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There is a growing literature on brain activity in the non-
psychotic first-degree relatives of patients with schizophre-
nia as measured using functional imaging. This systematic
review examined 20 studies in 4 domains of cognition, in-
cluding cognitive control (7 samples), working memory
(5 samples), long-term memory (4 samples), and language
(4 samples). While the literature was widely divergent,
these studies did consistently find activation differences be-
tween patients’ relatives and controls. The most consistent
increases in activation within hemisphere were found in
right ventral prefrontal cortex (PFC) and right parietal
cortex. Abnormal activity, defined as significant increases
or decreases in activation relative to controls irrespective of
hemisphere, was found in about two-thirds of contrasts in
the cerebellum, dorsal prefrontal, lateral temporal, and pa-
rietal cortices, and thalamus, with basal ganglia and ventral
PFC showing abnormalities in approximately half of those
contrasts. Anterior cingulate was generally spared in
patients’ relatives. The diversity of findings in studies of
patients’ relatives may derive from differences between
the cognitive demands across studies. We identify avenues
for building a more accurate and cumulative literature, in-
cluding symmetrical inclusion criteria for relatives and con-
trols, recording in-scanner responses, using both a priori
and whole-brain tests, explicitly reporting threshold values,
reporting main effects of task, reporting effect sizes, and
quantifying the risk of false negatives. While functional im-
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aging in the relatives of schizophrenia patients remains
a promising methodology for understanding the impact
of the unexpressed genetic liability to schizophrenia, no sin-
gle region or mechanism of abnormalities has yet emerged.
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Introduction

The liability to schizophrenia is highly heritable, as
shown through the patterns of risk in twins and other
family members. However, robust susceptibility genes
for schizophrenia have not yet been identified, due in
part to its complicated mode of inheritance.'* The iden-
tification of biological markers that are presumably more
proximal to the activity of genes contributing to schizo-
phrenia etiology has been an elusive goal in psychiatric
genetic research. However, such markers remain much
sought after because they have the potential to improve
the ability of genetic studies to detect risk genes.”>
This goal has led to a strong interest in the study of
first-degree relatives of persons with schizophrenia,
who offer a complementary perspective from which to
search for biological markers associated with genetic
risk (endophenotypes).*®” First-degree relatives harbor
some of the risk genes for schizophrenia® as they are
at 10-fold increased risk to develop the disease and share
about half of their genes with their ill relatives. Relatives
are also relatively free of biological changes that may be
secondary effects of the acute psychotic state (ie, effects
of medications, substance use, and institutionalization on
physiology). This increased interest in the search for her-
itable biological markers in relatives initially led to the
study of brain structure and cognitive functioning in rel-
atives.” To date, this strategy has yielded only a few bi-
ological markers robustly associated with the genetic
liability. For example, a recent meta-analysis showed
that smaller hippocampal volume is characteristic of
both first-degree relatives and persons with schizophrenia
compared with controls,'® suggesting that it is a biological
vulnerability indicator. Qualitative reviews''™'® and
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meta-analyses'* 7 have also established that a wide vari-
ety of cognitive deficits are present in nonpsychotic rel-
atives of persons with schizophrenia. These deficits in
relatives are similar to, but milder than, those found in
patients. However, deficits in many, if not all, of these
cognitive functions could arise from a number of differ-
ent neurobiological disturbances. Thus, an important
challenge for the field is to refine the cognitive pheno-
types used in behavioral and clinical studies in order
to better understand the functional neuroanatomy of
the unexpressed genetic liability to schizophrenia.

Toward this end, there has been a sharp increase over
the past 5 years in the number of studies using functional
imaging to measure brain activity in nonpsychotic rela-
tives of persons with schizophrenia. These studies help
to address a number of problems that limit the interpret-
ability of brain function studies in patients that can lead
to spurious findings. For example, schizophrenia impairs
patients’ attention and motivation, which can affect both
task performance and brain activity.'® Medication, high
levels of nicotine use,'®*** and substance abuse in patients
affect both cognitive functioning and blood oxygen—
dependent (BOLD) response physiology. The short
half-lives of some of these substances can have inconsis-
tent effects on physiology over the course of an experi-
ment,?! whereas their chronic use may alter long-term
patterns of brain activity. Finally, unemployment, under-
employment, and institutionalization in patients may
have unforeseen effects on cognitive performance and
the resulting physiology. In contrast to patients, relatives
tend to have milder cognitive deficits, lower rates of sub-
stance use, unemployment, and other potentially con-
founding variables, making it easier to match them to
controls®? and to interpret functional imaging results.

The study of schizophrenia patients’ nonpsychotic
relatives’ trait-like disturbances in functional neuroanat-
omy is several levels of analysis removed from the cellular
and neurochemical causes of the disorder. Such studies
do not provide definitive proof implicating one gene or
neurotransmitter system over another. Instead, func-
tional neuroanatomy is useful for determining which
brain systems are likely to reflect the microbiological vul-
nerabilities associated with the diathesis. For example,
a consistent signal implicating early perceptual process-
ing regions, the thalamus, basal ganglia, hippocampus
and medial temporal cortical structures, or the various
regions of prefrontal cortex (PFC) all have different
implications for how the genetic liability to schizophrenia
may be expressed.

Functional imaging studies of patients’ relatives have
tapped a number of different cognitive domains and used
many different tasks, experimental designs, and statistical
methods. This project was undertaken to systematically
evaluate and integrate this rich bounty. Our goal was
to determine whether there existed consistent findings
across studies that pointed to a reliable relationship
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between genetic liability and brain dysfunction and to
address the following questions: Are there any brain
regions that show the impact of genetic liability irrespec-
tive of the cognitive demands? What experimental
approaches or reporting practices provide the clearest
picture of biological markers associated with genetic
risk for schizophrenia? To address these questions, the
current report reviews the available studies that image
the unexpressed genetic liability to schizophrenia to iden-
tify (1) common themes or consistencies across studies,
(2) common problems or confounds that could be
addressed in future studies, and (3) promising avenues
for future work.

Review Methods

Studies were identified from PubMed through Novem-
ber, 2007, using SCHIZOPHRENIA crossed with REL-
ATIVES or FAMILY STUDY and IMAGING or
fMRI, through the bibliographies of identified studies
and by directly contacting authors actively researching
in this area. Twenty-two articles were found representing
23 nonindependent samples that were either published or
were in the process of being published. Twenty imaging
studies of schizophrenia patients’ relatives (19 fMRI and
1 positron emission tomography [PET]) fell into 4 general
domains—working memory, long-term memory, cogni-
tive control, and language. There was only a single study
in 3 domains (affect recognition,” early visual process-
ing,** and olfactory processing®’), which was thought
to be too few to integrate. As a result, these will not
be reviewed herein. Even within the 4 main categories,
there was significant heterogeneity as far as tasks, ana-
lytic methods, and reporting practices. For this reason,
it was deemed more important to highlight trends and
potential concerns within this burgeoning field and less
constructive to apply meta-analytic methods such as
activation likelihood estimation.?® Further, although
our hope was that common themes would emerge, we
felt that a focus on each subdomain would facilitate
synthesis.

Studies were categorized and evaluated using 4 guide-
lines. First, based on a preliminary summary of the find-
ings from these studies, we tracked 8 brain regions made
up of discrete structures or clustered Brodmann areas
(BAs): anterior cingulate, dorsal/dorsolateral prefrontal,
ventral/ventrolateral prefrontal, parietal, and lateral tem-
poral cortices, basal ganglia, thalamus, and cerebellum
(see table 1 for regional definitions). Second, we made ev-
ery effort to distinguish between regions where relatives
and controls showed equal task-related activity and
regions in which activity was not significantly elicited
by the target cognitive task (the former were viewed as
interpretable null findings, the latter were not viewed
as informative about group differences). Specifically,
regions in which there was statistically significant activity
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Table 1. Functional Neuroimaging Family Studies of Cognitive Control

Brain Activity®

First Author, Primary No. of No. of Relatives’ Other Brain
Year Task Design Relatives® Controls Age Perf.® ACC DPFC VPEC Parietal Temporal BG  Thalamus Cerebellum Activity"
Raemaekers et al Antisaccade Event 16s 16 33.9% =4 (4] =RL O =RL O IRL O g =R 6
(2006)*’ =RL
17/18
Becker et al (2008)*® Stroop Event 17u 17 33.3% = =RL tR 1R, 1L %] o [
L =L
Thermenos et al Q3A-CPT Block 12u 12 35.5% Con > TRL TRL =RL 1RL IR, (6] TRL IR
(2004)* Rel = hippocampus
=RL
18/19
Seidman et al Q3A-CPT Block 12u 13 34.8% = ? o° o° ? ? ? TR ?
(2007)%°
Delawalla AX-CPT Block 30s 92 21.3* Con > O TRL, tRL 1R TR TR 1L TR TRL 6,
et al (2007)*! Rel IRf 1R 13,
=L 13
MacDonald et al ~ POP Event 2lu 20 33.2% =d =RL |R, |L tRL 1RL =RL =R IRL =R
(2006)*? TL# hippocampus
=RL 6
TRL
17/18
Vink et al Stop signal Event 15s 15 35.0% = = (0] 0] (0] (9] IR TRL (0] =R 13
(2006)*
Summary 1 IR,1L 4R 4L 2R,1L 3R,3L 2R,1L IR 3R,3L IR
l 2R,IL 1L IR 2R,I1L IR,IL
= 3R,3L 1R,1L 1R,2L 1R,2L 1L IR,IL IR
“Relative status: s, siblings; u, unspecified or heterogeneous relatives.
perf., performance results; Rel, relatives; Con, controls; “=,"” no statistically significant differences between groups in accuracy; ?, no data presented.

“Brain activity: ACC, anterior cingulate cortex, to include Brodmann area (BA) 24/32; DPFC, dorsal prefrontal cortex, to include BA 8/9/10/46; VPFC, ventral prefrontal
cortex, to include BA 44/45/47; parietal to include BA 7/39/40; temporal to include BA 20/21/22/37/38/41/42; BG, basal ganglia, to include striatum, caudate, and globus
pallidus; R, right hemisphere; L, left hemisphere; M, medial; 1, greater activity in relatives; |, lower activity in relatives; ‘=, no between-group differences; &, region in
which there was no significant task-elicited activity reported in either the sample of controls and/or the combined “‘supergroup’ sample of controls and relatives; ?, region in
which significant target task-elicited activity in the control or supergroup samples was not reported. Italics indicate findings that occur utilizing a liberal threshold value.
dSignificant differences in performance were observed in reaction times (Rel > Con), but not accuracy, in these studies.
“Nonsignificant increases in relatives were observed in these regions, RL DPFC d = 1.65-1.83 and R VPFC d = 1.43.
fARL DPFC was observed as a main effect of group and | R DPFC was observed in the group x delay interaction.

€| R DPFC observed following the cue to be maintained and 1L DPFC following both the cue and the response.

"Numbers here indicate other BAs.
Asterisk indicates where the mean age of relatives was not meaningfully different from controls (P > .10).
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in the control group alone or in the combined sample of
all relatives and controls were defined as regions with the
potential to be sensitive to group differences. Thus, the
absence of a group difference in a region shown to be ac-
tivated in the controls or the entire sample was treated as
a null result. However, the absence of group difference in
a region not shown to be activated in either the controls
or the entire sample suggested that the study was unin-
formative about any potential difference in that region.
Also regions where group differences were found were
considered to be de facto sensitive to group differences.
Deactivations associated with task performance were
generally not reported in the source articles and while
this is an important area for future research, there is little
we can say about this now. Third, for each study, the
demonstration of a group difference anywhere within
a brain region took precedence over a finding of equal
activity in another part of the structure. Fourth, where
more than one group of relatives was reported in a single
study, we selected the relatives group that was described
as less symptomatic to incorporate into the table.

An important methodological caveat is that family
studies such as those summarized herein are designed
to provide insight into the unexpressed genetic liability
to schizophrenia. They largely assume that common en-
vironmental influences are absent or minimal. However,
family studies cannot disentangle the effects of shared
genes from shared environmental influences, nor do
they identify unique environmental influences on the un-
affected relative. This issue can best be assessed with large
twin samples or the piecemeal study of putative environ-
mental risk factors or specific alleles.

Findings Across 4 Cognitive Domains

Cognitive Control Studies

Cognitive, or top-down, control occurs when internal
goals are used to coordinate perception, cognition, and
action.®* As such, cognitive control is an executive func-
tion implemented in a variety of behavioral tasks. Tasks
designed to target cognitive control processes frequently
involve controlling attention, ignoring conflicting infor-
mation, or resolving conflicting impulses. The first report
of a differential deficit in schizophrenia was a reduction
in the ability to resist distraction, one aspect of cognitive
control.®” Differential deficits in cognitive control have
also been identified in the genetic liability to schizophre-
nia.***” The results of functional imaging studies of
cognitive control in the nonpsychotic relatives of schizo-
phrenia patients are summarized in table 1.

A canonical example of an experimental task that
requires cognitive control is the antisaccade task,*® on
which patients with schizophrenia and their relatives ex-
hibit robust, well-replicated deficits.>* To examine the
neuroanatomical basis of cognitive control in the healthy
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relatives of schizophrenia patients, Raemaekers and col-
leagues®’ compared brain activity during the antisaccade
task compared with the prosaccade task. In the prosac-
cade baseline control task, a small square appeared to one
side of the central fixation and participants were
instructed to move their gaze to the square as quickly
as possible. This is a relatively automatic response to
a new stimulus. The antisaccade task was the same except
that participants were instructed to shift their gaze to the
side opposite where the square appeared. This requires
a higher degree of cognitive control. Performance be-
tween relatives and controls was matched for accuracy,
although controls responded faster in both conditions.
Voxelwise analyses did not reveal group differences. In
a priori contrasts that used a small volume correction
to evaluate the caudate body, controls showed more ac-
tivity than patients’ relatives. One complication in inter-
preting results of this study is that both the antisaccade
(experimental) and prosaccade (control) conditions
showed behavioral impairments of approximately the
same magnitude (eg, d’s = 0.50 for saccade latency). Sub-
sequent analyses modeled activity for reaction times and
correct trials, so the complication is not that poor perfor-
mance may have led to differences in activity. Instead, the
concern, not at all unique to this study, is that the sub-
traction did not isolate any cognitive process implicated
in the unexpressed genetic liability to schizophrenia. Sec-
ond, the importance of the caudate body is not clear,
given that a higher threshold was used to evaluate activity
in every other region of the brain.

Another task commonly used to evaluate cognitive
control functions is the Stroop task.***' Becker and col-
leagues® evaluated relatives” performance on a single-
trial variant of the traditional Stroop task. Here partic-
ipants saw 1 of 3 words (RED, GREEN, or BLUE) that
appeared in one of those 3 colors. Participants were
instructed to name the color of each stimulus. This is
easier when both the word and color are the same or con-
gruent, as in 70% of the trials, but requires a controlled
response when the word and color are different or incon-
gruent. Relatives and controls were equally accurate on
the task; however, relatives were nonsignificantly slower
on incongruent trials. In group comparisons, relatives
showed increased activity in a region encompassing right
dorsal and ventral PFC (BAs 10 and 47) and left parietal
cortex (BA 40) and significantly decreased activity in left
dorsal PFC (BA 9).

In addition to tasks that require the instantaneous
implementation of cognitive control according to a stored
rule, a number of tasks require the use of stored informa-
tion that changes dynamically to guide performance. The
first published functional imaging study of cognitive con-
trol in the nonpsychotic relatives of schizophrenia patients
used a variant of the AX continuous performance test
(AX-CPT) in which participants maintained the context
of an auditory cue while being faced with distracting
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auditory information.?” This experimental task, called the
Q3A-INT (“INT” for interference) because of the 3 se-
quential, interfering distractors (eg, “QragA’), was com-
pared with a baseline QA task, which also involved
identifying the A as a target only if it followed a Q with
no interfering letters. In both tasks, valid QA pairs oc-
curred at approximately a 20% frequency. Performance
differences were found on the Q3A but not the QA.
When groups were analyzed together, the contrast of
Q3A-INT to QA activated the cognitive control network
encompassing dorsal and ventral PFC (BA 9/44/45/46),
the anterior cingulate (BA 24/32), superior and inferior
parietal lobules (BA 7/40), and thalamus, as well as hip-
pocampal, lateral temporal, and occipital regions. When
the 2 groups were compared, relatives showed greater ac-
tivity in left dorsal PFC, anterior cingulate, and medial
dorsal thalamus. After performance effects were con-
trolled, the thalamus remained significant. In the primary
analysis, the only region in which controls showed more
activity than relatives was in the posterior hippocampus.

In an attempt to replicate the original finding in an in-
dependent sample of adult nonpsychotic relatives within
a parametric design, Seidman et al. (ref 30) modified the
original Q3A-INT design so that there were 3 versions
differing on frequency of “q”” and ““a” distractors inter-
posed between cue and probe stimuli. Moreover, the fre-
quency (60% vs 100%) of potential Q3A-INT sequences
was compared. Task performance was lower in relatives
than controls (d = 0.52-0.60) but not significantly so.
Analyses focused on contrasts in a priori regions, such
that relatives again showed significantly more activity
than controls in thalamus, but not the other areas previ-
ously reported (some of which showed subthreshold dif-
ferences). There were no regions found wherein controls
showed more activity than relatives. This is the only cog-
nitive control paradigm that has been used in 2 indepen-
dent samples with largely similar samples (both adult
nonpsychotic relatives, mean age of approximately 40),
yielding comparable results.

A similar task was used to evaluate a component of
cognitive control known as context processing, which
is the capacity to represent and maintain information
needed to control behavior.®' In the expectancy manip-
ulation of the AX-CPT, participants identified the X
as a target only if it followed an A, and in this task,
most trials were A’s followed by X. Thus, participants
have to overcome their automatic tendency to make a tar-
get response when they see an X that follows an invalid
cue, eg, a B. Indeed, relatives performed significantly
worse on these BX trials when there was a delay of several
seconds between the B cue and the X probe (d = 0.40), but
not when the X followed the B after a very short delay.
When comparing groups, the authors reported an inter-
esting pattern of abnormal activity across the brain: first,
the main effect of group indicated that siblings were more
active across the cognitive control network, irrespective
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of the delay between the cue and probe. However, there
was an interaction of group and delay in the dorsal PFC
(BA 9/10), where controls exhibited more activation for
the long delay, whereas relatives showed more activity for
the short delay. One explanation for these findings is that
controls were showing more preparatory activity in these
regions following the cue, whereas relatives had more re-
active activity when responding to the probe.

Yet another paradigm used in a study of patients’ rel-
atives directly addressed this difference between prepara-
tory and reactive activity.** In the Preparing to Overcome
a Prepotent Response task, a green or red square served
as a cue to indicate whether to make an automatic or con-
trolled response to the subsequent probe. After several
seconds, a probe appeared on the left- or right-hand
side of the screen. Following the green square, partici-
pants responded with the hand on the same side, and fol-
lowing the red square, participants responded with the
opposite hand. The authors reported a group by condi-
tion interaction for reaction time (but not errors) such
that red trials took comparatively longer for the patients’
relatives (d = 0.58). Despite the task’s dependence on ac-
tivity across a very broad cognitive control network, dif-
ferences in activity between relatives and controls were
very modest. Following the red cue, controls showed
more activity in right dorsal PFC (BA 6/8/9), whereas rel-
atives showed more parietal (BA 40) and lateral temporal
lobe (BA 21/37) activation. When making controlled
responses, controls showed more activity in regions of
left ventral PFC (BA 44/45), whereas here relatives
showed more activity in left dorsal (BA 9) and frontopo-
lar PFC (BA 10). These findings are consistent with
a greater need for probe-related, reactive activity in
patients’ relatives.

Another perspective on the dynamic nature of cognitive
control has been provided by use of the stop-signal task.*?
In the stop-signal task, the majority of trials required par-
ticipants to respond with either a left or right button press
when an X appeared to one side of the central fixation. On
20% of trials, the X was followed shortly by a signal, in-
dicating that the response must be suppressed. The longer
the delay between the appearance of the X and the stop
signal, the harder it was to suppress the response.** Despite
the fact that the experimenters titrated this delay to min-
imize behavioral differences across groups, patients’ rela-
tives tended to make more errors on the stop-signal trials.
In a first, whole-brain exploratory analysis that contrasted
blocks containing both go and stop trials to blocks con-
taining just go trials, patients’ relatives showed greater tha-
lamic activity. In a second, confirmatory analysis
evaluating the effect of the increasing likelihood of
a stop trial, controls had greater striatal activity. Notice
that this contrast does not address the implementation
of top-down cognitive control (as one might see, eg,
when evaluating activity on a stop trial), but it does high-
light differences in the anticipation of a need for control.



Cognitive Control Summary. Cognitive control has been
studied using a number of tasks and has begun to yield
promising results, particularly for bilateral dorsal PFC,
parietal cortex, and thalamus. Right dorsal PFC showed
increased activation for relatives in 3 contrasts, equal ac-
tivation in 1 and decreased activity in 2 others, whereas
left dorsal PFC was increased in 3, equal in 1 and de-
creased in 1 more. When considering abnormalities irre-
spective of direction or laterality, dorsal PFC showed
abnormalities in 82% of contrasts. Right and left parietal
cortex showed increased activation for relatives in 3 con-
trasts and no differences in 1 and 2 contrasts, respec-
tively. Considering abnormalities broadly, parietal
cortex was impaired in 67% of contrasts. Thalamus
showed increases in relatives in 3 right and 3 left loca-
tions, whereas it was not different in only 1 study.
Thus, 86% of contrasts showed abnormalities in this re-
gion. Ventral PFC also showed suggestive evidence of
impairments across studies. Qualitatively, a number of
common threads emerged from tasks designed to evalu-
ate cognitive control in the nonpsychotic relatives of
patients with schizophrenia. Across a number of indepen-
dent studies, anterior cingulate activity was intact in
the patients’ relatives. If there is a pattern associated
with differences in directionality in dorsal PFC, one
might observe that blocked design tasks have found
hyperactivity, whereas event-related tasks have either
found no differences or found a more nuanced profile.
One possibility is that different phases of task response
have different control-related demands. For example,
the findings of MacDonald et al*’> and Delawalla
et al’! and respective colleagues have suggested that rel-
atives show reduced activity when preparing a controlled
response. Then, to overcome the lack of proactive con-
trol, they show greater activity when executing a con-
trolled response. Interestingly, the behavioral data
acquired during scanning in the cognitive control studies
has yielded much more consistent evidence for behavioral
impairments (often in the range of moderate effect sizes
[ESs]) than found in studies of other cognitive domains
reviewed below. At this point, it is not clear whether
this reflects a truly greater deficit in cognitive control
compared with other processes in relatives or whether
the psychometric characteristics of the cognitive control
tasks used have more discriminating power than in other
domains, or more fine-grained analysis of behavior is
possible in such studies.

Working Memory Studies

Working memory is generally defined as the process of
actively maintaining and manipulating information for
a short period of time and is involved in many cognitive
tasks and day-to-day activities, such as reading a sen-
tence, solving a math problem, or imagining an object’s
appearance from another perspective.*’ Meta-analytic
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studies demonstrate that working memory deficits are
a core feature of schizophrenia, independent of the mo-
dality examined and the length of the delay period.**
First-degree relatives of persons with schizophrenia
also manifest deficits in working memory.'®**" Func-
tional neuroimaging studies of working memory in
schizophrenia demonstrate a complex pattern involving
regions of both hypo- and hyperactivation in the frontal
lobe,*® findings which appear to depend in part on work-
ing memory task performance.**>! The results of func-
tional imaging studies of working memory in the
nonpsychotic relatives of schizophrenia patients are sum-
marized in table 2.

In the study of working memory in nonpsychotic rel-
atives of individuals with schizophrenia, Keshavan and
colleagues® compared brain activation in 4 child and ad-
olescent offspring of patients with schizophrenia and 4
age- and sex-matched controls performing memory-
guided and visually guided saccade tasks. The memory-
guided saccade task required subjects to retain information
about the spatial location of an item over a short interval,
after which they were required to make an eye movement
to the target location. The visually guided saccade task
required subjects to perform an eye movement to the
location of a visual cue and served as the subtractive, senso-
rimotor control task. Compared with controls, offspring
showed reduced activation in the dorsal PFC bilaterally
(BA 9/46), the right middle frontal cortex (BA 8), and the
rightinferior parietal cortex (BA 40), in the absence of group
differences in task performance. For the purpose of our
overview, we did not integrate the findings of this study
with the other reports in this review as generalizability
was limited by the sample size.

Callicott and colleagues®® evaluated working memory
functioning in 2 independent samples of 23 and 25 non-
psychotic siblings of people with schizophrenia compared
with healthy controls. Here, subjects viewed visual stim-
uli (the numbers 1-4 appeared randomly every 1.8 s for
500 ms) at set locations on the points of a diamond-
shaped box. This version of the n-back involved a spatial
component such that instructions displayed above the di-
amond informed the subjects to recall the stimulus seen
“N”* previously (working memory load was varied from
0-back to 1-back to 2-back in the first study and from 0-
back to 2-back in the second study and corresponded to
delays of 0, 1.8, and 3.6 s for 0-, 1-, and 2-back stimuli,
respectively). N-back task performance was similar
across groups, although age was not. In both studies, sib-
lings had significantly greater activity in the right dorsal
PFC (BAs 9/10 and 46), bilateral ventral PFC (BAs 44/45
and 47), left parietal lobule (BA 40), and thalamus. Both
studies also found relatively reduced activity in left dorsal
PFC (BAs 10 and 8), precuneus (BA 7), lateral temporal
cortices, thalamus, and cerebellum. Analysis of covarian-
ces used to examine effects of age, gender, and education
on brain activity revealed no effects on between-group
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sample of controls (Cohen d = 1.28 > 1.00) than the total
control group that included adolescents in which a par-
ent had an episode of depression, illustrating the trade-
offs inherent in control group selection. In addition, al-
though the ES for activation in the right parietal cortex
(BA 7) was equally large (d = 1.08), the effect was not
significant (P = .20). No other brain areas were signif-
icantly different between groups. This study therefore
constituted an unambiguous replication of the increased
right dorsal PFC (BA 46) activity reported by Callicott
and colleagues in a sample of younger relatives still at
risk for developing psychosis.

These findings were extended using another frequently
used working memory task, the Sternberg item recogni-
tion paradigm’® to examine 8 persons with schizophrenia,
10 nonpsychotic cotwins (4 monozygotic, 6 dizygotic),
and 13 healthy control twins who were demographically
similar.>* In this task, a target set of 3, 5, 7, or 9 yellow
letters was displayed for 2 s, followed by a 3-s period of
fixation. A green letter then appeared for 3 s, followed by
a 1-s period of fixation before the next trial. Subjects in-
dicated whether the green letter matched any of the yel-
low letters in the target set. There were no group
performance differences as a function of working mem-
ory load, but when data were collapsed across load, con-
trols performed better than patients’ nonpsychotic
cotwins, who performed better than patients. While
the authors reported no group differences in activity in
anatomically defined dorsal PFC, parietal, and occipital
cortices, they did find that the patients and their nonpsy-
chotic cotwins exhibited different performance-activity
correlations than controls; for patients and their twins,
more activity was associated with worse performance,
whereas the opposite was true of controls. In the contrast
of patients’ twins to controls, this difference in correla-
tions reached significance in the left posterior parietal
cortex, with dorsal PFC and right parietal cortex showing
strong trends in this direction as well. While these find-
ings do not constitute a direct replication of previous
findings of hyperactivity, they are generally consistent
with the theory that compensatory neural processes are
associated with the genetic liability to schizophrenia.
Moreover, with a modest sample of 10 unaffected twins,
it is possible that meaningful findings are limited by in-
adequate statistical power.

Working Memory Summary. Of the 5 available studies
to date, 4 contrasts showed increases in the right dorsal
PFC region of interest, generally BA 46, in the relatives of
schizophrenia patients, whereas 1 contrast was not signif-
icantly different and yet another contrast showed the op-
posite trend. Of the 8 regions of interest highlighted on
table 2, the increase in right dorsal PFC showed the
most consistent trend (67%), with increases in bilateral
ventral PFC (67%) and decreases in bilateral cerebellum
(60%) also prominent. If abnormality is defined as either
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an increase or decrease and irrespective of laterality, dor-
sal PFC, ventral PFC, parietal and lateral temporal cor-
tices, and cerebellum all showed abnormalities in over
67% of reported contrasts. At a qualitative level, it
appeared that the verbal tasks yielded the most consistent
pattern of hyperactivity in right dorsal PFC, and the non-
verbal or spatial tasks generally led to decreased activity.
Interestingly, only one of the studies found significant
performance impairments in relatives compared with
controls,>* though there were clearly trends in this direc-
tion in other studies, eg,52 because all these studies
involved block designs, they were rarely able to examine
the component processes involved in executing a working
memory task.

Long-Term Memory Studies

Episodic Memory. Episodic memory is the ability to
learn and retrieve new information and has been dissoci-
ated both theoretically and empirically from other mem-
ory systems (eg, declarative, procedural, working
memory) in terms of both behavior and neural sub-
strates.””®® A large number of studies have suggested
that individuals with schizophrenia demonstrate deficits
in episodic memory,°! including processes such as rela-
tional binding® ° and the use of elaborative encoding
strategies that impair the use of recollection at re-
trieval.®> "% A large body of research also suggests the
presence of behavioral deficits in episodic memory
among patients’ relatives,'®’*7" and there is some evi-
dence that these deficits are stable over time.** The results
of functional imaging studies of episodic memory in the
nonpsychotic relatives of schizophrenia patients are sum-
marized in table 3.

The first report of episodic memory impairments in
patient’s relatives, from researchers at the Edinburgh
High-Risk Study, used an incidental encoding para-
digm.”® In this task, participants made abstract-concrete
judgments about English words (so-called “deep” encod-
ing) that was compared with old-new judgments (“‘shal-
low” encoding). The advantage of this kind of incidental
learning paradigm is that it reduces any confound from
self-generated strategies. There were no performance dif-
ferences across groups in either task. Patients’ relatives
tended to show increased activity compared with controls
in right, but not left, dorsal, and ventral PFC (BA 9/45),
whereas they showed significantly greater activity in the
cerebellum during retrieval. When this effect was exam-
ined for the relatives with and without “isolated” psy-
chotic symptoms (ie, they had ‘“‘subthreshold” or
“prodromal” symptoms but did not meet criteria for
any disorder), the controls only differed significantly in
right BA 45 and only in contrast to relatives with occa-
sional psychotic symptoms. The authors suggest that the
enhanced right ventral PFC activation in relatives may
represent compensatory right-sided activity to offset
possible deficits in the typically left-sided activations
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Miller-Selfridge verbal memory task administered out-
side the scanner. Compared with controls, the relatives
showed greater repetition suppression in bilateral ante-
rior parahippocampus. This effect in part reflected the
fact that controls actually showed enhanced activity
with repetition in these regions. This group difference
was eliminated when individual differences in Miller-Self-
ridge performance was entered as a covariate. In addi-
tion, when low-performing relatives were compared
with high-performing relatives and controls, they showed
less repetition suppression in left inferior frontal gyrus
and left occipital gyrus. However, because the controls
were not grouped into high and low performing, it is
not clear whether these performance relationships were
unique to at-risk populations or a more general effect.
One drawback to this study was the use of a silent sen-
tence generation task that did not allow for explicit as-
sessment of encoding integrity. Thus, it is not clear to
what extent the pattern of results reflects changes in
the ability of relatives (either as a group or the low-
performing ones) to generate effective sentences or to
utilize the same or different sentences upon repeated
stimulus presentation.

Procedural Memory Studies. In addition to the large lit-
eratures on working memory and episodic memory, there
are a growing number of studies of procedural memory in
schizophrenia. Procedural memory is the ability to ac-
quire a motor or cognitive skill without explicit aware-
ness. Studies of procedural memory in schizophrenia
have been mixed, with some studies findings impair-
ments’® and other not,”””® though these differences
may reflect the type of medications being taken by
patients (as typical antipsychotics may impair procedural
learning)”® ! and stage of illness.®? Functional imaging
studies of procedural learning in schizophrenia have pro-
vided somewhat more consistent results, with evidence
for reduced striatal activity in patients taking both typical
and atypical antipsychotics.”®’®# Only one imaging
study of procedural learning has been conducted in rel-
atives of individuals with schizophrenia, and it is also in-
cluded in table 3. Woodward” studied 12 siblings of
individuals with schizophrenia and 15 controls using
the same Serial Reaction Time task examined in individ-
uals with schizophrenia.”® In this task, participants learn
a pattern of movements outside of awareness. Behavior-
ally, the siblings of individuals with schizophrenia
showed clear evidence of implicit learning and did not dif-
fer from controls on behavioral performance of the task.
However, in the imaging data, the siblings demonstrated
reduced activity in several regions of dorsal PFC (BAs
9 and 10) as well as several basal ganglia regions in the
comparison of sequenced to random strings of stimuli.
Such results suggest that some vulnerability in the sys-
tems supporting procedural learning may be present in
individuals at genetic risk for schizophrenia, even though
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such deficits are not severe enough to lead to clear behav-
ioral abnormalities.

Long-term Memory Summary. There have been rela-
tively few studies of episodic memory in high-risk partic-
ipants, so it is premature to draw strong conclusions.
Two contrasts show increases in relatives in the right ven-
tral PFC, and 1 contrast was not significantly different.
For left ventral PFC, 1 contrast showed increases in rel-
atives, whereas 3 showed no differences. As noted above,
this pattern may reflect a more general effect or reduced
language-related lateralization in individuals with schizo-
phrenia and those at risk for this illness. Given the role of
hippocampus in episodic memory and findings of hippo-
campal volume reduction in both patients and relatives,**
it was expected that the fMRI studies of episodic memory
in relatives would reveal functional deficits in this region.
However, none of the studies reported group differences
in hippocampal activity (including a direct region of in-
terest analysis’*). Instead, there was preliminary evidence
for increased parahippocampal gyrus activity in relatives,
which may be suggestive of worse recognition perfor-
mance. Although in-scanner performance was not differ-
ent between controls and relatives, 2 studies found
evidence for reduced recall on tasks outside of the scan-
ner. Such results suggest that familiarity-based recogni-
tion mechanisms may be intact among high-risk
individuals, but that explicit recollection mechanisms
may be more impaired.

Language Processing Studies

Another domain of cognition in which individuals with
schizophrenia have been shown to have deficits is lan-
guage processing. There are a number of studies that sug-
gest impairments in the ability to generate or initiate
verbal productions. In the clinical domain, this is mani-
fest as poverty of speech.® In the experimental domain,
this has been assessed using a variety of paradigms, in-
cluding categorical and phonological fluency and sen-
tence completion.®**” Although we are describing this
domain as language processing, such deficits in verbal
production could clearly reflect a more general deficit
in cognitive control or working memory.*® However,
there is also a body of research, suggesting some altera-
tions among individuals with schizophrenia in processes
that may be more “language specific,” such as reduced
hemispheric laterality during a variety of lexical and pho-
nological processing paradigms.®*~** The results of func-
tional imaging studies of language processing in the
nonpsychotic relatives of schizophrenia patients are sum-
marized in table 4.

The first study to examine language processing in indi-
viduals at risk for schizophrenia examined obligate car-
riers, who were individuals with both offspring and
relatives in preceding or contemporaneous generations
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Table 4. Functional Neuroimaging Family Studies of Language Processing

—_
—_
W
[\

Other Brain

Perf. ACC DPFC VPFC Parietal Temporal BG Thalamus Cerebellum Activity

Brain Activity

No. of No. of  Relatives’

Design Relatives Controls age

Primary
Task

First Author,

Year

| Correlation

10u 10 55.4% ?

Block

Phonological
fluency

(2000)”°
Sommer et al Verb

Spence et al

DPFC-occipital

TR TR (0]

L
TR
L

TR

6]

12 42.0%

12t

Block

=L
TRL,
lRil
IR

L
TR,
L

generation

Lexical

(2004)%°
Liet al

o

15 21.7* ?

15s

Block

decision
Hayling

(2007)°°
Whalley et al

IRL 31

L

IRL

9]

=RL® |R1L

IR

IRL

26.1%

21

69u

Block

(2004)°7
Summary

1L

IR,1L

2R 2R,IL  2R,IL
IR 2R
2L

1L

IR,IL 1R

«— —> ||

IR,3L 2L

1RL in superior temporal gyrus (Brodmann area [BA] 22) and | R in middle temporal gyrus (BA 21).

From figure 1a and 1b.

Note: Abbreviations are explained in the footnotes to table 1. Asterisk indicates where the mean age of relatives was not meaningfully different from controls (P > .10).

a
b

with schizophrenia, as well as individuals already ill with
schizophrenia.”® Brain activation during a phonological
fluency task was compared with a control repetition task
using PET. Spence and colleagues found that all 3 groups
exhibited the expected activation in dorsal PFC and de-
activation in superior temporal gyrus. There were no sig-
nificant differences between obligate carriers and
controls in activity, though they did find a reduction
in the correlation between activity in left dorsal PFC
and precuneus in the obligate carriers.

In subsequent work, Sommer and colleagues examined
language lateralization in the discordant monozygotic
twins of individuals with schizophrenia.®® As noted
above, a consistent body of work suggests that individu-
als with schizophrenia show reduced language-related
lateralization, primarily reflecting increased right-sided
activations in response to language demands.* ** Som-
mer and colleagues found the same pattern in patients’
unaffected twins who were instructed to subvocalize
a verb for each noun that appeared on the screen. In ad-
dition, they were to respond with a button press if the
noun was an animal, which groups perform equally
well. Unaffected twins showed reduced laterality indices
across a range of brain regions associated with language
function, including left inferior frontal cortex, superior
temporal gyrus, and the supramarginal gyrus. Like their
cotwins with schizophrenia, the high-risk individuals did
not differ from controls in left-sided activation but
showed increased right-sided activation.

Li and colleagues’® also examined language-related ac-
tivation in controls, probands with schizophrenia, and
their siblings. This study compared activation during
a lexical decision task that included both words and pseu-
dowords to activation during a nonlinguistic control
task. The controls, but not the patients or their siblings,
showed greater activation in left inferior frontal cortex
(BA 44) in the lexical decision compared with control
tasks. The patients and siblings showed activation in
BAs 44 and 45 for both tasks. In a comparison of the
combination of the 2 tasks to rest, Li and colleagues
found that compared with controls, both patients with
schizophrenia and their siblings showed greater activa-
tion in right inferior frontal gyrus (BA 44), right inferior
parietal lobe (BA 40), and superior temporal gyrus (BA
22). In addition, both patients and their siblings showed
reduced activation in fusiform gyrus, though the lateral-
ity and extent differed across groups. These greater right-
sided activations could reflect reduced language-related
lateralization in individuals with schizophrenia and their
high-risk siblings, similar to the results of Sommer and
colleagues. However, given that lateralization was not ex-
plicitly examined in Li and colleagues, it is difficult to
determine the exact patterns of activation giving rise to
these results. In addition, no behavioral data was col-
lected during scanning, making it difficult to determine
whether or not these increases in activation might reflect



compensatory activity. However, the authors did report
that all participants performed well outside the scanner.

The Edinburgh High-Risk study used a version of the
Hayling Sentence Completion task to study verbal pro-
duction in relatives.”’ In the Hayling, participants are
presented with sentences missing their final word that
vary in the degree to which this final word is constrained
or predicted by the sentence context (low, medium low,
medium high, high constraint). All the relatives had at
least 2 first- or second-degree relatives with schizophre-
nia, and some were moderately symptomatic. Relatives
did not differ from controls in reaction times to indicate
when they covertly completed each sentence. In a para-
metric analyses that examined the effects of decreasing
constraint (increasing difficulty), controls showed greater
increases with difficulty than all relatives in right middle
frontal gyrus (BA 10/32), left cerebellum, and bilateral
thalamus. Further, compared with asymptomatic rela-
tives alone, controls showed greater activity as a function
of difficulty in right medial frontal gyrus (BA 10/32), bi-
lateral posterior cingulate (BA 31), left cerebellum, right
middle temporal gyrus, and right inferior parietal lobe.
There were no regions that differed between symptomatic
and asymptomatic as a function of difficulty relatives;
however, when comparing all sentence completion condi-
tions to rest, symptomatic relatives showed greater left
parietal lobe activation than asymptomatic relatives or
controls. A major strength of the study was the ability
to examine differences that may be more or less associ-
ated with trait-like aspects of vulnerability vs more
state-like aspects associated with the emergence of psy-
chotic symptoms. A second strength of this study was
the inclusion of individuals with at least 2 relatives
with schizophrenia, potentially generating a sample
more ‘“‘enriched” in terms of genetic vulnerability to
schizophrenia. However, there remain interpretive chal-
lenges. First, although the study required button presses
on which groups performed equally, this did not actually
measure the word generation, which was covert. It was
somewhat comforting that word appropriateness scores
were then derived outside the scanner. Second, the exact
pattern of changes in brain activity in the relatives in the
parametric contrast is unclear. The reduced estimates in
high-risk participants reflect reduced increases in activa-
tion as a function of task difficulty. However, this pattern
could occur in at least 2 different ways. First, it could be
that controls and high-risk individuals do not differ in the
high constraint condition (low difficulty), but high-risk
participants fail to increase activation as a function of dif-
ficulty, leading them to show reduced activation at high
difficulty levels. This pattern would be consistent with
studies in patients with schizophrenia showing reduced
activity during difficulty or high load conditions. In con-
trast, it could be that high-risk participants showed in-
creased activation at low-difficulty levels and then do
not further increase activation at high levels (potentially
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not differing from controls at higher levels). Such a pat-
tern would be consistent with studies, suggesting en-
hanced activation in individuals with schizophrenia at
low memory loads or low task difficulty (shifted response
curve). These different patterns could have very different
interpretative implications for understanding the nature
of altered difficulty- related brain activation in individu-
als at risk for schizophrenia and thus clarifying the pre-
cise pattern of deficits is critical.

Language Processing Summary. The tasks and para-
digms used to study language processing in relatives
across studies have been very different, making it difficult
to directly compare results. However, the edges of a pat-
tern have begun to emerge: right ventral PFC and parietal
and lateral temporal cortices were frequently abnormal in
relatives. Increased activity was observed in relatives
in right ventral PFC in 2 contrasts and equal activity
in 1, whereas left PFC showed no differences in 3 con-
trasts. Similarly, in right parietal cortex, relatives showed
increased activity in 2 contrasts and reduced activity in
one other. In right temporal cortex, 2 contrasts showed
increased and 2 showed decreased activity in relatives.
These patterns could be seen as consistent with reduced
language-related lateralization in high-risk participants,
similar to results reported in patients with schizophre-
nia.®**® Like already ill individuals, this reduced lateral-
ization seemed to reflect increased right-sided activations
but fewer changes in left sided activations. It was not
clear whether these increased activations indicate com-
pensation, although the fact that most studies find no
behavioral differences between high-risk participants
and controls hints at such a possibility. Unfortunately,
the studies tended to use paradigms that did not include
ameasurable behavioral response or did not report the re-
sults of the activation tasks, making it difficult to evalu-
ate the influence of behavior on the results across studies.

Interpretation and Conclusions

State of the Literature

At 20 studies across 4 cognitive domains, the current da-
tabase of neuroimaging studies of schizophrenia patients’
nonpsychotic relatives is small by the standards of the lit-
erature in patients, but it is growing quickly. Most of the
studies reviewed were either in press or published within
the past 2 years. This literature is broadly consistent with
findings using other methods, such as neuropsychology
and cognitive psychology, electrophysiology, and struc-
tural imaging, in indicating that brain and cognitive
functioning is altered in persons at genetic risk for
schizophrenia. This suggests that a significant portion
of the variance in abnormal brain functioning in schizo-
phrenia patients is independent of the psychotic disorder
per se.” These studies have evaluated functioning in
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a number of regions but have rarely used the same task.
Nonetheless, 80% of the studies reviewed were sensitive
to dorsal PFC and parietal functioning, and 70% were
sensitive to ventral PFC functioning. Activity was also
observed across multiple studies in lateral temporal cor-
tex (60% of studies), thalamus (60%), anterior cingulate
(55%), cerebellum (50%), and basal ganglia (40%). As
summarized in tables 1-4, evidence for altered function-
ing was found across all these regions. Occipital and pre-
central cortices were also commonly observed to be
activated in these studies (45% of studies for each), but
differences between groups in these regions were less
common (about 33% of contrasts for each). Given the im-
portance of understanding etiology of schizophrenia,
how should we describe what we see through these
windows into the brain functioning of individuals with
unexpressed genetic liability?

To answer this question, we will consider the current
evidence for group differences from 2 perspectives.
One focuses on the consistency of the directionality of
the findings across regions, whereas the second focuses
more generally on the regions in which abnormalities
are found. As for the consistency of findings, there
were generally more increases in activation in relatives
than decreases. Exceptions to this trend were found in
the basal ganglia and cerebellum. In right ventral PFC,
the region which most often showed increased activity
in relatives, 8 (67%) contrasts showed this pattern, 4 con-
trasts (33%) showed no difference between relatives and
controls, and none showed reduced activity (sign test P =
.008). In right parietal cortex, the next most consistently
altered region, 7 (54%) contrasts showed increased activ-
ity, 4 (31%) showed equal activation, and 2 (15%) showed
decreased activity (sign test P =.18). In the frequently ob-
served right dorsal PFC, 8 (50%) contrasts showed in-
creased activity in relatives, 3 (19%) showed no
differences, and 5 (31%) showed decreases. The other
regions trailed further behind when taking into account
hemisphere and directional consistency. From this per-
spective, 14 of the 16 regions we tracked by hemisphere
did not appear to have a consistent, directional relation-
ship with the genetic liability to schizophrenia. To the ex-
tent that there was a reliable signal associated at all, it was
most evident as an increase in brain activity in a very few
regions of the right hemisphere, a finding that is relatively
uncommon in the schizophrenia literature itself. Indeed,
though patients are often found to have reduced activity,
rather than increased activity, in such PFC regions, and
there is little evidence that this is expressed more in the
right hemisphere than in the left, except for in studies
of language function.*®%%%°

The second perspective is more inclusive. If “abnor-
mality” is defined as any difference between relatives
and controls irrespective of the direction of that differ-
ence, the study of relatives has unveiled several regions
in which functional abnormalities may be associated
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with genetic liability to schizophrenia. Five regions, col-
lapsed across hemisphere, show such abnormalities in
about two-thirds of within-region contrasts: cerebellum
(13 of 18 contrasts, 72%), dorsal PFC (20 of 28 contrasts,
71%), lateral temporal (14 of 21 contrasts, 67%) and pa-
rietal cortices (19 of 29 contrasts, 66%), and thalamus
(13 of 20 contrasts, 65%). These regions have also been
found to have abnormally (generally reduced) activity
in schizophrenia patients with moderate ESs.***® A sec-
ond tier of regions showed group differences in about half
of studies: basal ganglia (7 of 13 contrasts, 54%) and
ventral PFC (13 of 26 contrasts, 50%). The anterior cin-
gulate, on the other hand, showed altered activity in only
8 of 21 (38%) contrasts. Although these contrasts are not
all independent (in some cases derived from the same
analyses), they are consistent with the idea that the un-
expressed genetic liability to schizophrenia involves
a widespread disruption in regional activity or in corti-
co-cortico, cortico-thalamic, and cortico-cerebellar con-
nectivity. In contrast to results addressed from the
perspective of consistency of findings, the prominent ven-
tral PFC alterations from this more inclusive perspective
appears reduced because activity in the /eft (rather than
right) ventral PFC does not generally differ across groups
(equal activation in 9 of 15 studies, 60%). However, it
is important to note that the percentages reported
above are based on just a few studies, with the method
of analysis and data reporting varying greatly across
studies. It is possible that had results been reported dif-
ferently or statistical thresholds been determined in dif-
ferent manner in even a few studies, the rank ordering
of regions in terms of consistency of impairment might
shift considerably.

Given these 2 perspectives, which interpretation of
findings to date is more valid? Proponents of the direc-
tionally consistent perspective can argue that ignoring
direction of group differences is scientifically repugnant.
First, it assumes that the impact of liability genes must be
observed in brain activity, such that any group difference
is interpretable as a real finding, rather than noise. Fun-
nel plots or other meta-analytic tools that count only the
absolute value of a finding would be biased toward find-
ing differences where no true differences exist. Further,
one may well contend that directionality is an important
source of hypotheses: hyperactivity may indicate ineffi-
ciency or a cognitive reserve that is protective for rela-
tives, while hypoactivity may indicate altered strategies
or specific types of impairments that preclude adequate
function of a region. These different hypotheses may re-
flect very different pathophysiological mechanisms and
thus may have important implications for our future un-
derstanding the nature of the underlying system and
genetic expression.

While an emphasis on consistency in direction would
seem to be the principled high ground, it also misses sev-
eral key considerations about the nature of the complex



analyses being performed. General linear models are fully
capable of leading to different observations in the same
populations. For example, Dellawalla and colleagues®!
reported increased dorsal PFC as main effect of group,
where decreased dorsal PFC was observed in interaction
with delay. Is this hyper- or hypoactivity? That depends
on whether you are interested in the main effect of group
or its interaction with delay, which researchers outside
this subfield are unlikely to find an especially generative
question. The same observation can occur when consid-
ering the effect of covariates. Thermenos and colleagues®
report that including covariates reversed the direction of
effects in dorsal PFC and hippocampus, turning hyper-
activity to hypoactivity. How should this be understood?
Hemisphericity and regional heterogeneity are also com-
mon occurrences in this literature, such that increases are
observed in one hemisphere or in one area, whereas a sim-
ilar region on the opposite hemisphere or a near-by
region in the same hemisphere shows the opposite pat-
tern. Finally, increases or decreases can occur across dif-
ferent tasks and contrasts within the same sample.'%*!°!
For example, MacDonald and colleagues®* found de-
creased activity in right dorsal PFC when preparing to
overcome a prepotent manual response, whereas Becker
and colleagues®® found increases in this region in the
same participants when overcoming a prepotent Stroop
response. A proponent of the inclusive perspective would
argue that the direction of altered activity may interact in
important ways with memory load or other task demands
and that strict attention to the direction of abnormality is
premature and could preclude an understanding of the
central gist of this literature.

How might this impasse be resolved? Well, one might
simply conclude that, after a decade of investment into
this research, the lack of a definitive signal at this point
is evidence that liability genes do not have any consistent
impact on brain functioning. This interpretation suggests
that the endeavor of imaging genetic liability is of limited
utility. However, it is hard for us to conceive that the con-
sistent patterns of performance deficits known to exist in
this population”'® would occur were there not impair-
ments in brain functioning. Despite relative homogeneity
of samples, there are many heterogeneous subject char-
acteristics that could be influencing outcome. We address
this issue in the context of issues specific to functional
imaging studies per se. A more promising way to move
forward may be to conclude that the nature of genetic
expression is complicated by the capacity to overcome
deficits when sufficiently motivated and that the methods
used in this field to date are as yet insufficient to capture
this subtlety. As a field, we have not yet overcome the
challenges of experimental design, analysis, and reporting
that will allow us to detect the signature of genetic liabil-
ity consistently across studies. This suggests a need to
change the way in which studies of unexpressed genetic
liability are analyzed and presented in future work.

Imaging Genetic Liability

Implications for Methodological, Analytical, and
Reporting Practices

The inherent complexity of functional neuroimaging
increases the risk that such studies will fail to mesh
into a cumulative science. Differences in tasks, in differ-
ent cognitive demands within a trial, in event-related vs
block-designed task presentation, in device field strength,
analytical software, and even data preprocessing decrease
the likelihood of replicating findings across laboratories.
Indeed, investigators themselves have rarely attempted to
replicate their findings with an identical methodology.
Thus, despite many uncontrolled sources of variance,
we believe much can be done to strengthen the literature
in this field. We offer the following methodological
refinements for consideration not from a position of ad-
vantage or abstraction. Instead, the recommendations
summarized on table 5 are a response to concerns that
have evolved organically while struggling separately
and together to make sense of our own data and that
of others. To this end, 3 methodological and analytic
adjustments suggest themselves:

1. Apply symmetrical inclusion/exclusion criteria across
relatives and controls (other than family history of
psychosis): Ideally, any differences between relatives
and controls can be unambiguously attributed to
the unexpressed genetic liability to schizophrenia.
However, a number of studies have used asymmetrical
exclusion criteria and recruitment procedures, such
that the other systematic differences between the con-
trol group and the relatives of individuals with schizo-
phrenia may drive observed differences. Such
differences may include factors such as nonschizophre-
nia-spectrum axis I or axis Il diagnoses that are
allowed to be present in relatives, but not in controls,
“volunteerism,” or other characteristics that may dis-
tinguish groups.'®® In a meta-analysis of behavioral
data, the use of asymmetrical inclusion criteria magni-
fied the measured ESs by a statistically significant
30%.'¢ Seidman and colleagues®® demonstrated the
impact on ES of making the groups asymmetrical
by secondarily excluding controls with a family history
of depression. This manipulation had a modest impact
on ES (0.28), but this could be large enough to change
a finding’s significance. As such, it is possible that
some of the variability in results across studies reflect
variability in the inclusion/exclusion criteria utilized.

2. Use tasks that allow behavioral responses to be
recorded during scanning: Some of the variability in
results across studies may also reflect differences in
the difficulty of the tasks utilized or the performance
levels of the relatives as compared with the controls.
While there continues to be a debate in the field about
the benefits and risks of matching performance for
a scanned task, most agree that measuring perfor-
mance improves the interpretability of imaging results.
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Table 5. Summary of Design, Analysis, and Reporting Recommendations for Imaging Studies of Nonpsychotic Relatives

Design and analysis recommendations

1 Apply symmetrical inclusion/exclusion criteria across relatives and controls (other than family history of psychosis)
2 Use tasks that allow behavioral responses to be recorded during scanning
3 Evaluate regions of interest as well as voxelwise exploratory analyses

Reporting recommendations

1 Explicitly present relevant statistical criteria, such as voxel or region-wide thresholds, cluster size, etc.
2 Report regions activated in the entire sample (or at least the control group alone) to identify the network activated by the task

3 Report ESs for behavioral and imaging data
4 Quantify the risk of false-negative results

Future enhancements

1 Explore the heterogeneity among relatives
2 Evaluate the relatives of psychiatric control groups

3 Validate brain activity as an endophenotype, including estimating stability, heritability, and cosegregation

Either way, the next generation of neurogenetic studies
will likely benefit from collecting and reporting behav-
ioral data during scan acquisition.

. Evaluate regions of interest as well as voxel-wise ex-
ploratory analyses: Adjustments in the manner in
which analyses are conducted may also help to reduce
variability across studies. Currently, most researchers
start by conducting voxel-by-voxel analyses to dis-
cover group differences. While this is a perfectly rea-
sonable approach, it does mean that comparisons
across studies are limited to regions that show signif-
icance in each study at what are often fairly stringent
“whole-brain correction” levels. This provides no in-
formation about regions that might show similar
effects across studies, with the significance level just
slightly below threshold in one or more of the studies.
One approach that may be fruitful in future work is to
conduct region of interest—based as well as voxel-based
analyses. A region of interest-based approach is often
more powerful and would provide a clearer under-
standing of similarities and differences across studies
in the same regions of interest. This approach high-
lights the potential confound of brain structure differ-
ences spuriously suggesting activation differences.
While a multimodal imaging approach that thoroughly
examines the relationship between brain structure and
functional activations has yet to be implemented, the
evidence that does exist suggests that morphological
differences between groups do not account for group
differences in activity statistics.'”> Reporting the rele-
vant means and standard deviations for data from
such regions of interest (as well as any other regions
of interest identified) will also provide information
about ESs, regardless of whether the effect was signif-
icant. In addition, one might also explore whether these
are regions with baseline differences in the BOLD re-
sponse, eg, by obtaining perfusion images or examining
default network activity.

As helpful as the above strategies may be, perhaps, the
most important developments we can urge are changes in
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reporting practices that can help establish a cumulative
science of neurogenetics of schizophrenia. Table 5 sum-
marizes 4 approaches related to reporting practices that
have the potential to increase our ability to compare
results across studies and facilitate meta-analytic
research:

4. Explicitly present relevant statistics: This seems obvi-
ous, but the details necessary to reconstruct an analysis
strategy or compare analysis strategies across studies
are too often missing from reports. The values used to
threshold statistical maps should be reported, with
a description of whether or not the threshold was cor-
rected for multiple comparisons. Other statistics, in-
cluding ¢, F, or Z values and P values should be
reported, with clear description of how the P values
were corrected for multiple comparisons.

5. Report the whole active network: In order to provide
a context of regions activated by the task before be-
tween-group differences are interpreted, significant
activations elicited by the target task should be
reported for the control sample only, the relative sam-
ple only, or for the combined sample of controls and
relatives (supergroup). While this practice can contex-
tualize where group differences had the potential to be
detected, one can bear in mind that this is generally
a repeated-measures contrast. In most studies, this
means there will be better power to detect the network
activated by a task than to detect any group differences
within that network (see approach #7, below). There is
also growing recognition of the importance of deacti-
vations associated with task performance. Reporting
the deactivated network and group differences in
this network may also provide valuable insights into
the signature of the unexpressed genetic liability to
schizophrenia.

6. Include ESs: Whereas thresholds and P values provide
important information about the manner in which
type 1 error rates were controlled, ES metrics provide
additional information about the size of the differen-
ces that are detected regardless of sample size. For



example, 2 regions may both show significant differ-
ences between groups but have greater or smaller differ-
ences between groups. This is a useful addition to the
increasingly common practice of reporting Z values
or their equivalent as it facilitates a comparison across
studies. ESs are also very useful for evaluating behav-
ioral similarities and differences across groups.

7. Quantify the risk of false-negative results: When
reflecting on the variability in results across studies,
it is useful to bear in mind the risk of false-negative
findings. Studies of patients’ nonpsychotic relatives
are likely to show smaller effects on brain functioning
than similar studies in schizophrenia patients. Meta-
analyses of behavioral studies suggest that patients
perform on average about 0.92 standard deviations
worse than controls across many cognitive tasks,'®*
while the average ES in healthy relatives on the
same metric with aéapropriate control groups was ap-
proximately 0.35.'® By way of illustration, a patient
study with these effects would require a sample size
of 16 per group, whereas a study of relatives would re-
quire a sample size of 102 per group for power of .80 at
alpha = .05. In this case, a 2.5-fold reduction in the pre-
dicted ES resulted in a 6-fold increase in the required
sample size. The impact of the smaller effects in rela-
tives suggests that proportionally larger samples will
be required to obtain the same power as patient studies
to detect group differences. Quantifying the ESs that
must be present to detect differences in brain activity
after making brain-wise or small-volume statistical
corrections can help contextualize a negative finding
and provide useful information for planning subse-
quent studies.

Many of these concerns are in no way unique to this
domain of inquiry. Concern about reporting standards
and the comparability of findings across studies have
grown in recent years, leading to a movement for in-
creased rigor in reporting standards.'® However, in
the process of preparing any such publication, a wealth
of location-related and time frequency-related data is
lost, as is most information about subthreshold activity.
Raw data archives and support for neuroinformatics are
likely to be needed to systematically recover these valu-
able data.'%

While these kinds of clarifications can improve our ca-
pacity to discern patterns of function and dysfunction as-
sociated with the genetic liability to schizophrenia, future
studies can make important new contributions by evalu-
ating several additional aspects of the data. In particular,
the following 3 directions could provide useful insights:

8. Explore the heterogeneity among relatives: In most
studies included in this review, relatives have been
treated as a homogeneous group. This is an assump-
tion of convenience known to be false. One aspect of

Imaging Genetic Liability

this heterogeneity is age. Relatives who have passed
through the age of peak risk for schizophrenia
(>age 30) allow the evaluation of components of
the syndrome that are independent of psychosis.
The study of younger relatives (<age 30) provides
an opportunity to identify the neurobiological differ-
ences present prior to typical onset of schizophrenia in
a subset of relatives. Younger relatives are likely to
comprise a mixture of future cases and noncases,
and therefore, the ESs here may be larger than in older
samples where further onset of illness is unlikely. Stud-
ies of young family members can even contribute to
prediction of illness.'”” A second source of heteroge-
neity among relatives is genetic load. Just as schizo-
phrenia patients themselves vary as to the extent of
their genetic load, so too do relatives. One way to
do this is to examine the presence or absence of specific
genetic markers. In this case, relatives with 2 copies or
a single copy of a risk allele can demonstrate the im-
pact of that allele within a “higher risk™ genetic back-
ground. This may allow gene-by-gene interactions or
other epigenetic effects associated with the risk allele
to be highlighted, which may be overlooked in a study
of the marker in the general population. Even in the
absence of a specific genetic marker, genetic load
can be measured in several ways. The most common
manner of doing this is to estimate the number of
schizophrenia patients in the relative’s family; how-
ever, the age of onset of the patient probands has
also been suggested as a proxy for genetic loading. Ge-
netic “load” in relatives has been shown previously to
affect symptoms and interpersonal behavior,'®® cogni-
tion,'* and hippocampal volume.®*

. The third source of heterogeneity is the relatives’ rela-

tionship to the proband. Offspring, siblings, and
parents all carry essentially equal genetic risks (al-
though parents may be more biologically ““fit” because
they have produced offspring) but different biological
environmental risks (offspring and twins are more
likely to suffer perinatal complications) and psychoso-
cial risks (ie, growing up with ill parent vs recent onset
of a siblings illness); obligate carriers, ie, parents
through whom schizophrenia genes are assumed to
be transmitted, and monozygotic twins are again spe-
cial cases. The fourth and fifth sources of heterogene-
ity are derived from symptom presentations. The type
of schizophrenia in the proband—how severe the
case is or whether subjects are sampled from the
community, chronic care hospitals, etc.’*'* Similarly,
the symptoms in relatives provide suggestive data
about genetic liability. Even though they are not con-
sidered to be affected as a group, some studies have
found as many as 50% of relatives have diagnosable
nonpsychotic disorders. Thus, greater attention to
subgroups (schizotypal vs nonschizotypal relatives,
etc.) would also be beneficial.
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10. Evaluate the relatives of psychiatric control groups.
Studies that focus exclusively on one psychiatric dis-
order risk confounding disorder-specific vulnerabil-
ities with the general vulnerability to mental
illness. Thus, the logic of psychiatric control groups
in patient studies applies just as well to family studies.
There is also a unique strength that comes with using
the relatives of other psychiatric disorders as a control
group. This is the similarity of recruitment proce-
dures. The evaluation of other psychiatric patients’
relatives addresses a broad swathe of factors which
may distort ESs in other studies, such as volunteer
bias and the need felt among some relatives to em-
phasize the contrast between themselves and their
psychiatrically ill relative.

11. Validate brain activity as an endophenotype, includ-
ing estimating stability, heritability, and cosegre-
gation. According to guidelines for establishing
endophenotypes,” brain activity measures are only
in the preliminary stages of validation. That is, there
are measurable impairments in patients and in rela-
tives. There is evidence from studies reviewed else-
where” that many of these impairments have also
been observed in first-episode patients (which mini-
mizes medication and chronicity effects). However,
none of the studies reviewed included estimates of
stability over time or the heritability of these abnor-
malities. Only 2 tasks have been used in a replication
study.?=%¢ Thus, refining imaging phenotypes by
replication, test-retest, and heritability studies remain
important priorities. This work can also provide in-
sight by allowing the heritability estimates of behav-
ioral tasks to be compared with that of the underlying
brain functioning. Studies that test both control pro-
bands and control relatives are well positioned to
address heritability. The important relationship be-
tween heritability and power to detect genetic associ-
ation has been described elsewhere.''” Short of
scanning an entire pedigree, the cosegregation of
impairments can begin to be addressed in studies
that scan patient probands and more than one rela-
tive. Even studies in which only the patient probands
and a single relative are available contribute to un-
derstanding the nature of this endophenotype by
evaluating whether the patients with the most abnor-
mal brain functioning are also those with the most
abnormally functioning relatives. A better under-
standing of the heritability of these endophenotypes
and their cosegregation within families would go
a great distance toward understanding how the unex-
pressed genetic liability to schizophrenia is manifest
in the functioning brain.

The era of the human genome is bringing to bear many
new ways of studying the genetic causes of schizophrenia.
For example, a new hybrid analysis of functional imaging
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data has just been published which included schizophre-
nia patients, relatives, and controls and single-nucleotide
polymorphisms (SNPs) from 15 different genes associ-
ated with the genetic liability to schizophrenia.''' In
this analysis, both familial relationship to the proband
and risk allele status were taken into account to identify
differential function associated with allelic status. Multi-
ples genes have been evaluated in other studies (eg, Tan
et al''?), and the methodological challenges of such stud-
ies are increasingly well understood.''? Fifteen genes may
soon be seen as a relatively conservative number of genes
to examine in an imaging genomics study. Even so, the
signal in such analyses is likely to remain small relative
to the number of comparisons conducted. Because no
single study will be definitive, replication and the higher
reporting standards required for meta- and mega-
analyses are likely to become even more important in
the coming decades.

Conclusions

Family study methods remain our most powerful tool for
understanding the impact on brain and behavior of the
unexpressed genetic liability to schizophrenia. The
odds ratio of being diagnosed with schizophrenia of
our most potent susceptibility genes to date hovers just
fractions above 1. The odds ratio of a first-degree relative
being diagnosed with schizophrenia compared with
someone from the general population is about 10.
Thus, while there is general excitement about the pros-
pect of molecular neurogenetic studies,''” ie, linking ge-
netic polymorphisms to variation in brain function, such
studies will suffer even more stringent power limitations.
The difference in odds ratios between susceptibility genes
and the quantitative genetic liability to schizophrenia in
family members illustrates the importance of coming to
grips with the family study literature: this literature can
serve as a road map for understanding the impact of any
SNP or haplotype, and the difficulties encountered in the
studies reviewed here will resonate loudly in the domain
of molecular neurogenetics studies.

From a direction- and hemisphere-specific perspective,
increased activity in the right ventral PFC appeared as
the most consistent signal, with increased activity in right
parietal cortex also observed with some regularity. Other
regions were less likely to show consistent patterns of
increases or decreases within a given hemisphere. From
a more inclusive perspective, which counted either
increases or decreases from either hemisphere as abnor-
malities, the most consistently impaired regions were cer-
ebellum, dorsal prefrontal, lateral temporal and parietal
cortices, and thalamus. These regions showed abnormal-
ities in about two-thirds of the nonindependent contrasts
sensitive to group differences. This suggests a very broad
impact of liability genes, consistent with findings in the
illness itself. Of the regions we chose to track, only the



anterior cingulate cortex performed normally in the ma-
jority of contrasts. Abnormalities in the anterior cingu-
late often reported in schizophrenia may then be
illness-state markers rather than the result of genetic lia-
bility.

A better understanding of the impact of the genetic li-
ability to schizophrenia on brain functioning has impor-
tant implications for the causes of schizophrenia. It
provides a framework for thinking about how liability
to the disorder is manifest, which neurotransmitter sys-
tems might be involved, and what cognitive mechanisms
might be most fruitful to explore. This review struggled
with the heterogeneity within this literature to determine
whether a definitive story was emerging. The most defin-
itive result of this effort has been the identification of
a number of methodological, analytic, and reporting
standards that can benefit the coming generation of stud-
ies of the patients’ nonpsychotic relatives. This work is on
the cutting-edge of understanding schizophrenia, and
a more consistent approach to our data can better help
build a more cumulative, coherent perspective on the
pathophysiology of the genetic liability to schizophrenia.

Funding

National Alliance for Research in Schizophrenia and Af-
fective Disorders (to A.W.M. 111, D.M.B., and L.J.S.);
the University of Minnesota’s McKnight-Land Grant
Fellowship and National Institute of Mental Health
(grants MH 18269 and MH 79262 to A.W.M. III); Na-
tional Institute of Mental Health Conte Center (grant
MH 71616 to D.M.B.); the Commonwealth Research
Center of the Massachusetts Department of Mental
Health and National Institute of Mental Health (grants
MH 43518, MH 63951, and MH 65562); Center grant
(P50 MH080272 to HW.T. and L.J.S.).

References

1. Freedman R, Leonard S, Olincy A, et al. Evidence for the
multigenic inheritance of schizophrenia. A4m J Med Genet.
2001;105(8):794-800.

2. Tsuang MT, Stone WS, Faraone SV. Schizophrenia: a review
of genetic studies. Harv Rev Psychiatry. 1999;7(4):185-207.

3. Gottesman II, Gould TD. The endophenotype concept in
psychiatry: etymology and strategic intentions. Am J Psychi-
atry. 2003;160(4):636-645.

4. Tsuang MT, Faraone SV, Lyons MJ. Identification of the
phenotype in psychiatric genetics. Eur Arch Psychiatry Neu-
rol Sci. 1993;243:131-142.

5. Faraone SV, Tsuang MT, Tsuang D. Genetics of Mental Dis-
orders: A Guide for Students, Clinicians, and Researchers.
New York, NY: Guilford; 1999.

6. Braff DL, Freedman R. Endophenotypes in studies of the
genetics of schizophrenia. In: Davis KI, Charney DS, Coyle
JT, Nemeroff C, eds. Neuropsychopharmacology: The Fifth
Generation of Progress. Philadelphia, PA: Lippincott
Williams and Wilkins; 2002:703-716.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Imaging Genetic Liability

Gottesman 11, Shields J. Schizophrenia and Genetics: A Twin
Study Vantage Point. New York, NY: Academic Press; 1972:
703-716.
Tsuang MT. Genotypes, phenotypes, and the brain: a search
for connections in schizophrenia. Br J Psychiatry. 1993;163:
299-307.

Faraone SV, Green Al, Seidman LJ, Tsuang MT. “Schizo-
taxia”’: clinical implications and new directions for research.
Schizophr Bull. 2001;27(1):1-18.

Boos HB, Aleman A, Cahn W, Pol HH, Kahn RS. Brain
volumes in relatives of patients with schizophrenia:
a meta-analysis. Arch Gen Psychiatry. 2007;64(3):297-304.
Cirillo MA, Seidman LJ. Verbal declarative memory dys-
function in schizophrenia: from clinical assessment to
genetics and brain mechanisms. Neuropsychol Rev. 2003;
13(2):43-77.

Cornblatt BA, Keilp JG. Impaired attention, genetics, and
the pathophysiology of schizophrenia. Schizophr Bull.
1994;20:31-46.

Kremen WS, Seidman LJ, Pepple JR, Lyons MJ, Tsuang
MT, Faraone SV. Neuropsychological risk indicators for
schizophrenia: a review of family studies. Schizophr Bull.
1994;20:103-118.

Chen WIJ, Faraone SV. Sustained attention deficits as
markers of genetic susceptibility to schizophrenia. Am J
Med Genet. 2000;97(1):52-57.

Sitskoorn MM, Aleman A, Ebisch SJ, Appels MC, Kahn
RS. Cognitive deficits in relatives of patients with schizo-
phrenia: a meta-analysis. Schizophr Res. 2004;71(1):285-295.
Snitz BE, MacDonald AW, III, Carter CS. Cognitive deficits
in unaffected first-degree relatives of schizophrenia patients:
a meta-analytic review of putative endophenotypes. Schiz-
ophr Bull. 2006;32(1):179-194.

Trandafir A, Méary A, Schiirhoff F, Leboyer M, Szoke A.
Memory tests in first-degree adult relatives of schizophrenic
patients: a meta-analysis. Schizophr Res. 2006;81(2-3):217-226.

Gur RC, Gur RE. Hypofrontality in schizophrenia: RIP.
Lancet. 1995;345:1338-1340.

Roick C, Fritz-Wieacker A, Matschinger H, et al. Health
habits of patients with schizophrenia. Soc Psychiatry Psy-
chiatr Epidemiol. 2007;42(4):268-276.

de Leon J, Diaz FJ. A meta-analysis of worldwide studies
demonstrates an association between schizophrenia and to-
bacco smoking behaviors. Schizophr Res. 2005;76(2-3):
135-157.

Thiel CM, Fink GR. Visual and auditory alertness: modal-
ity-specific and supramodal neural mechanisms and their
modulation by nicotine. J Neurophysiol. 2007;97(4):
2758-2768.

Lyons MJ, Bar JL, Kremen WS, et al. Nicotine and familial
vulnerability to schizophrenia: a discordant twin study. J
Abnorm Psychol. 2002;111(4):687-693.

Habel U, Klein M, Shah NJ, et al. Genetic load on amyg-
dala hypofunction during sadness in nonaffected brothers
of schizophrenia patients. Am J Psychiatry. 2004;161:
1806-1813.

Bedwell JS, Miller LS, Brown JM, McDowell JE, Yanasak
NE. Functional magnetic resonance imaging examination
of the magnocellular visual pathway in nonpsychotic rela-
tives of persons with schizophrenia. Schizophr Res.
2004;71:509-510.

Schneider F, Habel U, Reske M, Toni I, Falkai P, Shah NJ.
Neural substrates of olfactory processing in schizophrenia

1159



AW

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

1160

. MacDonald et al.

patients and their healthy relatives.

2007;155:103-112.

Laird AR, Fox PM, Price BH, et al. ALE meta-analysis:
controlling the false discovery rate and performing statistical
contrasts. Hum Brain Mapp. 2005;25:155-164.

Raemacekers M, Ramsey NF, Vink M, van den Heuvel MP,
Kahn RS. Brain activation during antisaccades in unaffected
relatives of schizophrenia patients. Biol Psychiatry. 2000;
59:530-535.

Becker TM, Kerns JG, MacDonald AW, III, Carter CS.
Prefrontal dysfunction in first-degree relatives of schizophre-
nia patients during a Stroop task. Neuropsychopharmacol-
ogy. [Epub ahead of print] January 23, 2008; doi:10.1038/
sj.npp.1301673.

Thermenos HW, Seidman LJ, Breiter HC, et al. Functional
magnetic resonance imaging during auditory verbal
working memory in nonpsychotic relatives of persons with
schizophrenia: a pilot study. Biol Psychiatry. 2004;55:
490-500.

Seidman LJ, Thermenos HW, Koch JK, et al. Auditory ver-
bal working memory load and thalamic activation in non-
psychotic relatives of persons with schizophrenia: an fMRI
replication. Neuropsychology. 2007;21(5):599-610.
Delawalla Z, Csernansky J, Barch DM. Prefrontal cortex
function in non-psychotic siblings of individuals with schizo-
phrenia. Biol Psychiatry. 2007;63(5):490-497.

MacDonald AW, III, Becker TM, Carter CS. Functional
magnetic resonance imaging study of cognitive control in
the healthy relatives of schizophrenia patients. Biol Psychia-
try. 2006;60:1241-1249.

Vink M, Ramsey NF, Raemackers M, Kahn RS. Striatal
dysfunction in schizophrenia and unaffected relatives. Biol
Psychiatry. 2006;60:32-39.

Miller EK, Cohen JD. Integrative theory of prefrontal cor-
tex function. Annu Rev Neurosci. 2001;24(24):167-202.
Oltmanns TF, Neale JM. Schizophrenic performance when

distractors are present: attentional deficit or differential
task difficulty? J Abnorm Psychol. 1975;84:205-209.

Spring B, Lemon M, Weinstein L, Haskell A. Distractibility
in schizophrenia: state and trait aspects. Br J Psychiatry.
1989;155(suppl 5):63-68.

MacDonald AW, III, Pogue-Geile MF, Johnson MK,
Carter CS. A specific deficit in context processing in the un-
affected siblings of patients with schizophrenia. Arch Gen
Psychiatry. 2003;60:57-65.

Fukashima J, Fukashima K, Chiba T, Tanaka S, Tamashita
I, Kato M. Disturbances of voluntary control of saccadic
eye movements in schizophrenic patients. Biol Psychiatry.
1988;23:670-677.

Calkins ME, Curtis CE, Iacono WG, Grove WM. Antisac-
cade performance is impaired in medically and psychiatri-
cally healthy biological relatives of schizophrenia patients.
Schizophr Res. 2004;71:167-178.

Stroop JR. Studies of interference in serial verbal reactions.
J Exp Psychol (Gen). 1935;18:643-662.

MacLeod CM. Half a century of research on the Stroop effect:
an integrative review. Psychol Bull. 1991;109(2):163-203.
Logan GD, Cowan WB. On the ability to inhibit thought
and action: a theory of an act of control. Psychol Rev.
1984;91:295-327.

Wager TD, Smith EE. Neuroimaging studies of working
memory: a meta-analysis. Cogn Affect Behav Neurosci.
2003;3:255-274.

Psychiatry  Res.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lee J, Park S. Working memory impairments in schizophre-
nia: a meta-analysis. J Abnorm Psychol. 2005;114:599-611.
Faraone SV, Seidman LJ, Kremen WS, Toomey R, Pepple
JR, Tsuang MT. Neuropsychological functioning among
the nonpsychotic relatives of schizophrenic patients:
a 4-year follow-up study. J Abnorm Psychol. 1999;108(1):
176-181.

Nuechterlein KH, Dawson ME, Green MF. Information-
processing abnormalities as neuropsychological vulnerabil-
ity indicators for schizophrenia. Acta Psychiatr Scand Suppl.
1994;384:71-79.

Park S, Holzman P, Goldman-Rakic P. Spatial working
memory deficits in the relatives of schizophrenic patients.
Arch Gen Psychiatry. 1995;52(10):821-828.

Glahn DC, Ragland JD, Adramoff A, et al. Beyond hypo-
frontality: a quantitative meta-analysis of functional neuro-
imaging studies of working memory in schizophrenia. Hum
Brain Mapp. 2005;25:60-69.

Manoach DS, Gollub RL, Benson ES, et al. Schizophrenic
subjects show aberrant fMRI activation of dorsolateral pre-
frontal cortex and basal ganglia during working memory
performance. Biol Psychiatry. 2000;48:99-109.

Thermenos HW, Goldstein JM, Buka SL, et al. The effect of
working memory performance on functional MRI in schizo-
phrenia. Schizophr Res. 2005;74:179—-194.

Van Snellenberg JX, Torres 1J, Thornton AE. Functional
neuroimaging of working memory in schizophrenia: task
performance as a moderating variable. Neuropsychology.
2006;20:497-510.

Brahmbhatt SB, Haut K, Csernansky JG, Barch DM.
Neural correlates of verbal and nonverbal working memory
deficits in individuals with schizophrenia and their high-risk
siblings. Schizophr Res. 2006;87(1-3):191-204.

Seidman LJ, Thermenos HW, Poldrack RA, et al. Altered
brain activation in dorsolateral prefrontal cortex in adoles-
cents and young adults at genetic risk for schizophrenia:
an fMRI study of working memory. Schizophr Res. 20006;
85(1-3):58-72.

Karlsgodt KH, Glahn DC, van Erp TG, et al. The relation-
ship between performance and fMRI signal during working
memory in patients with schizophrenia, unaffected co-twins,
and control subjects. Schizophr Res. 2007;89(1-3):191-197.
Keshavan MS, Diwadkar VA, Spencer SM, Harenski KA,
Luna B, Sweeney JA. A preliminary functional magnetic res-
onance imaging study in offspring of schizophrenic parents.
Prog Neuropsychopharmacol Biol Psychiatry. 2002;26(6):
1143-1149.

Callicott JH, Egan MF, Mattay VS, et al. Abnormal fMRI
response of the dorsolateral prefrontal cortex in cognitively
intact siblings of patients with schizophrenia. Am J Psychia-
try. 2003;160:709-719.

Gevins AS, Cutillo BC. Neuroelectric evidence for distrib-
uted processing in human working memory. Electroencepha-
logr Clin Neurophysiol. 1993;87:128-143.

Sternberg S. High-speed scanning in human memory.
Science. 1966;153:652-654.

Squire LR. Memory systems of the brain: a brief history
and current perspective. Neurobiol Learn Mem. 2004;82(3):
171-177.

Schacter DL, Wagner AD, Buckner RL. Memory systems
of 1999. In: Tulving E, Craik FIM, eds. The Oxford
Handbook of Memory. New York, NY: Oxford University
Press; 2000:627-644.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Heinrichs RW, Zakzanis KK. Neurocognitive deficit in
schizophrenia: a quantitative review of the evidence. Neuro-
psychology. 1998;12(3):426-445.

Titone D, Ditman T, Holzman PS, Eichenbaum H, Levy
DL. Transitive inference in schizophrenia: impairments in
relational memory organization. Schizophr Res. 2004;
68(2-3):235-247.

Ongur D, Cullen TJ, Wolf DH, et al. The neural basis of re-
lational memory deficits in schizophrenia. Arch Gen Psychi-
atry. 2006;63(4):356-365.

Heckers S, Rauch SL, Goff D, et al. Impaired recruitment of
the hippocampus during conscious recollection in schizo-
phrenia. Nat Neurosci. 1998;1(4):318-323.

Weiss AP, Zalesak M, DeWitt I, Goff D, Kunkel L, Heckers
S. Impaired hippocampal function during the detection of
novel words in schizophrenia. Biol Psychiatry. 2004,
55(7):668-675.

Weiss AP, Schacter DL, Goff DC, et al. Impaired hippo-
campal recruitment during normal modulation of memory
performance in schizophrenia. Biol Psychiatry.2003;53:48-55.
Barch DM, Csernansky J, Conturo T, Snyder AZ, Ollinger
J. Working and long-term memory deficits in schizophrenia.
Is there a common underlying prefrontal mechanism? J
Abnorm Psychol. 2002;111:478-494.

Ragland JD, Gur RC, Valdez JN, et al. Levels-of-processing
effect on frontotemporal function in schizophrenia during
word encoding and recognition. Am J Psychiatry.
2005;162(10):1840—1848.

Ragland JD, Gur RC, Valdez J, et al. Event-related fMRI of
frontotemporal activity during word encoding and recogni-
tion in schizophrenia. Am J Psychiatry. 2004;161:1004-1015.
Toulopoulou T, Morris RG, Rabe-Hesketh S, Murray RM.
Selectivity of verbal memory deficit in schizophrenic patients
and their relatives. 4m J Med Genet B Neuropsychiatr Genet.
2003;116(1):1-7.

Toulopoulou T, Rabe-Hesketh S, King H, Murray RM,
Morris RG. Episodic memory in schizophrenic patients
and their relatives. Schizophr Res. 2003;63(3):261-271.
Whyte MC, Whalley HC, Simonotto E, et al. Event-related
fMRI of word classification and successful word recognition
in subjects at genetically enhanced risk of schizophrenia.
Psychol Med. 2006;36(10):1427-1439.

Bonner-Jackson A, Csernansky JG, Barch DM. Levels-of-
processing effects in first-degree relatives of individuals
with schizophrenia. Biol Psychiatry. 2007;61(10):1141-1147.
Thermenos HW, Seidman LJ, Poldrack RA, et al. Elabora-
tive verbal encoding and altered anterior parahippocampal
activation in adolescents and young adults at genetic risk
for schizophrenia using FMRI. Biol Psychiatry. 2007,
61(4):564-574.

Woodward ND, Tibbo P, Purdon SE. An fMRI investiga-
tion of procedural learning in unaffected siblings of individ-
uals with schizophrenia. Schizophr Res. 2007;94(1-3):
306-316.

Kumari V, Gray JA, Honey GD, et al. Procedural learning
in schizophrenia: a functional magnetic resonance imaging
investigation. Schizophr Res. 2002;57(1):97-107.

Scherer H, Stip E, Paquet F, Bedard MA. Mild procedural
learning disturbances in neuroleptic-naive patients with
schizophrenia. J Neuropsychiatry Clin Neurosci. 2003;15(1):
58-63.

Zedkova L, Woodward ND, Harding I, Tibbo PG, Purdon
SE. Procedural learning in schizophrenia investigated with

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Imaging Genetic Liability

functional magnetic resonance imaging. Schizophr Res.
2006;88(1-3):198-207.

Purdon SE, Woodward N, Lindborg SR, Stip E. Procedural
learning in schizophrenia after 6 months of double-blind
treatment with olanzapine, risperidone, and haloperidol.
Psychopharmacology (Berl). 2003;169(3-4):390-397.

Paquet F, Soucy JP, Stip E, Levesque M, Elie A, Bedard
MA. Comparison between olanzapine and haloperidol on
procedural learning and the relationship with striatal D2 re-
ceptor occupancy in schizophrenia. J Neuropsychiatry Clin
Neurosci. 2004;16(1):47-56.

Scherer H, Bedard MA, Stip E, et al. Procedural learning in
schizophrenia can reflect the pharmacologic properties of
the antipsychotic treatments. Cogn Behav  Neurol.
2004;17(1):32-40.

Exner C, Boucsein K, Degner D, Irle E. State-dependent im-
plicit learning deficit in schizophrenia: evidence from 20-
month follow-up. Psychiatry Res. 2006;142(1):39-52.

Reiss JP, Campbell DW, Leslie WD, et al. Deficit in schizo-
phrenia to recruit the striatum in implicit learning: a func-
tional magnetic resonance imaging investigation. Schizophr
Res. 2006;87(1-3):127-137.

Seidman LJ, Faraone SV, Goldstein JM, et al. Left hippo-
campal volume as a vulnerability indicator for schizophre-
nia: a magnetic resonance imaging morphometric study of
nonpsychotic first-degree relatives. Arch Gen Psychiatry.
2002;59(9):839-849.

Andreasen NC. The Scale for the Assessment of Negative
Symptoms (SANS). lowa City, IA: University of lowa; 1983.
Gourovitch ML, Goldberg TE, Weinberger DR. Verbal flu-
ency deficits in patients with schizophrenia: semantic fluency
is differentially impaired as compared to phonologic fluency.
Neuropsychology. 1996;10:573-577.

Melinder MR, Barch DM, Heydebrand G, Csernansky JG.
Easier tasks can have better discriminating power: the case
of verbal fluency. J Abnorm Psychol. 2005;114(3):385-391.
Melinder MR, Barch DM. The influence of a working mem-
ory load manipulation on language production in schizo-
phrenia. Schizophr Bull. 2003;29(3):473-485.

Sommer IE, Ramsey NF, Mandl RC, van Oel CJ, Kahn RS.
Language activation in monozygotic twins discordant for
schizophrenia. Br J Psychiatry. 2004;184:128-135.

Weiss EM, Hofer A, Golaszewski S, Siedentopf C, Felber S,
Fleischhacker WW. Language lateralization in unmedicated
patients during an acute episode of schizophrenia: a func-
tional MRI study. Psychiatry Res. 2006;146(2):185-190.
Sommer IE, Ramsey NF, Kahn RS. Language lateralization
in schizophrenia, an fMRI study. Schizophr Res. 2001;
52(1-2):57-67.

Sommer IE, Ramsey NF, Mandl RC, Kahn RS. Language
lateralization in female patients with schizophrenia: an
fMRI study. Schizophr Res. 2003;60(2-3):183-190.

Weiss EM, Hofer A, Golaszewski S, et al. Brain activation
patterns during a verbal fluency test-a functional MRI study
in healthy volunteers and patients with schizophrenia. Schiz-
ophr Res. 2004;70(2-3):287-291.

Dollfus S, Razafimandimby A, Delamillieure P, et al. Atyp-
ical hemispheric specialization for language in right-handed
schizophrenia  patients.  Biol  Psychiatry. 2005;57(9):
1020-1028.

Spence SA, Liddle PF, Stefan MD, et al. Functional anat-
omy of verbal fluency in people with schizophrenia and
those at genetic risk. Br J Psychiatry. 2000;176:52-60.

1161



AW

96.

97.

98.

99.

100.

101.

102.

103.

104.

1162

. MacDonald et al.

Li X, Branch CA, Bertisch HC, et al. An fMRI study of lan-
guage processing in people at high genetic risk for schizo-
phrenia. Schizophr Bull. 2007;91:62-72.

Whalley HC, Simonotto E, Flett S, et al. fMRI correlates of
state and trait effects in subjects at genetically enhanced risk
of schizophrenia. Brain. 2004;127(pt 3):478-490.

Davidson LL, Heinrichs RW. Quantification of frontal and
temporal lobe brain-imaging findings in schizophrenia:
a meta-analysis. Psychiatry Res. 2003;122:69-87.
Fusar-Poli P, Perez J, Broome M, et al. Neurofunctional
correlates of vulnerability to psychosis: a systematic revie-
w and meta-analysis. Neurosci Biobehav Rev. 2007;31:
465-484.

Callicott JH, Bertolino A, Mattay V, et al. Physio-
logical dysfunction of the dorsolateral prefrontal cortex
in schizophrenia revisited. Cereb Cortex. 2000;11:
1078-1092.

Manoach DS. Prefrontal cortex dysfunction during working
memory in schizophrenia: reconciling discrepant findings.
Schizophr Res. 2003;60:285-298.

Tacono WG. Control groups in schizophrenia research:
a neglected source of variability. In: Cicchetti D, Grove
WM, eds. Thinking Clearly About Psychology: Essays in
Honor of Paul Everett Meehl. Minneapolis, MN: University
of Minnesota Press; Vol 2 (1991) 430-450.

Andrews J, Wang L, Csernansky JG, Gado MH, Barch
DM. Abnormalities of thalamic activation and
cognition in schizophrenia. Am J Psychiatry. 2006;163(3):
463-469.

Heinrichs RW. The primacy of cognition in schizophrenia.
Am Psychol. 2005;60(3):229-242.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Poldrack RA, Fletcher PC, Henson RN, Worsley KJ, Brett
M, Nichols TE. Guidelines for reporting an fMRI study.
Neurolmage. 2008;40(2):409—414.

Gazzaniga MS, Van Horn JD, Bloom F, Shepherd GM,
Raichle M, Jones E. Continuing progress in neuroinfor-
matics. Science. 2006;311:176.

Whalley H, Simonotto E, Moorhead W, et al. Functional
imaging as a predictor of schizophrenia. Biol Psychiatry.
2006;60:454-462.

Glatt SJ, Stone WS, Faraone SV, Seidman LJ, Tsuang MT.
Psychopathology, personality traits and social development
of young first-degree relatives of patients with schizophre-
nia. Br J Psychiatry. 2006;189:337-345.

Faraone SV, Seidman LJ, Kremen WS, Toomey R, Pepple
JR, Tsuang MT. Neuropsychologic functioning among
the nonpsychotic relatives of schizophrenic patients: the
effect of genetic loading. Biol Psychiatry. 2000;48:120-126.
Glahn DC, Thompson PM, Blangero J. Neuroimaging endo-
phenotypes: strategies for finding genes influencing brain
structure and function. Hum Brain Mapp. 2007;28:488-501.
Windemuth A, Calhoun VD, Pearlson GD, Kocherla M,
Jagannathan K, Ruano G. Physiogenomic analysis of local-
ized fMRI brain activity in schizophrenia. Ann Biomed Eng.
2008;36(6):877-888.

Tan H-Y, Chen Q, Sust S, et al. Epistasis between catechol-
O-methyltransferase and type II metabotropic glutamate re-
ceptor 3 genes on working memory brain function. Proc
Natl Acad Sci U S A. 2007;104(30):12536-12541.
Meyer-Lindenberg A, Nicodemus KK, Egan MF, Callicott
JH, Mattay V, Weinberger DR. False positives in imaging
genetics. Neurolmage. 2008;40(2):655-661.



