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Abstract

In this study, we investigated the neural correlates of age-related differences in the binding of

verbal and spatial information utilizing event-related working memory tasks. Twenty-one right

handed younger adults and twenty-one right handed older adults performed two versions of a dual

task of verbal and spatial working memory. In the unbound dual task version letters and locations

were presented simultaneously in separate locations, while in the bound dual task version each

letter was paired with a specific location. In order to identify binding-specific differences, mixed-

effects ANOVAs were run with the interaction of age and task as the effect of interest. Although

older adults performed worse in the bound task than younger adults, there was no significant

interaction between task and age on working memory performance. However, interactions of age

and task were observed in brain activity analyses. Older adults did not display the greater unbound

than bound task activity that younger adults did at the encoding phase in bilateral inferior parietal

lobule, right putamen, and globus pallidus as well as at the maintenance phase in the cerebellum.

We conclude that the binding of letters and locations in working memory is not as efficient in

older adults as it is in younger adults, possibly due to the decline of cognitive control processes

that are specific to working memory binding.
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1. Introduction

Age-related decline in working memory has been hypothesized to be the core cause of

higher order cognitive decline that is associated with normal aging [1]. However, the neural

correlates behind age-related deficits in working memory are not understood. One theory,

known as the associative deficit hypothesis, is that deficits observed in memory with

advancing age are due to the decreased ability to form, maintain, and retrieve associations

between different types of information [2–3]. Forming associations, or binding information,

is particularly important in working memory, as the capacity of working memory is limited

by the number of bound objects and not the total amount of separate information that may be

presented [4].

Several studies have demonstrated the existence of a binding deficit in episodic memory [2–

3, 5–7], but evidence supporting a binding deficit in working memory has been conflicting.

For example, in studies by Mitchell et al. older adults were not able to bind objects and

locations in working memory as successfully as younger adults, possibly due to the binding-

specific hippocampal activity that was observed in younger adults, but not in older adults

[8–9]. Similarly, Cowan et al. found that older adults were less able to identify changes in

bound items in working memory than younger adults [10]. In contrast, other studies suggest

that there are no age-related deficits in working memory binding [11–13]. Although a

previous study has investigated age-related differences in brain activation during working

memory binding of objects(visual) and locations(spatial) (Mitchell 2000), no study to our

knowledge has attempted to characterize age-related differences in brain activation during

working memory binding of letters(verbal) and locations(spatial). Thus, the nature of age-

related changes in binding verbal and spatial information in working memory, and the neural

correlates behind these changes remain unresolved.

Here, using an event-related fMRI design, we test two hypotheses: 1) older adults have

deficits in behavioral performance in working memory binding, and 2) there are age-related

differences in brain activation in the working memory of bound verbal and spatial

information compared to working memory of separate verbal and spatial information.

2. Methods

2.1 Subjects

Twenty-one young adults (13 male, 8 female; 24.6 ± 0.69 years old) and twenty-one older

adults (11 male, 10 female; 57.8 ± 1.49 years old) were enrolled for this study after

providing informed consent. All subjects were confirmed to be right-hand dominant based

on the Edinburgh Handedness Inventory, had normal or corrected to normal vision, and had

at least some college education. Younger adults and older adults each had an average of 17

years of education (some graduate or professional education). Participants reported no use of

neuroactive medications and no history of mental illness. All aspects of this study were

approved by the University of Wisconsin-Madison Health Sciences Institutional Review

Board.
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2.2 Task Design

Participants performed two versions of an item-recognition task in the MR-scanner. Stimuli

were presented in the center of a back-projected screen and participants responded with their

right hand using a MR-compatible button box. Each task consisted of 32 trials, each with an

encoding phase of two seconds, a six second maintenance phase, a two second retrieval

phase, and a varying length inter-trial interval. Participants were instructed to indicate

whether or not a probe stimuli presented at the retrieval phase was included in the encoding

phase they had just seen. Task order was randomized across subjects and each task type

included an equal number of positive probes (requiring a ‘yes’ response) and negative

probes (requiring a ‘no’ response).

Subjects performed two dual tasks of verbal and spatial working memory. In the unbound

dual spatial and verbal working memory task (Figure 1a) subjects were simultaneously

presented with three upper-case letters at the center of the screen and three locations

indicated by parentheses around an imaginary clock-face during the encoding phase. At the

retrieval phase, a single lower-case letter was presented at a single location and participants

had to decide whether or not both the letter and location were included in the encoding set.

In the bound dual spatial and verbal working memory task (Figure 1b) subjects were

presented with three upper-case letters presented at three locations around an imaginary

clock face during the encoding phase. During the retrieval phase, subjects were presented

with a single lower-case letter at a single location and had to determine whether or not both

were presented during the encoding phase. However, the letter and location presented at the

retrieval phase did not necessarily have had to been paired together during the encoding

phase, as long as they each were presented in the encoding phase. Therefore, there were two

types of positive probe trials in the bound task. In congruent trial, the single letter presented

at the retrieval phase was in the exact same location that was in during the encoding phase.

In incongruent trials, the letter presented at the retrieval phase was not in the exact same

location as it was at the encoding phase, but was in one of the other two locations presented

at the encoding phase. The comparison of congruent and incongruent trials can be used to

confirm subjects were binding the letters and locations. Congruent and incongruent trials

each accounted for 50% of the bound trials that required a ‘yes’ response.

Participants practiced the task outside of the scanner until it was deemed that they

understood the task rules. Prior to each specific scan, subjects were reminded of the rules for

the task version they were about to complete.

2.3 Behavioral analysis

Percent accuracy and response time for the bound task versus the unbound task, and

congruent bound trials versus incongruent bound trials, were compared using mixed design

analyses of variance with task as within-subjects factor and subjects nested in the between-

subjects factor of age. Responses, indicated by button-presses, were recorded throughout the

experiment, and only trials in which participants attempted were included in the analyses.

Incongruent trials were excluded for the comparison of bound and unbound performance, as

retrieval during incongruent trials does not require the retrieval of bound information.
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2.4 fMRI acquisition and preprocessing

Scans were collected on a 3T MRI scanner (GE Healthcare, Waukesha, WI) using gradient-

echo echo-planar imaging with the following parameters: TR = 2.6 s, TE = 22 ms, field of

view = 22.4 cm, flip angle = 60°, 40 sagittal slices, acquisition matrix = 64×64, 3.5 mm

isotropic voxel size, 231 time-points. T1-weighted anatomical images were collected using a

FSPGR BRAVO sequence (TR = 8.132 ms, TE = 3.18 ms, TI = 450 ms) over a 256×256

matrix and 156 slices (flip angle = 12°, FOV = 25.6 cm, slice thickness = 1 mm). For each

working memory task a separate scan consisting of 185 volumes was collected, with

approximately ten seconds of baseline signal were acquired before and after each scan. All

working memory scans were collected during the same visit.

The first three volumes from each scan were removed to allow for magnetization to reach

steady-state. Each functional scan was then despiked, registered to its first volume for

motion correction, slice time corrected, spatially smoothed with a 4 mm FWHM Gaussian

kernel, and converted to percent signal change. All preprocessing and analysis of imaging

data was done in the AFNI program suite [14].

2.5 fMRI data analysis

A fixed-effect model was used at the subject level for each task variation. Functional data

were modeled using the general linear model in which the encoding, maintenance, and

retrieval phases were modeled separately by convolving a 2 second, 6 second, and 2 second

block stimulus to each event, respectively, with a canonical hemodynamic response

function. Incorrect trials were modeled separately, but only correct trials were carried into

the group analyses. Incongruent bound trials were not included in the retrieval phase

analyses because retrieval during incongruent trials does not require the retrieval of bound

information. Motion parameters were included as nuisance regressors at the individual

subject level. For each task version, beta parameters were estimated for each phase. In order

to allow comparison across subjects, each subject’s anatomical scan was aligned to their

functional scan and then both the aligned anatomical and the statistical images were

normalized to standard template space and re-sampled to 3 × 3 × 3 mm voxel size.

Event-related fMRI designs with fixed times between modeled response can suffer from

multicollinearity. While the inter-trial internal was jittered, the duration of the encoding,

maintenance, and retrieval phases were kept constant for each task type in order to keep the

duty cycle equivalent across all trials. However, the regressors of interest for the bound and

unbound tasks were determined to have weak collinearity, as the condition number, which is

a measure of relative collinearity [15], was below 10 for each task.

2.6 Group fMRI analysis

The primary goal of this work was to identify age-related differences in the neural basis of

letter and location binding. To do so, separate mixed-design analyses of variance were run

for each phase with task as a within-subjects factor and the random factor of subjects nested

in the between-subjects factor of age. The comparison of brain activity in the bound task to

the unbound task can identify brain regions that display bound-specific activations (or

deactivations), as the only difference between these tasks is the ability to bind letters and
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locations in the bound task. Here, we were primarily interested in the interaction of task by

age. That is, we wanted to identify the effects of age on the difference between bound task

activity and unbound task activity. For this work, we also focused on the main effect of age

across both tasks. 3dClustSim was used to estimate the appropriate cluster size and threshold

to meet statistical significance at family-wise error rate of 0.05 (0.1 for trends) after

correcting for three separate ANOVAs (one for each phase).

Finally, to assess the relationship between binding behavioral performance and bound task

activity in clusters identified by the group analyses, the average bound task activity within

each significant cluster was correlated with accuracy and response time in the bound task for

each age group separately. As these were exploratory follow-up analyses, relationships were

considered significant at p < 0.05 without correction for multiple comparisons.

3. Results

3.1 Behavioral data

An independent samples t-test confirmed that adults in the young age group were

significantly younger than adults in the older age group (t (40) = 20.26, p < 0.001). Group

performance on the unbound trials was compared to performance on the bound trials,

excluding incongruent bound trials. Average response time for younger adults was 1239.50

± 58.70 ms in the bound task and 1269.50 ± 48.46 ms in the unbound task. Average

response time for older adults was 1375.46 ± 57.57 ms in the bound task and 1484.60 ±

56.70 ms in the unbound task. Younger adults were 0.97 ± 0.01 percent accurate in the

bound task and 0.94 ± 0.01 percent accurate in the unbound task, while older adults were

0.91 ± .03 percent accurate in the bound task and 0.88 ± 0.02 percent accurate in the

unbound task.

A mixed-design analysis of variance was run on response time. There was a significant main

effect of age on response time (F (1,40) = 5.34, p < 0.05), with younger participants

responding faster than older participants. There was also a significant main effect of task on

response time (F (1,40) = 12.24, p < 001), with participants responding faster in the bound

task than in the unbound task. Finally, the interaction between age group and task was

trending towards significance (F (1,40) = 3.95, p = 0.054. Post-hoc tests demonstrated that

younger adults performed significantly faster than older adults in the unbound task (F (1,40)

= 8.32, p > 0.01), but response times in the bound task were not significantly different (F

(1,40) = 2.74, p = 0.11) (Figure 1a).

A mixed-design analysis of variance was also run for task accuracy (Figure 2a. There was a

significant main effect of age on accuracy (F (1,40) = 7.72, p < 0.01), with younger

participants having higher accuracy than older participants. There was also a significant

main effect of task (F (1,40) = 4.57, p < 0.05), with participants being more accurate in the

bound task than in the unbound task. The interaction between task and age group was not

significant (F (1,40) = 0, p = 0.98).

There were two bound trial types that required a positive ‘yes’ response. For congruent

bound trials, younger adults had an average response time of 1266.359 ± 72.77 ms and an
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accuracy of 0.96 ± 0.01, while older adults had an average response time of 1436.88 ± 57.71

ms and an accuracy of 0.91 ± 0.03. For incongruent bound trials, younger adults had an

average response time of 1386.47 ± 64.50 ms and an accuracy of 0.93 ± 0.02, while older

adults had an average response time of 1609.75 ± 71.44 ms and an accuracy of 0.83 ± 0.04.

Identical analyses of variance were performed on accuracy and response time for the

different types of positive bound trials. There was a significant effect of task (F (1, 40) =

29.83, p < .001) and age (F (1, 40) = 29.83, p < .001) on response time. Younger adults

responded faster than older adults for both congruent and incongruent bound trials, and both

younger and older adults responded faster for congruent trials than incongruent trials (Figure

2b). There was no interaction between age and task for response time (F (1, 40) = .98, p > .

1). For accuracy, both the main effect of task (F (1, 40) = 5.68, p < .05) and the main effect

of age F (1, 40) = 4.286, p < .05) were significant. Both younger and older adults were more

accurate in congruent trials than incongruent trials, indicating that both groups were binding

letters and locations together. Younger adults were more accurate in both trials types

compared to older adults (Figure 2b). There was no interaction between the factors of task

and age (F (1, 40) = 1.62, p > .1).

3.2 fMRI data- Main Effect of Age

There was no main effect of age at the encoding phase for the dual verbal and spatial

working memory tasks. At maintenance, two clusters displayed a significant effect of age

where younger participants had greater activity than older adults (Table 1). These included a

cluster in the bilateral cerebellum and a cluster in the right middle and inferior occipital gyri

(BA 18 and 19). While younger participants had mostly deactivations in these regions for

both tasks, older adults had positive activations. Follow up analyses demonstrated that

greater bound task activity in the right middle and inferior occipital gyri negatively

correlated with response time in the bound task in older adults (r = −.454, p = 0.039).

Activity in these clusters did not correlate with behavior in younger adults. At the retrieval

phase, there were four clusters in which there was a significant effect of age. These included

the bilateral cuneus and precuneus (BA 7 and 19), bilateral posterior cingulate (BA 23), and

right anterior cingulate gyri (BA 32 and 24). There was also a cluster in the right middle and

superior frontal gyri (BA 10) that the effect of age was trending towards significance. In all

of these regions, younger participants had more taskpositive activations in both tasks than

older adults did. Follow up analyses found that bound task activity in the right middle and

superior frontal gyri negatively correlated with bound task accuracy in older adults (r =

−0.686, p < 0.001). Bound task activity in these clusters did not correlate with behavior in

younger adults.

3.3 fMRI data - Interaction of age and task type

The primary goal of this study was to investigate the effect of age on the difference between

bound activity and unbound activity (B-U) (Figure 3, Table 2). The unbound task serves as

an appropriate contrast to the bound task, as the total amount of information presented for

both tasks is the same. There were two clusters in which there was a significant interaction

of task and age at the encoding phase. These included a cluster in the right inferior parietal

lobule (BA 40) and a cluster in the left inferior parietal lobule and precuneus (BA 19, 40,
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39). A third cluster in the right putamen and globus pallidus was trending towards

significance (corrected to an alpha of 0.1). For each of these regions, older adults do not

have the greater unbound than bound task encoding phase activity that younger adults do.

For the maintenance phase, there was a cluster located in the left cerebellum in which there

was a significant interaction between task and age. Whereas younger adults displayed

greater unbound than bound activity, older adults displayed greater bound than unbound

activity in this region (Figure 3). There were no interactions at the retrieval phase. Follow up

analyses to investigate the relationship between activity in these regions and performance in

the bound task revealed no significant relationships for accuracy or response time for either

younger or older participants (p > 0.05).

4. Discussion

To our knowledge, this is the first study to investigate the effects of age on the neural basis

of letter-location binding using event-related fMRI working memory tasks. To do so, we

focused on the effects of age on the difference in performance and brain activity between a

working memory task in which letters and locations can be bound together versus a working

memory task in which letters and locations cannot be bound.

4.1 Age deficit in binding behavior

Behaviorally, both age groups appear to successfully bind letters and locations during the

bound task. This is evident by the finding that both older and younger adults performed

better in the bound working memory task than in the unbound working memory task, and

also performed better in congruent bound trials than in incongruent bound trials. Younger

adults performed better than older adults in across both tasks. Additionally, for responses

time, there was an interaction between task and age, with younger adults responding

significantly faster than older adults in the unbound task but not the bound task. Although

older adults did have lower accuracy and slower response times in the bound task, these

differences were not significant. Therefore, we observe no evidence of a binding-specific

deficit in behavior in our data. These results are consistent with previous behavioral studies

that have also found a lack of binding deficit in working memory with advancing age [11–

13]. However, other studies of binding in working memory have demonstrated an effect of

age [8–10]. Discrepancies between studies could possibly be explained by different types of

stimuli used in each study, or by the control task used to compare binding performance. We

compare letter-location binding in working memory to a working memory task containing

the same number of letters and locations in a separate fashion. Therefore, any differences

should be due to the ability to bind information together. It is possible that a behavioral

deficit in binding would have been observed at a higher load of bound items. A relatively

low load of three items was used in the present study to ensure older adults could completed

the task at a higher than chance level. However, in the present study we find no evidence of

a behavioral binding deficit similar to that often observed episodic memory [2–3, 5–7].
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4.2 Age deficit in binding-specific brain activity

Although an age-deficit in binding performance was not observed, we did observe

interactions of age by task, or the effect of age on the difference between brain activity

during the bound working memory task and the unbound working memory task. At the

encoding phase we found that older adults did not display the greater unbound than bound

task activity in bilateral inferior parietal lobule that the younger adults did. Multiple studies

have demonstrated that encoding phase activity in the inferior parietal lobule increases with

working memory load [16–18]. In addition to the bilateral inferior parietal lobule, older

adults also had no differences in bound and unbound activity in the right putamen and

globus pallidus that younger adults had at the encoding phase. As in the case of the inferior

parietal lobule, load dependent encoding phase activity has also been observed in these

specific regions in previous studies [17–19]. A similar scenario was observed in the

cerebellum at the maintenance phase. Once again, younger adults had greater unbound than

bound activity, but older adults did not. As in the regions mentioned above, maintenance

phase activity in the cerebellum has been shown to increase with working memory load [16–

19].

Multiple models of neurocognitive aging posit that age-related difference in brain activity in

response to cognitive tasks reflects a combination of a decline in healthy neural

specialization and compensatory recruitment of additional resources [20–21]. Age-related

differences in brain activity in response to cognitive tasks has been linked to compensatory

activity in older adults, the dedifferentiation of neural circuits due to changes in brain

structure, and a loss of neural efficiency [22–23]. Our finding that across both working

memory tasks younger subjects had greater deactivations in the visual cortex and cerebellum

at maintenance is consistent with numerous studies that older adults have lower levels of

task-induced deactivations during cognitive tasks than younger adults [24–25]. These

together with the greater activity across both tasks observed in younger subjects compare to

older subjects in task positive regions during retrieval phase could reflect an age-related

decline in neural efficiency for working memory. Interestingly, greater activity in the visual

cortex during the maintenance phase of the bound task was associated with better

performance in older adults, but greater activity in the right prefrontal cortex during the

retrieval phase of the bound task was associated with worse performance. These findings

could also reflect age-related deficits in neural efficiency.

We also report effects that are specific to binding; or the effects of age on the difference

between the bound and unbound tasks. We hypothesize that younger adults take advantage

of the efficiency in brain processing afforded by binding to a great extent than younger

adults do. In the case of our tasks, individuals that successfully bind letters and locations are

effectively decreasing the total number of items that must be encoded and maintained. For

younger adults, this leads to lower activation in regions associated with working memory

load. For some reason, older adults do not have this difference in brain activity between

tasks, possibly due to the breakdown of large scale cognitive control or resource allocation

that is required to form and maintain bound letters and locations. Interestingly, no

interactions or age effects were observed in regions that displayed greater bound than

unbound task activity, but rather in regions with the opposite pattern. Instead, it is as if older
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adults are working harder to encode and maintain bound items. One potential explanation is

that older adults are encoding the verbal and spatial items in a bound manner as well as

separate features. Age-deficits in inhibitory control have been hypothesized to be a major

cause of age-related cognitive decline [26–27]. Perhaps younger adults are better able to

inhibit the separate encoding of letters and locations than older adults are. It is worth noting

that fMRI analyses were limited to correct trials, so any differences observed were not

related to different accuracy levels. This could also possibly explain why no significant

relationships were observed between behavior and bound task activity in regions that had

binding specific age-effects.

Binding different types of information into working memory is an essential function for

everyday life, and age-related deficits in the process could explain some aspects of the

cognitive decline observed in even normal aging. Our finding that even relatively young

older adults have deficits in brain activity associated with working memory binding suggest

that binding paradigms could be useful in identifying brain changes in more advanced aging

and age-related diseases. Further refinement of binding paradigms, along with a better

understanding of the mechanisms of binding in working memory could potentially provide

effective tests to distinguish healthy aging from pathological aging.

4.3 Limitations

This study has limitations that must be considered. The primary limitation is that, due to the

nature of event-related working memory task used, it is possibility of collinearities existing

between the encoding, maintenance, and retrieval phases of our task. Although inter-trial

intervals were jittered, the length each phase was held constant in order to have comparable

duty cycles for every task and trial type, similar to several previous working memory studies

[28–29]. Furthermore, the condition index of our design matrix was low, indicating low

multicollinearity of the regressors of interest.

An additional limitation of the current study is the slightly different presentation of stimuli

during the encoding phase for the bound and unbound tasks. The task was designed to have

the same number of locations and letters for both task versions; however, this could have

resulted in different encoding strategies that might have affected brain activity during the

encoding phase. Future studies will need to address this issue. Furthermore, a relatively low

load of verbal-spatial binding was investigated. Accuracy for both tasks was high, possibly

resulting in a ceiling effect. In future studies, higher loads might result in more binding-

specific behaviors. Finally, another limiting factor is that the participants in the older aged

group were still relatively young. However, age differences were still observed, though it is

likely that more pronounced effects would be seen with more advanced aging.

4.4 Summary

We investigated the effects of age on the difference in working memory tasks with and

without letter-location binding. At the behavioral level, although older adults performed

worse than younger adults in the bound working memory task, there was no interaction

between age and task type, meaning that the deficit was likely due to a general age deficit in

working memory control processes which may underlie the ability to bind letters and
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locations together. However, interactions of age and task (i.e. binding-specific age

differences) were observed in brain activity. For brain activity, older adults did not display

the greater unbound than bound task activity that younger adults did, which implies that

older adults do not have the relative efficiency in brain activation during verbal-spatial

binding that younger adults have. Therefore, we conclude that the binding of letters and

locations in working memory is not as efficient in older adults as it is in younger adults,

possibly due to the decline of cognitive control processes that are heavily used in working

memory binding. Future studies are needed to further delineate the unique role of cognitive

control in working memory binding.
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Highlights

• We investigate the effects of age on verbal-spatial binding in working memory

• There was an interaction of age by task on univariate task activity

• Older adults do not have the reduced binding activity that younger adults do

• We conclude that binding is not efficient in older adults as in younger adults
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Figure 1.
Displayed is an example of an unbound verbal and spatial trial (a), and examples of a

congruent and incongruent bound verbal and spatial trial (b). Each trial would require a ‘yes’

response by the participant.
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Figure 2.
For overall task performance (a) there was a significant effect of age on response time (p < .

05) and accuracy (p < .01), with younger adults performing better on both measures. There

was also a significant effect of task on response time (p < .001) and accuracy (p < 0.05). The

interaction of task and age was trending towards significance for response time (p = .054).

For positive bound trials (b) there was a significant effect of task and age on both response

time (p < .001 for both) and accuracy (p < .05 for both). Younger adults performed better on

both measures, while both older and younger adults performed better on congruent trials

than incongruent trials. There was no interaction between task and age.
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Figure 3.
There were significant interactions between age and task in brain activity. The phase at

which each interaction occurred is indicated to the left of each row. The images in the top

row to the right of each interaction includes the contrasts of bound minus unbound for each

age group to illustrate the differences driving the interaction. The lower row of images to the

right of each interaction are the bound task activity for each age group to illustrate regions

that were task positive and task negative. Interaction images are displayed at a multiple

Meier et al. Page 15

Behav Brain Res. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



comparison corrected level of 0.05, while the other images are displayed at an uncorrected

level of 0.01 for illustrative purposes only.
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