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fMRI has unique potential in the study of psychiatric
patients, particularly in characterizing individual
variations and changes over time. We have performed
four studies of patients with schizophrenia, using
three different fMRI acquisition protocols: (1) 3-D
echo-shifted FLASH, amultishot volumetric approach;
(2) 3-D PRESTO, a hybid of multishot and echo-planar
imaging (EPI)methods that also acquires true volumet-
ric data; and (3) a whole-brain isotropic, multislice EPI
technique. Patients were studied during sensorimotor
activation and during a novel ‘‘N back’’ working
memory paradigm. In general, patients show normal
sensorimotor activation responses, although motor
cortical activation tends to be less completely lateral-
ized. Prefrontal activation during working memory
tends to be reduced in patients with schizophrenia
even when performance is normal. A major potential
confound in studying this patient population with
fMRI is the effect of motion. We propose several meth-
odological standards to address this problem, includ-
ing comparisons of motion corrections parameters,
voxel variances, and the use of an ‘‘internal activation
standard.’’ r 1996Academic Press, Inc.

Neuroimaging has had an enormous impact on psy-
chiatry. It has facilitated a paradigm shift in research,
from the study of nonspecific peripheral biochemical
indices that dominated work in the 1960s and 1970s, to
the study of the brain. Findings from structural and
functional imaging have made it clear that mental
illnesses are associated with objective signs of changes
in brain anatomy and function. Clinical pathophysiologi-
cal correlations have begun to emerge. For example,
obsessive compulsive disorder, long considered a psycho-
genic neurosis, has been reproducibly linked to physi-
ological overactivation of an orbitofrontal–caudate cir-
cuit (Breiter et al., 1996; Baxter et al., 1987). Studies of
depression (Baxter et al., 1989; Drevets et al., 1992) and
of anxiety disorders (Reiman et al., 1989) also have
produced evidence that specific limbic cortical circuits

are involved in these disorders. Neuropharmacological
imaging has revealed some surprising and important
results with respect to the mechanism of action of
antipsychotic drugs, demonstrating that it is not neces-
sary to saturate dopamine receptors to achieve a thera-
peutic result (Pickar et al., 1996). Indeed, D-2 receptor
imaging studies have shown that standard clinical
doses of antipsychotic drugs result in unnecessarily
excessive levels of drug occupancy at D-2 receptors
(Heinz et al., 1996).
Functional neuroimaging in psychiatry has had its

broadest application and greatest impact in the study
of schizophrenia. Numerous studies using a variety of
regional cerebral blood flow (rCBF) techniques have
been reported in the literature over the past 20 years.
While the results are not without controversy, several
general trends can be seen. Patients have relatively
normal global and regional CBF when studied during
unspecified, i.e., resting, conditions. However, there
may be correlations between resting rCBF patterns
and symptom profiles (Liddle, 1995). During cognitive
activation, patients tend to be different from normal
controls. During tests involving working memory, they
show less prefrontal rCBF than normals (Weinberger
and Berman, 1996), even than their own healthy twin
siblings (Berman et al., 1992). During other cognitive
tasks, such as cued verbal recall, they show deficits in
cingulate cortex (Dolan et al., 1995) and deficits in
frontal–temporal activity relationships (Friston et al.,
1996). In general, most of these findings have been
reproduced in acute, untreated patients, thus exclud-
ing a primary role for medication artifacts.
The functional neuroimaging data in patients with

schizophrenia have generated a number of important
questions. How representative are the group-averaged
data of individual patients? How much interindividual
variability is there and what is its clinical significance?
How dependent are the functional abnormalities on the
behavior of the patients during the data acquisition?
Are physiological differences between patients and
controls explained by differences in task performance?
Do the differences change over time; do they vary with
clinical state? Can physiological statemarkers be differ-1 To whom correspondence should be addressed.
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entiated from trait markers? Answers to these ques-
tions probably will require multiple serial activation
procedures within individual subjects, an approach
that is difficult to accomplish with radionuclide-based
procedures.
FMRI is an attractive neuroimaging alternative with

considerable potential to tackle these questions. Due to
its enhanced spatial and temporal resolution, its nonin-
vasiveness, and its lack of medical risk, its advantages
over nuclear medicine techniques may translate into
unique applications in psychiatry (see Table 1). To date,
few fMRI studies of patients with schizophrenia have
appeared in the peer-reviewed literature. Two studies
have explored visual cortex activation in response to a
repetitive visual stimulus (Renshaw et al., 1994; Cohen
et al., 1995), one study examined motor cortex response
to finger movement (Schroder et al., 1995), and two
studies have reported on cognitive task-related cortical
activation (Yurgelun-Todd et al., 1996; Callicott et al.,
1996). In this paper, we will review our results from
four studies, using three different fMRI acquisition
protocols. We will also discuss some of the unique
problems encountered in studying such patients with
fMRImethods and our approaches to and recommenda-
tions for managing them.

METHODS

Study 1: 3-D Echo-Shifted (ES) FLASH: Visual Stimulation

Our first study of patients with schizophrenia uti-
lized a multishot FLASH technique that acquired fMRI
data from the whole brain as a true 3-D volume. The
method involved the principal of echo shifting to in-
crease T2* sensitivity without increasing TR (Moonen et
al., 1994). The details of the 3-D pulse sequence are
described elsewhere (Duyn et al., 1994). In general, 3-D
approaches have the advantages of reduced inflow
effects and optimal registration capability. Whole-brain
imaging is essential for mapping complex brain func-
tions. Volumes were collected in the sagittal plane to
minimize the acquisition time for whole-brain coverage
(FWHM 3.75 mm in plane, 6.11 mm slice thickness).

Twelve patients (mean age 38, all taking standard
doses of antipsychotic drugs) and 8 normal volunteers
(mean age 35) were studied while they watched a
screen on which an alternating black–white checker-
board (8 Hz) was projected. A mirror attached to the
standard head coil allowed subjects to view the stimu-
lus screen which was placed at the foot of the scanner
bed. A single volume was acquired during each of eight
‘‘on’’ periods and during each of eight ‘‘off’’ periods. Each
stimulus period lasted 33 s, the time required to
complete the whole-brain 3-D ES FLASH acquisition.
Each volume in the time series was registered to the
first volume in the series using a least-squares differ-
ence algorithm and trilinear interpolations (Woods et
al., 1992). Each off period was subtracted on a pixel by
pixel basis from its paired on period, and difference
volumes were derived. The difference volume time
series was then analyzed using a z statistic, based on
the mean difference in signal intensity and the pooled
standard deviation. Two approaches to characterizing
‘‘significant’’ activation in visual cortex were applied:
(1) an arbitrary z threshold of P , 0.1, without correc-
tion for multiple contrasts; and (2) individualized z
thresholds based on the value that excluded any ‘‘acti-
vated’’ voxels from both sensorimotor regions. ROIs for
visual and sensorimotor cortices (right and left) were
drawn on coregistered sagittal SPGR anatomical im-
ages. The number of activated voxels in visual cortex
was compared across groups.

Study 2: 3-D PRESTO: Working Memory

Our second study employed another volume acquisi-
tion technique called principles of echo shifting with a
train of observations (PRESTO) (van Gelderen et al.,
1995). This method was developed as a hybrid of
echo-planar imaging (EPI) and FLASH, designed to
address the weaker temporal resolution of earlier
FLASH techniques while preserving the T2* sensitivity
achieved with echo shifting. Particular advantages of
PRESTO include the acquisition of a true, isotropic
volume (FWHM3.75mm isotropic), facilitating registra-
tion and transposition of serial functional datasets,
reduced susceptibility to inflow effects, and the fact
that PRESTO can be implemented on a standard,
clinically configured 1.5-T scanner. The details of the
pulse sequence are described elsewhere (van Gelderen
et al., 1995). We have previously demonstrated a high
degree of comparability between motor activation data
acquired with 3-D PRESTO and with 15O-water PET
rCBF in the same individuals (Ramsey et al., 1996).
Similarly, we have shown that PRESTO activation data
acquired during a motor task within individuals across
2 separate days are highly reliable (Ramsey et al.,
1996).
The PRESTO study of patients with schizophrenia is

described in detail elsewhere (Callicott et al., 1996). In

TABLE 1

Unique Potential of fMRI in Psychiatry

I. Within-subject studies
A. Mapping individual ‘‘neural-psychology’’
B. Characterizing state-dependent variability
C. Physiological correlates of phenotypic variability
D. Functional plasticity

II. Studies of novel populations
A. At-risk subjects
B. Children

III. Genetic linkage
IV. Real-time interactive studies—The ‘‘physiological interview’’
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brief, it involved 10 male patients with schizophrenia
(mean age 33) and 10 similarly aged normal volunteers.
Seven of the patients were receiving standard doses of
routine antipsychotic medications; 3 of the patients
were medication-free at the time of the scan, 2 of whom
had never received neuroleptic medications. Subjects
were studied during a version of the ‘‘N back’’ working
memory task, consisting of 2-back (i.e., the working
memory) and no-back (i.e., the sensorimotor control)
conditions. The memory task differed from other ver-
sions in that a motor response was required for every
stimulus (presented at a rate of 0.6 Hz). The continuous
motor response was conceived as an ‘‘internal’’ activa-
tion control which could be used to help evaluate the
validity of activation differences between patients and
controls found in nonmotor cortical areas. Using the
same visual presentation apparatus as in the 3-D
FLASH study, subjects viewed a diamond-shaped box
in which a number (1 to 4), located at a distinct point on
the diamond, was highlighted. Each stimulus consisted
of a diamond box with a single number presented in
random order every 1.8 s. Responses were made using a
fiber optic box which had four buttons corresponding to
the diamond array of the stimuli. Instructions were
displayed on the screen above the diamond (e.g., ‘‘now
do 2 back’’). Each condition was repeated a total of 18
times during the course of the study, with each epoch
lasting 30 s during which five PRESTO volumes were
acquired.
After registration of each volume to the first in the

series, through the use of a least-squares algorithm
with cubic spline interpolation (Ramsey et al., 1996), z
maps were created as previously described (van Gel-
deren et al., 1995). In order to minimize Type I statisti-
cal error which is likely given the approximately 11,000
voxel-wise z contrasts, we used an unbiased Bonferroni
correction with an omnibus critical threshold of P ,

0.05. ROIs were drawn on coplanar inversion recovery
anatomical images encompassing the sensorimotor,
parietal, and prefrontal cortices.

Study 3: Whole-Brain, Isotropic EPI: Motor Task

Using a local gradient insert coil, we developed a
gradient echo multislice EPI protocol that provided
whole-brain isotropic coverage (FWHM 3.75 mm) as 56
sagittal slices with a TR of 5.5 s. We have described
elsewhere the details of the pulse sequence as well as
the reliability of acquiring motor activation data over 3
separate days within the same individuals (Mattay et
al., 1996). Subjects performed sequential thumb to
finger tapping at the rate of 2 Hz. The activation
paradigm involved alternating movement and still
epochs, repeated eight times, with each epoch lasting
33 s. After registration of the time series multislice
datasets to the first set in the series, using the AIR
method (Woods et al., 1992), t maps were calculated as
previously described (Mattay et al., 1996). Analysis of
the individual distributions of voxel variances revealed
that they did not conform to a x2 distribution, and thus
could not be analyzed by a z statistic. We again chose to
err on the conservative side with respect to Type I error,
and applied a rigorous Bonferroni correction for the
approximately 15,000 gray matter voxels that were
analyzed in each case (a 5 0.05). Eight medicated
patients with schizophrenia and eight controls were
studied. ROIs were drawn on coplanar SPGR anatomi-
cal images in sensorimotor cortices and other motor
relay regions.

Study 4: Whole-Brain, Isotropic EPI: Working Memory

The whole-brain multislice EPI protocol described
above was also used in a study of the N back working

TABLE 2

3-D ES FLASH: Visual Stimulation

Number of activated voxels thresholded at motor cortexa Number of activated voxels thresholded at visual cortexa

Visual cortex Left motor Right motor Visual cortex Left motor Right motor

Patient
1 96 0 0 1 0 0
2 62 0 0 3 0 0
3 89 0 0 1 0 0
4 3 0 0 1 0 0
5 229 0 0 5 0 0

Control
1 18 0 0 0 0 0
2 14 0 0 2 0 0
3 90 0 0 2 0 0
4 68 0 0 4 0 0
5 16 0 0 2 0 0

a See text for explanation.
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memory task in patients and controls. Three task condi-
tions were used: a no-back sensorimotor control, a 1-back
condition, and a 2-back condition. These three conditions
were grouped with a rest, no stimulation period as a
repeating block. The block of four states was repeated 18
times. Because of the restricted aperture of the insert
gradient coil, an optical system was used that displayed
computer-generated images through individual eyepieces.
The data were again analyzed as Bonferroni corrected t
maps (a 5 0.05). ROIs were drawn on nonmotor frontal
cortices and on sensorimotor cortices to compare the
number of voxels surpassing the critical threshold.
Twelve patients and 12 controls were studied.

RESULTS

3-D ES FLASH: Visual Stimulation

Of the original sample of patients, only four had any
significant voxels in the visual cortex ROI with the
critical z threshold set at P , 0.1. A comparison of the
pooled standard deviations revealed that the patients
as a group had significantly greater voxel instability
than did the controls, all but one of whom showed visual
cortex activation. The greater variance in the patients was
presumed to represent movement during and between the
serial volume acquisitions. While movement between
scans is corrected to some degree by registering the
volumes, movement during acquisition of a volume
could not be corrected. Since the probability of a voxel
achieving the critical z threshold is based on both its
variance (i.e., stability) and its stimulus-linked signal
change, the greater variance in the patient data could
bias the group to have less activation in some areas.
In an attempt to control for the differences in move-

ment between the groups, we selected a subsample of
patients and normals who did not differ in pooled
standard deviations. Six patient and six controls were
selected in this manner. The patients were those with
the lowest voxel standard deviations of the group; the
controls were those with the highest standard devia-
tions of their group. Four of the six patients had
significantly activated voxels in visual cortex by the
P , 0.1 criterion. Thus, the groups, given their small
size, did not differ significantly in terms of the number
of significantly activated voxels in visual cortex.
In light of the high variance terms that still character-

ized the data, another approach was taken to setting
the critical threshold, based not on the statistics per se,
but on the predicted functional anatomy. Since visual
stimulation with an alternating checkerboard should
activate visual cortical neurons and not neurons in
sensorimotor cortex, a threshold could be set which
excluded any voxels in the sensorimotor cortex ROI
from being ‘‘activated.’’ Using this critical threshold,
which varied between individuals, every patient and
every control showed visual cortex activation. The data

are shown in Table 2. Though the patients tended to
have more activated voxels according to this analysis,
and three of the top four subjects in number of acti-
vated voxels were patients, the group differences did
not approach significance in this small sample. We also
took another approach based on the functional anatomy
to explore whether the groups differed in terms of the
relative regional sensitivity (i.e., specificity) of the
visual cortical response. In this analysis, individual-
ized critical z thresholds were set at which at least one
significantly activated voxel appeared in visual cortex.
The groups were very similar according to this analy-
sis; no subject in either group showed activation out-
side of this area at the threshold that just yielded
activated voxels within the visual cortex (see Table 2).

3-D PRESTO: Working Memory

Most patients (9/10) failed to showed activated voxels
in prefrontal cortex during the 2-back condition. As a
group, the patients had significantly fewer activated
voxels in this ROI than did controls, all but 2 of whom
activated this region. There were no group differences
in sensorimotor or in parietal areas. However, the
tendency, at least in sensorimotor regions, was for the
patients to have fewer significant voxels. In fact, 3
patients showed no significant activation of sensorimo-
tor cortex, despite their continuous motor responses.
Examination of the voxel pooled standard deviations

revealed significantly greater variance in the patient
group, again presumably because the patients move
more during the acquisition sequence. In an effort to
control for this factor, we again chose to compare
subgroups matched for pooled standard deviations.
This procedure resulted in groups of six. In this sample,
all patients and controls activated sensorimotor cortex
and all controls activated prefrontal cortex during the
working memory condition. The patients did not differ
from controls in number of activated voxels in sensori-
motor or parietal cortices. Only one of the patients had
significantly activated voxels in prefrontal cortex dur-
ing the memory condition, and the groups were signifi-
cantly different in this region (see Fig. 1). Overall,
patientsmademore errors on the workingmemory task
then did the controls, but performance did not signifi-
cantly predict the activation results.

Whole-Brain, Isotropic, EPI Studies

Preliminary analyses of the motor task and working
memory data indicated that, as in the prior studies,
patients had significantly less voxel stability than did
the controls. Since the distributions of the voxel vari-
ances did not conform to a homogeneous distribution, a
pooled standard deviation could not be used to control
for the impact of voxel instability (Ramsey et al., 1996).
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FIG. 1. fMRI studies of patients with schizophrenia. (a) 3-D PRESTO studies of working memory (‘‘2-back’’minus rest) in a normal control
and patient with schizophrenia. Both scans show slices through the superior portions of brain, with activation in right sensorimotor (SM)
cortices in both subjects and activation in dorsolateral prefrontal cortex (DLPFC) only in the control. Parietal cortex (PAR) activation is also
seen in the control. See text for further details. (b) Whole-brain isotropic EPI study of sequential finger movements. Activation of left primary
sensorimotor (PSM), supplementary motor (SMA), premotor (PM), and parietal (PAR) cortices, and right cerebellum (R CER) is seen in both
subjects, with greater bilateral representation in the patient. (c) EPI study of working memory in a normal volunteer showing graded
increases in activation in prefrontal and parietal cortices with increasing working memory load. (d) EPI study of working memory in a patient
with schizophrenia showing reduced cortical activation compared with (c), but some graded response to the increasing cognitive load.
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Instead, we matched groups on two parameters: simi-
lar mean voxel standard deviations and isomorphic
distribution histograms (see Fig. 2). Preliminary analy-
sis of these subgroups showed that both activated
sensorimotor cortex with similar numbers of significant
voxels, both during the motor and during the working
memory tasks. In fact, every subject activated sensori-
motor cortex during both of these tasks. However, some
patients appeared to show less completely lateralized
motor activity on the simple motor task (Fig. 1).

Nonmotor regions of frontal cortex had similar num-
bers of significant voxels in each group during the
2-back condition, at least when this numberwas normal-
ized to the total number of significant voxels in the
entire brain (see Fig. 1).All of the patients and all of the
controls activated prefrontal cortex during the 2-back
task (see Fig. 1); however, the patients tended to have
fewer activated voxels than the controls. Further analy-
ses on other cortical regions and on frontal subregions
are in progress and will be reported in the future.

FIG. 1—Continued
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Interestingly, this subgroup of patients did not differ
significantly from the normal controls in performance
on either the 1-back or the 2-back working memory
tasks. In this request, and in terms of their manifesting
some prefrontal activation, these patients differed from
the group of patients in the PRESTO study. In fact, only
one patient had previously been studied with the
PRESTO method, and this patient, who had no signifi-
cant voxels in prefrontal cortex in the earlier study, had
the fewest voxels of the group studied with EPI.

COMMENT

Our early experience with fMRI in studying patients
with schizophrenia has highlighted some of the prom-
ise and some of the pitfalls of this approach to character-
izing the pathophysiology of this illness. Most patients
with schizophrenia tolerated the procedure well. De-
spite the noisy and confining environment, they re-
mained still and attentive in the majority of cases, and
followed the task procedures. Clearly, patients show
relatively normal patterns of responses in sensory and
motor cortices to visual and motor tasks. One of the
advantages of fMRI in comparison to radionuclide-
based techniques is the repeatability of the procedure.
This facilitates within-subject mapping and provides

the potential to highlight differences between indi-
vidual patients as well as common trends. Our data
from the PRESTO study and the EPI studies exemplify
this point. Patients vary in the extent to which they
manifest prefrontal activation during the working
memory task. The factors that contribute to such
individual variability are potentially important; yet,
physiological mapping strategies that rely on group-
averaged data will tend not to appreciate these indi-
vidual variations. One possible factor for physiological
variation in patients with schizophrenia is task perfor-
mance. The role of task performance is a complex issue
that has been the subject of considerable speculation in
the schizophrenia literature (Weinberger and Berman,
1996). The application of fMRI may resolve the contro-
versy. Since it is possible with fMRI to study each
subject repeatedly within a short period of time, it
should be possible, possible to address task perfor-
mance in complex experimental designs that go beyond
single task administrations. It should be possible, for
example, to characterize physiology–performance rela-
tionships using parametrically increasing cognitive
loads. Our preliminary experience with the N back
working memory task suggests that this is feasible, as
increasing the working memory load by increasing the
number ‘‘back’’ tends to increase the activation re-

FIG. 2. Histograms of voxel variances across the whole brain in EPI study of working memory, showing similar peaks and distributions in
the normal subject and in patient 1, but greater abundance of high variance voxels in patient 2. As explained in the text, patient 2 would be
excluded from statistical comparison to normal subject.

S124 SUPPLEMENT



sponse, at least up to some point (see Fig. 1). We are
studying subjects during stepwise increments in work-
ing memory load, taking both patients and controls
from good through poor performance in an effort to
construct physiology–performance relationships for each
subject. An analysis of such relationships may better
characterize the subtle pathophysiology of the disorder.
Such data also have the potential of defining unique
physiological phenotypes that may be helpful in
searches for susceptibility genes thought to be involved
in schizophrenia and in other cognitive disorders.
Each of our studies also encountered a serious prob-

lem in the fMRI data. Not surprisingly, patients with
schizophrenia move more than normal subjects. This
excessivemovement creates artifacts that in each of the
studies contributed to voxel instabilities. Increased
variance in signal intensity over time can lead to
spurious ‘‘activation’’ or lack of activation, depending on
factors such as location in the head and the statistical
analysis used. Despite our conscientious attention to
image registration to correct for movement between
scans, and our visual cine checks which suggested that
movement-related misregistrations had been cor-
rected, the patients still had greater voxel instabilities.
In the 3-D ES FLASH and the PRESTO studies, both of
which involve volume acquisition times that are consid-
erably longer than that of an EPI slice, movement
during a volume acquisition cannot be corrected by
registration techniques. EPI protocols that acquire
whole-brain data, while not likely to be affected by
within-slice motion, are affected by movement within
the TR of the whole-brain acquisition, and this is particu-
larly problematic if the slices are interleaved. Movements
in the roll, pitch, and yaw directions are especially difficult
to correct in multislice datasets, and impossible to correct
in single-slice studies. Our use of an isotropic acquisi-
tion helps to minimize the data smearing that is
involved in registering the serial datasets.
Strategies to diminish patient movement and its

impact are essential for the success of fMRI studies of
patient populations. Several approaches have appeared
in the literature, including mechanical devices for
limiting motion (Breiter et al., 1996; Ramsey et al.,
1996), pulse sequence accommodations for physiologi-
cal motions (Le and Hu, 1996), and navigator pulses for
making gradient corrections (Hu andKim, 1994).While
the benefit of these approaches in ill populations has
yet to be demonstrated, it is likely that they will reduce
voxel instability. Ultimately, a statistical comparison of
groups of normals and patients will require that stabil-
ity not differ systematically between the groups. We
believe a comparison of the stabilities and a matching
of groups on this basis should be a necessary part of the
data analysis in any comparison across groups, or, for
thatmatter, within individuals over time. To our knowl-
edge, this analysis has been presented in only one of the

studies of schizophrenia in the literature (Callicott et
al., 1996), and in only one fMRI mapping study of
cortical activation over time (Mattay et al., 1996). The
findings of the other studies must be considered uncer-
tain because the impact of motion was not systemati-
cally controlled. These other studies also involved
relatively few slices covering only a limited portion of
brain, thus further compromising their interpretation.
In future studies, it might also be advisable to compare
the registration parameters derived in the process of
reorienting the datasets. We are currently exploring
the value of this approach as well.
Given the likelihood that psychiatric patients will

move more than controls, and as a result, some doubt
about the physiological validity of the activation maps
will exist despite meticulous efforts to control artifacts,
we also advocate another safeguard in the guise of an
‘‘internal activation standard.’’ Our N back task varied
from earlier versions (e.g., Cohen et al., 1994) in that
rather than requiring a response to a specific cue, it
involved a response to every stimulus. This necessi-
tated a continuous motor response, designed to invoke
a sensorimotor physiological response. Activation of
sensorimotor cortex served as an internal activation
standard, which we reasoned should not be impaired by
the basic pathophysiology of schizophrenia. Other ‘‘hard-
wired’’ sensory cortical responses, such as visual or
auditory, could also be used in analogous paradigms.
The benefit of this approach is that it makes it possible
to examine activations in association cortices, which
are inherently less easily interpreted, in the context of
a valid activation response. In our hands, if a subject fails
to manifest the internal activation response, the data are
regarded a priori with suspicion, if not discarded. The
internal reference standard also can be used to normalize
activation responses found in other areas as a conserva-
tive approach to reducing variations in generalized
activation responsiveness between individuals.
Many of the problems encountered in our prelimi-

nary studies will likely be minimized as the methods
continue to evolve. Recent modifications in hardware

TABLE 3

Proposed Methodological Standards for fMRI Comparisons
between Groups and across Time

1. Standardized assessment of machine artifact stability (e.g., signal
drift, field characteristics).

2. Comparisons across groups (or time) of signal variations at
regions where ‘‘edge artifacts’’ are likely, e.g., edge of brain and
ventricles, both before and after registration.

3. Cine check for postregistration residual motion.
4. Comparison across groups (or time) of motion correction param-
eters (translation, rotation, pitch, yaw, roll).

5. Comparison across groups (or time) of voxel variance histograms.
6. Comparison of activation in pathophysiologically neutral region,
i.e., the ‘‘internal activation standard’’ (see text).
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and pulse sequence development have reduced the TR
of some of the multishot volume acquisition ap-
proaches, and single-shot techniques also are evolving
rapidly (e.g., Yang et al., 1996a,b). In the meantime,
and in recognition of the impact that systematic differ-
ences in behavior during the scan have on the fidelity of
fMRI data, investigators studying psychiatric patients
should be circumspect about their data analyses. In
Table 3, we propose standards that we feel should be
met in reports comparing a patient group to a group of
normal volunteers, and in comparing data within sub-
jects over time or during different treatments.
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