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A B S T R A C T   

We have previously shown that schizophrenia (SCZ) participants with high community functioning demonstrate 
better verbal working memory (vWM) performance relative to those with low community functioning. In the 
present study, we investigated whether neuroanatomical differences in regions supporting vWM also exist be-
tween schizophrenia groups that vary on community functioning. Utilizing magnetic resonance imaging, shape 
features of deep-brain nuclei known to be involved in vWM were calculated in samples of high functioning (HF- 
SCZ, n = 23) and low functioning schizophrenia participants (LF-SCZ, n = 18), as well as in a group of healthy 
control participants (CON, n = 45). Large deformation diffeomorphic metric mapping was employed to char-
acterize surface anatomy of the caudate nucleus, globus pallidus, hippocampus, and thalamus. Statistical ana-
lyses involved linear mixed-effects models and vertex-wise contrast mapping to assess between-group differences 
in structural shape features, and Pearson correlations to evaluate relationships between shape metrics and vWM 
performance. We found significant between-group main effects in deep-brain surface anatomy across all struc-
tures. Post-hoc comparisons revealed HF-SCZ and LF-SCZ groups significantly differed on both caudate and 
hippocampal shape, however, significant correlations with vWM were only observed in hippocampal shape for 
both SCZ groups. Specifically, more abnormal hippocampal deformation was associated with lower vWM sug-
gesting hippocampal shape is both a neural substrate for vWM deficits and a potential biomarker to predict or 
monitor the efficacy of cognitive rehabilitation. These findings add to a growing body of literature related to 
functional outcomes in schizophrenia by demonstrating unique shape patterns across the spectrum of community 
functioning in SCZ.   

1. Introduction 

Schizophrenia is a severe and chronic mental illness that disrupts 
multiple aspects of community functioning (Bellack et al., 2007). There 
is growing evidence that treatments targeted to improve cognition can 
also improve the level of general functioning in individuals with 
schizophrenia. Further, among cognitive functions, working memory 
may be especially critical for enhancing community functioning 
(Kaneda et al., 2009; Subramaniam et al., 2014). In addition to func-
tional deficits, schizophrenia has been associated with a variety of 
neuroanatomical changes as compared to healthy individuals (Olabi 

et al., 2011). Some of the more common deep-brain abnormalities 
observed are in structures involved in working memory, including vol-
ume reductions in the hippocampus (Davidson and Heinrichs, 2003), 
caudate, and thalamus; as well as a volume increase in the globus pal-
lidus (Erp et al., 2016; Wright et al., 2000). However, while structural 
brain changes in the structures that subserve working memory are 
reliably associated with schizophrenia, it is unknown what impact they 
have on the degree of community functioning. 

Only recently has the relationship between neuroanatomical ab-
normalities and level of functioning been explored in schizophrenia. A 
systematic review by Wojtalik et al. found that of the >30,000 published 
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magnetic resonance imaging (MRI) articles on schizophrenia, only 39 
discussed neuroimaging results in the context of functional outcomes 
(Wojtalik et al., 2017). Among these 39 studies, it was noted that better 
community functioning was associated with less cortical thinning 
(Prasad et al., 2005; Tully et al., 2014), as well as greater volume of the 
thalamus and hippocampus (Aoyama et al., 2011; Brambilla et al., 
2013). Because of this work, targeted investigation of relationships be-
tween functional outcomes and the neurobiology of working memory in 
schizophrenia are timely. 

Our group previously utilized multiple cluster analytic techniques 
that identified two distinct schizophrenia (SCZ) groups characterized by 
either high (HF-SCZ) or low (LF-SCZ) levels of community functioning, 
and a comparison of these groups across multiple cognitive domains 
revealed HF-SCZ demonstrated stronger verbal working memory per-
formance (vWM) relative to LF-SCZ (Alden et al., 2015). Utilizing high- 
dimensional surface-mapping procedures, we now characterize the 
structural characteristics of deep-brain structures involved in vWM to 
determine whether a concomitant neurobiological heterogeneity among 
these functionally defined patient groups also exists. Regions of interest 
were selected a priori based on current theories of neural circuitry 
known to support working memory performance, and included the 
caudate nucleus, hippocampus, globus pallidus, and thalamus (Duff and 
Brown-Schmidt, 2012; Emch et al., 2019). We hypothesized the HF-SCZ 
group would demonstrate shape abnormalities in these structures in-
termediate to LF-SCZ and healthy comparison participants (CON), and 
that the degree of shape deformation in regions that differed between 
the SCZ groups would be directly correlated with deficits in vWM 
performance. 

2. Methods 

2.1. Participants 

The present samples are composed of a subset of participants from a 
large longitudinal study of schizophrenia. Participants were those who 
had available and usable imaging data, which included 23 individuals 
with HF-SCZ, 18 with LF-SCZ, and 45 CON. These participants were 
previously classified by level of functioning through cluster analysis 
(Alden et al., 2015), details regarding clustering procedures can be 
found in the Supplemental Methods. In brief, SCZ participants met DSM- 
IV criteria for schizophrenia, but not schizoaffective disorder, confirmed 
using the Structured Clinical Interview for DSM-IV (First et al., 1996). 
Community functioning was assessed via three distinct measures of 
functioning, including the Brief UCSD Performance-based Skills 
Assessment (UPSA-B, Mausbach et al., 2007), Social Skills Performance 
Assessment (SSPA, Patterson et al., 2001), and Specific Levels of Func-
tioning (SLOF, Schneider and Struening, 1983). The domain of vWM was 
assessed based on performance on the Letter-Number Sequencing and 
Digit Span subtests of the Wechsler Adult Intelligence Scale-Third Edi-
tion (WAIS-III, Wechsler, 1997). Informed consent was obtained from all 
participants, which contained a detailed description of all study pro-
cedures, as well as any possible risks and/or benefits. All data were 
collected according to ethical guidelines as outlined by the Declaration 
of Helsinki; all procedures were approved by the Northwestern Uni-
versity Feinberg School of Medicine Institutional Review Board.(WAIS- 
III, Wechsler, 1997). 

2.2. Image acquisition 

All MR scans were collected using a 3T TIM TRIO system (Siemens 
Medical Systems) equipped with actively shielded gradients, echo- 
planar capability, and 12-channel head coils. Two high-resolution 3D 
T1-weighted MPRAGE volumes optimized for gray-white contrast [TE =
3.16 ms, TR = 2400 ms, 1 × 1 × 1 mm voxels] were acquired and each 
subject were aligned and averaged to create a low-noise image volume 
(Buckner et al., 2004). 

2.3. Surface mapping 

Surface features of the caudate, globus pallidus, hippocampus, and 
thalamus were derived through application of FreeSurfer-initiated large- 
deformation high-dimensional brain mapping (Csernansky et al., 2004; 
Khan et al., 2008). This atlas-based transformation technique uses a 
template image of each structure, which is first aligned with the target 
brain regions with the segmentation image of each subject via 
anatomical landmarks, then subsequently warped onto the target via 
diffeomorphic mapping of voxel intensities. The diffeomorphic trans-
formations allow individual surface points to independently match, 
therefore preserving the unique surface features. Finally, surfaces were 
generated by superimposing a tessellated graph over each subject's 
image (Khan et al., 2008). 

2.4. Statistical analysis 

Between-group differences in demographics and cognition were 
assessed with chi-square and analysis of variance (ANOVA) models 
while independent samples t-tests were used to evaluate differences in 
antipsychotic medication between SCZ groups. Repeated measures 
multivariate analysis of covariance models (RM-MANCOVA) were used 
to assess the overall effect of group status on the volume of each brain 
structure across right and left hemisphere, which included supra-
tentorial volume (derived from FreeSurfer) as a covariate to account for 
the global effects of whole brain volume. If a model was significant for 
the group effect, then follow-up one-way RM-ANCOVA models were 
conducted as a post hoc analysis to assess each specific group contrast. 

Principal component analysis (PCA) was employed to assess local-
ized shape differences by reducing shape dimensions into the first 10 
eigenvectors per hemisphere, which accounted for ~80% of the total 
shape variance (Grenander and Miller, 1998). To evaluate group dif-
ferences, linear mixed effects models were conducted given the non- 
independent eigenvalues generated by the PCA, as well as the capa-
bility to account for multilevel hierarchically nested data. Mixed effects 
analyses were first performed to test a main, or fixed, effect of group – 
CON, HF-SCZ, and LF-SCZ – on shape of deep-brain structures. For 
shape, data levels included hemisphere and eigenvector. Pairwise post- 
hoc comparisons were then conducted to evaluate the specific between- 
group differences for each group. 

Vertex-wise studentized-t surface maps were also generated for each 
group comparison (CON vs. HF-SCZ, CON vs. LF-SCZ, and HF-SCZ vs. LF- 
SCZ) on all structures to examine regional differences in shape defor-
mation. Perpendicular change was given either a positive or negative 
sign, corresponding to outward and inward deformation, respectively. 
Previous work from our group revealed these surface displacements are 
representative estimates of localized volume loss or exaggeration of 
deep-brain nuclei (Hanko et al., 2019). 

Individual scores for each subject that represent unique variation in 
the shape across both left and right hemispheres were generated using 
xBeta residuals, which represent a maximum likelihood estimate sta-
tistic for group classification derived from logistic regression (Smith 
et al., 2014). The model was set such that the contrast compared healthy 
subjects to all schizophrenia subjects in order to create one xBeta per 
individual. The first 10 eigenvectors from each hemisphere (for a total of 
20) from each structure (caudate, globus pallidus, hippocampus, and 
thalamus) were input into the predictive model. Bivariate Pearson cor-
relations were then performed to evaluate the relationship between 
vWM performance and xBeta scores. 

3. Results 

3.1. Participant characteristics 

There were no differences in age, gender, parental socioeconomic 
status, and race across CON, HF-SCZ, and LF-SCZ. There was a 
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significant overall group effect for vWM (F2,80 = 14.481, p = 0.00), with 
CON demonstrating better vWM performance than both HF-SCZ and LF- 
SCZ. The difference in vWM performance between HF-SCZ and LF-SCZ 
was not statistically significant (p = 0.17), but demonstrated a large 
effect size (d = 2.91) suggesting that there was substantial variability 
within and between the two SCZ groups. Regarding measures of func-
tioning in the schizophrenia subgroups, HF-SCZ demonstrated signifi-
cantly stronger performance relative to LF-SCZ on the SLOF (F1,39 =

25.23, p < 0.001), SSPA (F1,39 = 7.52, p = 0.009), and UPSA-B (F1,39 =

43.3, p < 0.001). There were no significant differences in duration of 
illness (t39 = − 1.42, p = 0.40) or the level of antipsychotic medications 
(chlorpromazine equivalents) (t39 = − 0.858, p = 0.16); see Table 1 for 
details. 

3.2. Volume analysis 

Significant main effects for group were observed in the globus pal-
lidus (F2,82 = 4.56, p = 0.01) and hippocampus, (F2,82 = 5.18, p = 0.01), 
but not for the caudate or thalamus. Post-hoc RM-ANCOVAs demon-
strated that HF-SCZ had significantly lower volumes than CON in both 
the hippocampus (F1,65 = 8.90, p = 0.004) and globus pallidus (F1,65 =

8.64, p = 0.01). There were no significant differences in volume between 
LF-SCZ and CON in either the globus pallidus (F1,60 = 3.34, p = 0.07) or 
hippocampus (F1,60 = 2.51, p = 0.19). There were also no significant 
volumetric differences between HF-SCZ and LF-SCZ in the globus pal-
lidus (F1,38 = 0.43, p = 0.52) or hippocampus (F1,38 = 2.23 p = 0.14); see 
Table 2 for details. 

3.3. Shape analysis 

3.3.1. Caudate 
Linear mixed effects analysis revealed the overall model was signif-

icant (F59,1660 = 4.409, p = 0.00), with a significant group-by- 
eigenvector interaction (F18,1660 = 1.87, p = 0.02). There were no 
main effects for group (F2,1660 = 0.965, p = 0.381) or hemisphere 
(F1,1660 = 0.746, p = 0.388). Bonferroni corrected post-hoc comparisons 
revealed significant group-by-eigenvector interactions regarding CON 
vs. HF-SCZ (t1660 = 1.99, p = 0.05; d = 0.51), CON vs. LF-SCZ (t1660 =

− 2.38, p = 0.03; d = − 0.67), and HF-SCZ vs. LF-SCZ (t1660 = − 3.73, p =
0.00; d = − 1.18). Inspection of vertex-wise surface contrast maps 
(Fig. 1) revealed both HF-SCZ and LF-SCZ groups were characterized by 
significant inward deformation on the posterior ventral and anterior 
lateral surfaces of the caudate relative to CON. Relative to LF-SCZ, HF- 
SCZ demonstrated small regions of inward deformation in dorsolateral 
and medial regions of only the right caudate. 

3.3.2. Globus pallidus 
Linear mixed effects analysis revealed the overall model was signif-

icant (F59,1660 = 10.14, p = 0.00), with a significant group-by- 
eigenvector interaction (F18,1660 = 2.225, p = 0.00). There were no 
main effects for group (F2,1660 = 0.90, p = 0.409) or hemisphere (F1,1660 
= 2.714, p = 0.100). Bonferroni corrected post-hoc comparisons 
revealed significant group-by-eigenvector interactions between CON vs. 
HF-SCZ (t1660 = − 2.97, p = 0.01; d = − 0.76) and CON vs. LF-SCZ (t1660 
= − 3.42, p = 0.00; d = − 0.95). There were no significant differences 
between HF-SCZ and LF-SCZ (t1660 = − 0.61, p = 0.54, d = − 0.19). In-
spection of vertex-wise surface contrast maps (Fig. 2) revealed HF-SCZ 
and LF-SCZ were characterized by significant outward deformation on 
the dorsal and ventral surfaces of the globus pallidus relative to CON. 

3.3.3. Hippocampus 
Linear mixed effects analysis revealed the overall model was signif-

icant (F59,1660 = 12.400, p = 0.00), with a significant group-by- 
eigenvector interaction (F18,1660 = 2.80, p = 0.00). There were signifi-
cant main effects for group (F2,1660 = 3.387, p < 0.050) and hemisphere 
(F1,1660 = 13.884, p < 0.001). Bonferroni corrected post-hoc 

Table 1 
Demographic and clinical characteristics of study samples.   

CON 
(n =
45) 

HF-SCZ 
(n = 23) 

LF-SCZ 
(n = 18) 

Statistic 

Demographics     
Age, mean years (SD) 31.70 

(8.64) 
33.74 
(5.44) 

31.56 
(7.74) 

F2,83 = 0.61, 
p = 0.54 

Gender (% male) 51.1% 60.9% 72.2% Х2
2 = 2.45, p 

= 0.29 
Average SES, mean 
(SD)a 

28.49 
(9.68) 

25.75 
(10.15) 

22.78 
(8.13) 

F2,83 = 2.39, 
p = 0.10 

Race % Caucasian 46.7% 39.1% 38.9% Х2
8 = 6.68, p 

= 0.57 % African-American 37.8% 52.2% 44.4%  
% Asian 6.7% 4.3% 0% 

% other 8.9% 4.3% 11.1% 
Chlorpromazine 

equivalent (mg), mean 
(SD) 

– 546.98 
(489.16) 

509.51 
(409.64) 

t39 = − 1.42, 
p = 0.16 

Duration of illness, mean 
years (SD) 

– 12.55 
(6.37) 

14.48 
(8.09) 

t39 = − 0.858, 
p = 0.40 

Verbal working memory 0.01 
(0.14) 

− 0.73 
(0.20) 

− 1.27 
(0.17) 

F2,80 =

14.48, p <
0.001†,** 

Measures of functioning 
(total scores)     
Specific Levels of 
Functioning (SLOF) 

– 132.74 
(9.2) 

115.5 
(12.8) 

F1,39 =

25.23, p <
0.001** 

Social Skills 
Performance Assessment 
(SSPA) 

– 3.51 
(0.64) 

2.93 
(0.72) 

F1,39 = 7.52, 
p = 0.009* 

Brief UCSD 
Performance-Based 
Skills Assessment 
(UPSA-B) 

– 83.17 
(9.7) 

63.66 
(9.0) 

F1,39 = 43.3, 
p < 0.001**  

a CON n = 43, HF-SCZ n = 22. 
† CON > HF-SCZ, CON > LF-SCZ (Bonferroni corrected). 
* p < 0.01. 
** p < 0.001. 

Table 2 
Group differences in volume (mean, SD in mm3).   

CON 
(n = 45) 

HF-SCZ 
(n = 23) 

LF-SCZ 
(n = 18) 

ANOVA 

Caudate    F(2,82) = 0.07, 
p = 0.93 

Left 3534.35 
(405.5) 

3469.04 
(431.4) 

3575.30 
(330.2)  

Right 3478.27 
(408.4) 

3421.16 
(440.8) 

3513.50 
(399.9)  

Globus 
pallidus    

F(2,82) = 4.56 
p = 0.01a 

Left 1694.93 
(202.0) 

1757.34 
(192.7) 

1765.68 
(155.2)  

Right 1679.79 
(184.2) 

1743.04 
(185.1) 

1737.76 
(165.2)  

Hippocampus    F(2,82) = 5.18 
p = 0.01b 

Left 2386.21 
(307.5) 

2182.23 
(193.3) 

2286.81 
(219.4)  

Right 2824.10 
(373.1) 

2589.62 
(254.3) 

2714.74 
(240.3)  

Thalamus    F(2,82) = 0.16 
p = 0.86 

Left 7347.88 
(679.6) 

7191.82 
(625.4) 

7244.69 
(624.7)  

Right 7157.27 
(631.0) 

7043.13 
(633.0) 

7122.26 
(581.7)   

a CON < HF-SCZ. 
b CON > HF-SCZ. 
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comparisons revealed significant group-by-eigenvector interactions be-
tween CON vs. HF-SCZ (t1660 = 5.69, p = 0.00; d = 1.46), CON vs. LF-SCZ 
(t1660 = 2.42, p = 0.03; d = 0.67), and HF-SCZ vs. LF-SCZ (t1660 = − 2.49, 

p = 0.03; d = − 0.78). Inspection of the vertex-wise surface contrast 
maps (Fig. 3) revealed HF-SCZ showed greater inward deformation on 
the dorsolateral and ventral surfaces of the hippocampus compared to 

Fig. 1. Caudate nucleus surface shape contrast t-maps between: high community functioning schizophrenia (HF-SCZ) patients and control (CON) participants; low 
community functioning schizophrenia (LF-SCZ) patients and CON participants; HF-SCZ and LF-SCZ patients. Studentized-t values with cooler colors (t < 0) indicate 
inward shape differences and warmer colors (t > 0) indicate outward shape differences. 

Fig. 2. Globus pallidus surface shape contrast t-maps between: high community functioning schizophrenia (HF-SCZ) patients and control (CON) participants; low 
community functioning schizophrenia (LF-SCZ) patients and CON participants. Studentized-t values with cooler colors (t < 0) indicate inward shape differences and 
warmer colors (t > 0) indicate outward shape differences. 
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CON, while LF-SCZ had a similar, but attenuated pattern of inward 
deformation as well as outward deformation in left dorsal anterior and 
ventral posterior regions compared to CON. HF-SCZ also demonstrated 
significant bilateral inward deformation along the anterior and lateral 
dorsal, as well as anterior and posterior ventral surface of the 

hippocampus relative to LF-SCZ. 

3.3.4. Thalamus 
Linear mixed effects analysis revealed the overall model was signif-

icant (F59,1660 = 6.49, p = 0.00), with a significant group-by-eigenvector 

Fig. 3. Hippocampal surface shape contrast t-maps between: high community functioning schizophrenia (HF-SCZ) patients and control (CON) participants; low 
community functioning schizophrenia (LF-SCZ) patients and CON participants; HF-SCZ and LF-SCZ patients. Studentized-t values with cooler colors (t < 0) indicate 
inward shape differences and warmer colors (t > 0) indicate outward shape differences. 

Fig. 4. Thalamic surface shape contrast t-maps between: high community functioning schizophrenia (HF-SCZ) patients and control (CON) participants; low com-
munity functioning schizophrenia (LF-SCZ) patients and CON participants. Studentized-t values with cooler colors (t < 0) indicate inward shape differences and 
warmer colors (t > 0) indicate outward shape differences. 
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interaction (F18,1660 = 1.62, p = 0.05). There were no main effects for 
group (F2,1660 = 0.246, p = 0.782) or hemisphere (F1,1660 = 2.496, p =
0.114). There was a significant group-by-eigenvector interaction be-
tween CON and HF-SCZ (t1660 = 5.69, p = 0.00; d = − 0.84), but not CON 
and LF-SCZ (t1660 = 5.69, p = 0.17; d = − 0.48) or HF-SCZ and LF-SCZ 
(t1660 = 5.69, p = 0.25; d = 0.36). Inspection of vertex-wise surface 
contrast maps (Fig. 4) revealed HF-SCZ showed greater inward defor-
mation along lateral and medial aspects of the thalamus, as well as 
lateral geniculate nuclei. In LF-SCZ, only very mild inward deformation 
was observed in lateral aspects of the right thalamus, and outward 
deformation in medial regions. 

3.4. Relationships between shape and verbal working memory 
performance 

Guided by the significant results in the HF-SCZ vs. LF-SCZ contrasts 
above, correlation analyses were conducted between caudate and hip-
pocampal shape with vWM performance in the SCZ groups. Significant 
inverse correlations between hippocampal shape and vWM were 
observed in both HF-SCZ (r = − 0.43, p = 0.04) and LF-SCZ (r = − 0.53, p 
= 0.02), which indicated that poorer vWM was associated with greater 
abnormal hippocampal shape deformation in these groups (Fig. 5). 
Correlations between vWM and caudate shape were non-significant for 
both groups. 

4. Discussion 

The overarching aim of the study was to characterize neuroana-
tomical differences in schizophrenia subgroups with either high or low 
community functioning relative to healthy individuals. Previous 
normative literature on measures of functioning utilized in this study 
support the classification of high and low functioning given to our 
schizophrenia subgroups, in particular the HF-SCZ group was perform-
ing in a range consistent with healthy individuals (Harvey et al., 2016; 
Miller et al., 2021). We found that shape of all deep-brain regions was 
significantly altered in HF-SCZ and LF-SCZ as compared to CON, but 
only hippocampal and caudate shape differentiated HF-SCZ from LF- 
SCZ. Furthermore, correlation analyses revealed that abnormal shape 
of the hippocampus alone was related to poorer vWM performance in 
both HF-SCZ and LF-SCZ. These findings suggest that selective aspects of 
the global deep-brain structural abnormalities commonly observed in 
schizophrenia contribute to the cognitive substrate of functional out-
comes in this illness. 

Our findings of shape differences for the globus pallidus and 

thalamus in both SCZ subgroups relative to CON are largely congruent 
with prior studies of shape alterations in the basal ganglia (Shepherd 
et al., 2012). With respect to the observed outward deformation in the 
globus pallidus, previous work indicates this may be a function of 
medication side-effects (Erp et al., 2016; Staal et al., 2000), as research 
has consistently demonstrated this is an effect of long-term antipsychotic 
use on basal ganglia structures (Mamah et al., 2008; Vernon et al., 
2012). In both SCZ groups exaggerated outward deformation was noted 
relative to CON, but the pattern appeared more extensive in the HF-SCZ 
group. Regarding the thalamus, the shape abnormalities we observed 
across both SCZ groups occurred in ventral lateral and mediodorsal re-
gions, which are reflective of the current literature on thalamic 
dysfunction in schizophrenia (Alemán-Gómez et al., 2020; Steullet, 
2020). No statistically significant differences were noted between the 
HF-SCZ and LF-SCZ, although LF-SCZ appeared to have a more attenu-
ated thalamic pattern overall compared to CON, suggesting this region 
may be less involved in the expression of the unique characteristics of 
this group. 

The literature regarding alterations of the caudate in schizophrenia is 
generally consistent with our findings; however, the direction of the 
effect is mixed depending on method and sample composition. Inward 
shape deformation has been observed in multiple studies (Cobia et al., 
2021; Mamah et al., 2016, 2007), while surface expansion and thick-
ening were noted in a recent meta-analysis of schizophrenia (Gutman 
et al., 2021). Both SCZ groups showed greater hippocampal abnormal-
ities relative to CON, with significant inward deformations, but addi-
tional outward deformations, in left dorsal and ventral regions for the 
LF-SCZ group. In the SCZ group comparisons, significant inward defor-
mation was noted in the HF-SCZ relative to LF-SCZ group only in the 
caudate and hippocampus; furthermore, qualitative review of the shape 
maps for all structures revealed a greater degree of shape abnormality in 
HF-SCZ relative to CON than LF-SCZ. Given that prior studies identify 
inward deformation of deep-brain structures as a core feature of 
schizophrenia (Csernansky et al., 2002; Gutman et al., 2021; Wang et al., 
2008), our results suggest HF-SCZ may represent a more typical 
neurobiological form of schizophrenia relative to LF-SCZ. Our expecta-
tion was that HF-SCZ would demonstrate brain abnormalities interme-
diate to CON and LF-SCZ. However, the findings indicate the opposite 
suggesting different brain regions, or imaging features, may better 
represent the poorer community functioning in LF-SCZ. In a recent study 
using these same groups, we also found that HF-SCZ demonstrated in-
termediate BOLD activation between CON and LF-SCZ during a social 
skills task involving facial affect perception (Karpouzian et al., 2017), 
suggesting social perception and social skills may play a role in sup-
porting elevated community-based functioning in schizophrenia. How-
ever, novel machine learning approaches to studying general functional 
outcomes in psychosis do reinforce the importance of deep brain 
structures, including the hippocampus, in predicting long-term outcome 
and resilience (Kambeitz-Ilankovic et al., 2016; de Wit et al., 2016a, 
2016b). 

Consistent with prior work that suggests that smaller hippocampal 
volumes are associated with poorer working memory performance (Guo 
et al., 2014), we observed that greater surface abnormalities in the 
hippocampus were associated with poorer verbal working memory 
performance in both SCZ groups. Other studies have shown that over-
activation of the hippocampus is strongly associated with schizophrenia 
(Wible, 2013), and that greater intrinsic activity in the hippocampus is 
inversely correlated with verbal working memory performance (Tre-
gellas et al., 2014). Collectively, the literature suggests the hippocampus 
is an important substrate for working memory (Cave and Squire, 1992; 
Duff and Brown-Schmidt, 2012), although structural integrity alone may 
not completely explain differences in performance among those with 
high or low functional capacity. Indeed, some recent work utilizing path 
analysis discovered that a unique combination of cognition, vocal 
emotional output, mood, and negative symptoms were strong “bottom- 
up” predictors of functional outcome in schizophrenia (Luo et al., 2021). 

Fig. 5. Hippocampal shape progressing from healthy control (CON) to 
schizophrenia (SCZ) correlated with poorer verbal working memory perfor-
mance in both high (HF-SCZ: r = − 0.43, p = 0.04) and low community func-
tioning (LF-SCZ: r = − 0.53, p = 0.02) schizophrenia groups. 
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The limitations of this study include 1) the number of subjects per 
group is relatively small, with unequal numbers in the SCZ groups, and 
replication with larger samples are needed and 2) the cross-sectional 
design only assesses cluster classification from an initial time point 
and long-term stability of these groupings can be determined with lon-
gitudinal models. Future studies of functional outcomes in SCZ would 
benefit from the inclusion of known “facilitators” of functional recovery, 
such vocational rehabilitation (Vita et al., 2011), cognitive enhance-
ment therapy (Eack et al., 2010), and cognitive remediation therapy 
(Twamley et al., 2012). Other factors known to impact level of func-
tioning such as social supports, family involvement, coping style, and 
emotion regulation should also be evaluated. 

In summary, we found that unique surface anatomy alterations in the 
caudate, hippocampus, globus pallidus, and thalamus defined 
functionally-defined schizophrenia subgroups relative to healthy in-
dividuals, and that patient groups with high and low levels of commu-
nity functioning specifically differed in hippocampal shape. 
Furthermore, hippocampal abnormalities in the schizophrenia groups 
were related to worse verbal working memory performance. These 
findings add to a growing body of literature related to functional out-
comes in schizophrenia by highlighting differential patterns of shape 
deformation that are correlated with verbal working memory perfor-
mance in the context of community functioning. 
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