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A B S T R A C T   

Schizophrenia, a debilitating disorder with typical manifestation of clinical symptoms in early adulthood, is 
characterized by cognitive impairments in executive processes such as in working memory (WM). However, 
there is a rare case of individuals with early-onset schizophrenia (EOS) starting before their 18th birthday, while 
WM and its neural substrates are still undergoing maturation. Using the WM n-back task with functional mag-
netic resonance imaging, we assessed the functional neurodevelopment of WM in adolescents with EOS and age- 
and gender-matched typically developing controls. Participants underwent neuroimaging in the same scanner 
twice, once at age 17 and at 21 (mean interscan interval = 4.3 years). General linear model analysis was per-
formed to explore WM neurodevelopmental changes within and between groups. Psychopathological scores were 
entered in multiple regressions to detect brain regions whose longitudinal functional change was predicted by 
baseline symptoms in EOS. WM neurodevelopment was characterized by widespread functional reductions in 
frontotemporal and cingulate brain areas in patients and controls. No between-group differences were found in 
the trajectory of WM change. Baseline symptom scores predicted functional neurodevelopmental changes in 
frontal, cingulate, parietal, occipital, and cerebellar areas. The adolescent brain undergoes developmental pro-
cesses such as synaptic pruning, which may underlie the refinement WM of network. Prefrontal and parie-
tooccipital activity reduction is affected by clinical presentation of symptoms. Using longitudinal neuroimaging 
methods in a rare diagnostic sample of patients with EOS may help the advancement of neurodevelopmental 
biomarkers intended as pharmacological targets to tackle WM impairment.   

1. Introduction 

Schizophrenia is a psychiatric disorder with a complex phenotype, 
characterized by positive, negative, and cognitive symptoms. Early- 
onset schizophrenia (EOS) patients get diagnosed with the disorder 
earlier than their 18th birthday and constitute around 5 % of all 
schizophrenia cases (Cannon et al., 1999). While EOS is considered 
continuous with its adult-onset counterpart (Kyriakopoulos and Fran-
gou, 2007), two different cut-off points for onset-age, one at 12 and one 
at 17, may characterize incrementally worse outcome in EOS (Kyr-
iakopoulos and Frangou, 2007), whereas the younger the onset-age is, 

the more severe premorbid deficits may be, i.e., educational, social, and 
cognitive impairments (Jacobsen and Rapoport, 1998). The neuro-
developmental model suggests that schizophrenia is associated with 
disrupted brain maturation stemming from genetic, perinatal, and 
environmental factors (Mané et al., 2009). Individuals who develop EOS 
and schizophrenia experience premorbid neurocognitive deficits by 
early childhood. These are expressed as a neurodevelopmental delay in 
the acquisition of cognitive skills (neurodevelopmental model) rather 
than cognitive decline of skills that have already been acquired 
(neurodegenerative model) (Bora, 2015). Evidence that further rein-
force the neurodevelopmental basis of schizophrenia involve structural 
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and functional brain changes in patients with first-episode psychosis (Li 
et al., 2018), individuals at clinical high risk for developing schizo-
phrenia (Fryer et al., 2013), healthy siblings of schizophrenia patients 
(Loeb et al., 2018) and adolescent cases with the disorder (Haenschel 
et al., 2007). 

Schizophrenia neurodevelopmental changes precede the overt 
manifestation of symptoms in early adulthood (Fatemi and Folsom, 
2009) and therefore understanding typical brain development is 
important (Frangou et al., 2021; Dima et al., 2021). Adolescence is an 
especially critical period for the developmental maturation of executive 
function such as, cognitive control, working memory (WM) and error 
monitoring (Luna et al., 2015), and their neural substrates that continue 
to develop up to the third decade of life (Tamnes et al., 2013). Cortical 
and subcortical grey matter volume decreases from childhood to 
adulthood, while white matter increases, following normative matura-
tion processes that include synaptic pruning and myelination, respec-
tively (Marsh et al., 2008). Longitudinal WM functional brain changes 
are found to fluctuate in typically developing (TD) individuals from 8 to 
30 years in sensorimotor and executive brain regions (Simmonds et al., 
2017). From 16 to 23 years old, functional WM development involves 
progressively reduced recruitment in the anterior cingulate cortex 
(ACC), the insula and inferior parietal lobule, while DLPFC activity is 
less engaged in adulthood compared to childhood (Simmonds et al., 
2017). 

Cognitive brain function in EOS is manifested, at large, as hypo-
activation in key executive areas that include the ACC and posterior 
parietal cortices (Ioakeimidis et al., 2020), relative to age-matched 
typically developing adolescents. WM function is further associated 
with aberrant brain activity in occipital, temporal, ACC regions (White 
et al., 2011), in bilateral middle frontal gyri (DLFPC) (Bittner et al., 
2015), similar to adult-onset cases (Glahn et al., 2005). It is not clear, 
however, whether these cross-sectional functional changes are due to 
clinical illness characteristics or abnormal neurodevelopment. While 
there is a considerable wealth of evidence concerned with cross- 
sectional function and long-term longitudinal structural neuro-
development of EOS (Thompson et al., 2001; Alexander-Bloch et al., 
2014), there are no studies, to date, to investigate the longitudinal 
functional neurodevelopmental course of patients with onset-age strictly 
below 18 years. In fact, majority of longitudinal functional imaging 
studies in schizophrenia include samples mixed with post-adolescent 
patients and are primarily focused on the effects of short pharmaco-
logical interventions in longitudinal brain function rather than the 
neurodevelopmental course of the illness. Such short-term longitudinal 
studies explore task-dependent BOLD changes relative to pharmaco-
logical interventions and symptomatic recovery and predominantly 
report increases in activation in patients after interventions that last 
2–14 weeks (and up to 6 months in the studies listed below); these are 
found in frontal (dorsolateral, ventrolateral, medial, precentral, post-
central), cingulate (ACC), temporal (inferior, middle, superior), insular, 
parietal (inferior, precuneus), occipital (fusiform, cuneus, lingual), as 
well as subcortical areas (striatum, cerebellum) (Honey et al., 1999; 
Aasen et al., 2005; Reske et al., 2007; Smee et al., 2011; Cadena et al., 
2018; Gurler et al., 2020; Meisenzahl et al., 2006; Schlagenhauf et al., 
2010). These intervention-related increases have been reported in fMRI 
studies focusing on WM (Meisenzahl et al., 2006; Schlagenhauf et al., 
2010), verbal fluency (Smee et al., 2011), cognitive control (Cadena 
et al., 2018), sustained attention (Aasen et al., 2005) and memory 
encoding (Gurler et al., 2020), as well as social cognition (Reske et al., 
2007). Even though such studies are extremely helpful to elucidate 
functional brain changes associated with changes in medication intake 
and recovery from acute episodes, they do not provide any insight on the 
functional neurodevelopment of patients with schizophrenia. 

Here we studied longitudinal functional brain changes during WM 
performance in adolescents with EOS and age- and gender-matched 
typically developing controls into early adulthood. Research in adoles-
cents with EOS is important because it allows to examine disorder- 

specific brain changes during a developmentally sensitive period 
wherein cognitive functions and their neural substrates still mature. It 
also removes variance introduced by confounding characteristics of the 
illness such as age-of-illness onset and cumulative exposure to antipsy-
chotic medication. We examined differences in WM functional matura-
tion by employing a longitudinal fMRI design that allowed us to scan 
EOS and controls twice with a 4.3-year inter-scan interval (mean age at 
first scan 17 years old and at second 21) using the same scanner and the 
same n-back paradigm. This aimed to identify longitudinal BOLD ac-
tivity change from adolescence to early adulthood associated with WM. 
To our knowledge, this is the first longitudinal task-dependent fMRI 
investigation of whole-brain changes in functional brain recruitment in 
a developing sample of patients with schizophrenia onset before their 
18th year of age. 

2. Methods 

2.1. Participants 

The baseline sample included 45 EOS and control participants aged 
16.2 (±1.8) years (Kyriakopoulos et al., 2012) at the time of recruit-
ment. Thirty-four participants returned for the follow-up session, with 
twenty-nine (age 21.08 ± 1.78) being fully eligible for image analysis 
(due to missing baseline scans for two controls and three EOS had ac-
curacy below criterion, explained in next section) (Table 1). Patients 
were recruited from the South London and Maudsley NHS Foundation 
Trust Child and Adolescent mental health services based on the 
following criteria: (a) fulfilling Diagnostic and Statistical Manual of 
Mental Disorders - Fourth Edition (DSM-IV) criteria for schizophrenia; 
(b) aged 12–19 years; (c) age-of-illness onset (AIO) before the 18th 
birthday; (d) no co-morbid Axis I diagnosis; and (e) IQ > 70. Psycho-
pathology was assessed in patients with the Positive and Negative 
Syndrome Scale (PANSS) (Kay et al., 1987). Total cumulative antipsy-
chotic exposure was calculated in chlorpromazine equivalents (CPZE). 
The demographic, clinical and medication status of patients that were 
present in both baseline and follow-up scanning sessions are summa-
rized in Table 1. Seventeen EOS and seventeen healthy individuals who 
were recruited from the same geographic area and had no personal 
history of psychiatric disorder and no family history of psychosis in their 
first-degree relatives, returned for the follow-up study. Exclusion criteria 
for all participants were: (a) history of head injury; (b) lifetime history of 
substance dependence as defined by the DSM-IV; (c) substance abuse as 
defined by the DSM-IV within the 6 months preceding study entry; (d) 
any concomitant medical condition; and (e) history of hereditary 
neurological disorders. All participants were assessed by one qualified 
child psychiatrist using the Structured Clinical Interview for DSM-IV 
Axis I Disorders (First et al., 2002a; First et al., 2002b). In all partici-
pants, the National Adult Reading Test (NART) (Nelson, 1982) was used 
to obtain an estimate of general intellectual ability and the Annett 
handedness scale (Annett, 1970) to assess hand dominance. Patients 
filled in the PANSS positive syndrome sub-scale for two consecutive 
weeks prior to scanning to ensure that they were clinically stable defined 
as scoring ≤ 3 on each item. For more information see the Supplemen-
tary Material, online. 

The study was approved by the Joint South London and Maudsley 
and Institute of Psychiatry Research Ethics Committee. All participants 
and their parents or guardians, as appropriate, provided written 
informed consent or assent after detailed description of the study. 

2.2. N-back task 

The n-back task was administered as a block design, incorporating 
alternating active and control conditions. At the beginning of each 
condition, participants were explicitly instructed to respond by button 
press to the target letter. In the control condition (X-back) the desig-
nated target letter was “X”. In the active conditions (one-, two-, and 
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three-back), the target letter was defined as any letter that was identical 
to the one presented one, two or three trials back, respectively. In each 
condition, a series of 14 letters were presented visually, with each letter 
displayed for 2 s. Responses were monitored via an MRI-compatible 
button box held in the subject's dominant hand. Performance of the n- 
back was recorded as the number of correct responses (accuracy) and 
reaction time. Exclusion criterion was at accuracy score < 50 % at the 
low-load conditions (X- and one-back) at baseline or follow-up, leading 
to the exclusion of three EOS patients from analysis. This resulted in a 
longitudinal sample of 14 EOS patients. All participants received 
training before scanning to ensure they understood the task instructions. 
Within group longitudinal differences for n-back accuracy were assessed 
with the Wilcoxon test due to non-normal distribution of performance 
accuracy. 

2.3. Image acquisition 

The same scanner and image acquisition parameters were used at 
baseline and at follow-up. fMRI and anatomical data were acquired 
during the same session on a 1.5-T imaging system (Signa; GE Medical 
Systems, Milwaukee, Wisconsin) using a gradient-echo echo-planar 
imaging sequence and a 3D T1-weighted Inversion Recovery prepared 
Spoiled GRASS sequence respectively. The scanners were calibrated 
monthly using the same proprietary phantom to ensure stability and 
accuracy of measurements. A total of 270 T2*-weighted gradient echo- 
planar imaging (EPI) brain volumes depicting blood-oxygenation 
level-dependent (BOLD) contrasts were acquired at each of 16 axial 
planes (echo time = 40 ms, repetition time = 2 s, voxel dimensions =
3.75 × 3.75 × 7 mm3, interslice gap = 0.7 mm, matrix size = 64 × 64, 
flip angle = 70o). Structural images were acquired using a 3D axial T1- 
weighted Inversion Recovery prepared Spoiled GRASS sequence from 
128 slices (echo time = 5.1 ms, repetition time = 2 s, inversion time =
450 ms, voxel dimensions = 0.9375 × 0.9375 × 1.5 mm3, matrix size =
256 × 192, field of view = 240 × 180 mm2, flip angle = 20◦, number of 

excitations = 1). 

2.4. Image analysis 

2.4.1. Pre-processing 
Image processing and analysis were implemented using the Statisti-

cal Parametric Mapping (SPM12) software (www.fil.ion.ucl.ac. 
uk/spm/). Pre-processing involved realignment (slice timing and mo-
tion correction) of the functional images, co-registration of the mean 
functional image to each participant's structural one, normalization into 
standard stereotactic space to the Montreal Neurological Institute (MNI) 
template and smoothing with an isotropic Gaussian kernel of 8 mm full- 
width-at-half-maximum. No subjects were excluded due to excessive 
inter-scan motion (defined as >4 mm translation, >4◦ rotation). The 
groups did not differ in terms of in-scanner head motion. 

2.4.2. First-level image analysis 
fMRI responses were high-pass filtered (128 s) and modelled using a 

canonical hemodynamic response function convolved with the vectors 
of interest, namely the one-, two-, and three-back blocks. First-level 
models were constructed for each subject whereby scans from both 
time points were modelled as different sessions with their respective 
motion parameters as nuisance regressors in the fMRI model specifica-
tion module on SPM12. Therefore, longitudinal first-level images were 
constructed to examine baseline (t1) to follow-up (t2) BOLD activity 
changes (ΔBOLD) for each different load of n-back blocks (one-, two-, 
three-back), and these images were used as the dependent variable in all 
subsequent second-level analysis. 

2.4.3. Second-level statistical analysis 

2.4.3.1. General linear model. Longitudinal first-level images (ΔBOLD; 
term used to abbreviate longitudinal BOLD change) for the three n-back 
loads were entered in a 3 × 2 flexible factorial model with task (one-, 

Table 1 
Demographic, clinical, and behavioral characteristics for adolescents with EOS and typically developing adolescent groups at baseline and follow-up with respective p- 
values for longitudinal within-group change.   

Baseline (t1) Follow-up (t2) Within-group longitudinal change (p-value) 

EOS TD EOS TD  

n = 14 n = 15 n = 14 n = 15 EOS TD 

Demographic data 
Age (years) 17.03 (1.42) 16.51 (2.22) 21.01 (1.60) 21.15 (1.99)   
Range (years) 14.75 - 19.75 13.00 - 20.83 18.08 - 23.92 18.08 - 25.83   
Gender (M/F) 9/5 10/5     
Handedness (L/R) 13/1 13/2     
NART 97.57 (10.65) 100.71 (8.02) 100.33 (7.87) 111.41 (4.35)  0.149 <0.001  

Clinical data 
Symptoms 

PANSS positive 9.21 (1.81) – 10.36 (3.43) –  0.271 – 
PANSS negative 14.00 (1.80) – 12.21 (4.66) –  0.229 – 
PANSS total 47.21 (4.19) – 47.64 (10.21) –  0.879 – 

Medication (mg) 
Cumulative CPZE 10,967.86 (16,292.93) – 27,683.57 (31,708.83) –  0.001 –  

Behavioral data 
Accuracy (% correct); Median (IQR) 

One-back 100 % (19 %) 100 % (0 %) 100 % (25 %) 100 % (13 %)  0.739 0.705 
Two-back 81.25 % (44 %) 100 % (13 %) 93.75 % (56 %) 100 % (13 %)  0.506 0.234 
Three-back 56.25 % (44 %) 62.5 (50 %) 81.25 % (53 %) 87.5 % (25 %)  0.031 0.051 

Reaction time (s); Mean (SD) 
One-back 0.58 (0.12) 0.51 (0.08) 0.58 (0.12) 0.53 (0.08)  0.924 0.716 
Two-back 0.62 (0.12) 0.57 (0.11) 0.58 (0.25) 0.56 (0.11)  0.587 0.994 
Three-back 0.66 (0.14) 0.65 (0.14) 0.71 (0.29) 0.62 (0.13)  0.413 0.450 

Abbreviations: CPZE: chlorpromazine equivalents; EOS: early-onset schizophrenia; F: female; IQR: interquartile range; L: left; M: male; mg: milligrams; NART: na-
tional adult reading test; PANSS: positive and negative syndrome scale; R: right; TD: Typically developing participants. 
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two-, three-back) and group (typically developing adolescents, adoles-
cents with EOS) as within- and between-subject factors, respectively. We 
were interested in within-, and between-group differences in ΔBOLD, 
expressed as reduction or increase across the two time points for the 
three n-back loads separately (one-, two-, three-back) and together (one- 
, two-, three-back combined; process-general contrast). We examined 
ΔBOLD with the following main effects and interactions: main effects of 
task, main effects of group, and the interactions of task × group. 
Therefore, we assessed the main effects of task on ΔBOLD in all n-back 
levels (we named it process-general contrast) as well as in each level 
individually, across diagnosis status. Additionally, we were interested in 
the main effects of group on ΔBOLD in process-general and in individual 
loads of the n-back, for within- and between-groups contrasts. 

An exploratory GLM was conducted for the EOS group, to account for 
any effects of antipsychotic medication in cumulative CPZE, age of 
illness onset, and interscan interval. 

Gender and age at follow-up were used as covariates of no interest. 
Results are reported at FWE p < 0.05. 

2.4.3.2. Multiple regressions. First-level images of ΔBOLD at one-, two-, 
and three-back were entered into multiple regression models in SPM12 
with baseline PANSS symptoms scores as covariates of interest, to 
explore whether symptoms could predict ΔBOLD in EOS patients. Multi-
ple regression analyses were further employed to explore whether ΔBOLD 
would be predicted by age-of-onset or cumulative medication intake in 
CPZE. Gender was used as a covariate of no-interest in all analyses. 
Reported results were thresholded at FWE of p < 0.05. 

Illicit drug use was not accounted for by any of the analyses as it was 
an exclusion criterion for all participants. 

3. Results 

Cross-sectional baseline effects are reported in Kyriakopoulos and 
colleagues (Kyriakopoulos et al., 2012). The results presented in the 
following sections only concern the longitudinal cohort present in both 
scanning sessions. 

3.1. Participants 

The longitudinal sample consisted of twenty-nine individuals (fifteen 
TD and fourteen EOS adolescents, Table 1). Supplementary Fig. S1 
(online) shows the distribution of ages in both time points. The interscan 
interval between baseline and follow-up was 4.3 (±0.82) years for all 
participants. 

Mean age of schizophrenia onset was 14.87 years (±1.28) (age range 
11.70–17.14) (Table 1; Fig. S1), while illness duration at baseline was 
2.20 years (±1.44) and 6.14 (±1.62) years at follow-up. PANSS scores 
(positive, negative, and total) remained stable through the 4-year course 
of the longitudinal study (p > 0.271). Cumulative antipsychotic expo-
sure (in chlorpromazine equivalents) increased significantly across the 
4-year follow-up (Table 1). 

NART scores increased, yet not significantly, in patients with EOS but 
were significantly improved in typically developing adolescents from 
baseline to follow-up (Table 1). Accuracy in one- and two-back blocks 
did not change significantly from baseline to follow-up, in neither of the 
groups. Three-back accuracy was significantly improved in individuals 
with EOS (Z = − 2.157, p = 0.031), whereas typically developing ado-
lescents showed a trend of accuracy improvement (Z = − 1.949, p =
0.051) (Table 1). Pairwise t-tests for RT were not statistically different 
from baseline to follow-up in any n-back level (p > 0.413). 

3.2. Longitudinal BOLD activity change in the entire sample 

Main effects of task (one-, two-, three-back) in the entire sample 
showed that there were only longitudinal reductions (ΔBOLD(t1>t2); t1 >

t2 subscript abbreviates longitudinal reduction); these were in the right 
superior frontal gyrus (SFG), bilaterally in the middle frontal gyri 
(MFG), the right fusiform gyrus, bilateral in the superior temporal poles, 
and from middle to posterior cingulate gyrus, for the process-general 
contrast (Fig. 1.A; Table S1, online). There was significant ΔBOLD(t1>t2) 
at the highest n-back load (three-back) which was observed in a cluster 
expanding from the right SFG to the ACC and supplementary motor area 
(SMA). One- and two-back blocks did not show significant longitudinal 
main effects of task. 

3.3. Longitudinal BOLD activity change within and between groups 

Process-general task main effects for TD adolescents showed ΔBOLD 

(t1>t2) in medial areas bilaterally in the precuneus and the ACC 
expanding posteriorly to the posterior cingulate portion (Fig. 1.B; 
Table 2). Significant ΔBOLD(t1>t2) was also apparent for the three-back in 
the ACC. 

Adolescents with EOS had significant process-general ΔBOLD(t1>t2) in 
more lateral regions in the cortex; these were observed in the right 
middle occipital and the SFG, and the left middle frontal gyrus (DLPFC) 
and the precuneus expanding to the superior parieto-occipital gyri 
(Fig. 1.B; Table 2). Additionally, patients with EOS showed ΔBOLD(t1>t2) 
at the right putamen/insula (BA 13) during the one-back (Table 2). 

In addition to the previous analyses, we performed an exploratory 
GLM in the EOS group only, where we added the clinical covariates of 
age of illness-onset, cumulative CPZE and the interscan interval. This 
was done to identify changes in longitudinal brain activity after ruling 
out variance caused by confounding factors that are secondary to the 
illness (Karlsgodt et al., 2008), such as antipsychotic medication, age of 
illness onset or time between scans. Duration of illness was not included 
as a covariate to this model because it is strongly correlated with age at 
follow-up (r = 0.682, p = 0.007) which would violate the collinearity 
assumption of ANCOVA. Clusters of significant process-general ΔBOLD 

(t1>t2) are reported in Table S2, online. Significant clusters were located 
at the right middle occipital gyrus and left parieto-occipital regions, 
similar to the original analysis without the clinical covariates, but the 
effect in left middle frontal gyrus (x = − 30, y = 38, z = 38, ke = 34, Z =
4.35) was now at trend level (peak-FWE p = 0.063). Furthermore, 
process-general ΔBOLD(t1>t2) was seen in the SMA, the right insula and 
parietooccipital region (Table S2, online). Unlike the model without the 
clinical covariates, there were no voxels surviving correction for mul-
tiple comparisons for the EOS × one-back interaction. In contrast, ΔBOLD 

(t1>t2) in the SMA and the left superior temporal gyrus were found during 
three-back (Fig. 1.C; Table S2, online). 

No between-group effects that survived FWE correction were found 
for ΔBOLD. Therefore, longitudinal changes were not significantly 
different between the two groups. 

3.4. Prediction of longitudinal BOLD activity change by clinical 
characteristics of EOS 

PANSS total, PANSS positive, and PANSS negative scores at t1 were 
entered in multiple regression models to examine if baseline symptoms 
could predict ΔBOLD(t1>t2) in EOS at one-, two-, three-back, and process- 
general contrasts. At one-back, total PANSS symptoms scores predicted 
increased reduction in ΔBOLD(t1>t2) in the left inferior frontal gyrus and 
right middle frontal gyrus, whereas positive PANSS symptoms predicted 
increased reduction in ΔBOLD(t1>t2) in the right portions of middle 
frontal, lingual, and angular gyri, as well as in the left inferior frontal 
gyrus (Fig. 2.A–B, Table 3). For the two-back n-back, higher baseline 
scores in PANSS positive and total scales predicted lower reduction in 
ΔBOLD(t1>t2) changes around the ACC (Fig. 2.C) and SMA, while more 
severe negative symptoms predicted lower reduction in ΔBOLD(t1>t2) in 
the cerebellum (Table 3). 

Age of illness-onset and antipsychotic medication (in cumulative 
CPZE) did not account for significant prediction of ΔBOLD(t1>t2) changes. 
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4. Discussion 

To our knowledge, this is the first longitudinal fMRI study to inves-
tigate the functional development of WM in patients with EOS and age- 

matched controls from adolescents to early adulthood. We found that (1) 
functional brain changes associated with WM did not differ between 
patients with EOS and typically developing participants in a 4-year 
period, while (2) WM development is associated with widespread 
functional reductions in frontotemporal and cingulate regions in the 
entire sample. Finally, (3) severity of schizophrenia symptoms at base-
line predicted functional longitudinal changes in frontal, cingulate, and 
parietooccipital areas. 

EOS patients displayed stable WM performance and did not show any 
deterioration in their positive and negative symptoms at the time of 
testing, which is in line with the neurodevelopmental model (Zipursky 
et al., 2013). Accuracy was developed at adult levels for the one-back 
and two-back in both groups, since there were no differences from 
baseline-to-follow-up. However, the ability to perform the three-back 
accurately continued to increase into early adulthood in both groups 
of developing adolescents. In the 4-year period spanning from adoles-
cence to early adulthood, WM-related brain activation did not differ 
between EOS patients and typically developing participants. Similar 
neuroimaging findings were reported in a longitudinal study exploring 
cognitive control in young patients (12–28 years) with recent-onset 
schizophrenia which identified stable activation in DLPFC over a 1.5- 
year period in both schizophrenia and healthy controls (Niendam 
et al., 2018). 

Even though longitudinal functional change between the groups was 
statistically comparable, the functional reductions in typically devel-
oping controls and those in EOS patients do not overlap. EOS adolescents 
had reduced recruitment of brain areas located more laterally, in pos-
terior parietooccipital, prefrontal, as well putamen and, insular areas. 
These reductions were seen despite the patients' longitudinal cognitive 
performance and symptom status that remained stable across the 4-year 

Fig. 1. A) Process-general ΔBOLD(t1>t2) effects in the entire sample of developing adolescents; B) process-general ΔBOLD(t1>t2) effects in typically developing ado-
lescents (red) and in adolescents with EOS (blue). C) Sagittal layout of ΔBOLD(t1>t2) in typical adolescents (red) and adolescents with EOS (blue), shows absence of 
overlapping reductions in ACC (red) and SMA (blue) areas at three-back trials. The EOS map was extracted from the model with the clinical covariates where three- 
back effects were found. Color bars represent the T-values of the overlain clusters. Multiple comparisons correction at FWE p < 0.05. 

Table 2 
Main effects of group (× task) on ΔBOLD while controlling for gender and age at 
follow-up.  

# k Regions BA L/ 
R 

Peak coordinates Z- 
value 

x y z  

Typically developing adolescents (t1 > t2)  
Process-general  

1 146 Precuneus  7 L/ 
R  

6  − 61  56  4.26  

2 755 Anterior/middle 
cingulate gyrus  

32 L/ 
R  

3  35  26  4.02  

Three-back  

1 345 
Anterior cingulate 
gyrus  24 

L/ 
R  9  29  20  4.26            

Adolescents with early onset schizophrenia (t1 > t2)  
Process-general  

1 75 Middle occipital gyrus  19 R  39  − 76  23  4.73  
2 77 Superior frontal gyrus  6 R  30  − 1  59  4.35  
3 34 Middle frontal gyrus  9 L  − 33  35  38  4.30  

4 205 
Precuneus/superior 
occipital gyrus  7 L  − 12  − 76  44  4.09  

One-back  
1 68 Putamen/Insula  13 R  30  8  20  4.32 

Process-general refers to the model that contains all three n-back loads; FWE 
correction for multiple comparisons at p < 0.05. 
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follow-up period. Hence, WM functional neurodevelopment in EOS is 
manifested by reduced recruitment in executive brain regions that do 
not overlap with the developmental reductions in TD. Longitudinally, 
activity reductions in brain areas of the posterior parietal and occipital 
cortex together with prefrontal areas may be specific to schizophrenia 
dysfunction as the disease-duration progresses (Hahn et al., 2018). Such 
dysfunction may result from altered brain maturation mechanisms in 
EOS, such as synaptic pruning. The hypothesis that progressive grey 
matter change could reflect dendritic retraction and synaptic pruning is 
supported by evidence on positron emission tomography (PET) scans of 
greater activated microglia in patients with schizophrenia as well as 
neuroinflammatory markers elevated in post-mortem neural tissue from 

patients with schizophrenia, markers associated with microglial- 
mediated synaptic pruning and dendritic retraction (Cannon, 2015). It 
is also possible that EOS is characterized by additional factors like social 
adversity and stress during this later maturational period that affect the 
refinement of the executive circuitry and the elimination of extraneous 
synapses that normally occur in typical development (Karlsgodt et al., 
2008) to the degree of observable reduction in function over time. This 
could then translate into progressively different functional reorganiza-
tion of WM in EOS adolescents and TD ones during transition into 
adulthood. The socio-developmental model of Howes & Murray (Howes 
and Murray, 2014) integrates that socioeconomic adversity alongside 
genetic vulnerability may initiate and maintain a vicious cycle of stress 
leading to neurodevelopmental abnormalities and dopamine dysregu-
lation that are strongly linked to psychosis (Howes and Murray, 2014). 

Irrespective of group membership and n-back load, WM maturation 
was associated with reduced recruitment in bilateral prefrontal cortex 
(right superior and left middle frontal), bilateral superior temporal 
poles, right fusiform gyrus, and posterior cingulate gyrus. Reductions 
were also seen in ACC, SFG, and SMA area at three-back; as adolescents 
matured to adulthood, they relied less in those regions to complete the n- 
back task. Similarly, Simmonds and colleagues (Simmonds et al., 2017) 
found reductions in executive regions during typical development of 
WM function from childhood to adulthood. Hence, decreasing WM brain 
function in development consists of a normal process that is seen in both 
EOS and typically developing adolescents in executive brain areas and it 
parallels normative structural developmental trajectories (Gogtay et al., 
2004). Our results indicate that typical WM maturation in the transition 
to adulthood is associated with decreased activation in regions in the 
medial wall that spanned from the anterior to the posterior cingulate 
and to the precuneus. Activation of the ACC/midcingulate cortex is 
relevant to conflict and error monitoring, redirection of attention and 
action whereas the posterior cingulate and precuneus are more related 
to self-referential activity (Rolls, 2019). Decreased activation in these 
areas could be related to performing the n-back by doing less errors, 
while also relying less on internalized thinking processes in early 
adulthood. It could also highlight the refinement of error monitoring to 
guide action towards more successful trials, which is suggested by the 
trend improvement in the three-back performance which is paralleled by 
the significant reduction on the activation in ACC and SMA during these 

Fig. 2. Higher PANSS symptoms at baseline predicted: A), B) increased ΔBOLD(t1>t2) in the left inferior frontal and the right middle frontal gyri during one-back, and 
C) lower ΔBOLD(t1>t2) in the middle cingulate gyrus during two-back. Color bars represent the T-values of the overlain clusters. Multiple comparisons correction at 
FWE p < 0.05. 

Table 3 
Brain areas with ΔBOLD (t1>t2) predicted by baseline PANSS (total, positive, 
negative) scores in individuals with EOS.  

# k Regions BA L/ 
R 

Peak coordinates Z- 
value 

x y z  

One-back  
Total symptoms: positive regression  

1 174 Inferior frontal 
gyrus, opercular  

13 L  − 36  11  23  4.26  

2 88 Middle frontal gyrus  9 R  30  23  35  4.14  
Positive symptoms: positive regression  

1 219 Middle frontal gyrus  9 R  27  20  32  4.87  
2 131 Lingual gyrus  19 R  27  − 61  − 1  4.70  
3 78 Angular gyrus  39 R  33  − 61  35  4.38  
4 92 Inferior frontal 

gyrus, opercular  
9 L  − 45  11  23  4.12   

Two-back       
Total symptoms: negative regression  

1 177 Anterior Cingulate 
gyrus  

32 L/ 
R  

9  5  44  4.56  

Positive symptoms: negative regression  
1 136 Supplementary 

motor area  
23 L/ 

R  
− 6  − 1  50  4.45  

Negative symptoms: negative regression  
1 79 Cerebellum, Vermis, 

3  
L  0  − 34  − 13  5.22 

FWE correction for multiple comparisons at p < 0.05. 
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high-load and error-prone blocks. Functional activity reduction in the 
ACC was not only significant in the whole n-back process-general and 
the three-back contrasts, but it was also predicted by improving accu-
racy at the two-back. Taken together these results indicate a central role 
of the ACC in WM development during late adolescence. 

Positive, negative, and total schizophrenia psychopathology at 
baseline was associated with functional longitudinal changes in a 
widespread brain network including midline cingulate, frontal, parietal, 
and occipital areas, as well as the cerebellum. Importantly, more severe 
initial total and positive PANSS scores predicted greater degree of 
hypoactivation in middle and inferior frontal areas located in the DLPFC 
in adulthood in EOS patients. Reduced DLPFC activation in adolescent 
EOS patients has been consistently reported (Bittner et al., 2015; Kyr-
iakopoulos et al., 2012). In our study, EOS patients with more severe 
adolescent psychopathology at age 17 had less DLPFC engagement in 
early adulthood at age 21. This hypoactivity is consistent with findings 
from previous adult schizophrenia studies in WM (Wu and Jiang, 2019). 
On the other hand, more severe initial positive and total symptoms 
predicted linearly reduced functional change in the ACC. This means 
that EOS patients that scored higher at PANSS total scales had less 
functional reductions in the ACC. These results are consistent with 
previous meta-analyses on schizophrenia and WM memory (Wu and 
Jiang, 2019).The hypo-activation of the DLPFC and the hyper-activation 
of the dorsal ACC appear to be intrinsically linked; the DLPFC provides 
top-down cognitive control (Miller and Cohen, 2001) and the ACC is 
responsible for conflict monitoring (Kerns et al., 2004). Within this 
framework, the hyper-activation of the ACC could occur if the hypo- 
activation of the DLPFC leads to impaired cognitive control and de-
mands increased conflict monitoring and adjustments in control from 
the ACC (Carter et al., 2001). Crucially, clinical characteristics in EOS 
also associate with structural abnormalities in the ACC: ACC volume and 
neuronal density decrease with younger age of onset (Brüne et al., 
2010), while aberrant white matter integrity is associated with psy-
chotic symptoms (Tang et al., 2010).Our results enrich the evidence 
implicating DLPFC and ACC pathology in the pathogenesis of schizo-
phrenia and the relationship of observed activation in these areas with 
clinical severity. 

Several methodological issues require further consideration. First, 
our study's small sample size. EOS is a rare disorder, which makes 
enrolment and retention of participants more difficult, thus almost all 
recent longitudinal studies that include neuroimaging and EOS patients 
have similar sample sizes. However, we improved our power by 
acquiring a homogeneous diagnostic sample that is matched to the TD 
group. Second, possible medication effects on the study results cannot be 
conclusively refuted. However, we found no significant relationship 
between medication and measures of regional activation. Finally, po-
tential signal drifts of MRI scanners are a common problem in longitu-
dinal studies. Nevertheless, the same MRI scanner was used for baseline 
and follow-up investigations and was frequently tested for signal 
stability. 

In conclusion, we showed that EOS patients demonstrate develop-
mental trajectories of functional WM reductions in posterior parie-
tooccipital, prefrontal, as well putamen and, insular areas. These could 
serve as endophenotypic markers for disrupted WM maturation as they 
were independent of medication or illness duration. On the other hand, 
WM functional developmental changes in ACC and DLPFC were corre-
lated with initial positive and negative symptoms scores. It may be that 
genetic susceptibility for schizophrenia increases the vulnerability of 
fronto-parietal and cingulate areas that deteriorate as the symptoms of 
the disease progress. The clinical implications of studying the longitu-
dinal correlates of WM functional maturation in EOS are crucial in 
promoting the advancement of pharmacological targets that could one 
day alleviate the cognitive impairment in schizophrenia which currently 
has no known effective medication. 
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