WMS showed significant differences between the
transition group and the non-transition group in profile
1 (Table S3), which suggests the potential ability of WMS
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to screen and identify these patients and re-emphasizes
the core position of executive function within cognition.
Besides, when there are differences in the improvement
of WMS, there is no difference in symptom changes
between subgroups. This suggests that cognition is inde-
pendent of symptoms and can provide unique character-
istic information in schizophrenia. However, as part of
two longitudinal clinical trials, we interpreted our results
with caution because the follow-up time point could be
confounded by medication effect or follow-up bias.

Morphological features of cognitive subgroups

From profile 1 to 4, we observed cognitive impairment
ranging from severe to mild, but the morphological defi-
cits to the brain were not entirely consistent. The severity
of cognitive impairment associated with morphological
deficits displays variance across profiles 2 to 4, but the
deficits of profile 1 were not the most severe. Similar
trends, although not all significant, were observed in the
Neuroimaging-Validation Set. The reason for this finding
may be the insufficient sample size of the subtype in the
Neuroimaging-Validation Set.

The multidomain-intact cognitive subgroup (profile 4)
exhibited relatively intact morphology compared to HC,
with only preCG thinning. Consistent with our findings,
previous studies have reported reduced preCG morphol-
ogy in patients with preserved or mildly impaired cog-
nition, but differed in that they also observed structural
deficits in several other regions at the same time [13, 65].
The inconsistencies in results may relate to differences
in the mean age of the preserved samples across studies;
our sample is generally young. And earlier studies have
solely utilized IQ or verbal memory functions to clas-
sify their subgroups, which may also have led to incon-
sistent outcomes [13, 65]. The literature has emphasized
the significance of motor dysfunction in the core patho-
physiological pathways of schizophrenia, suggesting that
it underlies higher-level cognitive function [66, 67]. Con-
sequently, it is not surprising that morphological deficits
in the preCG were observed in the multidomain-intact
subgroup. We speculate that the preCG may serve as the
neural correlate of subtle cognitive impairments.

The executive-preserved subgroup (profile 3) and the
executive-deteriorated subgroup (profile 2) each exhib-
ited unique patterns of morphological decline. When
compared to the most intact subgroup, the executive-
preserved subgroup (profile 3) exhibited primarily gray
matter loss in the hippocampus and insula, along with
cognitive domain declines except for executive function.
In contrast, the executive-deteriorated subgroup (profile
2) displayed additional deficits in the PCC/PCu, which
has been widely observed to be closely linked to working
memory [68-70], compared to the executive-preserved
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subgroup (profile 3). Some studies on schizophrenia have
demonstrated gray matter loss in the PCC [68, 71, 72],
while other groups have found no significant differences
between schizophrenia patients and controls [73, 74].
Additionally, Zhou et al. [75] identified distinct altered
patterns of the default mode network (i.e., PCC/PCu) in
both deficit schizophrenia and non-deficit schizophre-
nia patients, which were associated with poor cognitive
function. These findings, coupled with the distinct deficit
patterns of the PCC/PCu observed in our results, suggest
that there are naturally different homogeneous groups
within schizophrenia with distinct psychopathological
underpinnings. Moreover, the PCC/PCu is a major hub
of default mode network engaged in the monitoring of
internal processes, episodic, working, and visuospatial
memory [76]. Given the crucial role of the PCC in work-
ing memory, the volumetric loss observed in this study
may serve as a neurobiological mechanism underlying
executive dysfunction in schizophrenia.

Counterintuitively, the structural abnormalities in the
multidomain-deteriorated subgroup are not the most
prominent, but rather closer to the executive-preserved
subgroup. The mean age of our overall sample is small,
and in particular profile 1 as well as profile 3 is some-
what younger than the other two groups. Given that age
was significantly associated with brain structural deficits
in the current study (data not shown), this may partially
explain the present finding. Instead, we found evidence
of the largest reduction in TBV (adjusted for ICV) in
the multidomain-deteriorated subgroup compared to
the multidomain-intact subgroup, with no statistically
significant difference in ICV between the groups. TBV
loss in the cortex of normal ICV has been regarded as a
marker of neurodegeneration and atrophy [15]. Recent
work shows that cognitive subgroups appeared to be
susceptible to some brain atrophy [15, 65], and acceler-
ated aging occurs very early in schizophrenia [77]. Matu-
rational and/or adult neurodegenerative processes may
be more significant contributors to the neural tissue
underpinnings of multidomain-deteriorated subgroup.
Another interesting observation is the cognitive recov-
erability observed in the multidomain-deteriorated sub-
group. According to our 12-week follow-up, 48.8% of this
subgroup demonstrated some degree of cognitive func-
tion recovery, whereas the cognitive performance of the
other three subgroups remained relatively stable. This
suggests that the impairments in the multidomain-dete-
riorated subgroup may be classified as either transient
or persistent. Moreover, the transient type may exhibit
less structural deficits. However, we did not have a suffi-
cient number of subjects in this subgroup to validate this
hypothesis. We aim to further investigate this aspect in
future studies.
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Clinical relationship features of cognitive subgroups
Consistent with our hypothesis, we observed that the
negative symptom severity increased as profile varied
from multidomain-intact to multidomain-deteriorated
subgroup. Substantial evidence suggests that negative
symptoms are associated with poor cognitive resources,
executive function, and social cognition [78, 79]. Our
findings further support the concept that negative symp-
toms may overlap with cognitive impairments in schizo-
phrenia, or may share similar neurobiological substrates
[80].

Limitation

Our study has several strengths including the compre-
hensive and standardized cognitive assessment with
complete dimensions, the neuroanatomical features of
cognitive subgroups, and their longitudinal transition.
However, several limitations are also required to be con-
sidered. First, to obtain a universal cognitive subtype
and enhance their generalizability, this study included
as many schizophrenia samples as possible throughout
the entire course of the disease. Therefore, it inevita-
bly leads to the heterogeneities of participants, such as
multi-center design, larger age span, differences in dis-
ease duration, and medication use. Although we have
made some adjustments to these factors, we still need
to pay attention to their impact when understanding the
results. For the scanner variations, we endeavored to
minimize site effects using Combat Harmonization, but
it may lead to potential undetected subtle differences
between subgroups. To minimize the effect of age, the
cognitive scores are converted to T scores based on the
standard norm, which is the deviation value from the
score of the same age. Thus, age should not affect the
differentiation of cognitive subtypes, the age differences
between subtypes may be due to an uneven age distri-
bution caused by differences in sample size between the
subtypes, as well as different pathological mechanisms
between subtypes. For the span of disease duration, we
did not find the difference in duration between sub-
types, suggesting that cognitive subtyping is unlikely to
be confounded by disease duration. As for medication,
cumulative medication usage in schizophrenia patients
made it challenging to disentangle antipsychotic-induced
changes from the inherent disease processes. We exam-
ined the impact of medication exposure on class classi-
fication using the three-step analysis, suggesting that the
effect of medication exposure on classification is actually
small (Additional file 1: S4. Multinomial Logistic Regres-
sion Analysis [81]; S6.Results of Multinomial Logistic
Regression; Table S5). Moreover, after controlling for
medication exposure (Additional file 1: Table S9), the
morphological differences between cognitive subgroups



Huang et al. BMC Medicine (2025) 23:13

are unaltered and a correlation between CPZeq and any
ROI was absent, which suggests that these factors do
not affect our findings. Finally, the cognitive data in the
Neuroimaging-Validation Set are domain scores rather
than subtest scores, which might impact the classification
models. Additionally, a larger sample size of repeated
experiments will help further validate our results.

Conclusions

In summary, the profile solution confirms the existence
of cognitive decline in schizophrenia, characterized by
varying severity levels of cognitive performance. Moreo-
ver, the severity continuum can be subclassified based
on executive function. Distinct cognitive phenotypes are
associated with the extent of brain morphological abnor-
malities, which may facilitate a more comprehensive
biological understanding of cognitive functioning. This
study provides a framework for defining cognitive sub-
groups in schizophrenia, refined through LPA and fur-
ther enhanced by neuroimaging data.
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ICD-10 International Classification of Diseases-tenth edition

MCCB MATRICS Consensus Cognitive Battery

TMT Trail Making Test: part A
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