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A B S T R A C T   

Background: Schizophrenia spectrum disorders are heritable illnesses that usually manifest in early adulthood but 
are increasingly viewed as neurodevelopmental disorders. Functional magnetic resonance imaging (fMRI) studies 
show altered brain activity during performance of working memory (WM) tasks in both individuals with 
schizophrenia and their first-degree relatives as compared to healthy controls (HC). This study examined whether 
similar changes are already present in pre-adolescent children at familial high-risk (FHR) for psychosis. 
Methods: 37 children (17 FHR, 20 HC) between 7 and 12 years old participated in this study. WM performance 
was assessed using the Wechsler Intelligence Scale for Children-IV (WISC-IV). To assess brain activation during 
WM performance, participants completed a visual block-designed n-back task with 2 conditions (2-back and 0- 
back) during scanning. fMRI data was preprocessed and analyzed using FSL Feat. 
Results: Compared to HC, FHR children showed significantly lower WISC-IV WM scores. In addition, FHR chil-
dren exhibited hypoactivation in the 2-back (versus 0-back) condition in a cluster encompassing bilateral pre-
cuneus and cuneus and right posterior cingulate cortex. There were no significant group-differences in n-back 
task performance and brain activation. The precuneus cluster was not correlated with n-back performance or 
WISC WM scores. 
Conclusions: The current results provide preliminary evidence of impaired WM function and altered brain activity 
during WM performance in children with a familial predisposition for psychosis. Longitudinal studies are needed 
to determine whether these findings are related to abnormal brain development and predictive of cognitive 
deficits and psychosis later in life.   

1. Introduction 

Schizophrenia and related psychotic disorders are heritable neuro-
developmental disorders (Murray et al., 1987; Owen et al., 2011; 
Weinberger, 1986). Due to a combination of genetic and environmental 
risk factors, first-degree relatives of individuals with schizophrenia are 
at increased risk for altered neurodevelopment and at familial high-risk 
(FHR) for mental illness (Paus et al., 2008; Rasic et al., 2014). Although 
psychosis tends to manifest in adolescence or early adulthood, other 

characteristics of schizophrenia spectrum disorders such as cognitive 
deficits and behavioral disturbances are observed years before illness 
onset (Liu et al., 2015; Tarbox and Pogue-Geile, 2008; Welham et al., 
2009; Woodberry et al., 2013). Cognitive impairments in schizophrenia 
have been reported particularly in domains related to fronto-striatal 
function, including working memory (WM) and attention (Diwadkar 
et al., 2012; Jiang et al., 2015). Neuropsychological studies have 
demonstrated WM deficits in FHR children and youth that are often 
accompanied by behavioral problems (Aronen et al., 2005; Hemager 
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et al., 2018; Seidman et al., 2006). Moreover, WM deficits have been 
proposed to be a central feature of the schizophrenia prodrome that may 
be predictive of subsequent transition to psychosis (Niendam et al., 
2003; Pukrop et al., 2007; Seidman et al., 2006). Investigating WM 
function in FHR children prior to the age of highest risk for onset of 
psychosis allows us to examine putative neurocognitive precursors of 
psychosis and their neural correlates. 

WM refers to a cognitive system for the temporary holding and 
manipulation of information (Baddeley, 1992; Goldman-Rakic, 1999). 
Important brain regions related to WM include the prefrontal cortex, 
parietal cortex, and basal ganglia (Petrides, 2000; Wager and Smith, 
2003). A recent review of 52 WM studies in individuals with schizo-
phrenia yielded strong evidence for hypoactivation of the dorsolateral 
prefrontal cortex (DLPFC) (Brodmann Area 9; BA) during WM task 
performance (Wu and Jiang, 2019). In addition, individuals with 
schizophrenia have been found to show hypoactivation of inferior re-
gions of the prefrontal lobe (BA 9 & 44) and hyperactivation of the left 
inferior parietal lobe (BA 40) during WM performance (Wu and Jiang, 
2019). Similar findings were reported in a review of 15 WM studies in 
unaffected relatives of individuals with schizophrenia (Zhang et al., 
2016). These alterations in WM-related brain activity may constitute 
biomarkers of schizophrenia risk (Wu and Jiang, 2019; Zhang et al., 
2016), but it is unknown whether these changes are already present in 
childhood. Children at FHR for schizophrenia are a valuable population 
for studying putative brain changes that precede and may contribute to 
the development of psychosis. 

To date, few studies have assessed WM-related brain activation in 
FHR children and those studies involved mainly FHR youth in the 
adolescent to young adult age range. One study examining youth at FHR 
for schizophrenia and schizoaffective disorder (ages 8–20 years) re-
ported hypoactivation of the parietal cortex (BA 7 & 40) during high (2- 
back) versus low (0-back) WM demand as compared to HC (Bakshi et al., 
2011). Another study in youth at FHR for schizophrenia (ages 9–20 
years) utilized a visual n-back task with faces and noted hyperactivation 
of the DLPFC and left head of the caudate nucleus in FHR (Diwadkar 
et al., 2012). Finally, a study in youth at FHR for psychotic bipolar 
disorder (ages 13–24 years) found hypoactivation of left cerebellum, 
bilateral insula, right brainstem and right parahippocampal gyrus as 
well as hyperactivation of the left frontopolar cortex during 2-back 
versus 0-back WM demand (Thermenos et al., 2011). 

It remains to be determined if results in unaffected adult relatives 
and FHR youth generalize to children in younger age ranges. Studies 
comparing WM-related brain activity between healthy adults and chil-
dren have demonstrated that parietal brain regions appear to be simi-
larly activated during WM performance in children and adults, while 
prefrontal regions are more strongly activated in adults as compared to 
children (Owen et al., 2005; Yaple and Arsalidou, 2018). This may relate 
to parietal brain regions maturing earlier in neurodevelopment than the 
prefrontal cortex, which shows a protracted maturation throughout 
adolescence in concert with increasing WM competence (Gogtay et al., 
2004; Honey and Fletcher, 2006; Niendam et al., 2003). To understand 
the trajectory of brain changes in schizophrenia, it is important to 
examine whether FHR children show changes in WM-related brain ac-
tivity, and if these changes are similar in pattern to those observed in 
older high-risk samples. 

In sum, studies suggest that FHR children show impairments in WM 
function and altered brain activity during WM performance as compared 
to children without a family history of psychotic illness (Bakshi et al., 
2011; Diwadkar et al., 2012; Hemager et al., 2018; Seidman et al., 2006; 
Thermenos et al., 2011). However, due to the paucity of research in 
children under the age of 13 years, it is unknown whether similar al-
terations are present at a younger age. As a result, it remains unclear 
whether these changes arise during or before adolescence, a develop-
mental window associated with brain changes relevant to psychosis (i.e., 
large-scale synaptic pruning, white matter maturation, and modifica-
tions in GABAergic, glutamatergic, and dopaminergic 

neurotransmission). Therefore, the main aim of this study was to 
determine whether pre-adolescent children at FHR for psychosis show 
differences in brain activity during WM task performance as compared 
to HC children. In addition, we aimed to assess whether the current 
cohort of FHR children showed deficits in WM function and whether 
such deficits were related to putative changes in WM-related brain 
activation. 

2. Materials and methods 

2.1. Participants 

This study included 37 participants (17 FHR, 20 HC) between the 
ages of 7 and 12 years old. FHR children had a first-degree relative 
(parent or sibling) diagnosed with psychotic illness (schizophrenia, 
schizoaffective disorder or affective psychosis). Children at FHR for both 
affective and non-affective psychosis were included because neuropsy-
chological impairments in non-psychotic relatives tend to overlap across 
the schizophrenia – psychotic bipolar disorder spectrum (Hill et al., 
2013). The FHR sample originated from 11 separate families and 
included two sibling pairs and two sets of three siblings. HC children 
originated from a total of 16 families and included two sibling pairs and 
one set of three siblings. Exclusion criteria for HC included a family 
history of a major mental disorder and a lifetime history of anti- 
psychotic medication. Exclusion criteria for FHR included current or 
recent use (within the last 30 days) of anti-psychotic medication. 
Exclusion criteria for all participants were age above 12 years, IQ below 
70, any life-time diagnosis of psychotic illness, contraindications for 
MRI use, and current or recent use of any other psychotropic medication 
(defined as within four half-life of the concerned medication). Partici-
pants were recruited between October 2012 and June 2016 at the 
Department of Psychiatry of Beth Israel Deaconess Medical Center 
(BIDMC) in Boston. Parents provided informed consent and all children 
gave assent to participate in the study. 

2.2. Data collection 

2.2.1. Demographic, clinical and (neuro)psychological evaluation 
Clinical diagnoses of family members were confirmed using the 

Structured Clinical Interview for DSM-IV (SCID) combined with an 
assessment of their medical history and by interviewing at least one 
informant using the Family Interview for Genetic Studies (FIGS) (First 
et al., 2002). Clinical diagnoses were determined by consensus in 
meetings attended by senior clinicians (LJS, MSK, RMG). The SCID for 
Childhood Diagnoses (Kid-SCID) was used to assess any current psy-
chiatric diagnoses of the participants (Hien et al., 1994). IQ was esti-
mated for each participant using the four index scores of the WISC-IV 
(Wechsler, 2003). WM performance was computed by combining scores 
of three subtests of the WISC-IV (forward and backward digit span and 
letter-number sequencing) (Wechsler, 2003). WM ability in daily life 
was assessed with the WM subscale of the Behavior Rating Inventory of 
Executive Function (BRIEF). This questionnaire was filled out by one of 
the participants’ parents. Examples of items are: 'forgets what he/she is 
doing' and 'needs help from an adult to stay on task' (Gioia et al., 2010). 
The Child Behavior Checklist (CBCL) was used to measure problem 
behavior including attention problems, attention deficit hyperactivity 
disorder problems, internalizing problems, and externalizing problems 
(Achenbach and Rescorla, 2001). Socioeconomic status (SES) was 
assessed using the Hollingshead scale. Using this instrument, partici-
pants were assigned to one of five classes based on their parent’s 
employment status, educational attainment, and occupational prestige, 
with class one reflecting high-SES and class five reflecting low-SES 
(Hollingshead, 1975). 

2.2.2. N-back Task 
All participants performed two runs of a visual block-designed n- 
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back task, adjusted to meet the developmental level of children in this 
age range (Casey et al., 1995). Each run consisted of 6 blocks with 10 
stimuli, alternating between a 0-back and a 2-back condition (further 
details in supplementary material). Participants held an MR-safe button 
box in their dominant hand and a stuffed animal in their non-dominant 
hand for comfort. In the 0-back condition, participants were instructed 
to press the button when the letter ‘’W’’ was presented and not to press 
the button when another (i.e., non-target) letter was presented. In the 2- 
back condition, participants were instructed to press the button when 
the presented letter was identical to the letter presented two trials back. 
The ratio of target to non-target letters was 3:10. 

2.2.3. Behavioral analysis 
Scores for both runs of the n-back task were combined. Performance 

(accuracy) was defined as the percentage of correct responses and was 
computed for the 0-back and 2-back condition separately. Participants 
with an average accuracy below 70% or more were excluded from fMRI 
data-analysis to ensure that final analysis included only participants 
who understood and were engaged in the task. Reaction time (RT) for 
both conditions was measured as the sum of all RTs when the given 
answer was correct, divided by the sum of correct answers. When par-
ticipants responded to a non-target letter, this was recorded as a false 
positive response. Participants with a false positive rate greater than 
10% for the 0-back condition were removed from analysis to ensure that 
correct answers were not achieved by chance. In total, four participants 
were removed from analysis because of accuracy below 70% (N = 3) or 
false positive rate above 10% in the 0-back condition (N = 1). 

2.2.4. Image acquisition and preprocessing 
MRI scans were acquired on a 3 T Siemens, Magnetom Trio scanner 

at Beth Israel Deaconess Medical Center and included two fMRI scans 
(one for each run of the task) and one anatomical T1-weighted scan for 
anatomical reference (acquisition details in supplementary material). 
fMRI preprocessing was carried out using FMRIB’s Software Library 
(FSL) version 5.0.9 (Jenkinson et al., 2002; Jenkinson and Smith, 2001; 
Smith, 2002; Smith et al., 2004) and included realignment, spatial 
normalization, motion correction, spatial smoothing, and band pass 
filtering (details in supplement). 

2.2.5. fMRI whole brain analysis 
Analysis of task-fMRI data performed using FSL FEAT (FMRI Expert 

Analysis Tool) Version 6.00 (Woolrich et al., 2004) (details in supple-
ment). Between-group analysis comparing WM-related brain activation 
between FHR and HC was performed using a mixed effects model with 
age and sex as covariates. MNI coordinates of statistically significant 
activation clusters exceeding a threshold of Z > 2.3 and (corrected) 
cluster significance level of p < 0.05 are reported. Corresponding brain 
regions and Brodmann areas were retrieved from FSL using Talairach 
Daemon Atlas (Talairach and Tournoux, 1988). 

2.3. Statistical analysis 

2.3.1. Demographic, clinical and (neuro)psychological data 
Demographic, clinical (CBCL), and neuropsychological (WISC and 

BRIEF) data of both groups were compared and analyzed with inde-
pendent sample t-tests for continuous data and chi-square (χ2) tests for 
categorical data (Table 1). Between-group differences in n-back per-
formance were analyzed using independent sample t-tests on accuracy, 
RT, and false positive rates (Table 2). Pearson’s correlation analyses 
between 2-back RT and accuracy and age as well as behavioral problems 
were conducted for both groups individually. A Bonferroni-corrected 
alpha of p < 0.005 was used to correct for multiple comparisons. Find-
ings at uncorrected p < 0.05 are reported as trend-level results. 

2.3.2. Brain-behavioral correlations 
Mean activation levels of clusters showing significant group- 

differences in the 2-back > 0-back contrast were tested for associa-
tions with 2-back RT and accuracy, age, WISC and BRIEF WM scores, 
and internalizing and externalizing symptoms using Pearson’s 

Table 1 
Demographic, clinical and (neuro)psychological characteristics.   

FHR 
(N = 15) 

HC 
(N = 18) 

Statistics 

Age in years, mean (SD) 
[range] 

9.6 (2.1) 
[7.02–12.4] 

9.3 (1.7) 
[7.2–12.2] 

t(31) = -0.49, p 
= 0.630 

Sex (male/female) 6/9 8/10 χ2 = 0.07, p =
0.797 

IQ, mean (SD)a 103.1 (13.9) 111.3 (17.7) t(31) = 1.47, p 
= 0.152 

Parental SES, mean (SD)b 3.5 (1.6) 1.6 (0.86) t(20.2) = -4.07, 
p = 0.001 

DSM diagnosis participant, n 
(%)c 

7 (46.7) 0 (0) χ2 = 9.88, p <
0.002 

Relationship affected 
proband (mother/father/ 
sibling) 

8/2/5 -  

Diagnosis affected proband 
(SZ/SA/AP) 

7/6/2 -  

WISC-IV WM, mean (SD)d 97.2 (12.3) 107.5 (12.8) t(31) = 2.34, p 
= 0.026 

BRIEF WM, mean (SD)e 54.9 (12.6) 44.8 (7.3) t(21.6) = -2.7, 
p = 0.012 

Attention problems, mean 
(SD)f 

58.4 (10.7) 51.3 (2.3) t(13.9) = -2.42, 
p = 0.030 

ADHD problems, mean (SD)f 57.8 (11.2) 50.6 (1.7) t(13.5) = -2.40, 
p = 0.031 

Internalizing problems, 
mean (SD)f 

50.4 (11.0) 40.4 (6.9) t(30) = -3.14, p 
= 0.004 

Externalizing problems, 
mean (SD)f 

51.6 (12.3) 37.2 (5.2) t(16.6) = -4.10, 
p = 0.001 

Demographic, clinical, and neuropsychological characteristics of FHR and HC 
groups in final analysis. 

a IQ based on four WISC-IV index scores. b From Hollingshead; 1 highest, 5 
lowest. c DSM diagnosis missing for 9 participants (3 FHR, 6 HC). d WM standard 
scores based on three subtests of WISC-IV (forward/backwards digit span, letter- 
number sequencing) e BRIEF T-scores, higher scores reflect more WM problems f 

CBCL T-scores, missing for 1 FHR participant. See supplementary material 
Table S1 for demographic characteristics of the total baseline sample (i.e., prior 
to exclusion for low task accuracy). SZ = schizophrenia; SA = schizoaffective 
disorder; AP = affective psychosis. 

Table 2 
N-back task performance.   

FHR  

(N = 15) 

HC  

(N = 18) 

Statistics 

Accuracy, % correct (SD)  

0-back 
2-back  

97.78 (4.6)  

75.93 
(22.5)   

94.75 
(7.7) 
82.4 
(16.0)  

t(31) = -1.33, p =
0.193  

t(31) = 0.97, p =
0.341 

Reaction time, msec (SD)  

0-back 
2-back  

0.62 (0.1)  

0.74 (0.2)  

0.60 (0.1)  

0.73 (0.2)  

t(31) = -0.71, p =
0.484  

t(31) = -0.07, p =
0.943 

False positives, % correct 
(SD)  

0-back 
2-back  

2.70 (2.5)  

6.67 (5.2)  

2.65 (2.4)  

6.35 (4.0)  

t(31) = -0.06, p =
0.952  

t(31) = -0.20, p =
0.844 

Results of n-back working memory task for both FHR and HC children (N = 33). 
Additional analyses with total baseline sample also showed no between-group 
differences in WM task performance. 
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correlation analysis. A Bonferroni-corrected alpha of p < 0.007 was used 
to correct for multiple comparisons. 

3. Results 

3.1. Demographic and behavioral data 

Thirty-three participants were included in final analysis (15 FHR, 18 
HC). Groups were well-matched for age and sex (Table 1). Mean IQ was 
around 8 points lower in FHR compared to HC children, but this dif-
ference was not statistically significant. Parental SES was significantly 
lower in FHR relative to HC children. DSM diagnoses, including mainly 
ADHD, were significantly more common in FHR than HC. FHR children 
had significantly lower WISC-IV WM scores compared to HC children 
and parents reported significantly more WM problems on the BRIEF. 
Also, FHR children scored significantly higher on CBCL attention, 
ADHD, internalizing, and externalizing problems (Table 1). 

3.2. N-back Task 

Both FHR and HC children had better accuracy scores and responded 
faster in the 0-back condition compared to the 2-back condition 
(Table 2). There were no significant group-differences in accuracy, RT, 
and false positive rate in either condition. 

The FHR group showed a trend-level negative correlation between 2- 
back accuracy and externalizing problems (r = -0.54, p = 0.045). Within 
the HC group, age showed a strong negative correlation with 2-back RT 
(r = -0.73, p < 0.001). This association was not observed in the FHR 
group (r = -0.46, p = 0.084). 

3.3. Whole brain analysis 

3.3.1. Within-group effects 
Fig. 1 shows mean within-group activation for the 2-back > 0-back 

condition. Both FHR and HC groups showed activation in brain areas 
commonly associated with WM function including the bilateral DLPFC 
(BA 6 & 9), bilateral parietal cortex (BA 7 & 40), and anterior cingulate 
cortex (including the medial prefrontal cortex; BA 8 & 32). 

3.3.2. Between-group effects 
Between-group analysis showed hypoactivation in FHR as compared 

to HC in a cluster encompassing bilateral precuneus (BA 7) and cuneus 
(BA 18/19), and right posterior cingulate cortex (PCC, BA 23) for the 2- 
back > 0-back contrast (Fig. 2, Table 3). There were no brain areas with 
significantly greater activation in FHR children relative to HC children. 

3.3.3. Validation analyses 
Validation analyses confirmed that the current results were not 

driven by heterogeneity of the FHR sample (p = 0.004) or the prepon-
derance of ADHD diagnoses in the FHR group (p < 0.001) (details in 

supplementary material, including Figure S1). 

3.3.4. Brain-behavioral correlations 
There were no significant associations between activation of the 

bilateral parietal/occipital cluster and n-back RT and accuracy, age, 
WISC or BRIEF WM scores, and internalizing or externalizing scores in 
either the FHR or HC group. 

4. Discussion 

The aim of this study was to investigate whether pre-adolescent FHR 
children show abnormalities in WM performance and WM-related brain 
activity as compared to children without a family history of psychosis. 
We hypothesized that FHR children would show impairments in WM 
performance (1) and abnormalities in WM-related brain activity (2) as 
compared to HC children and that putative alterations in brain activity 
in FHR children would be associated with impairments in WM perfor-
mance (3). In line with our first two hypotheses, our results showed that 
pre-adolescent FHR children exhibit impairments in WM performance as 
assessed with WISC-IV and WM abilities in daily life as assessed with the 
BRIEF. In addition, as compared to HC, FHR children exhibited hypo-
activation in a cluster encompassing bilateral precuneus and cuneus and 
right PCC during n-back task performance. However, in contrast with 
our third hypothesis, group-differences in WM-related brain activation 
were not related to WISC WM scores or n-back task performance. 

WM-related hypoactivation of bilateral precuneus and cuneus and 
right PCC in the FHR group was observed in the context of comparable n- 
back performance. Similar findings have been documented in FHR ad-
olescents and adults (Jiang et al., 2015; Karch et al., 2009) and first- 
episode individuals with schizophrenia (Schneider et al., 2007). 
Among adolescent FHR samples, Bakshi et al., (2011) reported WM- 
related hypoactivation of a cluster in the left parietal lobe including 
the precuneus during high WM load with intact WM performance. Dis-
crepancies in the regional localization of WM-related abnormalities in 
brain activation between previous studies and our current results may be 
due, in part, to the older age range of earlier investigations. Putatively, 
WM-related abnormalities in brain activity may show up first in those 
regions that mature first (e.g., precuneus and larger parietal cortex) and 
manifest later in brain regions that take longer to mature (e.g., pre-
frontal cortex). Indeed, WM-related brain areas are known to mature 
throughout adolescence, in association with developmental improve-
ments in WM performance (Conklin et al., 2007; Gogtay et al., 2004; 
Honey and Fletcher, 2006; Niendam et al., 2003). Our current results 
show that abnormalities in WM-related brain activation exist before 
adolescence in children with a (familial) risk for schizophrenia, sug-
gesting that these abnormalities may stem from alterations in the (pre- 
adolescent) development of WM-related brain areas. Abnormalities in 
WM-related brain activation could be caused by reduced neuropil in 
these brain areas. It is hypothesized that individuals with schizophrenia 
have hypoactive dopaminergic modulation of pyramidal cell activity 

Fig. 1. Mean activation in both groups in the 2-back > 0-back contrast. Brain slices showing similar activation in 2-back > 0-back condition in brain areas associated with 
WM function in FHR and HC groups, including bilateral DLPFC (BA 6 & 9), bilateral parietal cortex (BA 7 & 40), and anterior cingulate cortex. Scale on color bar represents 
Z-scores. 
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due to reduced interneuronal neuropil, especially in the DLPFC. It is 
thought that this is a substrate for schizophrenia pathophysiology, 
including cognitive impairments (Glantz and Lewis, 1997; Selemon and 
Goldman-Rakic, 1999). It is possible that other WM-related brain areas 
share a similar mechanism. However, more research is needed to 
determine whether reduced neuropil in WM-related areas can also be 
found in FHR children. Furthermore, the issue of whether or not 
schizophrenia and related psychotic disorders should be viewed as 
neurodevelopmental disorders remains topic of debate. Indeed, first 
psychotic symptoms manifest during adolescence. However, a decline in 
neurocognitive development precedes the onset of psychosis with many 
years (Welham et al., 2009) and reduced intracranial volume in in-
dividuals with schizophrenia is suggestive for abnormalities in brain 
development before adolescence (Giedd et al., 1996; Woods et al., 
2005). 

Meta-analytic data show that the precuneus is consistently activated 
during WM performance in healthy participants, regardless of age, sex, 
and memory load (Wang et al., 2019). The precuneus is also reliably 
activated during self-referential processing (Northoff et al., 2006). In 
line with these findings, the precuneus exhibits state-dependent differ-
ences in its functional connectivity profile, such that it is connected with 
the frontoparietal network (FPN) during (cognitive) task performance, 
while it is connected with the default mode network (DMN) during rest 
and internally focused or self-referential tasks (Li et al., 2019; Utevsky 
et al., 2014). This is of interest in light of observations that the precuneus 
and PCC show hyperactivation during self-referential processing in in-
dividuals with schizophrenia (Holt et al., 2011; Shad and Keshavan, 
2015; Tan et al., 2015) and their unaffected relatives (van Buuren et al., 
2012). Moreover, a recent study by our group showed precuneus/PCC 
hyperactivation during self-referential processing in the current FHR 

sample (Collin et al., 2021). Taken together, these previous findings and 
our current results suggest that schizophrenia spectrum disorders may 
involve precuneus hyperactivation during DMN-related internally 
focused tasks (and rest) and hypoactivation during FPN-associated 
externally focused tasks including WM performance. 

Precuneus activation has been found to show a positive linear rela-
tionship with increasing WM load in healthy participants (Vogan et al., 
2016). Moreover, hypoactivation of the precuneus has been associated 
with poorer WM performance in individuals with schizophrenia 
(Schneider et al., 2007). Our current finding of precuneus hypo-
activation during WM performance in FHR children is thus a tentative 
indication that aberrant precuneus function may be part of the neuro-
biological mechanisms driving the development of WM deficits in at-risk 
children. Although we found no group-differences in n-back perfor-
mance and no associations between precuneus hypoactivation and 
metrics of WM performance, FHR children did score lower on WM 
subtests of the WISC-IV. In addition, their parents reported more WM- 
related problems in daily life on the BRIEF and FHR children showed 
more behavioral problems related to WM impairment on the CBCL 
(Aronen et al., 2005). These findings are in line with literature showing 
that FHR children, as a group, show impairments in WM function 
(Hemager et al., 2018; Seidman et al., 2006). However, it remains to be 
determined whether, and if so how, the observed alterations in pre-
cuneus function underlie impairments in WM performance in FHR 
children. One possible explanation for the lack of direct association in 
the current data may be that the n-back task lacks sensitivity to pick up 
more subtle changes in WM performance. Increasing n-back load may 
have revealed more subtle changes associated with brain functional al-
terations. Another possibility is that deficits in n-back performance 
become more evident as WM-related brain structures, including the 
prefrontal cortex mature (Conklin et al., 2007; Honey and Fletcher, 
2006) or emerge in adolescence as a result of subsequent abnormalities 
in the maturation of the frontal cortex (Gómez et al., 2017; Paus et al., 
2008). Tentative support for this hypothesis comes from our observation 
that older HC children showed improved WM performance (i.e., shorter 
2-back reaction times) as compared to younger HC children, which was 
not observed in the FHR children and may be indicative of a failure to 
improve WM performance with age in this group. 

A number of limitations should be considered when interpreting the 
current results. First, our findings should be viewed as preliminary due 
to our small sample size. This likely limited our ability to show more 
subtle changes in WM-related activation of other brain regions and 
establish brain-behavior relationships, although these can be difficult to 
show even in larger samples. We note that it is challenging to collect 
(large) samples of young FHR children as individuals with a psychotic 
disorder tend to have fewer offspring (Laursen and Munk-Olsen, 2010; 
MacCabe et al., 2009). Given these challenges, we believe that the 
current findings represent a valuable addition to current literature, 
despite our modest sample size. Moreover, the FHR and HC group were 

Fig. 2. Cluster of significant HC > FHR brain activation in 2-back > 0-back condition. A. Sagittal, coronal and horizontal slices showing significant brain activation (HC 
> FHR) in bilateral precuneus and cuneus (right posterior cingulate gyrus is part of cluster, but not displayed here). MNI coordinates of peak activation were 20, − 76, 38. Scale 
on color bar represents the Z-score. B. Boxplot shows the amount of signal change in the bilateral precuneus/cuneus cluster in the 2-back > 0-back contrast. Mean (sd) signal 
change in HC children was 27,6% (44.5) compared to − 13.2% (16.4) in the FHR children, illustrating that HC children showed increased activation in this cluster during the 2- 
back (versus 0-back) condition, whereas FHR children showed decreased activation during the 2-back condition. The group-difference in mean activation was statistically 
significant (p = 0.002). 

Table 3 
Group-differences in neural activation during WM task.  

Included areas in cluster (R/L) BA MNI coordinates (mm) Z-value 

x y z 

R precuneus 7 20 − 76 38  3.54 
L precuneus 7 0 − 52 40  2.94 
R cuneus 18 14 − 76 34  2.48  

19 18 − 70 30  3.45 
L cuneus 19 − 24 − 74 22  3.13 
R posterior cingulate cortex 23 14 − 48 10  3.36 

Significant HC > FHR activation response in 2-back > 0-back condition in the 
bilateral parieto-occipital cluster. Areas showing significant HC > FHR activa-
tion response in the 2-back > 0-back condition are reported in MNI coordinates. 
Peak activation was found in the right precuneus (20, − 76, 38). R = right; L =
left; BA = Brodmann Area. MNI = Montreal Neurologic Institute; HC = healthy 
control; FHR = familial high risk, x = sagittal plane; y = coronal plane; z = axial 
plane. 
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significantly different in terms of SES and, not surprisingly, in the fre-
quency of DSM diagnoses (mostly ADHD). Putatively, future studies 
with better matching groups may be able to link WM-related brain 
activation differences more closely to psychosis risk, although validation 
analyses showed no differences in cluster activation between FHR 
children with and without ADHD. Moreover, ADHD and other devel-
opmental disorders are known to be more common in high-risk families 
and may be an expression of underlying risk factors (Keshavan et al., 
2003). Similarly, familial risk for psychosis is associated with lower SES 
(Keshavan et al., 2003). Including only FHR children without develop-
mental disorders and with high SES could thus lead to an overly healthy 
subset of high-risk individuals that may omit much of the important risk 
signal. 

Future studies may focus more specifically on the precuneus and its 
connections with related networks, including DMN and FPN. This may 
provide more insight in the role of the precuneus in WM impairments in 
FHR children and youth. Also, higher n-back task load may show 
whether more subtle differences in n-back performance exist between 
FHR and HC in this age range and whether such changes are associated 
with abnormal WM-related brain activation. Moreover, future studies 
should include FHR children with either affected parents or siblings and 
should strive for not having multiple participants from one family to 
obtain more independent data. Lastly, a longitudinal prospective design 
is needed to examine how alterations in WM-related brain activation 
and WM performance develop over time and whether the currently 
observed patterns are predictive of subsequent WM deficits and the 
development of psychosis later in life. 

In conclusion, our results provide preliminary evidence for an 
abnormal role of the precuneus in WM-related processes in children with 
a familial predisposition to psychosis. In addition, our findings of im-
pairments in WM function and WM abilities in daily life in FHR children 
replicate previous results of WM impairments as a premorbid indicator 
of schizophrenia risk, but we were unable to relate the impairments to 
observed alterations in WM-related brain activation. These findings are 
of interest to efforts to develop early psychosocial and cognitive in-
terventions in the premorbid phase of psychotic disorders and to identify 
individuals who may be at-risk for future cognitive impairments. 
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