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analysis comparing the COS group to the subset of con-
trols whose performance was below the overall control 
median (online supplementary table 2 and supplementary 

figure 3). This subgroup of controls performed at a similar 
level to the COS siblings (ie, there was no difference in per-
formance between the groups, F(1, 21) = 0.381, P = .544).  
While this comparison had reduced statistical power com-
pared to the analysis including the larger group of control 
subjects, the results were remarkably similar. During early 
learning, the regions that were significantly more active in 
the siblings of COS probands than in the performance-
matched controls included bilateral anterior and posterior 
cingulate gyrus, bilateral precuneus cortex, left thalamus, 
bilateral paracingulate cortex, and bilateral anterior PFC 
(online supplementary table 5). These were the same regions 
that showed increased activation in the COS sibling group 
compared with the larger control group as well. Only the 
increases in SMA and medial frontal regions that were pres-
ent in the main analysis did not emerge in the performance-
matched analysis. As in the larger analysis, there were no 
regions that were more active in performance-matched con-
trols compared with the siblings of COS probands.

Comparing the performance-matched groups late in 
training also revealed a pattern similar to the larger analy-
sis. Similar regions that were significantly more active in the 
controls than in the siblings of COS probands were also 
more active in the subset of performance-matched controls: 
bilateral anterior PFC, bilateral paracingulate cortex, and 
bilateral superior and middle frontal gyri (online supple-
mentary table 4). There was also a trend for the left putamen 
(Puncorrected = .004) and bilateral caudate (Puncorrected = .0091) to 
display more activation in the performance-matched con-
trols compared with the COS siblings. In the analysis with 
the larger group of controls, the difference in the striatum 
achieved statistical significance. One additional difference 
emerged in the comparison of performance-matched subjects 
that was not present in the comparison including all controls. 
In the insula, the performance-matched controls showed 
greater activation than the COS siblings late in training.

The results of the analysis of performance-matched 
groups indicate that the pattern shown by the siblings of 
COS patients of increased activation during early learn-
ing followed by reduced activation after extended training 
is not characteristic of poor performance in general on 
the WPT. Rather, the siblings of COS probands exhibit 
a different pattern of activation compared with control 
subjects performing at the same level.

Discussion

Adolescent siblings of COS patients performed signifi-
cantly more poorly on the WPT and exhibited differ-
ent patterns of neural activation during learning of this 
task compared with controls. Early in practice, there was 
clear learning by the controls and no evidence of learn-
ing in the siblings of COS probands. There was also a 
lower level of asymptotic performance in the siblings of 
COS probands after extended practice compared with 
controls. The fMRI data revealed that in a number of 

Fig. 4.  Early learning (first 50 trials) in the Weather Prediction 
Task. Images are from the group-level analysis (z > 2.3, cluster-
corrected thresholded at P = .05). (A) bilateral anterior cingulate 
gyrus, (B) bilateral posterior cingulate gyrus, (C) bilateral 
paracingulate cortex, (D) bilateral anterior prefrontal cortex, (E) 
bilateral frontal medial cortex, (F) bilateral supplementary motor 
area, (G) bilateral precuneus cortex, and (H) right and left thalamus 
for childhood-onset schizophrenia siblings >controls for task vs 
baseline. Regions circled in blue correspond to their labeled region. 

Fig. 5.  Extended training (after 850 additional trials) in the 
Weather Prediction Task. Images are from the group-level 
analysis (z > 2.3, cluster-corrected thresholded at P = .05). 
(A) left caudate and left putamen, (B) bilateral paracingulate 
cortex, (C) bilateral anterior prefrontal cortex, (D) bilateral 
superior frontal gyrus, and (E) bilateral middle frontal gyrus 
for controls >childhood-onset schizophrenia siblings for task 
vs baseline. Regions circled in blue correspond to their labeled 
region. 
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frontal regions, the siblings of COS probands demon-
strated increased activation compared with controls early 
in training and decreased activation compared with con-
trols after extensive training. In the control group, the 
level of activation in the striatum was consistent across 
training. In contrast, the activation in the left striatum 
in the siblings of COS probands decreased from early to 
late in practice. A secondary analysis comparing the COS 
siblings to a subset of controls matched for performance 
revealed a similar pattern as seen in the more inclusive 
analysis. Although the performance-matched analysis 
had lower statistical power, the same differences in fron-
tal and cingulate/paracingulate regions emerged across 
both days of training, and trend-level group differences 
in the striatum were present after extended training.

Previous neuropsychological and neuroimaging studies 
have shown that performance on the WPT is supported by 
multiple neural systems. Very early learning can be sup-
ported by a declarative system with a habit system support-
ing learning as training progresses.38 The present results 
suggest disruption of both components of performance 
in the siblings of COS probands. Corticostriatal circuits 
play an important role in learning in the WPT, particu-
larly when declarative memory is compromised or after 
extensive training.10,39–41 The fact that the control subjects 
maintained striatal activity across learning is consistent 
with previous work. While the siblings of COS probands 
showed task-related striatal activity early in training, this 
activation decreased significantly later in training. Even 
when performance was matched, there was a trend for 
COS siblings to show lower activation than controls that 
emerged at the late timepoint. This pattern may reflect a 
lack of effective utilization of striatal circuits in the sib-
lings of COS patients, that may have contributed to their 
poorer level of asymptotic performance on the WPT.

Because we collected fMRI data during both initial 
learning and asymptotic performance, we were able to 
compare the change in neural activation in the 2 groups 
across training. In control subjects, 3 regions (anterior 
and posterior cingulate and frontal medial cortex) were 
deactivated relative to baseline early in training, and then 
activation increased to baseline levels at asymptotic per-
formance. This pattern is consistent with these areas being 
part of a default mode network, which is deactivated dur-
ing attention-demanding tasks, reflecting a redistribution 
of processing resources.42–47 Early in learning, the WPT 
was likely to be attention demanding but with extensive 
training performance became relatively automatic,26 and 
the default mode network was reinstituted in controls. 
In contrast, in the siblings of COS probands, the activ-
ity in these regions showed the opposite pattern, with 
activity decreasing in these regions across training. In the 
siblings of COS probands, deactivation did not occur in 
these regions early in training, but there was deactivation 
after extensive training. In adult patients with schizo-
phrenia and their relatives, altered default mode network 

activity has been demonstrated.48–51 Altered default mode 
network function in schizophrenia has been conjectured 
to be involved in the complex pattern of symptoms 
observed in schizophrenia involving attending to internal 
and external stimuli and self-referential processing.52 The 
present results suggest that this alteration may be part 
of the genetic liability for schizophrenia and not merely 
related to the presence of psychotic symptoms.

There were group differences in the activation of bilat-
eral anterior PFC and paracingulate cortex. In control sub-
jects, there was no task-specific activation in these regions 
early in training, with marginal increases at the end of 
training. In the siblings of COS probands, however, these 
regions showed above baseline activation early in training, 
with sharp reductions later in training to below baseline 
levels. The anterior PFC has been implicated in the inte-
gration of cognitive processes and memory retrieval.53–55 
The paracingulate cortex is a cingulo-frontal transition 
area that has been termed the “cognitive” division of the 
anterior cingulate cortex and has reciprocal connections 
with PFC regions, including anterior PFC.56–59 While these 
regions do not appear to play a role in learning in the con-
trol group, it may be that the siblings of COS probands 
activate these regions to a greater extent early in learning 
as a compensatory strategy. The sharp decrease in activ-
ity in these regions as performance becomes asymptotic in 
the siblings of COS probands suggests that these regions 
are engaged in learning in this group.

The results provide evidence that corticostriatal dys-
function may be part of  the genetic liability for schizo-
phrenia independent of  the effects of  medication and 
the illness. Also, the sharp decrease in activation in the 
anterior cingulate gyrus and a number of  frontal regions 
in the siblings of  COS probands compared with controls 
late in training may reflect an ineffective utilization of 
cortico-cingulate circuits, which may have contributed in 
the poorer level of  asymptotic performance on the WPT.

In the present study, adolescents were tested. Thus, the 
impaired behavioral performance and alterations in func-
tional brain activation in the siblings of COS probands 
could reflect a developmental delay rather than an enduring 
deficit. Given findings of a normalization of gray matter 
abnormalities in siblings of COS patients when they reach 
adulthood,60 it is particularly important to conduct longitu-
dinal studies in this group to see if functional brain abnor-
malities persist into adulthood. It would also be important 
to know whether the abnormalities in neural activation seen 
here are associated with conversion to schizophrenia. It is 
possible that some of the siblings of COS patients will go 
on to develop psychosis during adulthood, and the abnor-
malities in neural activation described here may reflect pre-
cursors of disease rather than purely genetic liability.

In our study, there was little or no relationship within 
each group between measures of intellectual function and 
learning across both days of training on the WPT. For 
the COS sibling group, there was no relationship between 
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scores on the Block Design or Vocabulary Design subtests 
of the WASI and either early or late performance (Ps > 
.05). For the control participants, there were modest cor-
relations between scores on the WASI subtests and WPT 
performance. There were significant correlations only for 
early learning and Vocabulary Design (r(25) = .401, P < 
.047) and for asymptotic performance and Block Design 
(r(23) = .436, P = .038). Finally, a regression analysis 
showed that the IQ measures did not significantly predict 
performance during either early learning or asymptotic 
performance (P > .05). Based on the lack of a strong 
relationship between either measures of verbal or perfor-
mance IQ and WPT performance, it is unlikely that differ-
ences in general intellectual function between the groups 
could substantially account for the findings of our study. 
However, we cannot rule out the possibility that these dif-
ferences may have made some contribution to the pattern 
of results. Future work with larger samples are needed 
that can better assess the relationship between individual 
cognitive or behavioral factors and WPT performance.

Future work with larger samples could also potentially 
reveal differences in strategy use in the WPT (eg, whether 
choices are based on single cues or cue combinations) in 
relatives of COS probands. While Weickert et al5 did not 
find evidence of different strategy use in the WPT in sib-
lings of adult-onset patients, it is possible that relatives 
of COS probands would show such a difference. In addi-
tion, studies with larger sample sizes of relatives of COS 
probands are needed to examine whether the abnormal 
patterns of BOLD signal activity are correlated with 
behavioral deficits in cognitive skill learning in this group.

Supplementary Material

Supplementary material is available at http://schizophren
iabulletin.oxfordjournals.org.
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