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IMPORTANCE The extent of cognitive deterioration after schizophrenia (SZ) onset is poorly
understood because prior longitudinal studies used small samples of older individuals with
established illness.

OBJECTIVE To examine the association of age at onset and subsequent longitudinal course
of prefrontal activity during the first 2 years of illness in youths with SZ and healthy control
participants (HCs).

DESIGN, SETTING, AND PARTICIPANTS This naturalistic, longitudinal, functional magnetic
resonance imaging (fMRI) study included patients with recent-onset SZ and HCs aged 12 to 25
years enrolled in an ongoing study of cognition in recent-onset psychosis in the Sacramento,
California, area from October 13, 2004, through June 25, 2013. Participants completed clinical
assessments and an established measure of cognitive control, the AX Continuous
Performance Task (AX-CPT), during fMRI at baseline and at 6-, 12-, and 24-month follow-up.
Whole-brain, voxelwise, and an a priori dorsolateral prefrontal cortex (DLPFC) region of
interest analyses were performed. Group differences in developmental trajectories were
examined by focusing on behavioral performance (d′-context) and cognitive
control-associated brain activity. The association of antipsychotic medication and clinical
factors were also examined. Data were analyzed from April 15, 2015, through August 29, 2017.

MAIN OUTCOMES AND MEASURES Primary outcomes included group differences (HC vs SZ)
in behavioral performance (d'-context from AX-CPT) and brain activity for cue B-A trials of
the AX-CPT in an a priori DLPFC region of interest at baseline and across the age span.
Secondary analysis examined the influence of antipsychotics on behavioral performance
and DLPFC activity.

RESULTS Among the sample of 180 participants (66.1% male; mean [SD] age at baseline,
19.2 [3.2] years), 87 patients with SZ (mean [SD] age, 19.6 [3.0] years) showed impaired
performance compared with 93 HCs (mean [SD] age, 18.8 [3.4] years) across the age span
(estimated difference [SE], −0.571 [0.12], d′-context; P < .001). Patients with SZ showed
reduced activation in the DLPFC and parietal cortex (false discovery rate cluster corrected to
P < .05) compared with HCs under conditions of high cognitive control at baseline.
Region-of-interest analysis showed reduced activation in the DLPFC bilaterally for patients
with SZ, with a trajectory that paralleled that of HCs across the age span (left DLPFC β [SE]
estimates, 0.409 [0.165] for the HC group and −0.285 [0.130] for the SZ group [main effect
of group, P = .03]; right DLPFC β [SE] estimates, 0.350 [0.103] for the HC group and −0.469
[0.157] for the SZ group [P = .003]). Antipsychotic medication, clinical symptoms, and global
functioning were associated with SZ performance.

CONCLUSIONS AND RELEVANCE During the initial 1 to 2 years after illness onset, young
individuals with SZ showed deficits in DLPFC activation and cognitive control, with
developmental trajectories comparable to those of HCs. Younger age at onset was not
associated with reduced cognition or activation. For individuals contributing to longitudinal
analysis, results suggest that young patients do not show deterioration or disruption of
ongoing brain development in the initial years after illness onset.
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A lthough neuroimaging provides insight into brain
changes associated with schizophrenia (SZ), the field
has struggled with 2 questions. First, whether

schizophrenia is a neurodevelopmental or a neurodegenera-
tive disorder is unclear. Early1-3 and more recent structural
imaging studies4-9 showed increased ventricle size and
reduced gray matter, supporting the concept of neurodegen-
eration introduced by Kraepelin and Robertson.10,11 How-
ever, studies have not consistently shown neurodegenera-
tion at the cellular level,12,13 and some investigations suggest
that a subset of changes in brain structure are associated
with the effects of antipsychotic treatment.14,15 In contrast,
the neurodevelopmental hypothesis, proposed by
Weinberger16 and Murray and Lewis,17 posits that prenatal
central nervous system insults18 and/or genetically based
deviations during early brain development19 interact with
environmental risk factors,20,21 leading to psychosis onset in
late adolescence or early adulthood. This hypothesis is sup-
ported by evidence that differences in brain structure and/or
function and cognition (1) are present in childhood before
symptom onset,22,23 (2) are present in individuals at clinical
high risk for psychosis,24-27 (3) worsen in individuals at clini-
cal high risk who develop psychosis,28 and (4) stabilize after
psychosis onset.29,30

Second, clarity about the influence of age at psychosis
onset on subsequent cognitive development is lacking.
Earlier onset has been associated with poorer cognition31

and reduced gray matter volume,32 but this association is
not consistently reported when patients are age matched
to control individuals.33,34 One longitudinal study in
childhood-onset SZ showed normalization of cortical thin-
ning in parietal regions, with continued reductions in frontal
and temporal cortical thickness from late adolescence into
early adulthood, leaving only the pattern of frontotemporal
reductions that is typically observed in adult-onset SZ.35

These findings suggest that early age at onset may be associ-
ated with a different pattern of disruption in brain structure
and functioning than later-onset cases, serving as the basis
of poor outcome in these individuals; however, lack of
age-matched controls and/or comparisons of group means
alone may obscure subtle age-related effects. Therefore,
modeling dynamic changes in brain structure and function
using functional magnetic resonance imaging (fMRI) during
development to examine potential mechanisms that influ-
ence illness onset and course is critical.

To our knowledge, the utility of fMRI in elucidating age-
related changes in brain function in SZ has not been fully
explored.36 Because structural and functional changes within
the dorsolateral prefrontal cortex (DLPFC) are consistently
replicated across all phases of SZ,37,38 the DLPFC stands as a
principal area worthy of developmental investigation. Previ-
ous fMRI studies demonstrated that changes in prefrontal ac-
tivation during follow-up are associated with reductions in psy-
chotic symptoms,39,40 improved social functioning,41 and
treatment response.42-45 These studies examined small
samples, short follow-up periods, and adult patients with
chronic illness. Larger-scale longitudinal studies following up
young individuals through the earliest phases of illness—

compared with age-matched healthy controls (HCs)—are
needed to determine the age-related factors associated with
early illness course and outcome.46

Consequently, this study examined the association of
age at psychosis onset and developmental changes across
the age span with prefrontal activation and associated
behavior in young individuals early in the course of SZ spec-
trum disorders and demographically matched HCs. Indi-
viduals ranged in age from 12 to 25 years, covering the typi-
cal window for psychosis onset and the associated critical
period of prefrontal brain development from adolescence
into young adulthood. We used fMRI, an established mea-
sure of DLPFC-related cognition (AX Continuous Perfor-
mance Task [AX-CPT]47-52), and mixed-effects models53 to
investigate the longitudinal pattern of prefrontal activation
and behavior during a 2-year follow-up within and between
the 2 groups. Attrition is common in large-scale longitudinal
studies, and our proposed statistical approach based on ran-
dom effects capitalizes on all available data, including indi-
viduals with and without follow-up. This investigation
examines (1) the association of age with prefrontal cognitive
dysfunction present at baseline in SZ and (2) whether dete-
rioration occurs across the age span. At baseline, we hypoth-
esized that patients with SZ would show worse performance
(as captured by d′-context on the AX-CPT) and reduced PFC
activation under conditions of high cognitive control com-
pared with age-matched HCs but that younger age at onset
would not be associated with increased impairment.33,34

Based on previous findings,22,29,30 patients with SZ were not
hypothesized to show deterioration in performance and
brain activity across the age span, demonstrating that pre-
frontal functioning is already impaired at psychosis onset
and does not deteriorate further. Based on findings from
Lesh et al,15 the association with use of antipsychotics was
examined. Antipsychotic treatment was hypothesized to be
associated with higher performance and prefrontal activity
across the age span. Exploratory analyses examined the
influence of time since baseline, sex, duration of untreated
psychosis, symptoms, and global functioning on perfor-
mance and brain activation within the SZ group.

Key Points
Question Do young patients with recent-onset schizophrenia
show a pattern of improvement or deterioration of prefrontal
cognitive control processes during the first 2 years after illness
onset compared with age-matched healthy controls?

Findings In this naturalistic, longitudinal, functional magnetic
resonance imaging study, 87 young patients early in the course of
schizophrenia showed stable behavioral and functional deficits in
cognitive control that paralleled the pattern of 93 age-matched
healthy control individuals across the age span.

Meaning In support of the neurodevelopmental hypothesis
of schizophrenia, no evidence was found of (1) differential
impairment related to earlier age at onset or (2) deterioration
of cognitive control processes in young patients with recent-onset
schizophrenia.
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Methods

Participants
Eighty-seven patients with SZ and 93 HCs aged 12 to 25 years
were recruited from the University of California, Davis, Early
Psychosis Program as part of a larger National Institute of
Mental Health–funded study (principal investigator, C.S.C.). Par-
ticipants completed fMRI and clinical assessments at baseline
and after 6, 12, and 24 months. A subset of participants
(32 [36.8%] with SZ and 58 HCs [62.4%]) had useable behav-
ioral and fMRI data for at least 1 follow-up. Baseline data for some
participants were reported in previous publications.15,26,52,54,55

Details on inclusion and exclusion criteria are provided in the
eMethods in the Supplement. This research was approved by
the institutional review board of the University of California,
Davis. All participants provided written informed consent;
those younger than 18 years provided assent.

Clinical Measures
At each point, patient symptoms were rated on the 24-item Brief
Psychiatric Rating Scale,56 Scale for the Assessment of Positive
Symptoms,57 and Scale for the Assessment of Negative
Symptoms.58 Ratings were combined into the factors of reality
distortion, disorganization, and poverty symptoms.47,51,52 We
obtained a Global Assessment of Functioning score.59 Use of
atypical antipsychotics was coded (present or absent) at each
point. Duration of untreated psychosis was measured as the time
from onset of psychotic symptoms (based on medical record
review and retrospective clinical interview with the patient or
collateral informants) to the initial evaluation date.

AX Continuous Performance Task
Participants completed the AX-CPT during fMRI (Figure 1 and
eMethods in the Supplement). Performance on the AX-CPT was
measured using d′-context as Z AX hits (percentage correct)
minus Z BX false alarms (percentage of errors),60 which
indexes the ability to use context to correctly respond to X
probe in the context of a specific cue (A or B type).

Functional Imaging Methods and Data Analysis
Participants performed 4 blocks of event-related fMRI using the
AX-CPT following the parameters in Figure 1 (eMethods in the
Supplement). Data were collected on a 1.5-T scanner with a
custom head coil (GE Healthcare). Functional MRI data were
analyzed with Statistical Parametric Mapping–8 software
(SPM8) (https://www.fil.ion.ucl.ac.uk/spm/software/spm8)
and the FMRIB Linear Image Registration Tool61,62 using all
available scans. At baseline, whole-brain group-level random-
effects analyses were conducted for the cue B minus cue A
contrast (representative of high vs low cognitive demand), with
a voxelwise threshold of P < .001 and cluster correction for
false discovery rate set at P < .05.

In addition to baseline whole-brain analyses, a priori left
and right DLPFC regions of interest (ROIs) associated with goal
maintenance were selected for longitudinal analyses.63,64

To model changes in brain activity across time, we extracted
β values for each participant from the a priori ROIs for cue B
minus cue A contrasts at each point. These ROI measures were
used as described below to examine longitudinal changes.

Statistical Analysis
Data were analyzed from April 15, 2015, through August 29,
2017. Baseline group differences were assessed using 2-sample
t tests for continuous variables and χ2 tests (or Fisher exact tests
when appropriate) for categorical variables. Mixed-effects
linear models53 were used to characterize the longitudinal tra-
jectories of behavioral performance and blood oxygenation
level–dependent signal and assess their associations with group
and covariates. This approach is appropriate for repeated-
measures data and accommodates missing and unequally
spaced observations. Therefore, individuals with baseline
information, as well as those with baseline and follow-up
assessments, contributed data for the analyses. For each de-
pendent variable, we first fitted a model to describe the course
for HCs, with the linear and quadratic effect of age (centered
at the mean age in the sample, 19.2 years) as fixed effects and
a random effect for individual to account for the correlation
due to repeated measures on the same individual. We
removed the quadratic age effect if it was not significant. To
this base model, we added and tested terms for group (SZ and
HC) and its interaction with the linear and quadratic effect
of age (where applicable) to examine group differences in the
trajectories across the age span. Terms were retained if they
added significantly to the core model. To evaluate whether
time-varying characteristics, such as time since baseline,
duration of untreated psychosis, clinical symptoms, global
functioning, and antipsychotic use, were associated with the
dependent variables, we tested each one individually by
adding them to the core models as interactions with group. We

Figure 1. AX Continuous Performance Task Parameters and Timing
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also investigated the effects of sex by adding a corresponding
fixed effect in the model. Additional sensitivity analyses were
conducted restricting the sample to the participants with at
least 1 follow-up visit to confirm the longitudinal pattern from
the primary analyses. Tests for all a priori hypotheses and
exploratory analyses of clinical factors were 2-sided, with
P < .05 considered statistically significant. All analyses
were implemented using the PROC MIXED program in SAS
software, version 9.4 (SAS Institute Inc).65

Results
Demographic characteristics are presented in Table 1 for the
entire sample of 180 participants (119 male [66.1%] and 62 fe-
male [34.4%]; mean [SD] age, 19.2 [3.2] years) and in eTable 1
in the Supplement for the subsample with at least 1 follow-up
visit. Groups did not differ by age, duration of follow-up, or
parental educational level. The HC group completed more
follow-up scans (58 of 93 [62.4%]) than the SZ group (32 of 87
[36.8%]) (P < .001). The HC group was more often female
(47 of 93 [50.5%] vs 14 of 87 [16.1%]; P < .001) and differed by
race from the SZ group (eg, 7 of 87 [8.0%] vs 25 of 93 [26.9%]

Asian; 15 of 87 [17.2%] vs 3 of 93 [3.2%] African American; 56
of 87 [64.4%] vs 54 of 93 [58.1%] white; P < .001).

Table 2 reports results of the mixed-effects models for be-
havioral performance and brain activation and for the effect of
medication in the SZ group. eTables 2 to 4 in the Supplement
report the exploratory results of the mixed-effects models
examining the effect of covariates (sex, time since baseline, du-
ration of untreated psychosis, clinical symptoms, and global
functioning) on performance and activation in the SZ group.

Performance
As illustrated in Table 2 and Figure 2A, the model for behav-
ioral performance (d′-context) included terms for linear and
quadratic effects of age and group. The interaction terms for
group with linear and quadratic age effects were not signifi-
cant and therefore removed from the model, suggesting that
the SZ group paralleled the pattern of performance of the HC
group across the age span. The fixed effect for group was sig-
nificant, indicating that the SZ group performed more poorly
than controls across the age span (estimated difference [SE],
−0.571 [0.12]; P < .001).

The association with medication use is summarized in
Table 2 and Figure 2B. The SZ group not receiving medica-

Table 1. Demographic and Clinical Characteristics of the Participants by Study Group

Characteristic

Study Groupa

P Valueb
Recent-Onset SZ
(n = 87)

HC
(n = 93)

Age, mean (SD), y 19.6 (3.0) 18.8 (3.4) .07

Male, No. (%) 73 (83.9) 46 (49.5) <.001

Race, No. (%)

Asian 7 (8.0) 25 (26.9)

.001

African American 15 (17.2) 3 (3.2)

Native Hawaiian/Pacific Islander 1 (1.1) 1 (1.1)

White 56 (64.4) 54 (58.1)

Other 8 (9.2) 10 (10.8)

Hispanic ethnicity, No. (%) 13 (14.9) 11 (11.8) .54

Parental educational level, mean (SD), y 15.5 (2.8) 15.6 (2.6) .88

GAF score, mean (SD)c,d 46.0 (9.5) NA NA

SCID diagnosis, No. (%)

Schizophrenia 75 (86.2) NA

NASchizoaffective disorder 6 (6.9) NA

Schizophreniform disorder 6 (6.9) NA

Medication use at baseline, No. (%)e

Atypical only 61 (70.9) NA

NAOther medication 4 (4.7) NA

No medication 21 (24.4) NA

Duration of untreated psychosis, mean (SD), moc 4.9 (4.5) NA NA

Symptom severity score, mean (SD)f

Disorganizationg 6.6 (3.5) NA

NAReality Distortionh 15.5 (6.9) NA

Povertyi 13.9 (5.5) NA

Participation in study, No. (%)

Baseline only 55 (63.2) 35 (37.6)

.001
1 Follow-up scan 19 (21.8) 27 (29.0)

2 Follow-up scans 13 (14.9) 26 (28.0)

3 Follow-up scans 0 (0) 5 (5.4)

Time from baseline scan to last scan, mean (SD), mo 15.8 (6.8) 17.5 (6.6) .26

Abbreviations: GAF, Global
Assessment of Functioning;
HC, healthy control; NA, not
applicable; SCID, Structured
Clinical Interview for DSM-IV;
SZ, schizophrenia.
a Percentages have been rounded

and may not total 100.
b Group characteristics were tested

using 2-sample t tests for
continuous and χ2 or Fisher exact
tests for categorical variables.

c Three patients were missing in the
SZ group.

d Scores range from 1 to 100, with
higher scores indicating better
functioning.

e One patient was missing in the SZ
group.

f Scores range from 3 to 41, with
higher scores indicating more
severe symptoms.

g Five patients were missing in the SZ
group.

h Four patients were missing in the SZ
group.

i Two patients were missing in the SZ
group.
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tion (hereinafter referred to as the nonmedicated SZ group)
performed 0.906 points (β estimate; SE, 0.195) lower than
the HC group (P < .001). The SZ group receiving medication
(hereinafter referred to as the medicated SZ group) per-
formed significantly better than the unmedicated SZ group
(estimated difference [SE], 0.427 [0.195]; P = .03) but sig-
nificantly worse than the HC group (estimated differ-
ence, 0.480 [0.131]; P < .001).

Functional Activity
At baseline, whole-brain analysis revealed reduced activa-
tion bilaterally in the PFC-parietal cognitive control network
under conditions of high cognitive control (cue B − A) in pa-
tients with SZ when compared with HCs of similar age
(Figure 3A). Analyses using the a priori left DLPFC ROI showed
lower blood oxygenation level–dependent activation in the SZ
group for high control trials relative to the HC group (cue B − A

Figure 2. Estimated Trajectories in Behavioral Performance (d′-Context) on the AX Continuous Performance Task
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Table 2. Parameter Estimates for the Core Mixed-Effects Regression Models of Behavioral Performance
and Brain Activation in the Left and Right DLPFC ROIa

Model Term

β Estimate (SE)

Behavioral
Performance,
d′-Context

BOLD Activation

Left Right

Core Models

Estimated trajectory for HC group

Baseline 3.485 (0.099)b 0.409 (0.165)c 0.350 (0.103)b

Linear age effect, y 0.093 (0.018)b −0.007 (0.020) −0.007 (0.024)

Quadratic age effect, y −0.011 (0.005)c − −

Estimated difference between SZ and HC groups

Baseline −0.571 (0.122)b −0.285 (0.130)c −0.469 (0.157)d

Quadratic age effect, y − − −

Linear age effect, y − − −

Models Adjusting for Medication Use in the SZ Group

Estimated trajectory for HC group

Baseline 3.490 (0.100)b 0.361 (0.086)c 0.351 (0.103)b

Linear age effect, y 0.091 (0.018)b −0.011 (0.020) −0.011 (0.024)

Quadratic age effect, y −0.011 (0.005)c − −

Estimated difference between nonmedication
SZ and HC groups

Baseline −0.906 (0.195)b −0.464 (0.234)c −0.831 (0.281)d

Linear age effect, y − − −

Quadratic age effect, y − − −

Estimated difference between medication
and nonmedication SZ groups

0.427 (0.195)c 0.216 (0.245) 0.460 (0.294)

Abbreviations: BOLD, blood oxygen
level–dependent; DLPFC, dorsolateral
prefrontal cortex; HC, healthy
control; ROI, region of interest;
SZ, schizophrenia.
a Age was centered at 19.2 years (the

mean age in the sample at baseline).
One patient in the SZ group was
missing medication information.
Quadratic effect of time was not
retained in the model if it was not
significant (represented by minus
signs); thus, it was only reported for
d′-context.

b P < .001, corresponding 2-sample
t tests of the fixed effects in the
mixed-effects linear regression
models.

c P < .05, corresponding 2-sample
t tests of the fixed effects in the
mixed-effects linear regression
models.

d P < .01, corresponding 2-sample
t tests of the fixed effects in the
mixed-effects linear regression
models.
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β [SE] estimates, 0.409 [0.165] for the HC group and −0.285
[0.130] for the SZ group; main effect of group, P = .03) (Table 2).
No change in activation with age and no group by age inter-
action was observed on the left side (shown in Figure 3B). The
same patterns of significant group differences (β [SE] esti-
mates, 0.350 [0.103] for the HC group and −0.469 [0.157]
for the SZ group; P = .003) with no effect of age were also
observed in the right DLPFC ROI (Table 2).

The nonmedicated SZ group showed lower activation in
the left DLPFC than the HC group on high control trials (cue
B − A for the nonmedicated SZ group, −0.464 [SE, 0.234];
cue B − A for the medicated SZ group, −0.249 [SE, 0.143];
P = .08) (Table 2 and Figure 3C). The medicated SZ group
showed higher activation than the nonmedicated SZ group,
but this difference did not reach significance. A similar pat-
tern was observed in the right DLPFC. The nonmedicated
and medicated SZ groups showed lower activation than the
HC group on high control trials (nonmedicated SZ group,
−0.83; medicated SZ group, −0.37 from HCs; both P < .05).
The medicated SZ group showed higher activation than the
nonmedicated SZ group, but this difference did not reach
significance.

Exploratory Analysis of Covariates
Sex was not associated with the level or trajectory of perfor-
mance or DLPFC ROI activation across the age span. Within the
SZ group, duration of untreated psychosis was not associated
with performance or activation. Higher clinical symptoms of
reality distortion (−0.025 [SE, 0.011]; P = .02), disorganiza-
tion (−0.115 [0.023]; P < .001), poverty (−0.031 [SE, 0.013];
P = .02), and lower global functioning (0.017 [SE, 0.007];
P = .01) were associated with significantly lower perfor-
mance on the AX-CPT, regardless of age (eTable 2 in the Supple-
ment; all P < .05). Clinical factors, however, did not affect the
trajectory of performance or activation across the age span.

The SZ group with follow-up contributed data to esti-
mates of the effect of time since baseline on cognitive control
performance and associated activation. Although time in the
study did not reach statistical significance as a covariate
(except for left DLPFC ROI activation), all coefficients were posi-
tive, suggesting that performance did not worsen over time in
patients with SZ and follow-up data (eTables 2 to 4 in the
Supplement). eTable 5 in the Supplement reports results of sen-
sitivity analyses restricted to the 90 participants with at least
1 follow-up. Results parallel those from the core models, with
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A, Between-group whole-brain activation maps from baseline data contrast
healthy controls (HCs) vs patients with schizophrenia (SZ) for conditions of high
cognitive control (cue B − A), displayed at height threshold of P < .001 (false
discovery rate cluster corrected to P < .05). B and C, Estimated trajectories of a
prior left dorsolateral prefrontal cortex (DLPFC) activation for conditions of high
cognitive control (cue B − A) between HC and SZ groups and among HCs and

patients with SZ receiving (medicated SZ group) vs not receiving
(nonmedicated SZ group) medication. Dots and connected lines show the
longitudinal sequence for as many as 3 follow-up visits (at 6, 12, and 24
months). A dot alone indicates the participant performed the test at baseline
only. BOLD indicates blood oxygenation level–dependent; ROI, region
of interest.
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the estimates of effect of time since baseline in the SZ group
close to 0 (d′-context) or positive (DLPFC ROI activation),
although relatively small with respect to SEs.

Discussion
To our knowledge, this study is the first to examine the longi-
tudinal course of behavioral and functional deficits in cognitive
control in young individuals with recent-onset SZ. Although
typical cross-sectional studies only allow examination of age
differences between groups, the current investigation used
mixed-models analysis to examine (1) age-related differences
between HCs and patients with SZ at baseline and (2) differences
in the pattern of age-related changes within and between HCs
and patients with SZ over time. In this large sample, deficits in
cognitive control were observed in the SZ group relative to age-
matched HCs at baseline using a well-validated paradigm, the
AX-CPT.47-52 We found no evidence for longitudinal deteriora-
tion of PFC functioning; rather, patients and HCs exhibited simi-
lar developmental trends in behavioral performance and brain
function throughout adolescence and early adulthood.

Performance
Individuals with SZ showed impairments in cognitive control at
illness onset regardless of age. This finding is consistent with pre-
vious behavioral studies of first-episode psychosis,51 including
those in the present cohort.15,26,52,54,55 Onset of SZ coincides with
critical periods of brain development during adolescence and
early adulthood,9 and cognitive functioning in healthy young
adults improves during adolescence and early adulthood. Age
at onset, however, was not associated with the extent of impaired
behavioral performance in the SZ group because they showed
astabledeficitatthepointofonset,withapatternofperformance
during follow-up that was comparable to that of the HCs.

Functional Activity
Consistent with previous studies,15,26,38,52,54,55 patients exhib-
ited significantly lower bilateral DLPFC activation during
cognitive control-associated trials compared with the HCs.
Paralleling our behavioral results, comparable DLPFC deficits
were observed regardless of age at onset, and patients showed
reduced yet stable bilateral DLPFC activation across the devel-
opmental age similar to that of the HCs. This finding supports
the neurodevelopmental hypothesis of SZ,16,17 in which deficits
emerge before illness onset and remain relatively stable. Behav-
ioral and functional activation results suggest prefrontal devel-
opment is not arrested in SZ but rather that patients show
ongoing brain development comparable to that of HCs, highlight-
ing the possibility for plasticity and developmental capacity
with therapeutic implications.

Association of Antipsychotic Medication
Individuals with SZ who were using antipsychotics at the time
of assessment showed a tendency toward better performance
than those who used no medication. Across the age span, the
medicated SZ group showed greater left DLPFC activation
compared with the nonmedicated SZ group. Consistent with

previous studies,66 medications did not account for the cogni-
tive deficits observed in this SZ sample. Although consistent
with previous publications,15 we must acknowledge that our
nonmedicated SZ group was small, and we did not examine the
association of within-individual changes in medication dose
between assessments or adherence owing to the naturalistic
nature of the study. Therefore, these results should be consid-
ered preliminary and in need of replication.

Exploratory Analysis of Covariates
Neither sex nor duration of untreated psychosis was associated
withperformanceorDLPFCactivation,onaverage,acrosstheage
span. Symptom severity and poor global functioning were associ-
atedwithworsecognitivecontrol.Thesefindingssuggestthatthe
clinical and functional state may be associated with an individu-
al’s mean prefrontal functioning but are not associated with their
pattern of recovery or deterioration during follow-up. These re-
sults also suggest that pathologic changes in SZ may not affect the
development of cognitive control processes after illness onset.

Limitations
This work is strengthened by inclusion of task-based functional
neuroimaging analysis, bolstering links between brain and
behavior in an established cognitive deficit in SZ. Longitudinal
studies of the neuronal basis of cognition in psychiatric diseases
arerareowingtotheinherentchallengesinperformingsuchstud-
ies. Although this study was strengthened by the large sample
size at baseline, significantly higher attrition was observed in the
SZ compared with the HC groups, which may bias results. Our
mixed-effects analysis yields valid estimates under the assump-
tion of data missing at random, and valid estimates of group
effects can often be obtained even when missing values are not
completely random.67 We conservatively estimated the associa-
tion of time since baseline using only the patients with SZ with
follow-up data. A second potential limitation is practice effects;
however, a longitudinal study of AX-CPT performance68 did not
report practice effects in younger patients with SZ.

In general, this study was a treatment-engaged cohort with
most participants showing clinical improvement during the
relatively short follow-up period. These results might not
generalize to a community-based sample or over a longer-
term follow-up period. Future replication studies with addi-
tional follow-up are important next steps.

Conclusions
Results suggest that cognitive control deficits in SZ are
present at onset and nondeteriorating, in agreement with the
neurodevelopmental model of illness. Indeed, the observed
pattern of performance for SZ across the age span suggests
that these patients continue to benefit from ongoing brain
maturation during the critical period of development from
adolescence into young adulthood. Future research should
examine the effects of specific interventions (eg, cognitive
remediation, psychotherapy, medication, supported educa-
tion, and employment) on the trajectory of cognitive control
deficits in psychotic illness.
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