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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 

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.​harva​rd.​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 

http://surfer.nmr.mgh.harvard.edu
http://dbm.neuro.uni-jena.de/cat/index.html
http://dbm.neuro.uni-jena.de/cat/index.html
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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 t + 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 t-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 

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.​
fil.​ion.​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 GMV 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 
(n = 920) and HC (n = 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
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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 × 10−18) and NAB (p = 3.04 × 10−53) 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%) 

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 
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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).

Fig. 1  Cognitive profiles by latent profile analysis (A) and their differences among groups (B). The figure represents the cognitive performance 
of each profile from the combined Discovery and LPA-Replication Set: points indicate mean T-scores obtained at each subtest and error bars 
reflect the 95% confidence interval. "↓" means that the cognitive test is significantly worse than HC, and "↑" is the opposite. p<0.05↓, p<10^-20↓↓, 
p<10^-40↓↓↓, "none" means that the cognitive test is not significant compared to HC. Post hoc was corrected by Bonferroni method. TMT = Trail 
Making Test Part A, BACS = Brief Assessment of Cognition in Schizophrenia: Symbol coding, HVLT-R = Hopkins Verbal Learning Test-Revised, WMS 
= Digital Sequence and Wechsler Memory Scale Spatial span, NAB = Neuropsychological Assessment Battery, BVMT-R = Brief Visuospatial Memory 
Test-Revised, CPT = the Continuous Performance Test, MSCEIT= Mayer-Salovey-Caruso Emotional Intelligence Test
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Fig. 2  Clinical and demographic features across cognitive subgroups. (*) implies significant differences between the four subgroups. Profile 
1 = multidomain-deteriorated subgroup, Profile 2 = executive-deteriorated subgroup, Profile 3 = executive-preserved subgroup, Profile 4 = 
multidomain-intact subgroup, PANSS = Positive and Negative Syndrome Scale
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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 0.512 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

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 

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 GMV in right 
superior temporal gyrus, left hippocampus, right mPFC, 
and left insula. Notably, between the two groups with 

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, 
***p < 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 
GMV 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 WMV 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 

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 

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.

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 
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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.

Abbreviations
LPA	� Latent Profile Analysis
MRI	� Magnetic resonance imaging
HC	� Healthy controls
DSM-5	� Diagnostic and Statistical Manual of Mental Disorders Fifth Edition
ICD-10	� International Classification of Diseases-tenth edition
MCCB	� MATRICS Consensus Cognitive Battery 
TMT	� Trail Making Test: part A
BACS	� Brief Assessment of Cognition in Schizophrenia: symbol coding
CPT	� Continuous Performance Test
HVLT-R	� Hopkins Verbal Learning Test-Revised
BVMT-R	� Brief Visuospatial Memory Test-Revised
WMS	� Digital sequence and Wechsler Memory Scale Spatial Span
NAB	� Neuropsychological Assessment Battery
MSCEIT	� Mayer–Salovey–Caruso Emotional Intelligence Test
PANSS	� Positive and Negative Syndrome Scale
CPZeq	� Chlorpromazine equivalents
ICV	� Intracranial volume
TBV	� Total brain volumes 
GMV	� Gray matter volume
AIC	� Akaike’s Information Criteria
BIC	� Bayesian Information Criteria
aBIC	� sample-size adjusted BIC
BLRT	� Bootstrap Likelihood Ratio Test
LMR	� Lo-Mendel-Rubin adjusted likelihood ratio test
LTA	� Latent transition analysis
ROIs	� Regions of interest
preCG	� Precentral gyrus
SFG	� Superior frontal gyrus
POp	� Pars opercularis
mPFC	� Medial prefrontal cortex
PCC/PCu	� Posterior cingulate cortex/precuneus
SMA	� Supplementary motor area

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​024-​03835-9.

Additional file 1: S1. Participants; S2. MRI Acquisition Protocol; S3. MRI Data 
Preprocessing; S4. Multinomial logistic regression analysis; S5. Demo-
graphics and Clinical characteristics (Table S1-4, Figure S1); S6. Results of 

Multinomial logistic regression (Table S5); S7. Morphological Charac-
teristics Among Subgroups (Table S6-9, Figure S2-3); S8. Neuroimaging 
Validation (Table S10-11, Figure S4-6). Table S1. Demographics and clinical 
measures by Discovery Set and LPA-Replication Set. Table S2. Clinical char-
acteristics of profiles using the combined Discovery and LPA-Replication 
Set (n = 830) and healthy control (n=124). Table S3. Cognitive characteris-
tics of transition and non-transition group in profile 1 at baseline. Table S4. 
Symptomatology and MCCB scores of transition and non-transition group 
in profile 1 at baseline and 12w-follow up. Figure S1. Z-scores for cognitive 
performance in 4 subgroups. Table S5. Classification covariates analysis on 
medication exposure. Table S6. Brain regions with significant differences 
in cortical thickness. Table S7. Brain regions with significant differences in 
gray/white matter volume. Table S8. Cognitive subgroup cortical thickness 
and GMV comparisons. Table S9. Cognitive subgroup cortical thickness 
and GMV comparisons after controlling for medication exposure. Figure 
S2. Mean differences in global brain measures that survived Bonferroni 
correction across cognitive subgroups and healthy controls. Figure S3. 
WMV differences across cognitive subgroups. Table S10. Demographics 
and clinical characteristics of Neuroimaging-Validation Set. Table S11. 
Clinical characteristics of cognitive profiles predicted using latent profile 
model in the Neuroimaging-Validation Set (n=90). Figure S4. Predictive 
outcomes of cognitive profiles in the Neuroimaging-Validation Set by 
the latent profile model. Figure S5. Cortical thickness differences across 
cognitive subgroups in the Neuroimaging-Validation Set. Figure S6. GMV 
differences across groups in cognitive subgroup in the Neuroimaging-
Validation Set.

Acknowledgements
We thank the people living with schizophrenia and the healthy controls who 
participated in this study for their support.

Authors’ contributions
YY.H. processed the data of the participants, ran the statistical analysis and 
edited the manuscript. WY.W. formulated the research questions, contributed 
to the design of the study, and executed the data processing. Authors GR.H., 
TN.S., L.L., Y.Y., XY.W., YJ. L., JM.X, XJ.P., CH.S., JD.C., DY.K., Y.W., and SZ.G. collected 
the data of participants. J.H. supervised data analysis. XJ.X. and XQ.S. super-
vised the implementation of the project in Nanjing and Zhengzhou, respec-
tively. JP.Z. supervised the design of the study. YZ.P. supervised the design of 
the study and contributed to an early version of the manuscript. RR.W. formu-
lated the research questions, supervised the design of the study and edited 
the final manuscript. All authors read and approved the final manuscript.

Funding
The study was supported by the National Nature Science Foundation of 
China (grant numbers 82325020, 82271545, 82072096, and 82201664), the 
Key Research and Development Program of Hunan Province (grant number 
2022SK2043), and Hunan Provincial Nature Science Foundation of China (grant 
numbers 2023JJ40845).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All procedures involving patients were approved by the local ethical commit-
tees (the Second Xiangya Hospital of Central South University, the approval 
number 2017027 and 2016027) and written informed consent was obtained 
from all participants or their legal guardians (for participants < 18 years).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

https://doi.org/10.1186/s12916-024-03835-9
https://doi.org/10.1186/s12916-024-03835-9


Page 16 of 17Huang et al. BMC Medicine           (2025) 23:13 

Author details
1 Department of Psychiatry, National Clinical Research Center for Mental Disor-
ders, and National Center for Mental Disorders, The Second Xiangya Hospital 
of Central South University, Changsha, Hunan 410011, China. 2 The First Affili-
ated Hospital of Zhengzhou University, Zhengzhou, Henan, 450000, China. 
3 Department of Psychiatry, the Affiliated Brain Hospital of Nanjing Medical 
University, Nanjing Brain Hospital, Nanjing, China. 4 Mental Health Center 
of Xiangya Hospital, Central South University, Changsha, Hunan 410011, China. 

Received: 31 May 2024   Accepted: 18 December 2024

References
	1.	 Ohi K, Shimada T, Kataoka Y, Koide Y, Yasuyama T, Uehara T, et al. Intel-

ligence decline between present and premorbid IQ in schizophrenia: 
Schizophrenia Non-Affected Relative Project (SNARP). Eur Neuropsychop-
harmacol. 2019;29:653–61.

	2.	 Lepage M, Bodnar M, Bowie CR. Neurocognition: Clinical and Functional 
Outcomes in Schizophrenia. Can J Psychiatry. 2014;59:5–12.

	3.	 Gold JM, Robinson B, Leonard CJ, Hahn B, Chen S, McMahon RP, et al. 
Selective Attention, Working Memory, and Executive Function as Poten-
tial Independent Sources of Cognitive Dysfunction in Schizophrenia. 
Schizophr Bull. 2018;44:1227–34.

	4.	 Zhang H, Wang Y, Hu Y, Zhu Y, Zhang T, Wang J, et al. Meta-analysis of 
cognitive function in Chinese first-episode schizophrenia: MATRICS 
Consensus Cognitive Battery (MCCB) profile of impairment. Gen Psychiatr. 
2019;32: e100043.

	5.	 Green MJ, Cairns MJ, Wu J, Dragovic M, Jablensky A, Tooney PA, et al. 
Genome-wide supported variant MIR137 and severe negative symptoms 
predict membership of an impaired cognitive subtype of schizophrenia. 
Mol Psychiatry. 2013;18:774–80.

	6.	 Rheenen TEV, Lewandowski KE, Tan EJ, Ospina LH, Ongur D, Neill E, et al. 
Characterizing cognitive heterogeneity on the schizophrenia–bipolar 
disorder spectrum. Psychol Med. 2017;47:1848–64.

	7.	 Lim K, Smucny J, Barch DM, Lam M, Keefe RSE, Lee J. Cognitive 
Subtyping in Schizophrenia: A Latent Profile Analysis. Schizophr Bull. 
2021;47:712–21.

	8.	 Geisler D, Walton E, Naylor M, Roessner V, Lim KO, Schulz SC, et al. Brain 
structure and function correlates of cognitive subtypes in schizophrenia. 
Psychiatry Res. 2015;234:74–83.

	9.	 Karantonis JA, Carruthers SP, Rossell SL, Pantelis C, Hughes M, Wannan 
C, et al. A Systematic Review of Cognition-Brain Morphology Relation-
ships on the Schizophrenia-Bipolar Disorder Spectrum. Schizophr Bull. 
2021;47:1557–600.

	10.	 van Erp TGM, Walton E, Hibar DP, Schmaal L, Jiang W, Glahn DC, et al. Cor-
tical brain abnormalities in 4474 individuals with schizophrenia and 5098 
controls via the ENIGMA consortium. Biol Psychiatry. 2018;84:644–54.

	11.	 Zhang Y, Catts VS, Sheedy D, McCrossin T, Kril JJ, Shannon WC. Cortical 
grey matter volume reduction in people with schizophrenia is associated 
with neuro-inflammation. Transl Psychiatry. 2016;6: e982.

	12.	 Jirsaraie RJ, Sheffield JM, Barch DM. Neural correlates of global and spe-
cific cognitive deficits in schizophrenia. Schizophr Res. 2018;201:237–42.

	13.	 Guimond S, Chakravarty MM, Bergeron-Gagnon L, Patel R, Lepage M. 
Verbal memory impairments in schizophrenia associated with cortical 
thinning. Neuroimage Clin. 2016;11:20–9.

	14.	 Koshiyama D, Fukunaga M, Okada N, Yamashita F, Yamamori H, Yasuda 
Y, et al. Role of subcortical structures on cognitive and social function in 
schizophrenia. Sci Rep. 2018;8:1183.

	15.	 Woodward ND, Heckers S. Brain Structure in Neuropsychologically 
Defined Subgroups of Schizophrenia and Psychotic Bipolar Disorder. 
Schizophr Bull. 2015;41:1349–59.

	16.	 Czepielewski LS, Wang L, Gama CS, Barch DM. The Relationship of Intel-
lectual Functioning and Cognitive Performance to Brain Structure in 
Schizophrenia. Schizophr Bull. 2017;43:355–64.

	17.	 Brusco MJ, Shireman E, Steinley D. A comparison of latent class, K-means, 
and K-median methods for clustering dichotomous data. Psychol Meth-
ods. 2017;22:563–80.

	18.	 Magidson J, Vermunt JK. Latent class models for clustering: A comparison 
with K-means. Canadian Journal of Marketing Research. 2002;20:36–43.

	19.	 Schreiber JB. Latent Class Analysis: An example for reporting results. Res 
Social Adm Pharm. 2017;13:1196–201.

	20.	 Miettunen J, Nordström T, Kaakinen M, Ahmed AO. Latent variable mix-
ture modeling in psychiatric research–a review and application. Psychol 
Med. 2016;46:457–67.

	21.	 Smucny J, Iosif A-M, Eaton NR, Lesh TA, Ragland JD, Barch DM, et al. Latent 
Profiles of Cognitive Control, Episodic Memory, and Visual Perception 
Across Psychiatric Disorders Reveal a Dimensional Structure. Schizophr 
Bull. 2020;46:154–62.

	22.	 Blanken AE, Jang JY, Ho JK, Edmonds EC, Han SD, Bangen KJ, et al. 
Distilling Heterogeneity of Mild Cognitive Impairment in the National 
Alzheimer Coordinating Center Database Using Latent Profile Analysis. 
JAMA Netw Open. 2020;3: e200413.

	23.	 Reyes A, Hermann BP, Busch RM, Drane DL, Barr WB, Hamberger MJ, 
et al. Moving towards a taxonomy of cognitive impairments in epilepsy: 
application of latent profile analysis to 1178 patients with temporal lobe 
epilepsy. Brain Commun. 2022;4:fcac289.

	24.	 Brett BL, Kramer MD, Whyte J, McCrea MA, Stein MB, Giacino JT, et al. 
Latent Profile Analysis of Neuropsychiatric Symptoms and Cognitive 
Function of Adults 2 Weeks After Traumatic Brain Injury: Findings From 
the TRACK-TBI Study. JAMA Netw Open. 2021;4: e213467.

	25.	 Xiao J, Huang J, Long Y, Wang X, Wang Y, Yang Y, et al. Optimizing and 
Individualizing the Pharmacological Treatment of First-Episode Schizo-
phrenic Patients: Study Protocol for a Multicenter Clinical Trial. Front 
Psychiatry. 2021;12: 611070.

	26.	 Hei G, Smith RC, Li R, Ou J, Song X, Zheng Y, et al. Sulforaphane Effects on 
Cognition and Symptoms in First and Early Episode Schizophrenia: A Ran-
domized Double-Blind Trial. Schizophrenia Bulletin Open. 2022;3:sgac024.

	27.	 Association AP. Diagnostic and Statistical Manual of Mental Disorders. 5th 
ed. Arlington, VA: American Psychiatric Association; 2013.

	28.	 World Health Organization. International statistical classification of 
diseases and related health problems: 10th revision (ICD-10). 1992.

	29.	 Nuechterlein KH, Green MF, Kern RS, Baade LE, Barch DM, Cohen JD, et al. 
The MATRICS Consensus Cognitive Battery, part 1: test selection, reliabil-
ity, and validity. Am J Psychiatry. 2008;165:203–13.

	30.	 Shi C, Kang L, Yao S, Ma Y, Li T, Liang Y, et al. The MATRICS Consensus 
Cognitive Battery (MCCB): Co-norming and standardization in China. 
Schizophr Res. 2015;169:109–15.

	31.	 Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale 
(PANSS) for schizophrenia. Schizophr Bull. 1987;13:261–76.

	32.	 Leucht S, Samara M, Heres S, Davis JM. Dose Equivalents for Antipsychotic 
Drugs: The DDD Method. Schizophr Bull. 2016;42(Suppl 1):S90-94.

	33.	 Ashburner J. A fast diffeomorphic image registration algorithm. Neuroim-
age. 2007;38:95–113.

	34.	 Fortin J-P, Parker D, Tunç B, Watanabe T, Elliott MA, Ruparel K, et al. 
Harmonization of multi-site diffusion tensor imaging data. Neuroimage. 
2017;161:149–70.

	35.	 Fortin J-P, Cullen N, Sheline YI, Taylor WD, Aselcioglu I, Cook PA, et al. 
Harmonization of cortical thickness measurements across scanners and 
sites. Neuroimage. 2018;167:104–20.

	36.	 Radua J, Vieta E, Shinohara R, Kochunov P, Quidé Y, Green MJ, et al. 
Increased power by harmonizing structural MRI site differences with the 
ComBat batch adjustment method in ENIGMA. Neuroimage. 2020;218: 
116956.

	37.	 Nielson DM, Pereira F, Zheng CY, Migineishvili N, Lee JA, Thomas AG, et al. 
Detecting and harmonizing scanner differences in the ABCD study - 
annual release 1.0. BioRxiv. 2018;309260.

	38.	 Long Z. SPAMRI: A MATLAB Toolbox for Surface-Based Processing and 
Analysis of Magnetic Resonance Imaging. Front Hum Neurosci. 2022;16: 
946156.

	39.	 Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. 
An automated labeling system for subdividing the human cerebral 
cortex on MRI scans into gyral based regions of interest. Neuroimage. 
2006;31:968–80.

	40.	 Rolls ET, Joliot M, Tzourio-Mazoyer N. Implementation of a new parcel-
lation of the orbitofrontal cortex in the automated anatomical labeling 
atlas. Neuroimage. 2015;122:1–5.

	41.	 Akaike H. A New Look at the Statistical Model Identification. In: Parzen E, 
Tanabe K, Kitagawa G, editors. Selected Papers of Hirotugu Akaike. New 
York, NY: Springer; 1998. p. 215–22.



Page 17 of 17Huang et al. BMC Medicine           (2025) 23:13 	

	42.	 Schwarz G. Estimating the dimension of a model. Ann Statist. 
1978;6:461–4.

	43.	 Celeux G, Soromenho G. An entropy criterion for assessing the number of 
clusters in a mixture model. 1996;13:195–212.

	44.	 McLachlan GJ, David P. Finite mixture models. New York: New York: Wiley; 
2000.

	45.	 Lo Y. Testing the number of components in a normal mixture. Biometrika. 
2001;88:767–78.

	46.	 Nylund KL, Asparouhov T, Muthén BO. Deciding on the Number of 
Classes in Latent Class Analysis and Growth Mixture Modeling: A Monte 
Carlo Simulation Study. Struct Equ Modeling. 2007;14:535–69.

	47.	 Wang M-C, Deng Q, Bi X, Ye H, Yang W. Performance of the entropy as an 
index of classification accuracy in latent profile analysis: A Monte Carlo 
simulation study. Acta Psychol Sin. 2017;49:1473–82.

	48.	 Muthén LK, Muthén BO. Mplus User’s Guide. 8th ed. Los Angeles, CA: 
Muthén & Muthén; 2017.

	49.	 Hipp JR, Bauer DJ. Local solutions in the estimation of growth mixture 
models. Psychol Methods. 2006;11:36–53.

	50.	 Osborne D, Weiner B. A latent profile analysis of attributions for poverty: 
Identifying response patterns underlying people’s willingness to help the 
poor. Personality Individ Differ. 2015;85:149–54.

	51.	 Uren J, Cotton SM, Killackey E, Saling MM, Allott K. Cognitive clusters in 
first-episode psychosis: Overlap with healthy controls and relationship to 
concurrent and prospective symptoms and functioning. Neuropsychol-
ogy. 2017;31:787–97.

	52.	 Hill SK, Ragland JD, Gur RC, Gur RE. Neuropsychological Profiles Delineate 
Distinct Profiles of Schizophrenia, an Interaction Between Memory and 
Executive Function, and Uneven Distribution of Clinical Subtypes. J Clin 
Exp Neuropsychol. 2002;24:765–80.

	53.	 Liu KCM, Chan RCK, Chan KKS, Tang JYM, Chiu CPY, Lam MML, et al. 
Executive function in first-episode schizophrenia: a three-year longitudi-
nal study of an ecologically valid test. Schizophr Res. 2011;126:87–92.

	54.	 Alkan E, Kumari V, Evans SL. Frontal brain volume correlates of impaired 
executive function in schizophrenia. J Psychiatr Res. 2024;178:397–404.

	55.	 Nuechterlein KH, Barch DM, Gold JM, Goldberg TE, Green MF, Heaton RK. 
Identification of separable cognitive factors in schizophrenia. Schizophr 
Res. 2004;72:29–39.

	56.	 Harden KP, Engelhardt LE, Mann FD, Patterson MW, Grotzinger AD, 
Savicki SL, et al. Genetic Associations between Executive Functions and a 
General Factor of Psychopathology. J Am Acad Child Adolesc Psychiatry. 
2020;59:749–58.

	57.	 Raffard S, Bayard S. Understanding the executive functioning heteroge-
neity in schizophrenia. Brain Cogn. 2012;79:60–9.

	58.	 Reser MP, Allott KA, Killackey E, Farhall J, Cotton SM. Exploring cognitive 
heterogeneity in first-episode psychosis: What cluster analysis can reveal. 
Psychiatry Res. 2015;229:819–27.

	59.	 Smucny J, Dienel SJ, Lewis DA, Carter CS. Mechanisms underlying 
dorsolateral prefrontal cortex contributions to cognitive dysfunction in 
schizophrenia. Neuropsychopharmacology. 2022;47:292–308.

	60.	 Whiteside DM, Kealey T, Semla M, Luu H, Rice L, Basso MR, et al. Verbal 
Fluency: Language or Executive Function Measure? Appl Neuropsychol 
Adult. 2016;23:29–34.

	61.	 Fournier-Vicente S, Larigauderie P, Gaonac’h D. More dissociations and 
interactions within central executive functioning: a comprehensive 
latent-variable analysis. Acta Psychol (Amst). 2008;129:32–48.

	62.	 Amunts J, Camilleri JA, Eickhoff SB, Heim S, Weis S. Executive func-
tions predict verbal fluency scores in healthy participants. Sci Rep. 
2020;10:11141.

	63.	 Hedden T, Yoon C. Individual differences in executive processing predict 
susceptibility to interference in verbal working memory. Neuropsychol-
ogy. 2006;20:511–28.

	64.	 Weiss EM, Ragland JD, Brensinger CM, Bilker WB, Deisenhammer EA, 
Delazer M. Sex differences in clustering and switching in verbal fluency 
tasks. J Int Neuropsychol Soc. 2006;12:502–9.

	65.	 Van Rheenen TE, Cropley V, Zalesky A, Bousman C, Wells R, Bruggemann J, 
et al. Widespread Volumetric Reductions in Schizophrenia and Schizoaf-
fective Patients Displaying Compromised Cognitive Abilities. Schizophr 
Bull. 2018;44:560–74.

	66.	 Abboud R, Noronha C, Diwadkar VA. Motor system dysfunction in the 
schizophrenia diathesis: Neural systems to neurotransmitters. Eur Psychia-
try. 2017;44:125–33.

	67.	 Kasparek T, Rehulova J, Kerkovsky M, Sprlakova A, Mechl M, Mikl M. 
Cortico-cerebellar functional connectivity and sequencing of move-
ments in schizophrenia. BMC Psychiatry. 2012;12:17.

	68.	 Liu X, Wang X, Lai Y, Hao C, Chen L, Zhou Z, et al. Abnormalities of 
cingulate cortex in antipsychotic-naïve chronic schizophrenia. Brain Res. 
2016;1638:105–13.

	69.	 Wu G, Wang Y, Mwansisya TE, Pu W, Zhang H, Liu C, et al. Effective con-
nectivity of the posterior cingulate and medial prefrontal cortices relates 
to working memory impairment in schizophrenic and bipolar patients. 
Schizophr Res. 2014;158:85–90.

	70.	 Wu D, Jiang T. Schizophrenia-related abnormalities in the triple network: 
a meta-analysis of working memory studies. Brain Imaging Behav. 
2020;14:971–80.

	71.	 Salgado-Pineda P, Landin-Romero R, Fakra E, Delaveau P, Amann BL, Blin 
O. Structural Abnormalities in Schizophrenia: Further Evidence on the Key 
Role of the Anterior Cingulate Cortex. Neuropsychobiology. 2014;69:52–8.

	72.	 Picó-Pérez M, Vieira R, Fernández-Rodríguez M, De Barros MAP, Radua J, 
Morgado P. Multimodal meta-analysis of structural gray matter, neuro-
cognitive and social cognitive fMRI findings in schizophrenia patients. 
Psychol Med. 2022;52:614–24.

	73.	 Ji Y, Zhang X, Wang Z, Qin W, Liu H, Xue K, et al. Genes associated with 
gray matter volume alterations in schizophrenia. Neuroimage. 2021;225: 
117526.

	74.	 Liu N, Xiao Y, Zhang W, Tang B, Zeng J, Hu N, et al. Characteristics of gray 
matter alterations in never-treated and treated chronic schizophrenia 
patients. Transl Psychiatry. 2020;10:1–10.

	75.	 Zhou C, Yu M, Tang X, Wang X, Zhang X, Zhang X, et al. Convergent 
and divergent altered patterns of default mode network in deficit and 
non-deficit schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry. 
2019;89:427–34.

	76.	 Wu J, He Y, Liang S, Liu Z, Huang J, Tao J, et al. Computerized Cognitive 
Training Enhances Episodic Memory by Down-Modulating Posterior 
Cingulate-Precuneus Connectivity in Older Persons With Mild Cogni-
tive Impairment: A Randomized Controlled Trial. Am J Geriatr Psychiatry. 
2023;31:820–32.

	77.	 Shahab S, Mulsant BH, Levesque ML, Calarco N, Nazeri A, Wheeler AL, 
et al. Brain structure, cognition, and brain age in schizophrenia, bipolar 
disorder, and healthy controls. Neuropsychopharmacology. 2019;44:898.

	78.	 Yu M, Tang X, Wang X, Zhang X, Zhang X, Sha W, et al. Neurocognitive 
Impairments in Deficit and Non-Deficit Schizophrenia and Their Relation-
ships with Symptom Dimensions and Other Clinical Variables. PLoS ONE. 
2015;10: e0138357.

	79.	 Charernboon T. Different subdomains of negative symptoms in clinically 
stable patients with schizophrenia: Determining the nature of their rela-
tionships with emotion recognition, theory of mind and neurocognition. 
Cogent Psychology. 2020;7:1849892.

	80.	 Galderisi S, Mucci A, Buchanan RW, Arango C. Negative symptoms of 
schizophrenia: new developments and unanswered research questions. 
The Lancet Psychiatry. 2018;5:664–77.

	81.	 Asparouhov T, Muthén B. Auxiliary Variables in Mixture Modeling: Three-
Step Approaches Using M plus. Struct Equ Modeling. 2014;21:329–41.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Subgroups of cognitive impairments in schizophrenia characterized by executive function and their morphological features: a latent profile analysis study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Participants
	Cognitive and clinical assessment
	MRI data acquisition and preprocessing
	Latent profile analysis and latent transition analysis for cognition
	Statistical analysis

	Results
	Demographics and clinical characteristics
	Cognitive subtyping by LPA based on MCCB
	Discovery phase
	Replication phase

	Cognitive patterns of subgroups
	Clinical features of cognitive subgroups
	Longitudinal stability of cognitive profiles and symptomatology reductions
	Differences in cortical thickness among subgroups
	Differences in GMV among subgroups
	Differences in WMV among subgroups
	Global brain estimates
	Validation of morphological features

	Discussion
	Cognitive subgroups in schizophrenia
	Morphological features of cognitive subgroups
	Clinical relationship features of cognitive subgroups
	Limitation

	Conclusions
	Acknowledgements
	References


