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Abstract
Objective—Deficits in visual perception and working memory are commonly observed in
neuropsychiatric disorders and have been investigated using functional MRI. However,
interpretation of differences in brain activation may be confounded with differences in task
performance between groups. Differences in task difficulty across conditions may also pose
interpretative issues in studies of visual processing in healthy subjects.

Method—In order to address these concerns, the present study characterized brain activation in
tasks which were psychometrically matched for difficulty. Functional magnetic resonance imaging
(fMRI) was used to assess brain activation in ten healthy subjects during discrimination and
working memory judgments for static and moving stimuli. For all task conditions, performance
accuracy was matched at 70.7%.

Results—Areas associated with V2 and V5 in the dorsal stream were activated during motion
processing tasks and V4 in the ventral stream were activated during form processing tasks.
Frontoparietal areas associated with working memory were also statistically significant during the
working memory tasks.

Conclusions—Application of psychophysical methods to equate task demands provides a
practical method to equate performance levels across conditions in fMRI studies, and to compare
healthy and cognitively impaired groups at comparable levels of effort. These psychometrically
matched tasks can be applied to patients with a variety of cognitive disorders to investigate
dysfunction of multiple a priori defined brain regions. Measuring the changes in typical activation
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patterns in patients with these diseases can be useful for monitoring disease progression,
evaluating new drug treatments, and possibly for developing methods for early diagnosis.

Keywords
visual processing; fMRI; working memory; form; motion

Functional magnetic resonance imaging has seen extensive use in comparing cognitive
processing between healthy subjects and persons with neuropsychiatric disorders, such as
schizophrenia (McGuire, Howes, Stone, & Fusar-Poli, 2008; Sava & Yurgelun-Todd, 2008),
Alzheimer's disease (Drzezga, 2008; Sperling, 2007; Wierenga & Bondi, 2007), and
Parkinson's disease (Dagher & Nagano-Saito, 2007; van Eimeren & Siebner, 2006). A major
aim of this approach is to characterize differences in the amount, location, or connectivity of
brain activity between the control and patient groups. However, the interpretation of such
differences is often confounded by performance differences between groups, since patients
with brain dysfunction often perform more poorly than healthy subjects on cognitive tasks.
Individual differences in performance may reflect differences in perceptual processing,
attention, learning efficiency, effort, or cognitive strategies. More generally, comparison of
fMRI activation between conditions may also be influenced by individual differences in
performance. In the visual modality, for example, parametric manipulation of stimulus
detectability, decision certainty or effort can have marked effects on activation. Huang et al.
(Huang, Xiang, & Cao, 2006) varied the visibility of a target stimulus in a masking
paradigm, and found that activation in V1 decreased with decreased stimulus visibility. Volz
et al. (Volz, Schubotz, & von Cramon, 2005) showed that increasing uncertainty in a
decision making task increased activation within the posterior frontal median cortex. Haynes
et al. (Haynes, Driver, & Rees, 2005) reported that the psychometric visibility for target
stimuli in a metacontrast paradigm affected effective connectivity between primary visual
cortex and the fusiform gyrus. Differences in effort or emotional state may result in
variations in the fMRI signal and its intensity during various tasks, including working
memory tasks (Banich et al., 2009; Jansma, Ramsey, de Zwart, van Gelderen, & Duyn,
2007; Onoda, Okamoto, & Yamawaki, 2009; Specht, Willmes, Shah, & Jancke, 2003). In
conjunction, these findings motivate development of approaches which allow individual
calibration of accuracy levels to minimize effects of task performance or stimulus
detectability on brain activation. Such matching is critical in the determination of differential
deficits – that is, areas or tasks in which patients with the disorder are more affected
compared to healthy subjects than in other areas/tasks. Neuroimaging techniques, such as
functional magnetic resonance imaging (fMRI), provide a great opportunity to investigate
neural processing and strategies used during task execution. Without psychometric
matching, however, different performance levels are likely to be associated with different
cognitive strategies or activation, potentially negating the value of post hoc correlations of
performance with the extent/severity of the disease/disorder.

The Concept of Psychometrically Matched Tasks
One approach to this issue is the use of psychometrically matched tasks, developed such that
the difficulty level may be adjusted to achieve a common level of performance across a wide
range of abilities. By minimizing the differences between groups resulting from variations in
difficulty, one removes a major factor which influences the discriminating power of a task
(Chapman & Chapman, 1973). Psychophysical methods which vary the level of noise or
contrast in a stimulus allow manipulation of task difficulty or accuracy, ensuring that
variations in brain activation between tasks are not a function of difficulty levels. Such
psychometrically matched tasks are highly likely to be of benefit in the application of
neuroimaging to diseased/disordered states by increasing the likelihood that all subjects are
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performing a task using a comparable strategy and are experiencing a comparable
emotional/stress load.

Investigation of several disorders such as schizophrenia, Alzheimer's disease, and
Parkinson's disease may benefit from the use of psychometrically matched tasks. In all of
these disorders, patients exhibit deficits in both visual processing and working memory that
may be further studied by comparison between healthy and patient populations using
psychometrically matched tasks. Such studies can provide information regarding the
physiologic responses associated with both healthy and diseased states.

Goals of the Present Study
This effort seeks to evaluate the use of psychometrically matched tasks by demonstrating
that cortical network mapping can be meaningfully affected even when stimuli are allowed
to vary on an individual subject basis. By demonstrating areas of activation in healthy
controls similar to those expected from previous work on both visual and working memory
networks, we can validate these psychometrically matched tasks and their use in
neuroimaging. In addition, matching tasks for performance reduces the likelihood that
between condition differences are due to non-specific factors such as motivation or task
difficulty. Such a protocol as the one described here could be used to further study the
diseases described above, as well as many others. Although psychometrically matched tasks
have been applied to cognitive assessment in some brain disorders, there are relatively few
studies using such tasks in conjunction with fMRI. For example, these matched tasks have
demonstrated visual processing deficits in schizophrenic patients compared to healthy
subjects; however, these tasks have not yet been used in functional imaging studies
(Brenner, Wilt, Lysaker, Koyfman, & O'Donnell, 2003). It is with such applications in mind
that we developed this testing protocol and conducted these studies on healthy control
volunteers.

Method
Participants

Ten right-handed volunteers participated (six men, four women; age 24–53 years, mean =
42.5 years, standard deviation = 8.9 years). Male and female participants did not
significantly differ in terms of age (t(8) = −0.557, p = 0.59). Participants were screened to
exclude a history of neurological disease, psychiatric illness, substance abuse, or corrected
eyesight worse than 20/40 as measured with a Snellen eye chart. Potential risks were
explained, and informed consent was obtained from participants in accordance with
institutional guidelines established by the Indiana University Purdue University at
Indianapolis Institutional Review Board.

Stimuli
All conducted experiments presented two or more visual stimuli. First, one of two classes
(form or motion) of visual stimuli was presented in varying levels of display noise (see
Display Noise below). These target stimuli were then followed by a question mark (“?”)
prompt during the presentation of which, and prior to commencement of the subsequent
trial, subjects were asked to respond by pressing one button on a 4-button response box
(Neurostim, Inc.). Form perception tasks used letters D, U, C and L as in Figures 2.2 and 2.4
to maximize the response in the occipitotemporal visual stream regions. Motion perception
tasks used random dot patterns with 100 dots as in Figures 2.3 and 2.5 where the dots were
either fixed or some portion were moving coherently as described below. This stimulus was
specifically designed to stimulate motion specific neural systems in the visual cortex while
minimizing position cues (Newsome & Pare, 1988) and is expected to maximize activation
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in the occipitoparietal visual stream. All stimuli were shown at high levels of contrast
(Michelson contrast > 90%) and presented in a 200×200 pixel rectangular window which
subtended 7.5 degrees of visual angle and centered in the subject's field-of-view.

Display Noise
Subject performance was maintained at a constant level through adaptive incorporation of
display noise. Therefore, all tasks are matched on visual sensory difficulty. In form
perception tasks, visual noise was varied by increasing or decreasing the number of pixels
which were randomly assigned the value of black or white. In motion perception tasks,
visual noise was varied by increasing or decreasing the number of dots that moved
coherently with the pattern. Display noise levels were adjusted throughout practice prior to
functional neuroimaging and during imaging runs to maintain performance at the 70.7%
level using an up-down staircase method (Levitt, 1971). The behavioral threshold
determined prior to functional imaging was used as the initial display noise level in the
imaging experiments. During the imaging session, noise levels were adjusted based only on
responses made during experimental trials. Responses made during control trials had no
effect on levels of display noise. If no response was made to an experimental trial, no
display noise adjustment was made. Noise was initially introduced in increments of 5% until
the first error was made, following which subsequent changes in noise were in increments of
2%. For both kinds of stimuli, thresholds were calculated from the noise levels of the final
four reversals of the staircase. Therefore, thresholds quantified the percent of visual noise in
the image at criterion behavioral performance levels.

Tasks
Tests of form and motion perception in noise were adapted for use in the MR scanner based
on psychophysical paradigms described by Brenner (Brenner, et al., 2003) and Farmer
(Farmer et al., 2000). These behavioral tests were designed to systematically evaluate early
stage vision and visual working memory operation. All behavioral tests were implemented
for fMRI on a Macintosh computer with screen output through an MR-compatible Avotec
viewing system, and subject input was obtained via the button box placed in the right hand.
Blocks of experimental and control trials were alternately presented to subjects who were
prompted to actively respond to each trial.

During the Form Discrimination condition in Figure 2a, each trial consisted of two visual
stimuli: a target stimulus for 400 milliseconds and a prompt for response for 2100
milliseconds. After the prompt, no visual stimulus was presented for 700 milliseconds,
resulting in 3200 milliseconds total trial duration. Target stimuli for experimental trials were
a letter (“D” or “U”) presented in display noise or display noise only for control trials. In
experimental trials, subjects were asked to press button 1, the left-most button, with their
index finger if they saw a “D” or button 2, to the right of button 1, with their middle finger if
they saw a “U.” In control trials, subjects were instructed to press button 1 after appearance
of the prompt.

During the Motion Discrimination condition in Figure 2b, each trial consisted of two visual
stimuli: a target stimulus for 400 milliseconds and a prompt for response for 2100
milliseconds. After the prompt, no visual stimulus was presented for 700 milliseconds,
resulting in 3200 milliseconds total trial duration. Target stimuli for experimental trials were
random dot patterns of which some portion moved in a coherent fashion to the left or right,
or random, static dot patterns for the control trials. The velocity of the dots was 7.56 degrees
per second. In experimental trials, subjects were instructed to press button 1 if the global
direction of motion was to the left or button 2 if it was to the right. In control trials, subjects
were instructed to press button 1 after appearance of the prompt.
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To achieve activation of working memory networks, delayed-match visual tasks with both
form and motion stimuli were created. Working memory in this study is defined as in
Cowan et al: “Working memory is the set of mental processes holding limited information in
a temporarily accessible state in service of cognition” (Cowan et al., 2005). These working
memory tasks are psychometrically matched on sensory difficulty – that is, to increase
difficulty of the task, more visual noise is added.

For the Form Working Memory condition in Figure 3a, each trial consisted of three visual
stimuli: a target stimulus for 400 milliseconds, a blank screen for 400 milliseconds, a second
target stimulus for 400 milliseconds, and a prompt for response for 1500 milliseconds. After
the prompt, no visual stimulus was presented for 1300 milliseconds, resulting in 4000
milliseconds total trial duration. The target stimuli for experimental trials were one of four
letters (D, U, C, L) presented in display noise. For control trials, the stimulus was display
noise only. In experimental trials, subjects were instructed to press button 1 if the two target
stimuli were different or button 2 if the target stimuli were the same. In control trials,
subjects were instructed to press button 1 after appearance of the prompt.

For the Motion Working Memory condition in Figure 3b, each trial consisted of three visual
stimuli: a target stimulus for 400 milliseconds, a blank screen for 400 milliseconds, a second
target stimulus for 400 milliseconds, and a prompt for response for 1500 milliseconds. After
the prompt, no visual stimulus was presented for 1300 milliseconds, resulting in 4000
milliseconds total trial duration. The target stimuli for experimental trials were random dot
patterns, of which some portion exhibited coherent motion to the left, right, up or down, and
for control trials were random, static dot patterns. In experimental trials, subjects were
instructed to press button 1 if the two target stimuli exhibited different directions of motion
or button 2 if the directions of motion were the same. In control trials, subjects were
instructed to press button 1 after appearance of the prompt.

Experimental Protocol
The scanning session consisted of a high-resolution anatomical scan followed by four
functional imaging runs, one for each experimental condition (Form Discrimination, Form
Working Memory, Motion Discrimination, and Motion Working Memory). Each functional
imaging run consisted of nine blocks of trials lasting for a total of five minutes and twenty
seconds as displayed in Figure 4. Within each run, blocks of tasks alternated between
control and experimental trials. The type of block was indicated at the beginning and end of
each control block with a duration of 3.2 or 4.0 seconds for discrimination or working
memory tasks, respectively, by an instructional cue to the subject: “Press 1” to indicate a
control block, and “Press 1 or 2” to indicate an experimental block. The first and last control
blocks were 48 seconds long; all other blocks were 32 seconds in duration. Individual
discrimination trials had 3.2 seconds duration, so there were 15 discrimination trials in the
48 second control blocks and 10 trials in the 32 second blocks including the instructional
cues as trials. Working memory trials were 4 seconds long, so there were 12 trials in the 48
second control blocks and 8 trials in each 32 second block including the instructional cues as
trials.

Image Acquisition
Whole-brain imaging was performed using a 1.5T GE Signa LX Horizon MR imager
located at the Indiana University School of Medicine (Indianapolis, IN). All images were
acquired using a birdcage transmit-receive head coil. For functional imaging runs, 15
contiguous 9 mm thick axial slices were prescribed to image the entire cerebrum and
superior aspects of the cerebellum. Each functional run consisted of 160 volumes, acquired
using a blood-oxygenation-level-dependent (BOLD) weighted gradient echo echo-planar

Snyder et al. Page 5

Neuropsychology. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



imaging sequence with the following imaging parameters: repetition time (TR) = 2 sec; echo
time (TE) = 50 ms; acquisition matrix = 64 × 64; flip angle = 90°; field-of-view (FOV) =
240 mm × 240 mm; voxel dimension in the imaging plane 3.75 mm × 3.75 mm. Prior to
collecting functional data, high-resolution, anatomic images were acquired in 124
contiguous axial slices using a 3D SPGR sequence (1.1–1.3 millimeter slice thickness; voxel
dimension in the imaging plane 256 × 256). These images were collected for purposes of
normalization to a standard stereotactic system (Montreal Neurological Institute
coordinates). The effects of head motion were minimized by using a head-neck pad and
dental bite bar. The average time for the experiment was approximately 1 hour and 45
minutes, including adjusting the visual system goggles, reviewing task directions, all
scanning (including additional scans which are not included in this report), and removing the
subject from the scanner.

Image Analysis
Image analysis was conducted using the SPM5 software package (Wellcome Department of
Imaging Neuroscience, London, UK). For each subject, functional runs were corrected for
slice acquisition timing differences. All image volumes in a functional imaging run were
realigned to the second volume of the first functional imaging run (the first volume of each
imaging run was discarded to mitigate the effects of the approach to steady-state
magnetization signal levels). Nine of the ten subjects showed less than ± 1 mm of head
movement in the z direction. The remaining subject exhibited a z-direction drift of almost 3
mm from the original location. Since voxel thickness was large (9 mm) and acquisition
slices were contiguous, all data were included. The anatomical SPGR image for each subject
was co-registered to the mean functional image of the functional runs and then segmented
into its tissue components. Spatial transformation parameters obtained during the
segmentation were applied to transform images into the Montreal Neurological Institute
(MNI) coordinate space with isotropic voxel dimension of 2 mm. Normalized images were
then spatially smoothed using an 8 mm full-width half-maximum (FWHM) Gaussian filter,
chosen to reflect functional image resolution and to minimize effects of the inter-subject
anatomic variability.

Within-subject analyses were performed for each subject to estimate brain responses to the
stimuli by using SPM's informed basis set, which includes the canonical hemodynamic
response function and its temporal and dispersion derivatives. The temporal derivatives
account for differences in peak response latency while the dispersion derivatives model
variations in peak response duration. The first four volumes for each functional run were
excluded from this analysis to prevent biases introduced by non-steady state tissue signal
levels. The six movement parameters obtained during realignment were included as
regressors to account for residual movement-induced effects. A high-pass filter with a cut-
off of 1/128 Hz was applied to each voxel's time series to remove low frequency noise. Four
basic contrasts were created for each subject (Form, Motion, Discrimination, and Working
Memory) using cognitive subtraction. For example, the Form contrast was created by
summing the differences between the two form experimental conditions (Form
Discrimination and Form Working Memory) and their corresponding control conditions
(Figure 5a). The Motion contrast was created similarly using the experimental conditions
Motion Discrimination and Motion Working Memory, the Discrimination contrast used the
Form Discrimination and Motion Discrimination conditions, and the Working Memory
contrast used the Form Working Memory and Motion Working Memory conditions.
Random effects analysis was performed using SPM's full factorial model and the informed
basis contrast images that were calculated in each subject for each experimental contrast
(Motion, Form, Discrimination, and Working Memory) versus their corresponding control
condition as described in Figure 5a. Additionally, second level comparisons between
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experimental contrasts (Motion > Form, Form > Motion, Discrimination > Working
Memory, and Working Memory > Discrimination) were evaluated as illustrated in Figure
5b. For example, the Motion > Form contrast was created by subtracting the Form contrast
described above from the Motion contrast.

For each experimental contrast, significantly activated voxels were defined as those within
the whole-brain smoothed gray matter mask which satisfied a voxel-wise false discovery
rate (FDR) correction, pFDR-voxel < 0.05, and were in clusters exceeding an extent threshold,
k > 40. For comparisons between experimental contrasts, activated regions were considered
at trend-level height (p < 0.01, uncorrected) and extent (k > 20) thresholds.

Results
Psychometrically Matched Task Performance

All participants were able to maintain a 70.7% accuracy level. Average display noise
required to obtain a 70.7% accuracy level on both Discrimination and Working Memory
tasks for Form and Motion conditions are shown in Figure 1.

Form, Memory, Working Memory, and Discrimination Contrasts
Areas demonstrating significant activation for the combined experimental contrasts versus
their corresponding control contrasts are shown in Tables 1 and 2 and Figure 6. Significantly
active areas for the Form contrast included areas of the frontotemporal network and
occipitotemporal regions (Table 1). Significant areas in the Motion contrast included
bilateral insula, left middle temporal area (MT), left supplemental eye field (SEF), bilateral
IFG, bilateral IPL, left middle frontal gyrus (MFG), and left-only FEF. Areas activated in
the Working Memory contrast were bilateral insula/frontal operculum, left middle/inferior
occipital gyrus (MOG/IOG), bilateral IFG, left SEF, bilateral IPL, right SFG, right thalamus
and bilateral FEF. In addition, left declive activation in the cerebellum was also observed.
For all contrasts, a left dominance was observed in the IPL, FEF, and visual stream regions.

The data from the Discrimination contrast did not show any significant foci (p < 0.05, FDR-
corrected for multiple comparisons). However, at a less strict voxel-wise threshold of p<
0.005 (uncorrected), activation pattern similar to the working memory task became apparent.
Areas included left IPL, bilateral FEF, bilateral insula, left MT, left MOG/IOG, right IFG,
left SEF, and right culmen in the cerebellum.

Comparisons between Form and Motion Contrasts
To compare activations between experimental contrasts, the Motion contrast was subtracted
from the Form contrast as in Figure 5b and vice versa (Table 2 and Figure 7). The right IOG
exhibited greater activation during the Form tasks, while the Motion tasks activated MT
bilaterally, left lingual gyri, and left declive.

Comparisons between Working Memory and Discrimination Contrasts
Significant areas of activation during the Working Memory > Discrimination comparison
(Table 3, Figure 8) include bilateral IPL and left MFG. No significant activations were seen
in the Discrimination > Working Memory comparison.

Discussion
Cognitive subtraction paradigms were used to separate the visual streams and working
memory networks. While this method has been shown to be a limitation in distinguishing
task-related activation in one network from activation in another network (Friston et al.,
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1996), the use of psychometrically matched tasks was not employed. Since the areas that
resulted from dorsal, ventral, and working memory networks were those commonly
associated with the target network, separating these networks was not limited by cognitive
subtraction paradigms using the psychometrically matched tasks.

We will discuss the activation patterns in the Form, Motion, and Working Memory
contrasts. This will be followed by a short discussion of potential applications of the
protocol to several disease processes as well as clinical considerations.

Form and Motion
Form and Motion contrasts showed areas associated with working memory and with their
respective visual stream. As is the case for the Working Memory contrast, both Form and
Motion contrasts (when compared with controls) will include working memory components
(Figure 5); these areas include the insula, IPL, and IFG (Table 1).

The Form contrast showed activation of V4. This area has been shown to be involved in the
ventral stream of the visual processing network, activated by object recognition tasks. In
addition, activation in the MOG has been shown during reading and letter identification
tasks, which is essentially the task used in the current protocol described in this study
(Cornelissen et al., 2009; Pernet et al., 2004; Turkeltaub, Flowers, Lyon, & Eden, 2008).
The Form contrast also activated the SFG, which has also been shown to be a part of the
ventral form processing stream. Activation of the culmen was also seen. As part of the
cerebellum, it is possible that activation in this area is due to residual effects from working
memory tasks known to activate areas of the cerebellum. Alternatively, culmen activity is
found to be correlated with optic processing, including saccades and maintenance of
attention (Dieterich, Bucher, Seelos, & Brandt, 2000). Finally, activation of the ITG was
seen, which is in agreement with many studies showing this region to be important in higher
levels of form processing in the ventral stream (Gerlach et al., 2002; Gulyas, Heywood,
Popplewell, Roland, & Cowey, 1994; Gulyas & Roland, 1991; Jastorff & Orban, 2009).

The Motion contrast showed both left MT, an area associated with V5, and left cerebellum,
an area associated with visual motion tasks. MT is one of the main areas associated with
visual motion processing in the dorsal stream, with areas specific to speed, direction, and
other parameters as shown by many techniques, including fMRI (Bartels, Logothetis, &
Moutoussis, 2008; Born & Bradley, 2005; Giaschi, Zwicker, Young, & Bjornson, 2007;
Martinez-Trujillo et al., 2005). In addition, the cerebellum has been shown to be involved in
motion processing (Bronstein, Grunfeld, Faldon, & Okada, 2008; Dupont, Orban, De Bruyn,
Verbruggen, & Mortelmans, 1994; Nawrot & Rizzo, 1998). The identification of these areas
in form and motion processing demonstrates that this protocol is an effective probe of the
ventral and dorsal visual processing networks.

Comparisons then showed the areas specific to each contrast. Form > Motion showed right
V4 as expected. Motion > Form successfully showed left lingual gyrus (V2) and bilateral V5
regions, as well as left cerebellum, as expected from the basic areas involved in the ventral
and dorsal visual processing streams (Livingstone & Hubel, 1988; Paradis et al., 2000;
Tootell, Dale, Sereno, & Malach, 1996). Left dominance in the IPL and FEF regions for the
single Motion, Form, and Working Memory contrasts may be due to the subjects being
right-handed. While the left dominance appears in the single contrasts, it does not in the
comparison contrasts.

Region of Interest Analysis of ITG for Laterality
An ROI analysis was performed on the Inferior Temporal Gyrus (ITG). The percent signal
change from this area was calculated bilaterally for the Form contrast to further show left
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dominance for the Form contrast in this area. A 10 mm × 10 mm × 10 mm cube was
centered on the and ITG. The boundary according to the MarsBaR analysis toolbox (Brett,
Anton, Valabregue, & Poline, 2002) between the MT, ITG, and Middle Occipital Gyrus
(MOG) was approximately consistent with the functional boundary between the left FG
cluster for Form. The cube was centered 5 mm above and below this boundary. Raw signal
data was then extracted for bilateral ITG ROIs for a total of two ROIs per subject. The
information corresponding to each condition (Form Working Memory, Form
Discrimination) was averaged for each ROI for every subject.

A two-way analysis of variance (ANOVA) was performed across condition (Working
Memory and Discrimination) as well as laterality (Right and Left). ITG signal change was
significantly different for both the Working Memory and Discrimination comparison and the
laterality comparison. This information further supports the idea of a left bias for the Form
Working Memory condition.

Working Memory
Typical working memory networks were shown to be activated by this protocol, validating
the tasks as an appropriate probe of visual working memory. When evaluating the Working
Memory contrast, we expect to see activation of both the Form and Motion networks, since
our paradigm combines the Form Working Memory and Motion Working Memory
conditions (for example, see Figure 5). This explains the left MOG and left Cerebellum
clusters, areas associated with Form and Motion, respectively (Table 1). As expected, these
clusters disappear in the Working Memory > Discrimination comparison, as this subtraction
cancels out effects from Form and Motion tasks. It has also been suggested that visual
working memory networks, like visual processing networks, may be divided into the two
separate processing streams (Jennings, van der Veen, & Meltzer, 2006;Muller & Knight,
2006), possibly explaining the activation of these areas.

Left dominance in the MFG area during the Working Memory > Discrimination comparison
may also be explained by the right-handedness of the subjects. Alternatively, it has been
seen that working memory tasks can display left dominance in frontal regions, regardless of
handedness (Coull, Frith, Frackowiak, & Grasby, 1996).

Other areas activated in the Working Memory contrast agree with previous imaging studies
of working memory. Brodmann's area 40 (here referred to as the inferior parietal lobe)
shows activation in the Working Memory contrast and is involved in the working memory
and attention networks (Cohen et al., 1997; Muller & Knight, 2006). The MFG, activated in
this study in the Working Memory > Discrimination contrast (Table 3), has been shown to
be involved in working memory processing (D'Esposito et al., 1998; McCarthy et al., 1996).
The cerebellum, which also showed activation in the Working Memory contrast, specifically
in the declive (Table 1), has also been shown to be involved in working memory (Hautzel,
Mottaghy, Specht, Muller, & Krause, 2009). In addition, the thalamus is involved in
working memory and has many neural connections with other areas in the working memory
network (Constantinidis & Procyk, 2004; Hartley & Speer, 2000). The thalamus showed
activation in the Working Memory contrast, and this activation cluster was not seen in any
other contrast. Finally, the Working Memory contrast showed areas associated with working
memory, attention, and decision-making including the insula, FEF, and IFG (Curtis, 2006;
LaBar, Gitelman, Parrish, & Mesulam, 1999).

The Working Memory > Discrimination contrast allowed for separation of working memory
networks from the visual processing networks used in the Form and Motion tasks. This
contrast showed activation clusters in the left MFG and bilateral IPL, two areas strongly
related to working memory processing.
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Psychometrically Matched Tasks
The use of psychometrically matched tasks to control the task difficulty for individuals
demonstrated variation between subjects. However, it was shown that the tasks can be
matched on difficulty in real-time as the subjects are performing the experiment in an fMRI
machine. Psychometrically matched tasks are used commonly in cognitive testing in disease
(for example, in schizophrenia (Brenner, et al., 2003) and dementia (Mungas, Reed, &
Kramer, 2003; Trick & Silverman, 1991)); however, the use of psychometrically matched
tasks in fMRI studies is rare. A previous study used fMRI and psychometrically matched
stimuli to study language processing (Spitzer et al., 1996); however, to the authors'
knowledge, no study using fMRI to study visual form and motion processing and working
memory networks has yet been conducted with psychometrically matched tasks.

Potential Application to Visual Processing Deficits
Schizophrenia, Alzheimer's disease and Parkinson's disease are all associated with visual
processing deficits of form, motion, or both. Schizophrenia patients show disturbances of
early stage vision indicative of the retinogeniculate pathway, occipital cortex, or cerebellar
disruption (Chen et al., 1999; Slaghuis, 1998). and are more profound for stimuli and tasks
involving motion compared to form perception (Brenner, Lysaker, Wilt, & O'Donnell, 2002;
O'Donnell et al., 1996). Alzheimer's patients displayed increased difficulty with radial
motion detection when compared with age-matched older adult controls (Fernandez, Kavcic,
& Duffy, 2007; Mapstone, Dickerson, & Duffy, 2008), while horizontal motion
discrimination showed no difference between Alzheimer disease patients and age-matched
adult controls (Mapstone, et al., 2008). Parkinson's disease has also been shown to be
associated with visual deficits (Arakawa, Tobimatsu, Kato, & Kira, 1999; Castelo-Branco et
al., 2009; Trick, Kaskie, & Steinman, 1994), largely related, according to evoked-related
potential studies, to the magnocellular (time-varying visual stimulus processing) pathway
rather than the parvocellular (form and color processing) pathway (Arakawa, et al., 1999).
By demonstrating activation of these visual processing form and motion networks in healthy
subjects with a psychometrically matched task, we both validate the protocol as an
appropriate probe of visual processing and determine typical activation patterns with which
to compare a clinical population.

Potential Application to Working Memory Deficits
Working memory deficits are also reported for schizophrenia dysfunction (Cuesta, Peralta,
& Juan, 1996; Reichenberg, 2010; Silver, Feldman, Bilker, & Gur, 2003; Tek et al., 2002),
Alzheimer's disease (Germano, Kinsella, Storey, Ong, & Ames, 2008; Huntley & Howard),
and Parkinson's disease (Bradley, Welch, & Dick, 1989; Dubois & Pillon, 1997; Lee et al.,
2010). For example, it is proposed that Alzheimer patients' inability to learn new
information is likely to be due to deficits in working memory (Germano & Kinsella, 2005).
As with the visual processing tasks, studying the effects of a working memory load on the
psychometrically matched tasks in healthy subjects is also essential. The use of
psychometrically matched tasks to study working memory networks may allow more
accurate comparison of disorders. For example, although both Parkinson's and Alzheimer's
diseases show difficulties with working memory, these deficits may not be due to
dysfunction in the same areas of the brain (Kensinger, Shearer, Locascio, Growdon, &
Corkin, 2003). This protocol may be useful in elucidating differences in the source of
working memory deficits in these and other disorders which affect working memory
networks.
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Clinical Translation
There are a few considerations that should be addressed to translate this protocol into
clinical use. First, the time necessary to scan each individual should be reduced. This may be
accomplished in two ways: by identifying clinically relevant task conditions for certain
diseases and by reducing the number of stimulus presentations for each task. Although the
number of stimulus presentations here was chosen to increase the chances of obtaining
useful data, it is possible that this approach was conservative, particularly with the increased
availability of higher-field imaging.

In addition, although participants in this study spanned a wide range of ages, more research
is required on the effects of age on brain activation patterns obtained using this protocol. It is
known that memory performance and brain activation changes with even healthy aging
(Buckner, 2004). Further, the BOLD signal itself may be affected by aging (D'Esposito,
Zarahn, Aguirre, & Rypma, 1999; Huettel, Singerman, & McCarthy, 2001). Therefore, for
this protocol to be useful in a clinical environment, healthy activation patterns for several
age groups will be required for comparison with patients.

This protocol is fairly simple and may be performed by patients with a wide variety of
ability levels due to the difficulty-matched tasks. These tasks have been used to study
schizophrenia and schizotypal personality disorder, Huntington's disease, and autism
(Brenner, et al., 2003; Davis, Bockbrader, Murphy, Hetrick, & O'Donnell, 2006; O'Donnell
et al., 2006; O'Donnell et al., 2008).

Conclusions
The use of four psychometrically matched tasks allowed successful separation of the
working memory networks and visual stream regions. Differential areas of activation from
the Form and Motion comparison contrasts can be isolated as important processing centers
and compared in later studies with areas activated in a patient population.

Key areas in the working memory network were also successfully demonstrated. Therefore,
the differential working memory comparison to discrimination tasks is still a valid
identification of key areas during the working memory process. Overall, these
psychometrically matched tasks elicit expected responses in healthy subjects that maybe be
used to study the hypothesized areas of dysfunction in many cognitive and psychological
disorders.
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Figure 1.
Average display noise present in stimuli during fMRI experiments. Display noise in the
Form condition is the percentage of pixels that were randomly assigned the value of black or
white. Display noise in the Motion condition is the percentage of dots that did not move
coherently with the pattern.

Snyder et al. Page 16

Neuropsychology. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Cartoons depicting discrimination tasks for (a) Form and (b) Motion
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Figure 3.
Cartoons depicting working memory tasks for (a) Form and (b) Motion
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Figure 4.
Experimental blocked paradigm. Instructional prompts were issued at the beginning and end
of each control block for the length of a stimulus trial.
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Figure 5.
Contrast examples. a) Form contrast and b) Form > Motion contrast. Abbreviations: WM =
Working Memory, D = Discrimination, F = Form, M = Motion, E = Experimental
Condition, C = Control Condition.
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Figure 6.
Areas activated during Form, Motion, and Working Memory contrasts at voxel-wise FDR-
corrected p < 0.05 and extent threshold k > 40. Z-coordinates indicate locations in MNI
space. Abbreviations: FEF = frontal eye field, SEF = supplemental eye field, IPL = inferior
parietal lobule, IFG = inferior frontal gyrus, MT = middle temporal area, MOG = middle
occipital gyrus
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Figure 7.
Areas differentially activated in Form and Motion contrasts at a trend-level display
threshold, p < 0.001 (uncorrected) and extent threshold, k > 20. Abbreviations: MT = middle
temporal area, IOG = inferior occipital gyrus.

Snyder et al. Page 22

Neuropsychology. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Working memory network (Working Memory > Discrimination contrast). Trend-level
display threshold of p < 0.001 (uncorrected) and an extent threshold, k > 20 Abbreviations:
MFG = middle frontal gyrus, IPL = inferior parietal lobule.
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