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Functional Magnetic Resonance Imaging Brain
Mapping in Psychiatry: Methodological Issues
Ilustrated in a Study of Working Memory

in Schizophrenia
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Functional magnetic resonance imaging (fMRI) is a potential
paradigm shift in psychiatric neuroimaging. The technique
provides individual, rather than group-averaged, functional
neuroimaging data, but subtle methodological confounds
represent unique challenges for psychiatric research. As an
exemplar of the unique potential and problems of fMRI, we
present a study of 10 inpatients with schizophrenia and 10
controls performing a novel “n back” working memory (WM)
task. We emphasize two key design steps: (1) the use of an
internal activation standard (i.e., a physiological control
region) to address activation validity, and (2) the assessment
of signal stability to control for “activation” artifacts arising
from unequal signal variance across groups. In the initial
analysis, all but one of the patients failed to activate
dorsolateral prefrontal cortex (DLPFC) during the working
memory task. However, some patients (and one control) also
tended to show sparse control region activation in spite of
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normal motor performance, a vesult that raises doubts about
the validity of the initial analysis and concerns about unequal
subject motion. Subjects were then matched for signal
variance (voxel stability), producing a subset of six patients
and six controls. In this comparison, the internal activation
standard (i.e., motor activation) was similar in both groups,
and five of six patients, including two whom were
neuroleptic-naive, failed to activate DLPFC. In addition, a
tendency for overactivation of parietal cortex was seen.
These results illustrate some of the promise and pitfalls of
fMRI. Although fMRI generates individual brain maps, a
specialized survey of the data is necessary to avoid spurious
or unreliable findings, related to artifacts such as motion,
which are likely to be frequent in psychiatric patients.
[Neuropsychopharmacology 18:186-196, 1998]
Published by Elsevier Science Inc.
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Functional neuroimaging has provided much of the
physiological database about psychiatric disorders, par-
ticularly schizophrenia (Berman and Weinberger 1991;
Andreasen et al. 1992; Liddle 1995). However, nuclear
medicine techniques, such as single photon emission
computed tomography (SPECT) and positron emission
tomography (PET), tend to rely on group averaging and
miss subtle interindividual differences, which may be
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as critical to understanding psychiatric disorders as are
the group data. As a nonradioactive methodology,
functional magnetic resonance imaging (fMRI) offers
several advantages, including improved spatial and
temporal resolution, virtually unlimited study repeti-
tions, straightforward registration of functional and an-
atomic scans, and use on widely available MRI scan-
ners. For these reasons, particularly repeatability, fMRI
is an ideal individual mapping technique. As such, it
may offer unique insights into several important ques-
tions, including the particular relaticnship between in-
dividuals and diagnostic groups, the effects of medica-
tion or performance differences on activation tasks, the
distinction between state and trait findings, and the re-
liability of findings over time.

The fMRI literature has exploded over the past few
years (Levin et al. 1995; Weinberger et al. 1996). From
simple motor and sensory tasks to complex cognitive
paradigms, our group (Duyn et al. 1994; Van Gelderen et
al. 1995; Mattay et al. 1996; Ramsey et al. 1996a, b) and
others (Belliveau et al. 1991; Bandettini et al. 1992; Kwong
etal. 1992; Ogawa et al. 1992; Cao et al. 1993; McCarthy et
al. 1993, 1994; Binder and Rao 1994; Cohen et al. 1994;
Cohen and Brookheimer 1994; D’Esposito et al. 1995;
Kwong 1995) have demonstrated the use of fMRI to de-
tect regionally specific signal changes thought to indi-
rectly represent neuronal activity. Yurgelun-Todd et al.
(1996) recently demonstrated decreased left prefrontal
cortical activation in patients with schizophrenia com-
pared to healthy subjects during a verbal fluency task.
Also utilizing fMRI, Breiter et al. (1996) reported activa-
tion of several limbic and paralimbic regions during
symptom provocation in patients with obsessive-com-
pulsive disorder.

The unique potential of fMRI is counterbalanced by a
unique set of challenges in data acquisition, analysis,
and interpretation. In general, any given signal change
(or “activation”) detected during a fMRI study is not
necessarily related to neuronal activity; it may instead
result from various, often subtle, artifacts. Some arti-
facts are inherent to the technique (e.g., “inflow,” ma-
chine noise), whereas others will vary across individu-
als (e.g., brain motion, head movemer.t). Given the low
physiological signal-to-noise ratio (SNR) of fMRI on
conventional 1.5 Tesla (1.5 T) machines;, it is typically by
virtue of multiple stable repetitions of reference (“off”)
and activation (“on”) states that signal will stand out
against the background over time. Anything impinging
on the stability of the response over time (voxel stabil-
ity), such as motion, physiological variability, or machine
artifact, will render data suspect in an unpredictable
manner (i.e., either overactivation or underactivation)
(Bullmore et al. 1996a; Eddy et al. 1996; Lee et al. 1996;
Maas et al. 1997). Thus, the particular problem in apply-
ing this technique to neuropsychiatric illness will be
recognizing and avoiding the artifactual “activation”
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(both increases and decreases) that will inevitably be
found (Callicott and Weinberger, in press).

The goal of this study is twofold: (1) we describe a
study of a novel working memory task in paticnts with
schizophrenia; and (2) we illustrate a conservative ap-
proach to fMRI data that should be applicable to other
fMRI studies. Numerous prior studies (for a review,
Weinberger and Berman 1996) have addressed the pos-
sibility of prefrontal cortical dysfunction in patients with
schizophrenia first suggested by the work of Ingvar and
Franzen (Ingvar and Franzen 1974) and often broadly
categorized under the term “hypofrontality.” Whereas
studies of resting blood flow or metabolism have been
inconclusive, studies utilizing cognitive activation para-
digms have tended to show that patients with schizo-
phrenia underactivate prefrontal cortex in response to
cognitive challenges (Weinberger and Berman 1996).
Furthermore, this failure has been most robustly dem-
onstrated in tasks, like the Wisconsin Card Sorting Task,
thought to rely on working memory—the ability to hold
information briefly “on-line” for manipulation or later
storage (Baddeley 1996, Goldman-Rakic 1996). In the
present study, we have utilized a novel version of the
“n” back working memory task (Gevins et al. 1987). This
task has been previously shown to activate prefrontal
cortex in healthy controls (Cohen et al. 1994, 1997) and
may be a more pure assay of working memory. We hy-
pothesized that patients with schizophrenia would un-
deractivate prefrontal regions during this working
memory challenge when compared to healthy controls.

As part of our exploration of this hypothesis, we
highlight a systematic and critical appraisal of our fMRI
methods. This approach assumes the presence of arti-
fact and aggressively seeks to identify and minimize its
effects. Two key issues are emphasized. First, how do we
assure ourselves that we have gathered valid physio-
logical activation data? Second, how do we know differ-
ences between individuals and groups (e.g., hypofron-
tality in patients with schizophrenia) are not statistical
artifacts? To address the first question, we incorporate a
predicted motor response into the cognitive task. Thus,
activation of sensorimotor cortex—a region that is prob-
ably functionally intact in psychiatric disorders (Bo-
gerts 1993; Buckley et al. 1997; Mattay et al. 1997)—is
expected and is used as a reference or control region
(“internal standard”) both within and across groups. To
address the second question, we controlled across sub-
jects and across groups for differences in signal vari-
ance or voxel stability. This provides a match for arbi-
trary group differences (regardless of their source) and
ensures that variance characteristics will not systemati-
cally bias activation differences across groups. Whereas
our approach is neither exhaustive nor meant as a
“standard” for fMRI in psychiatric research, we demon-
strate that failure to systematically address these gen-
eral methodological issues jeopardizes the already com-
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plex process of evaluating data possibly related to the
neurophysiology of mental illness.

METHOD
Subjects

We studied 10 male patients with schizophrenia (PT)
(10/10 right-handed (Oldfield 1971), mean *+ SD age =
341 = 6.2) and 10 male normal controls (NC) (8/10
right-handed, 33.3 = 7.6) (see Table 1). Patients were re-
cruited from the inpatient wards of the National Insti-
tute of Mental Health (NIMH) Neuropsychiatric Research
Hospital at St. Elizabeths, Washington, DC. The Investi-
gational Review Board of the NIMH approved the
study protocol. All patients met Diagnostic and Statisti-
cal Manual IV (DSM-IV) criteria for schizophrenia and
were screened to exclude concomitant neurological ill-
ness and active substance abuse. Normal volunteers
were recruited from the National Institutes of Health
(NIH) staff and from the community and were paid for
their participation. After complete description of the
study, written consent was obtained.

Protocol

The working memory paradigm consisted of a novel
version of the “two back” working memory task com-

Table 1. Patient Characteristics
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bined with a “no back” control task. Our task differed
from other versions (Cohen et al. 1994) in that a motor
response was required for every stimulus. This motor
response was designed to generate activation in con-
tralateral sensorimotor cortex—a reference region. Stim-
uli were presented at a rate of 0.6 Hz (every 1.8 s) on a
rear projection screen placed at the subject’s feet. A mir-
ror attached to the head coil allowed subjects to see the
screen. The stimuli consisted of number (one to four)
shown in random sequences and displayed at the points
of a diamond-shaped box (Figure 1). “No back” and “two
back” conditions were alternated with “rest” periods dur-
ing which subjects were asked to relax with eyes open.

The two back task required subjects to continually
update their mental set while responding to previously
seen stimuli. This kind of delayed-response task has
been widely held to require working memory and has
been demonstrated to activate the prefrontal cortex of
human and nonhuman primates (Goldman-Rakic 1991;
Cohen et al. 1994).

Working memory data were collected in “runs.” Nine
of these runs, with a brief pause between, were gath-
ered over the course of an entire experiment that lasted
40 min. Each run consisted of multiple task “epochs.”
Each epoch lasted 30 s and consisted of either the rest,
no back, or two back conditions. Each condition was re-
peated twice during one run. Thus, each task condition
was repeated 18 times over the entire study. The activa-
tion conditions were presented in a counterbalanced
fashion to avoid order effects.

Patients with

Schizophrenia Age/ Diagnostic Medications® Duration® PANSS +4 PANSS —4 AIMS?
(PT) Handedness Subtype® (mg/d) (years) (max = 49) (max = 49) (max = 28)
1 22/R PAR clozapine 600 4 14 25 1

sertraline 50
2% 37/R UND haloperidol 8 17 9 33 2
benztropine 2
3% 27/R PAR risperidone 3 8 7 11 0
lithium 900
4 36/R UND risperidone 8 21 7 34 1
5* 41/R PAR haloperidol 18 20 20 27 0
benztropine 2
6* 41/R PAR risperidone 6 17 13 14 0
7 34/R PAR clozapine 550 17 15 18 1
valproate 1000
8* 29/R PAR NEVER 6 21 9 0
9 36/R PAR OFF 16 17 32 3
10* 38/R PAR NEVER 15 23 26 0
Mean = (SD) 34 = (6) 14.1 = (6) 14 = (5) 23+ (9) 0.8 = (1)

“Schizophrenia subtypes (DSM-IV) are abbreviated PAR for paranoid and UND for undifferentiated types.

"Patients #8-10 were medication-free at the time of scan, whereas the remaining patients had been at the reported dose for greater than 6 weeks. PT
#9 had been taken off all medications for 3 weeks, whereas PTs #8 and 10 had never received neuroleptics.

“Duration of illness is defined as the time elapsed since onset of psychotic symptoms.

“Patients were rated at the time of scan by two psychiatrists using the positive and negative symptom scale (Kay 1991) (PANSS + and PANSS —
subscales) and the abnormal and involuntary movement scale (AIMS) modified (Wyatt 1993). Ratings were highly correlated between raters, with in-

tra-class correlations of 0.93, 0.76, and 0.89, respectively.
*Refers to patients retained for the final analysis.
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NO BACK

Figure 1. Working memory activation
task rules: The numbers 1-4 were dis-
played randomly. Each number had its
own unique and fixed position on the four
corners of the diamond. Responses were
recorded using a button box with buttons
arrayed in the same configuration. Sub-
RESPONSE: 1 RESPONSE: 2 RESPONSE: 3 RESPONSE: 4 jects responded by pressing with their

right thumb one of these four buttons.
TWO BACK These responses were recorded by com-
puter. During the no-back condition, the
subject pressed the button corresponding
to the number seen on the screen. During
the two-back condition, the subject was
required to respond to the number seen
two stimuli previously (i.e., “go back two
numbers in the sequence for your re-
sponse”).

RESPONSE: —-— RESPONSE: — RESPONSE: 1 RESPONSE: 2

TIME ———

Prior to being placed in the scanner, each participant holder (Ramsey et al. 1996a, b). To acclimatize subjects
reviewed the rules and practiced each condition. Tolimit to the scanner, they were given further practice inside
movement, subjects were placed on a rolling platform the scanner with the pulse sequence running in the
with their heads suspended in a hammock-like head- background.

Figure 2. Individual fMRI activation maps for a patient with schizophrenia (PT) and a matched control (NC) during a
“two-back” (2B) working memory (WM) task compared with an eyes-open “rest” (R) and “no-back” control task (0B). fMRI
data (boundaries indicated by jagged white line) were superimposed on oblique Inversion Recovery images. Upper figure
denotes orientation of 3-D fMRI slab (thick white line) with respect to the anterior commissure-posterior commissure (AC-PC)
line (red line). Yellow line indicates approximate location of slices shown below. Lower figure contains a representative slice
from each subject encompassing the sensorimotor reference region (SM) and dorsolateral prefrontal cortex (DLPFC). Three
task substraction comparisons are shown. highlighting SM activation (0-R and 2-R) and WM activation (2-0). Red voxels
highlight positive activated voxels exceeding critical threshold. Although both subjects have SM activation (small arrows),
only the NC activated DLPFC (large arrows).
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Data Acquisition

We used an fMRI technique called principles of echo
shifting with a train of observations (PRESTO) (Liu et al.
1993; Van Gelderen et al. 1995; Ramsey et al. 1996a, b)—a
hybrid of echo-planar imaging (EPI) and fast low angle
shot (FLASH) imaging. At this tirne, most BOLD-based
fMRI techniques represent modifications of EPI or
FLASH-—each with its own particular strengths and
weaknesses in spatial and temporal resolution. SNR, and
hardware requirements. Particular advantages of
PRESTO include the acquisition of a true isotropic three-
dimensional (3-D) volume, allowing for both straightfor-
ward registration, transposition of functional data with
anatomic images obtained in any plane, and reduced sus-
ceptibility to so-called “inflow effects” (Duyn et al. 1994;
Van Gelderen et al. 1995). Also, PRESTO can be used on a
standard 1.5 T scanner without additional hardware. The
details of the PRESTO sequence and imaging protocol are
presented elsewhere (Van Gelderen et al. 1995; Ramsey et
al. 1996a, b). A particular disadvantage of 3-D PRESTO is
that the time needed to acquire a full 3-D volume (6 s) al-
lows more time for subjects to move (“within scan move-
ment”) than single-shot 2-D methods like EPI that rap-
idly acquire single slices (e.g., TE = 40-60 ms). However,
because multiple single slices are required to cover the
same volume of brain as PRESTO, subject movement in
the interval between these slices (“between scan” motion)
is potentially more problematic (Weinberger et al. 1996).
A detailed comparison of these techniques is beyond the
scope of this article; however, these particular strengths
or weaknesses must be taken into account in the design
and analysis of fMRI experiments.

Image Registration

Misregistration secondary to between-scan movements
can be particularly detrimental to functional imaging
studies. Small movements can generate large apparent
signal differences, especially in voxels located near high-
contrast edges. During each 30-s epoch, five 3-D fMRI
volumes (each volume comprising approximately 11,000,
3.75-mm isotropic voxels) were acquired. The first vol-
ume of each epoch was discarded to allow for hemody-
namic delay in the BOLD effect (Ogawa et al. 1990). The
remaining volumes from all epochs were registered to
the last volume in the session using a least-squares dif-
ferences algorithm and cubic spline interpolation (Unser
et al. 1993). A cine loop composed of a sagittal slice from
each of the registered volumes was used to visually
confirm proper alignment.

Creation of Individual Activation Maps by the
Subtraction Method

For each individual subject, datasets were created by var-
ious subtraction comparisons (Binder et al. 1995) (see
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below) that were analyzed statistically using the z-map
method described previously (Van Gelderen et al. 1995;
Ramsey et al. 1996b). After registration, the four vol-
umes (i.e., the 4-D array of voxels) from each epoch
were averaged. This “averaged volume” represented data
during one repetition of a condition—either rest, no
back, or two back. Since each working memory condition
was repeated twice during a run and 18 times during
the nine runs, there were 18 “averaged” fMRI volumes
for each task condition. The 18 “averaged volumes” from
each condition were then used to perform task sub-
straction comparisons.

To measure activation related to sensorimotor func-
tion, rest “averaged volumes” were subtracted on a voxel-
by-voxel basis from the no-back and two-back “aver-
aged volumes” (e.g., no back minus rest [0B — R] and
two back minus rest [2B — R]). To examine signal changes
specific to working memory, the no-back volumes were
subtracted from the two-back volumes (2B— 0B). The
resultant signal change differences for each voxel com-
prised a “difference volume.”

For each voxel in these “difference volumes,” a mean
signal change and standard deviation were calculated. A
x? test using the formula [(Voxel variance) X V/(number
of task epochs)]/(pooled variance)] identified those vox-
els exhibiting a large variance (x* threshold correspond-
ing to p = .01 corrected for the total number of voxels)
that are likely to include artifacts, e.g., from large vessels
or within-scan movement (Van Gelderen et al. 1995). We
have previously shown that these voxels represent less
than 1% of the total number of PRESTO voxels (Van
Gelderen et al. 1995; Ramsey et al. 1996b). A pooled stan-
dard deviations (PSD) was created from the remaining
voxels. A separate PSD was calculated for the subgroup
of high variance voxels to establish an appropriately
stringent threshold for these voxels. The PSD was used
to calculate a z,-value for all voxels by multiplying each
voxel’s mean signal change by [V (number of difference
volumes)/PSD]). Finally, activated voxels were identified
as those crossing a critical statistical threshold. The criti-
cal z, threshold was defined separately for each subject
by applying a Bonferroni correction for the total number
of voxels in the entire 3-D volume (approximately 11,000
voxels). This resulted in z, thresholds between 4.4 — 4.5
(p <44 — 45 X 107 omnibus p < .05 (one-sided)). Vox-
els crossing this threshold were highlighted and manu-
ally overlaid on the oblique inversion recovery (IR) im-
ages for localization (z.,; map). Only voxels with a
positive signal change were analyzed and are reported
herein simply as the number of activated voxels.

Group Comparisons

Using the z.;, maps, activated voxels were assigned to
anatomic regions based on their location on the oblique
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IR images (Watson 1991; Talairach and Tournoux 1993)
(Figure 2). The sensorimotor control region (SM) was
defined liberally—encompassing, on all relevant slices,
the areas surrounding the central sulcus and including
precentral gyrus (BA 4), lateral aspects of premotor area
(BA 6), and postcentral gyrus (BA 1-3.5). DLPFC was
determined by examining the middle and inferior fron-
tal gyri superior and rostral to the genu of the corpus cal-
losum on all relevant slices (putative BA 10, 46). Whereas
the oblique slab orientation maximized frontal cover-
age, only the most anterior and superior aspects of the
parietal cortex (PAR) were included (putative BA 7,40).
Group differences were compared by Mann-Whitney
U (two-tailed p) and Spearman’s rank-order correlation
tests. The group data are hereafter reported as medians.
Data for DLPFC and PAR are presented as the sum of
right and left cortices. Data for SM are taken from the left
cortex (contralateral to right thumb movement). Group
differences in voxel stability (see below), in contrast, were
based on normally distributed difference values within
each individual and were therefore compared using Stu-
dent'’s t-test for independent samples (two-tailed p).

RESULTS

The individual maps showed that most patients with
schizophrenia (9/10) failed to have any “activated” vox-
els in DLPFC during the “two-back” task (Figure 2). Ac-
cordingly, in the 2B — 0B comparison, normal controls
showed significantly greater “activation” in DLPFC with
a median number of significant voxels of 5.0 compared
with 0 for the patients (U = 175, n, = 10, p = .01). At
the same time, however, median activation in the con-
tralateral SM control region also tended to be different
between the groups in both the 0B — R comparison (8.5
versus 4, U = 30.0, n, = 10, p = .1) and in the 2B — R
comparison (7.0 vs. 2.0, U = 25.5, n, = 10, p = .06), even
though the groups had almost the same number of mo-
tor responses. Several patients and controls failed to
show any activation in the left SM reference region dur-
ing the 0B — R (PTs #1,4,9 and NC #8) and 2B — R com-
parisons (PTs #1,8,9; NC #10). In other words, to the ex-
tent that activation of SM should have been found, our
“internal standard” suggested that there was a problem
with the validity of the “assay.”

Matching for Voxel Stability

Since differences in the number of activated voxels could
be explained by either group differences in mean signal
change or in mean variance (or both), we next examined
differences in a measure of voxel stability (PSD). Per-
haps not surprisingly, the patients with schizophrenia
showed significantly greater voxel instability. In the
0B — R and 2B — R comparisons, patients had signifi-
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cantly greater PSD than controls (2.1 = 0.7 vs. 1.4 = 0.4,
t =22, df = 18, p = .04). Similarly, in 2B — 0B, patients
had greater PSD (1.9 = 0.7 vs. 1.4 = 0.3, = 2.4, df = 18,
p = .04). The five subjects who failed to activate SM had
significantly higher mean PSD than did the other 15
subjects (2.4 = 0.8vs. 1.6 + 0.4,t = 2.8,df = 18, p = .01).
Thus, a relative lack of “activation” appeared to be re-
lated to this stability difference. To control for this arti-
fact, subjects were then matched pairwise for PSD, re-
sulting in rarefied samples of six each, that no longer
differed in PSD in any task comparison (all p > .6).

Asin the larger sample, all but one patient failed to acti-
vate DLPFC in the 2B — 0B comparison and controls as a
group had significantly greater activation (5.0 vs. 0, U =
1.0, n, = 6, p = .006) (see Table 2). Now, however, all sub-
jects showed SM activation in the 0B — R comparisons and
all but one (PT #8) showed significant SM activation in the
2B — R comparison. No significant group differences in
SM were found in either comparison. Thus, controlling for
variance restored the internal activation standard.

Most subjects also activated parietal cortex during the
motor control and the working memory tasks. Though
patients and controls did not differ significantly in the
amount of activation, the PAR data suggested contrast-
ing activation patterns. In the 0B — R and 2B — R com-
parisons, all but two subjects (PT #3 in 0B — R and PT
#6 in OB — R and 2B — R) showed significant activation
in PAR. Similarly, all but three subjects NC #3, PTs #8
and #10) activated PAR in the 2B — 0B comparison.
However, whereas controls had more PAR activated vox-
els than did patients in 0B — R (13.5 vs. 2.5) and 2B — R
(17.5 vs. 4.5), patients had more PAR activation in the
2B — 0B working memory comparison (7.5 vs. 1.0).

The two groups did not differ in performance on the
no back control task. While patient performance was
poorer during two back (controls correct 11.5 £ 2.5 vs.
patients 5.1 = 3.8, F = 11.8, df = 1, p = .006), there was no
significant correlation between performance and the
number of activated voxels in any region. The availability
of individual activation data made it possible to explore
further the relationship between activation and perfor-
mance. PT #2, the only patient who activated DLPFC in
the 2B — OB comparison, had a mean performance of
4.1 = 1.6—well below the range for controls (7.6-13.3)
and fourth of sixth in patient performance. In contrast, PT
#8 had the highest mean performance among the patients
at 12.5 = 1.5—well within the normal range—vet failed
to activate DLPFC. In addition, NC #2 had the lowest
mean performance among controls at 7.6 * 2.0, yet still
activated DLPFC in the 2B — 0B comparison.

DISCUSSION

“fMRI"” refers to an array of methodologies, encompass-
ing different pulse sequences, slice characteristics (e.g.,
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Table 2. Number of Positive “Activated” Voxels® from Motor Control (No Back - Rest, 2
Back - Rest) and Working Memory (2 Back - No Back) Task Subtraction Comparisons:

Matched Sample

Motor Control Comparisons

Working Memory Comparisons

No Back - Rest 2 Back - Rest 2 Back - No Back

SM? Par SM Par DLPFC Par
Subje R* L R L R L R L R L R L
NC1 3 12 - 3 17 23 1 3 5 - 2 -
NC2 4 5 4 4 3 1 5 8 10 8 39 4
NC3 - 10 - 3 1 7 7 5 6 1 - -
NC4 1 7 10 22 1 6 12 26 1 - 1
NC5 22 20 13 6 15 19 15 7 5 5 1 -
NCé6 12 4 19 3 4 7 47 8 - 5 - 1
PT2 8 18 73 22 13 16 80 23 - - 51 10
PT3 3 19 - - 6 7 12 4 2 - 10 2
PT5 2 6 2 - 1 4 1 - - - 14 -
PTé6 - 3 - - 2 3 - - - - 2 1
PT8 - 3 6 9 - 3 2 - - - -
PT10 - 5 - 3 - 1 1 3 - - - -

“Mean number of voxels crossing conservative, Bonferroni-corrected z, threshold (see text).
bSM = sensory + motor cortices; PAR = parietal cortex; DLPFC = dorsolateral prefrontal cortex.
“NC = normal controls; PT = patient with Schizophrenia; PT# refers to Table 1.

“R and L refer to right and left hemisperes.

3-D vs. 2-D, single vs. multislice, orientation, voxel di-
mensions), magnet strength, and data processing algo-
rithms. Amidst this diversity, there are confounds com-
mon to all fMRI methods, some of which are likely
exaggerated in psychiatric patients. In general, all fMRI
data are subject to artifacts that can generate spurious
data both in terms of overactivation and underactivation.
All fMRI techniques must overcome low physiological
SNR. At 1.5 T, the signal changes measured as “activa-
tion” with BOLD fMRI range frorn 1%-5% (Bandettini
et al. 1992; Cao et al. 1993; Ogawa et al. 1993). Therefore,
the scans must be repeated many times to gain statisti-
cal power. Voxels that show signal increases in re-
sponse to a task may cross some arbitrary statistical
threshold and be called “activation.” Anything interfer-
ing with this process, such as subject movement (i.e.,
changing the position of this voxel in imaging space) or
machine variability, will affect the results. Given a cer-
tain level of unavoidable artifact, it is crucial to develop
guidelines to minimize and control for these effects.
Based on our experience and a growing body of liter-
ature devoted to separating fMRI activation from arti-
fact (Weinberger et al. 1996), we have adopted a conser-
vative approach to evaluating fMRI data (Table 3). We
will discuss the results of our working memory study in
the context of this approach. The first stage of this pro-
cess is prevention. In this report, we have not specifi-
cally addressed the assessment of machine artifact or
physiological variability, but rather introduce these
topics as they represent areas of active study likely to be
important in future fMRI reports. A more problematic

artifact in fMRI data is motion. Although it is clear that
motion cannot explain all activation (Weisskoff 1995),
movement has been shown to account for significant
signal changes (Hajnal et al. 1994, 1995) and can be the
source of subtle differences between populations—par-
ticularly with neuropsychiatric patients—even when
utilizing a rigorous statistical threshold such as ours. In
an attempt to prevent motion, we utilized a hammock-
like head immobilization device that was well tolerated
by patients and controls alike. Clearly, however, motion
remained a factor in much, if not all, of these data.
Other groups have experimented with bite blocks, foam
pads, and inflatable head cushions with mixed results
in terms of immobilization and subject comfort (Bau-
dendistel et al. 1996; Lo et al. 1996). In our experience, it
is difficult to find data unaffected by motion, even in
cooperative healthy controls, thus necessitating further
assessment of all data.

The second stage of evaluation (Table 3) involves
various “quality control” measures that seek to mini-
mize the effect of artifacts hidden in the data. The initial
step in preparing fMRI data for analysis is the registra-
tion process, whereby data taken across the duration of
an experiment are brought into a common image space
by adjusting for movements between each acquisition.
Subject movement can occur both within a given scan
and between consecutive scans. Within scan movement
is not correctable, thus pulse sequences acquiring func-
tional images (“timepoints”) over a longer time are al-
ready at a relative disadvantage, since more time is avail-
able for subject movement. It is also important to note



NEUROPSYCHOPHARMACOLOGY 1998—VOL. 18, NO. 3

Table 3. Structured Approach to Evaluation of fMRI Data

Stage 1: Prevention of Artifact

1. Machine-related artifact: standardized assessment of
machine stability (e.g., signal drift, field characteristics)

2. Subject-related artifact
a. Physiological variability:

i. assessment of physiological parameters during
experiment (e.g., end-tidal CO,, pulse)
ii. use of “gated” pulse sequences
b. Movement: prevention through head immobilization
Stage 2: Assessment of Artifact (“Quality Coritrol”)

1. Standardized assessment of motion correction

a. Systematic correction for subject motion (=.g., realignment
via registration, “excitation” history correctic)

b. Comparison across groups (or time) of motion correction
parameters (translation, pitch, roll, yaw)

¢. Reexamination after analysis for residual crtifact not corrected
by registration (e.g., “edge artifacts”)

2. Examination of signal change time course in “activated”
voxels: (e.g., correlation of time course with experimental
paradigm)

3. Comparison of activation in pathophysiologically neutral
region: the “internal activation standard”

4. Comparison across groups (or time) of variance: (e.g.,
pooled standard deviation)

Stage 3: Evaluation of Results

1. Use of stringently defined threshold for “activation”

2. Placing activation into context: cautious reification of
activation in “new” regions (e.g., hypothesis driven)

that although between-scan movement is correctable to
a degree, these re-registration corrections are approxi-
mations that alter the data (Hajnal et al. 1994; Aine
1995). Furthermore, failure to register or align image
data can be responsible for both increas=s and decreases
in signal change. PRESTO, as a 3-D volume, possesses
certain advantages over single or multiple slice tech-
niques in that it allows for straightforward correction of
movements in all directions, whereas only movement
within the plane of scan is correctable with single or
multislice acquisitions that do not cover the whole
brain.

Regardless of method, the registration process should
begin with some systematic assessment of the presence
of between-scan movement. It is becoming standard
practice to report the amount of movement in 2-D im-
aging protocols such as EPI, most cornmonly derived
from the amount of correction made by the registration
algorithm (the “interpolation parameters”) (Santha et
al. 1997). Instead, we assume that any motion will be re-
flected in increased variance or voxel instability (i.e.,
higher PSD). In a more recent study using EPI in pa-
tients with schizophrenia (Callicott et al. 1997), we uti-
lized both quantification of movement and voxel vari-
ance and have found the latter to be a good correlate of
the former.

The final two aspects of quality control, the compari-
son of activation in a reference region and of voxel sta-
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bility (PSD), have been stressed in this report. A refer-
ence or control region is particularly useful because it
provides an immediate qualitative gestalt regarding the
final product—the functional maps. Group discrepan-
cies in activation of this reference region should alert
one to subtle or unforeseen sources of group dissimilar-
ity (e.g., voxel stability characteristics, inherent physio-
logical reactivity) that must be taken into account be-
fore activation differences in principal regions of interest
are attributed to disease-specific neurophysiological ab-
normalities.

The final aspect of our approach to quality control is
to use the pooled standard deviation to identify those
subjects with excessive variance across scans and to
match groups for statistical comparisons. In general, ac-
tivation is a statistical representation of a numerator
consisting of some changing parameter (here, signal in-
tensity change) and a denominator consisting of a vari-
ance term. The increased spatial and temporal resolu-
tion of fMRI—usually touted as major advantages—can
generate subtle, but profound differences in this vari-
ance term within individuals and especially between
groups. Thus, matching for PSD (or variance) allows
one to compare groups while correcting for statistical
power within subjects. In order to make statements about
between group differences, one must consider ways to
match for statistical power, particularly with fMRI in
which this power is hidden in the within-subject analy-
sis. Using a variable like PSD gives readers insight into
the quality of the individual data after the complete se-
quence of processing steps. On the other hand, one lim-
itation of our matching technique is that the PSD essen-
tially pools all sources of variance. It may ultimately be
useful to differentiate the various sources of variance,
such as motion or physiological variability (Bullmore et
al. 1996; Friston et al. 1996). Even so, a statistical analy-
sis across groups will have to ensure that the statistical
parameters are comparable.

Though our PSD-matching technique resulted in the
exclusion of a sizable portion of our original patient
sample, we argue that this design detail is crucial to the
interpretation of fMRI data. The loss of subject data is
outweighed by avoiding a more serious error of attrib-
uting group differences arising from methodology to
differences in underlying neurophysiology. Prior to the
stability match, the patients had less activation in the
SM cortex. Although this finding has been reported
(Wenz et al. 1994; Schroder et al. 1995), our experience
clearly demonstrates that failure to control for other
sources of group difference (as reflected in PSD) gener-
ated unreliable results and may explain these earlier
findings in the fMRI literature. Ultimately, the persis-
tence of a group difference between NC and PT in
DLPFC activation argues for its robustness.

The final stage of fMRI data analysis (see Table 3) in-
volves testing for significance. Strictly speaking, the is-
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sue of statistical thresholds should be settled a priori as
part of the experimental design. The fMRI literature,
however, has witnessed a variety of idiosyncratic ap-
proaches to defining statistical thresholds, often based
on post hoc assessment of the data (i.e., “how do you
make the best map?”). It is important to note that
thresholds for fMRI activation are discretionary and
thus should be defined stringently. The z, analysis method
uses a conservative Bonferroni correction for the total
number of voxels imaged (approximately 11,000). Voxel-
by-voxel comparisons, for example with multiple f-tests,
without correction are particularly sensitive to identify-
ing false positive signal changes given such large num-
bers of comparisons (type I error).

Qur results demonstrate that, in contrast to normal
subjects, patients with schizophrenia fail to activate
DLPFC during a conceptually simple working memory
task that, unlike earlier tasks (e.g., the Wisconsin Card
Sorting Task, the Tower of Hanoi, and others), requires
no problem solving and may more closely approximate
the “transient relevance” central to working memory
(Goldman-Rakic 1991). As a validation of earlier func-
tional neuroimaging findings in schizophrenia, these
results further imply that the neurophysiological deficit
in schizophrenia is relatively regional, at least during a
working memory task. The basic mechanism of this def-
icit is uncertain. Recent data suggest that patients are
able to appropriately activate prefrontal cortex at lower
levels of working memory load (i.e., one back) but may
have reduced capacity compared with healthy controls
to activate prefrontal cortex in response at higher loads
(i.e., two back) (Callicott et al. 1997).

The two most common criticisms of cognitive activa-
tion studies in schizophrenia have been that poorer pa-
tient performance and/or medication effects underlie
the phenomenon of “hypofrontality.” Because a full dis-
cussion of these complex issues is beyond the scope of
this study, the reader is referred elsewhere for more de-
tailed discussion (Weinberger ancd Berman 1996). Al-
though we cannot rule out in this study poor patient
performance as a factor, our individual mapping data
together with the accumulation of data from many
sources {Weinberger and Berman 1996) argue against
this simple explanation. The role of medication also can-
not be ruled out in this experiment. However, the obser-
vation that patients had similar PSM activation and a
trend toward overactivation of the parietal cortex would
be difficult to explain if one hypothesizes a globally dis-
ruptive effect of antipsychotic medications. It is also im-
portant to note that the never-medicated patients in this
study were similar to patients on medication, consistent
with earlier studies. (Andreasen et al. 1992; Rubin et al.
1991; Catafau et al. 1994). Clearly, these issues warrant
further study in larger patient samples.

Whereas our results echo earlier prefrontal physiol-
ogy findings in schizophrenia, we now have the ability
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to assess individual data on cognition-linked brain acti-
vation in patient populations. The contrasting patterns
of PAR activation and the complex relationship be-
tween activation to performance arc examples of the
unique results made possible by fMRI-generated indi-
vidual datasets. As we have emphasized, however, this
ability rests squarely upon systematic efforts to control
for the effects of artifact. As fMRI is increasingly ap-
plied to the study of neuropsychiatry, especially schizo-
phrenia (Renshaw et al. 1994; Wenz et al. 1994; Schroder
et al. 1995; Yurgelun-Todd et al. 1996), systematic ap-
proaches to minimizing artifacts inherent in the tech-
nique—as illustrated with our sensorimotor activation
data—will make these results more reliable. In conclu-
sion, we have demonstrated that a conservative ap-
proach to the evaluation of fMRI data is especially nec-
essary in psychiatry’s challenging patient populations.
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