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Objective: Prefrontal dysfunction is con-
sidered a fundamental characteristic of
schizophrenia. Recent electrophysiologi-
cal evidence points to a major instability
of signal processing in prefrontal cortical
microcircuits because of reduced phase-
synchronization (i.e., an increased stimu-
lus-related variability [noise] of single-trial
responses in the spatial and time do-
main). The authors used functional mag-
netic resonance imaging (fMRI) during a
visual two-choice reaction task in order to
measure, with higher topographic accu-
racy, signal stability in patients with
schizophrenia and its relationship to
more traditional measures of activation.

Method: Twelve clinically stable inpa-
t ien t s  w i th sch izophrenia  and 16
matched comparison subjects were eval-
uated. Event-related blood-oxygen-level-
dependent responses were subjected to

an analysis of residual noise variance and
to independent data dimension indepen-
dent component analysis in the medial
prefrontal cortex.

Results: In patients with schizophrenia,
the authors found increased residual
noise variance of the blood-oxygen-level-
dependent response that predicted the
level of prefrontal activation in these sub-
jects. In the left hemisphere, residual
noise variance strongly correlated with
psychotic symptoms. Independent com-
ponent analysis revealed a “fractionized”
and unfocussed pattern of activation in
patients.

Conclusions: These findings suggest
that unstable cortical signal processing
underlies classic abnormal cortical activa-
tion patterns as well as psychosis in
schizophrenia.

(Am J Psychiatry 2006; 163:1960–1968)

In schizophrenia, reduced prefrontal cortex activation
has been frequently observed with functional neuroimag-
ing and electrophysiology (1–10). However, several recent
functional neuroimaging and electrophysiological studies
of relatively high-functioning patients either failed to find
prefrontal hypoactivation (11, 12) or reported the opposite
observation (i.e., hyperactivation) (13–17). Based on these
findings, it has been proposed that activation patterns in
schizophrenia are, in part, related to a patient’s ability to
compensate an underlying, more intrinsic abnormality in
information processing (15, 18, 19).

In previous event-related electrophysiological studies,
we have obtained evidence that the underlying pathophys-
iology of abnormal prefrontal activation in schizophrenia
is a less stable cortical signal with a lack of stimulus-related
phase-synchronization of the electromagnetic activity. We
observed diminished spatial activity correlations (frag-
mentation) (20) and increased single-trial response vari-
ability (noise) in the prefrontal lobe area (8, 17, 21). Nota-
bly, noise was positively correlated with the averaged
potential prefrontal activation in a hyperfrontal cohort,
while negative correlation was found with the same noise
measure in another hypofrontal group of patients with
schizophrenia. This suggests that increased noise might be
a core deficit in cortical microcircuit function that can be
represented as various activation patterns. Based on the
notion that phase-synchronization of neuronal activity is a

fundamental mechanism for amplifying cortical signals
that are related to task-relevant processes (22–26), we
speculated that increased noise and instability or fragmen-
tation of cortical signals in schizophrenia reflects poor
neuronal synchronization of local microcircuit field poten-
tials (i.e., an uncoupling of cortical oscillators, which leads
secondarily to local activation abnormalities) (20).

This functional MRI (fMRI) study was designed to ex-
tend our previous electrophysiological findings and test
the hypothesis that prefrontal signal instability in schizo-
phrenia is observable on the level of the blood-oxygen-
level-dependent response despite the considerable lower
time resolution of fMRI. Accordingly, this study is concep-
tually based on the recent work by Logothetis et al. (27),
which shows that the magnitude of synaptically generated
local field potentials—which give rise to the event-related
electrophysiological signal—is correlated with the blood-
oxygen-level-dependent signal. We also hypothesized that
increased noise would predict classic abnormal patterns
of cortical activation associated with schizophrenia.

Method

Participants

Our study was approved by the NIMH Institutional Review
Board (Bethesda, Md.). Patients were recruited from among re-
search volunteers of the Clinical Brain Disorders Branch Re-
search Unit at NIMH. Normal volunteers were recruited through
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the NIMH Normal Volunteer office. Written informed consent
was obtained from each participant. We evaluated 12 inpatients
with schizophrenia and 16 normal comparison subjects. Two pa-
tients with schizophrenia and two normal comparison subjects
were excluded for technical reasons (i.e., >2 mm head motion
from volume to volume) and in order to match patients and nor-
mal subjects for task performance (reaction time). Thus, there
were seven male patients and three female patients in the schizo-
phrenia group. In the comparison group, there were eight male
subjects and six female subjects. In the patient group, three were
left-handed and seven were right-handed. In the comparison
group, two subjects were left-handed and 12 were right-handed.
All participants received a Structured Clinical Interview (28), and
schizophrenia diagnosis was made according to DSM–IV criteria
(29). Assessment of psychopathology was conducted with the
Positive and Negative Syndrome Scale (30). Five patients with
schizophrenia were medication-free at the time of scanning
(mean=18.4 days [SD=3.1, range=14–22]). Five patients were re-
ceiving standard treatment (atypical antipsychotic drugs). All pa-
tients were in a clinically stable condition. Participants were ex-
cluded if there was evidence of any medical or neurological
disorder that could interfere with the study purpose. Further ex-
clusion criteria were a history of current or recent drug or alcohol
abuse (no criteria for abuse met in the last 6 months), head
trauma, mental retardation, and electroconvulsive therapy
(ECT) during the last 12 months. Handedness was assessed by
questionnaire (31). Detailed demographic and clinical data are
depicted in Table 1.

Task Conditions

Modifying our previously applied paradigm (32) and employing
a mixed event-related and blocked design in order to maximize
the task-related blood-oxygen-level-dependent response (33), 108
visual stimuli (i.e., checkerboards) were presented on either the
left or right side of the visual hemifield by means of a back-projec-
tion system on a translucent screen. While fixating a red dot in the
center of the screen, subjects were instructed to respond as fast
and accurately as possible to each stimulus by pressing either the
left or right button, depending on the side of appearance of the
checkerboard. Stimuli were presented with a duration of 400 msec
and counterbalanced, and pseudo-randomized order was pre-
sented between stimulus onsets with interstimulus intervals of 2

seconds/4 seconds/6 seconds, such that each interstimulus inter-
val was present in one-third of all interstimulus intervals. In addi-
tion, seven longer interstimulus intervals of 12 seconds were inter-
spersed at regular intervals of 12 consecutive stimuli in order to
allow the blood-oxygen-level-dependent response to fully recover
(i.e., event-related and blocked design). Motor responses (laten-
cies, errors, missing button presses) were recorded through a
fiber-optic response box with buttons arranged in the same con-
figuration as the stimuli presented on the screen. The total dura-
tion of the task was 500 seconds.

Image Acquisition

fMRI data were collected over a period of 4 months so that an
order effect of patient versus comparison subject inclusion with
regard to the time point of scanning was avoided. Whole-brain
blood-oxygen-level-dependent responses were obtained with a
gradient echo planar imaging sequence (24 sagittal, 6 mm thick
interleaved slices without gap), excluding the lateral aspects of
the temporal lobe region (relaxation time/echo time: TR/TE=
2000/30 ms, flip angle=90°, field of view-24 cm, matrix=64×64, re-
sulting in voxel dimensions of 3.75×3.75×6 mm), while subjects
performed the visual choice reaction task (32). Stimulus presen-
tation was triggered automatically by the first slice acquisition of
functional images.

Image Analysis

Standard voxel-by-voxel fMRI analysis was performed with
Functioning Magnetic Imaging of the Brain Software Library (Ox-
ford, U.K.; www.fmrib.ox.ac.uk/fsl), including motion correction
(34), spatial smoothing (full width at half maximum=6 mm), in-
tensity normalization, and high-pass temporal filtering (σ=9.0s).
For single-subject contrast analyses, general linear models were
performed with either one or two explanatory variables. Examples
are as follows: 1) combined left and right visual stimulus vector
alone and—for comparison subjects—with 2) absolute mean head
diplacement (mm) vector (x/y/z translation and rotation). The
stimulus vector was convolved with a double-gamma hemody-
namic response function (phase shift=6 seconds). Z (Gaussianized
t) statistic images of the blood-oxygen-level-dependent response
(activation) were usually thresholded using clusters determined
by Z>2.3 and a (corrected) cluster significance threshold of p=0.01
(35–37) or as specified. From these calculations, we also obtained

TABLE 1. Demographic, Clinical, and Behavioral Data

Characteristic Patients (N=10) Comparison Subjects (N=14)
Mean SD Mean SD

Age (years) 26.2 5.6 28.2 7.9
Education (years) 13.2a 2.5 15.5 2.9
Reaction time (msec) 437.4 39.6 402.7 50.0
Standard deviation of reaction time (msec) 107.8a 38.5 72.8 19.1
Left-right reaction errors (%) 2.3 1.7
Omission errors (%) 0.4 0.3
PANSS score

Positive symptoms 15.7 5.5
Negative symptoms 18.4 3.0

Head movement during scanning (mm)
Absolute 1.33 0.53 1.19 0.18
Relative 0.8 0.03 0.07 0.02

N % N %
Regular smoker 4 40.0 4 28.6
Diagnostic subtype (DSM-IV)

Undifferentiated 5 50.0
Paranoid 5 50.0

Received antipsychotic treatment
Yes 5 50.0
No 5 50.0

a Significantly different from comparison subjects (p<0.05).
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the voxel-by-voxel parameter estimate of residual noise variance
of the modeled blood-oxygen-level-dependent response (y[t]=
β×x(t)+c+e[t]). The residual noise variance (σ2=e[t]) accounts for
the residual error between the fitted model and the data. Time-se-
ries statistical analysis was conducted using Functional Magnetic
Imaging of the Brain Improved Linear Model with local autocorre-
lation correction (38). Using AFNI (Bethesda, Md.), volume-of-in-
terest analyses were manually drawn on the nontransfomed struc-
tural data for each individual subject.

General linear models group-level contrast analysis of the
blood-oxygen-level-dependent response (mixed-effect analysis)
was performed with Functional Magnetic Imaging of the Brain
Local Analysis of Mixed Effects (39). Z (Gaussianized t) statistic
images were thresholded using clusters determined by Z>2.0 and
a (corrected) cluster significance threshold of at least p=0.01 (35–

37) or as specified. Based on these analyses, group maps of the
group mean residual noise variance (σ2) were created.

Probabilistic independent component analysis was conducted
using the Functioning Magnetic Imaging of the Brain Software Li-
brary-implementation Multivariate Exploratory Linear Decom-
position into Independent Components (Oxford, U.K.). In order
to avoid overfitting and to achieve a unique decomposition of the
functional data, we employed an objective estimation of the
amount of Gaussian noise through Bayesian analysis of the true
dimensionality of each subject’s whole-brain data (40). The cutoff
value is the maximum Bayesian evidence (using a Laplace ap-
proximation) of the model order from a probabilistic PCA model
in the presence of voxel-wise temporal prewhitening (41). This ef-
fectively calculates the number of eigenvalues, which violates the
assumptions of noise sphericity (isotropic Gaussian noise) and

FIGURE 1. Group-Averaged Event-Related and Blocked Blood-Oxygen-Level-Dependent Response During Visual Two-
Choice Reaction Task in the Area of Interest

a Comparison subjects Omnibus statistical threshold: Z=3.3, p<0.0005, corrected, 1-sided; patients with schizophrenia (lower image) Omnibus
statistical threshold: Z=1.6, p<0.05, corrected, one-sided.

b Different scaling, i.e., the low statistical threshold in patients with schizophrenia was chosen in order to indicate that little activation is found
in patients even with a low threshold. In comparison subjects, a significant blood-oxygen-level-dependent response is seen in the left hemi-
spherical area of the supplementary motor cortex and adjacent dorsal anterior cingulate cortex, with peak activation maximum (Z=4.1, p=
0.00002; x=3.0, y=–3.0, z=37.0). In comparison subjects, significant blood-oxygen-level-dependent responses (Z=2.3, p<0.01, corrected) were
also found in the same areas of the right hemisphere and in more anterior aspects of the medial frontal lobe and anterior cingulate cortex,
although of lower magnitude (not depicted). In patients with schizophrenia, a significant blood-oxygen-level-dependent response is seen in
the left hemispherical area of the supplementary motor cortex and adjacent dorsal anterior cingulate cortex, however, with the peak activa-
tion maximum on the right side (Z=2.2, p=0.014; x=–6.0, y=–8.0, z=40.0). Right: Cortical surface mapping of activity in left hemisphere with
lateral view (upper image) and medial view (lower image) with group contrast analysis of averaged event-related and blocked blood-oxygen-
level-dependent response (Omnibus statistical threshold: Z=3.3, p<0.0005, corrected, 1-sided) during visual two-choice reaction task between
comparison subjects and patients with schizophrenia. A significant difference of the blood-oxygen-level-dependent response between groups
is seen in the area of the supplementary motor cortex and adjacent dorsal anterior cingulate cortex. Note that the significant group difference
(Z=2.3, p<0.01, corrected, one-sided) was also found in more anterior aspects of the medial frontal lobe, and the group differences were in
the left rather than in the right hemisphere (not depicted).

Schizophrenia Patients (N=10)
Group Contrast

Comparison Subjects (N=14)
Supplementary

Motor Cortex/Anterior
Cingulate Cortex



Am J Psychiatry 163:11, November 2006 1963

WINTERER, MUSSO, BECKMANN, ET AL.

ajp.psychiatryonline.org

signifies the number of processes, which renders the data to not
conform to the assumed noise model (under linear signal as-
sumptions). The dimensionality of the data (number of signifi-
cant independent components, i.e., the number of activation and
non-Gaussian noise sources) was counted (blind for diagnosis) in
each subject’s medial prefrontal area to assess cortical signal frag-
mentation. Independent components were not required to be
spatially limited to the medial prefrontal region. Physiological in-
dependent components unrelated to brain activity (e.g., related
to heartbeat, breathing, and head movements) as well as physical
independent components (42, 43) were excluded from analysis.

Results

Demographic, Clinical, and Behavioral Data

No statistically significant group differences were found
between patients with schizophrenia and normal compari-
son subjects with respect to sex, age, smoking status, hand-
edness, mean reaction time, percentage error, omission
rate or mean absolute, and relative head motion (Table 1).
However, within-task reaction time, standard deviation was
significantly higher in the schizophrenia patient group.

Voxel-by-Voxel Analysis

Slice-by-slice overviews of the spatial distribution of the
event-related and blocked blood-oxygen-level-dependent
response (activation) are provided in a data supplement

that accompanies the online version of this article, as is the
mean residual noise power with and without inclusion of
absolute head motion as a second explanatory variable
(correction for head motion). The inclusion of head mo-
tion into the model has relatively little effect on the pat-
terns of activation and residual noise power—both in nor-
mal comparison subjects and patients with schizophrenia.
The overviews indicate that the blood-oxygen-level-de-
pendent response is diminished in patients with schizo-
phrenia relative to comparison subjects, while the oppo-
site pattern is found regarding residual noise variance. The
spatial distribution of the residual noise power suggests
that susceptibility artifacts could, to some extent, contrib-
ute to the mean amount of residual noise along the brain
surfaces in both subject groups. Theoretically, any group
difference of residual noise variance could reflect an order
effect (i.e., a variation of technical parameters of the scan-
ning procedure over the 4-month study period). However,
no significant difference was found between patients with
schizophrenia and comparison subjects (p=0.596) regard-
ing the day of scanning, starting with day 1 when the first
subject was scanned.

In the area of interest (i.e., in the medial frontal lobe and
anterior cingulate cortex) a significant blood-oxygen-

FIGURE 2. Group-Averaged Event-Related and Blocked Mean Residual Noise Variance (σ2)

a The comparison group (N=14) shows relatively little residual noise variance in the medial frontal lobe/anterior cingulate cortex, whereas the
opposite is seen in the schizophrenia group (N=10).
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level-dependent response was observed in the left hemi-
spheric supplementary motor area and adjacent dorsal
anterior cingulate cortex (d-anterior cingulate cortex) of
the normal comparison group (Figure 1, left). The activa-
tion pattern is virtually identical with our previously ob-
tained finding in another cohort under slightly different
task and data collection conditions (28). No significant ac-
tivation was found in the medial frontal lobe and anterior
cingulate cortex in either hemisphere of the schizophrenia
group (Figure 1, left). This resulted in a statistically signifi-
cant voxel-by-voxel group contrast of the blood-oxygen-
level-dependent response between patients with schizo-
phrenia and normal comparison subjects (Figure 1, right).

In Figure 2 and Figure 3, a more detailed view is pro-
vided with respect to the mean residual noise variance in
the area of interest (left medial frontal lobe). Mean resid-
ual noise variance is lower in comparison subjects than in
patients with schizophrenia in the supplementary motor
area/anterior cingulate cortex area. Higher mean residual
noise variance is also found in a widespread area, includ-
ing the dorsolateral prefrontal, parietal, and occipital cor-
tices; thalamus; and cerebellum. In the time series plots
presented in the supplement that accompanies the online
version of this article, an illustration is provided of a typi-

cal example of the variable blood-oxygen-level-depen-
dent response with relation to the model of the hemody-
namic response function, showing a lower fit of the data to
the model in patients with schizophrenia relative to nor-
mal comparison subjects.

Volume-of-Interest Analysis

Volume-of-interest analyses that encompassed the entire
medial frontal lobe/anterior cingulate cortex as well as sub-
divisions of this volume of interest confirmed that patients
with schizophrenia have a lower blood-oxygen-level-depen-
dent response on average (Figure 4). However, the differ-
ence did not achieve statistical significance because of high
interindividual variability of the mean number of activated
voxels, particularly in the comparison group. In contrast,
significant group differences were found for the average
square root of residual noise variance (σ) within the same
volume of interest between comparison subjects and pa-
tients (Figure 4). As for the unequal distribution of sex be-
tween the two diagnostic groups, we also tested the effect of
sex (independent factor) on noise variance (dependent vari-
able) with volume-of-interest volume as a covariate, which
resulted in no significant effect (F=0.18, df=1, 21; p=0.68).

Independent Component Analysis

The number of significant independent components in
the entire brain (brain activity+artifacts) differed signifi-
cantly between the normal comparison group (N=50.6
[SD=8.3]) and the schizophrenia group (N=58.9 [SD=6.2])
(t=2.7, df=22, p=0.014). With regard to the prefrontal cor-
tex and anterior cingulate cortex, visual inspection of the
single-subject voxel-by-voxel analyses data revealed that
patients showed qualitatively different activation patterns
with a higher interindividual spatial variability of the max-
imum averaged activation within the region of the medial
frontal lobe/anterior cingulate cortex relative to normal
comparison subjects. This observation is in accord with
earlier reports (13, 20, 44, 45). It is also consistent with the
results from our independent component analysis, which
showed a higher interindividual spatial variability of the
independent components of the medial prefrontal blood-
oxygen-level-dependent response in subjects with schizo-
phrenia relative to comparison subjects after discarding
those components that appeared to be artifact-related. In-
dependent component analysis revealed that patients
with schizophrenia had significantly more independent
components of activation in the medial prefrontal area
than comparison subjects (Figure 5). This could suggest,
in conjunction with our prior voxel-by-voxel and volume-
of-interest analyses, that absolute activation of medial
prefrontal cortex is reduced in schizophrenia, probably
because the topographic pattern of activation in the me-
dial frontal lobe appears to be more scattered (i.e., more
variable and “fractionized”). This seems to indicate that
patients perform the task successfully because they en-

FIGURE 3. Cortical Surface Mapping With Group Difference
of Mean Residual Noise Variance (σ2)a

a Comparison group (N=14); schizophrenia group (N=10).

Left
Hemisphere
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gage the critical cortical regions, but they do so in a less
spatially consistent or stereotyped manner, which appears
as less activation when concatinated into a group analysis.

Interestingly, the independent component analysis also
revealed a significantly higher number of medial prefron-
tal components with asymmetric coactivation of other left
hemispheric regions (e.g., dorsolateral prefrontal, tem-
poroparietal cortex) (Figure 5).

Signal Regression Analysis

As expected, the average activation (number of activated
voxels) is negatively correlated with the square root of re-
sidual noise variance in the medial frontal lobe bihemi-
spheric volume of interest (Spearman’s r=–0.4, p=0.05),
with no major difference of this correlation between the
two diagnostic groups (not shown). The average activation
within the entire medial frontal volume of interest also
showed a significant positive correlation with the number
of independent components in the patient group (r=0.65,
p=0.04), while the correlation was nonsignificant in com-
parison subjects (r=0.11, p=0.71). No significant correla-
tion was found between the number of independent com-
ponents and the square root of residual noise variance in
the medial frontal volume of interest (r=–0.12, p=0.56),
which could indicate that these two features are relatively
independent of each other. Next, we explored the relation-
ship between prefrontal (supplemental motor area/d-an-
terior cingulate cortex) activation, residual noise variance,
the number of independent components, and reaction
time using multiple regression analysis, which was con-
ducted with these three prefrontal processing variables as
independent variables. Mean reaction time or the mean re-
action time variability (SD) was the dependent variable. Al-

though the two reaction time variables were positively cor-
related (r=0.7, p=0.0003), the later measure appeared to be
more sensitive in differentiating comparison subjects from
patients with schizophrenia (see Table 1). While there was
no effect on mean reaction time as dependent variable (ad-
justed r=0.05, p=0.28), a significant multiple correlation for
reaction time variability was obtained (adjusted: r=0.24, p=
0.048, with activation β=–0.32, independent component
analysis β=0.44, and noise β=0.25).

Clinical Correlations

A positive correlation was observed between left hemi-
spheric square root of medial prefrontal noise variance and
ratings of delusional ideation. Similar significant correla-
tions were observed between left hemispheric medial pre-
frontal residual noise levels and other positive symptoms
ratings, including hallucinations (r=0.71, p=0.03), inability
of abstract thinking (r=0.67, p=0.05), and anxiety (r=0.67, p=
0.05). These correlations were not found for the right hemi-
sphere. Interestingly, no comparable correlations were seen
between delusional ideation and left hemispheric medial
frontal lobe activation (mean number of activated voxels)
(r=–0.15, p=0.69), total number of independent compo-
nents (r=–0.41, p=0.27), or independent components with
left hemispheric coactivation (r=–0.20, p=0.6).

The potentially confounding effect of medication on
measures of brain function is a critical issue in schizo-
phrenia research. In our relatively small sample of patients
with schizophrenia, the applied fMRI signal indices were
not significantly influenced by medication status. In the
left medial frontal volume of interest, treated patients had
lower activation than untreated patients, which ap-
proached significance considering the small sample size

FIGURE 4. Volume-of-Interest Analysis of the Entire Medial Frontal Lobe and Anterior Cingulate Cortexa

a For both hemispheres combined, the number (N) of activated voxel clusters and the square root of the residual noise variance (σ) were com-
pared between normal subjects and patients with schizophrenia (ANCOVA model is presented in the data supplement that accompanies the
online version of this article). Although patients with schizophrenia show less voxel clusters being activated, the difference to comparison sub-
jects was not statistically significant because of high interindividual variance in the comparison group. Note that three out of 10 patients with
schizophrenia and two out of 14 comparison subjects show no significant blood-oxygen-level-dependent response (activation) at all. 
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(untreated: mean=110.2 [SD=130.3]; treated: mean=61.0
[SD=75.2]; Z=1.5, p=0.11), but other measures did not dif-
fer (e.g., square root of residual noise variance) (untreated:
mean=27.3 [SD=4.1]; treated: mean=25.8 [SD=4.8]; Z=–0.7,
p=0.47) the number of prefrontal independent compo-
nents (untreated: mean=5.8 [SD=1.9]; treated: mean=6.4
[SD=1.5]; Z=0.3, p=0.754) and the number of medial pre-
frontal left hemispheric coactivation patterns (untreated:
mean=1.6 [SD=0.6]; treated: mean=2.0 (1.6); Z=–0.4, p=
0.66). In addition, no significant differences were observed
between treated and untreated patients with regard to ab-
solute or relative head motion (not shown).

Discussion

Prefrontal hypoactivation (hypofrontality) in schizophre-
nia has been demonstrated across a variety of different task
and resting conditions using positron emission tomogra-
phy (PET), fMRI, and electrophysiology (1–10). However,
recent work supports the notion that hypofrontality may be

primarily present in low-performing patients (5, 16), and
therefore it has been argued that different patterns of ab-
normal prefrontal function may characterize better per-
forming subjects. The notion that the physiological cortical
deficit in patients with schizophrenia is because of too
much or too little activity seems overly simplistic, since how
the information is being managed at the level of local circuit
processing is likely the more meaningful consideration (15,
18, 19). We have investigated clinically stable and moder-
ately symptomatic patients who perform well on our sim-
ple choice reaction time task (i.e., patients with schizophre-
nia did not differ from comparison subjects in mean
reaction time, although the within-task variability of reac-
tion time was higher). Our voxel-by-voxel analysis suggests
that this group of patients is also characterized by a pattern
of reduced activation of the prefrontal cortex and other
brain regions, a finding reminiscent of many neuroimaging
studies of patients with schizophrenia. We believe, how-
ever, that this classic finding is partly a statistical phenome-

FIGURE 5. Independent Component Analysis

a Statistical comparison Mann-Whitney U test between groups of the number of independent components in the medial frontal lobe and an-
terior cingulate cortex (for both hemispheres combined), which has been previously found to be significant (p<0.05) in the independent com-
ponent analysis. Patients with schizophrenia generally have a higher number of independent components. In comparison subjects, these me-
dial prefrontal independent components explained 10% (SD=12) of the total variance of the blood-oxygen-level-dependent response (entire
brain), while in patients with schizophrenia, 9% (SD=4) of the total variance was explained, which did not result in a significant difference
between groups (t=0.3, df=22, p=0.775).

b Comparison between groups of the number of left hemispheric independent components using Mann-Whitney U test. (These components
have medial prefrontal activation plus some activation in other parts of the left hemispheric cortex.) Illustration of the pattern of indepen-
dent components with activation of the medial prefrontal lobe in one comparison subject with three independent components (upper panel)
and one patient with schizophrenia, with six independent components (lower panel). The comparison subject has only symmetric activation
patterns across hemispheres, while in the patient, four asymmetric components are found, i.e., medial prefrontal activation is correlated with
either left or right hemispheric activation in the dorsolateral and parietotemporal cortical region. Full width at half maximum=6 mm, iden-
tical color-scaling across images, Talairached anatomical template images.
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non explained by increased residual noise variance (noise)
and a more scattered pattern (higher number of indepen-
dent components) of the stimulus-induced blood-oxygen-
level-dependent response.

Our analyses suggest that these two noise features char-
acterize patients better than does the level of prefrontal
activation. With regard to residual noise variance—specif-
ically that 1) the group difference of the residual noise
variance in the volume-of-interest analysis is stronger
than the group difference of the number of activated vox-
els; 2) the lower Z-scores (i.e., lower activation) in patients
with schizophrenia in the general linear models are driven
to a considerable extent by the increased residual noise
variance; and 3) the increased residual noise variance in
patients with schizophrenia does not appear to primarily
reflect confounding effects (head motion, medication).
Accordingly, our fMRI data are analogous with our previ-
ous electrophysiological finding of noise being a potential
trait marker for schizophrenia (21). Both approaches (i.e.,
the electrophysiological and the fMRI measurements)
suggest that increased variability of brain function is a dis-
tinctive feature in schizophrenia. Whether increased elec-
trophysiological and blood-oxygen-level-dependent re-
sponse variability are directly related, however, cannot be
answered with certainty on the basis of our currently
available knowledge. Even so, it is a reasonable expecta-
tion given the relationship between the mean blood-oxy-
gen-level-dependent response and strength of local field
potentials has principally been demonstrated (27).

The second finding of this study is that variance of the
blood-oxygen-level-dependent response is not only in-
creased at the single voxel level but also in the spatial do-
main, i.e., we found a higher number of independent com-
ponents meaning that the prefrontal blood-oxygen-level-
dependent response pattern is more fractionized. This
finding could be directly related to the frequently made ob-
servation of reduced functional connectivity in schizo-
phrenia (46–51), as independent component analysis can
be conceptualized as the inverse measure of functional
connectivity analyses. This higher spatial variability of acti-
vation may further explain the discrepancy between our
voxel-by-voxel analysis and volume-of-interest analysis
with regard to the group difference of averaged activation.
In the voxel-by-voxel group level analysis, a group differ-
ence is seen under conditions when the amplitude of an
activation peak at a distinct and circumscribed location
differs. This is necessarily the case when peak activation
shows a high interindividual spatial variability as in schizo-
phrenic patients. In contrast, volume-of-interest analyses
are less prone to miss activity that results from increased
interindividual spatial variability of peak activation be-
cause of the spatially more extended measurement area. In
this context, it is interesting to note that high reaction time
variability predicted low activation, high numbers of inde-
pendent components, and high residual noise variance. At
the same time, noise and activation are negatively corre-

lated while the number of independent blood-oxygen-
level-dependent response components is positively corre-
lated with activation, whereas no correlation was found
between noise and number of independent components.
This suggests that too little and scattered activation on one
hand and high residual variance on the other hand have a
negative impact on reaction time performance.
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