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Coherence between fMRI time-series distinguishes two spatial

working memory networks
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Widespread and distributed brain regions are thought to form

networks that together support working memory. We recently

demonstrated that different cortical areas maintain relatively different

codes across a memory delay (Curtis et. al., J Neurosci, 2004; 24:3944–

3952). The frontal eye fields (FEF), for example, were more active

during the delay when the direction of the memory-guided saccade was

known compared to when it was not known throughout the delay.

Other areas showed the opposite pattern. Despite these task-dependent

differences in regional activity, we could only assume but not address

the functional interactions between the identified nodes of the putative

network. Here, we use a bivariate technique, coherence, to formally

characterize functional interactions between a seed region and other

brain areas. We find that the type of representational codes that are

being maintained in working memory biases frontal–parietal inter-

actions. For example, coherence between FEF and other oculomotor

areas was greater when a motor representation was an efficient

strategy to bridge the delay period. However, coherence between the

FEF and higher-order heteromodal areas, e.g., dorsolateral prefrontal

cortex, was greater when a sensory representation must be maintained

in working memory.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

Persistent activity during the delay period of a working memory

task is compelling evidence that the activity reflects a memory

representation (Funahashi et al., 1989; Fuster and Alexander, 1971;

Gnadt and Andersen, 1988; Kubota and Niki, 1971). Many parts of

the cortex and subcortex show such persistent activity and thus

may form networks that support maintenance processes. Our recent
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work, however, has focused not on which parts of the brain are

active during working memory delays, but instead on what might

persistent activity represent. In other words, what is being coded

for by persistent activity? During a memory delay, one may need to

keep active a past perceptual event, a retrospective sensory code, or

a future action, a prospective motor code, in order to link events

that are separated in time but are contingent upon one another

(Boussaoud and Wise, 1993; D’Esposito et al., 2000b; Funahashi

et al., 1993; Quintana and Fuster, 1999; Rainer et al., 1999).

In our recent study (Curtis et al., 2004), we used event-related

functional magnetic resonance imaging (fMRI) to measure brain

activity while subjects performed two oculomotor delayed-response

tasks: (1) a classic oculomotor delayed-response task (Fig. 1a,

Match), where on each trial subjects simply made a saccade that

shifted gaze to a location that matched the remembered location of a

sample cue presented 10 s earlier and (2) an oculomotor delayed

non-matching-to-sample task (Fig. 1a, Non-Match), where a

memory-guided saccade was made to a location that did not match

the location of the sample. In the Match condition, subjects could

plan a saccade that would acquire the target andmaintain this goal by

simply delaying the initiation of the saccade until after the delay. In

the Non-Match condition, our goal was to bias subjects away from

maintaining a visuomotor code, but instead encourage the main-

tenance of a visuospatial code. Using standard univariate statistics,

we found that oculomotor areas, like the FEF, were more active

during Match delays compared to Non-Match delays (Fig. 1b). This

suggests that the FEF contributes to spatial working memory by

maintaining saccade goals.

These findings led us to propose that a network of brain areas

maintains the task relevant information, where different nodes in

this network maintain different representational codes, such as

motor and sensory representations. Inherent in this proposition is

that these nodes are interacting in some way, passing, transforming,

and/or sustaining representations. However, we could only assume

but not directly measure the functional interactions between the

identified nodes of the putative network. Here, we re-analyze the

fMRI data with a bivariate technique, coherence, to formally



Fig. 1. (a) Schematic depiction of the oculomotor delayed-response tasks where subjects used the cue’s location to make a memory-guided saccade. Both the

matching-to-sample (top) and non-matching-to-sample (bottom) tasks began with the brief presentation of a small green sample cue while the subject

maintained central fixation. The cue appeared randomly at 1 of 16 possible locations at a 108 radius, none of which lie on the cardinal axes. A masking pattern

was then briefly presented to disrupt iconic visual memory followed by a long unfilled memory delay. During matching trials, the subject made a memory-

guided saccade after the disappearance of the fixation cue marking the end of the delay. Feedback was provided by the representation of the cue. At this point,

the subject corrected any errors by shifting gaze to the cue (depicted by the thin black line). During non-matching trials, the subject made a saccade to the green

square that did not match the location of the sample cue. (b) Trial-averaged BOLD response data from Curtis et al. (2004) from the right FEF, the seed region

used in the current study. Note that this region showed greater activity on Match than Non-Match trials that is prominent throughout the delay period.
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characterize functional interactions between a seed region and

other brain areas. The coherence statistic, which can be thought of

as a correlation in frequency space, allows us to identify brain areas

that change their functional connectivity with the FEF as a function

of the matching and non-matching to-sample task demands. These

data have been presented in abstract form (C.E.C. et al., Cognitive

Neuroscience Society Abstracts F242, 2003).
Methods

Experimental methods

Fifteen healthy participants (8 females; ages 18–33), who gave

informed consent according to procedures approved by the

University of California, performed 3 runs of each of the

oculomotor delayed-response tasks, matching and non-matching-

to-sample, as depicted in Fig. 1. Both the matching-to-sample and

non-matching-to-sample tasks began with the brief presentation of

a small green sample cue for 100 ms while the subject maintained

central fixation. The cue appeared randomly at 1 of 16 possible

locations at a 108 radius, none of which lie on the cardinal axes. A

masking pattern was then briefly presented for 50 ms to disrupt

iconic visual memory followed by a long 9850 ms unfilled

memory delay. During matching trials, the subject made a memory-

guided saccade after the disappearance of the fixation cue that

marked the end of the delay. Feedback was provided after 2000 ms

by the re-presentation of the cue. At this point, the subject

corrected any errors by shifting gaze to the cue. During non-

matching trials, the subject made a saccade to the green square that

did not match the location of the sample cue. The order of the runs

was counterbalanced and yielded a total of 48 trials of each type.

The matching and non-matching-to-sample tasks were performed

in separate runs to encourage the use of a stationary strategy or set.
Neuroimaging methods

T2*-weighted echo planar images (EPI) sensitive to blood

oxygenation level-dependent (BOLD) contrasts were acquired at 4

Tesla with a Varian INOVAMR scanner (www.varianinc.com) and a

TEM send-and-receive RF head coil using a 2-shot gradient-echo

EPI sequence (22.4 cm square field-of-view with a 64 � 64 matrix

size resulting in an in-plane resolution of 3.5 � 3.5 mm for each of

18 3.5mm axial slices with no interslice gap; repetition time = 1 s per

half of k-space (2 s total), echo time = 28 ms, flip angle = 208).
Functional volumeswere acquired during six runs lasting 448 s each,

resulting in 2688 volumes total, covering the dorsal cortex. High-

resolution MP-Flash 3D T1-weighted scans were acquired for

anatomical localization.

Preprocessing

Functional images acquired from the scanner were reconstructed

from k-space using a linear time-interpolation algorithm to double

the effective sampling rate. Image volumes were corrected for slice-

timing skew using temporal sinc-interpolation and corrected for

movement using rigid-body transformation parameters.

Oculomotor methods

Eye position was monitored in the scanner at 60 Hz with an

infrared videographic camera equipped with a telephoto lens

(Model 504LRO, Applied Sciences Laboratories, www.a-s-l.com)

that was focused on the right eye via a small dielectric flat

surface mirror mounted inside the RF coil. Nine-point calibra-

tions were performed at the beginning of the session and

between runs when necessary. Eye movement data were

calibrated and transformed to degrees of visual angle using a

3rd order polynomial algorithm that fit eye positions to known
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spatial positions and then scored offline with in-house software

(GRAPES). The difference between the endpoint fixation after

the memory-guided saccade and the fixation to acquire the

feedback cue was used as an index of memory accuracy.

Saccadic reaction times were estimated with semi-automatic

routines that relied on the eye’s acceleration to determine the

onset of saccades. Eye position data were not available for 2

subjects due to technical difficulties.

Coherence analysis

To investigate inter-regional interactions, we performed a seed-

coherence analysis, calculating the coherence between a seed region

and all other brain voxels. Coherence measures how well one signal

can be represented by a linear transformation of another. It is thus an

indication of the functional connectivity between brain areas (Muller

et al., 2001, 2003; Sun et al., 2004). In the context of neuroimaging,

functional connectivity should be understood as temporal covaria-

tion of a neurophysiological index such as BOLD. It may be

distinguished from effective connectivity, more commonly applied

in animal neurophysiology (Gerstein and Perkel, 1969; Miller et al.,

2001), which requires stronger evidential support for causation,

directionality, and/or timing of neural network influences (Friston et

al., 1993).

Definition of coherence

The coherence between time-series x and y is defined by

Cohxy kð Þ ¼
j f xy kð Þj2

f xx kð Þ f yy kð Þ
ih

where fxy (k) is the cross-spectrum of x and y, and fxx (k) is the

power spectrum of x (Brillinger, 2001; Muller et al., 2001). It is a

normalized measure from 0 to 1, where 0 indicates an absence of

any linear relation, and 1 indicates that the signals are perfectly

related by a linear magnitude and phase transform. When

comparing the coherence between conditions, we transformed the

coherence value with an arc-hyperbolic tangent function to

approximate a normal distribution.

Note that an estimate of an HRF is not needed to calculate

coherence statistics. In essence, the time-series of seed voxels

are compared with the time-series of all other voxels in the

brain. The coherence statistic is the spectral analog of cross-

correlation. Unlike coherence, cross-correlation is sensitive to

phase lags and differences in the hemodynamic response

function across regions. This is a critical difference because

we know that the shape of the HRF varies across the brain

(Handwerker et al., 2004; Miezin et al., 2000). Unfortunately

with fMRI data, the coherence between two time-series cannot

be isolated to a specific task period, like to the retention

interval of a delayed-response task. However, it is not the case

that significant coherence is only limited to voxels that show a

task-locked effect that would be detected with traditional

univariate statistical analyses. One cannot conclude that the

functional connectivity is being driven by monosynaptic

connections between areas with high coherence. Nonetheless,

coherence is a measure of bfunctional connectivity,Q the

temporal correlation of physiological processes between spatially

discrete brain areas (Friston et al., 1993), and shows great

promise in functional imaging network analyses (Sun et al.,

2004).
The coherence analysis we used is summarized by the

following steps and described in further detail below:

1.) Identify seed voxels within an anatomically defined mask.

2.) Generate condition-specific coherence maps for the seed

voxels.

3.) Compare coherence between conditions.

Identifying seed voxels

We selected seed regions of interest (ROIs) in the right FEF of

each subject based on the activated regions in Curtis et al. (2004).

These voxels in the FEF were identified as the voxels with the most

task-related activity by choosing the maximum significant F-value

for all Match and Non-Match periods based on a multiple

regression analysis using the Fourier set as basis functions for

each trial period. Statistical analyses were implemented in Voxbo

(www.voxbo.org). A single, averaged time-series was derived from

each seed region.

Generating time-series and coherence maps

Time-series for every brain voxel were separated into non-

overlapping, condition-specific segments (i.e. matching and non-

matching), mean-centered, and tapered with a 4-point split-cosine

bell function to minimize spectral leakage due to segmented edge

effects. These segments were then concatenated to form continuous

condition-specific time-series. Essentially, four time-series of equal

length were generated for each subject: (1) a single vector of signal

intensities averaged over seed ROI voxels for all Match trials

concatenated; (2) a single vector of signal intensities averaged over

seed ROI voxels for all Non-Match trials concatenated; (3) vectors

of signal intensities for each brain voxel for Match trials

concatenated; (4) vectors of signal intensities for each brain voxel

for Non-Match trials concatenated. We estimated the band-

averaged (0–0.15 Hz) condition-specific coherence of the seed

region’s time-series with all other voxels’ time-series using

Welch’s averaged periodogram method in Matlab (www.math-

works.com). The frequency band chosen contains the frequencies

of an evoked hemodynamic response and has been shown to

provide better estimates of interregional coherence than higher

frequencies (Sun et al., 2004). Condition-specific coherence maps

were generated for each seed region using this coherence measure.

Comparing coherence between conditions

To contrast functional interactions with the seed region across

conditions, we atanh-transformed and subtracted the Match

coherence map from the Non-Match coherence map for each

subject. A random-effects test was performed across subjects on

these difference maps, with significance set at P b 0.005,

uncorrected, after the individual subject data were spatially

normalized into standard atlas space (Montreal Neurological

Institute reference brain) using routines from SPM99 (www.fil.

ion.ucl.ac.uk/spm), resampled to 2 mm isotropic voxels, and

spatially smoothed with an 8 mm FWHM Gaussian kernel.
Results

Oculomotor results

As reported in Curtis et al. (2004), the average positional error of

memory-guided saccades on the matching-to-sample task was 2.13
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(F0.43)8. On the non-matching-to-sample task, erroneous saccades

to the matching cue were rare (3.37% of trials [range 0–8.33%]) and

were almost always corrected before the feedback was given.

Importantly, the mean saccadic reaction times between the matching

(mean = 315.2 ms; standard deviation = 59.2 ms) and non-matching

(mean = 365.0 ms; standard deviation = 67.5 ms) tasks differed

significantly (t(9) = 2.34; P b 0.05). The faster saccadic reaction

times for Match trials is consistent with the hypothesis that subjects

prepared the memory-guided saccade during the delay.

Coherence between fMRI time-series results

Fig. 2a shows the coherence map of the right FEF seed in a

single representative subject for the Match condition. Higher

coherence values mean that there is a linear relationship between

the seed region and the highlighted voxel. Note that a large

network of frontal, premotor, supplementary motor, parietal, and

occipital foci are coherent with the right FEF seed. Fig. 2b shows
Fig. 2. Statistical coherence maps. Representative subject’s coherence map for (a

(c) Statistical parametric map (t statistic) showing the reliability of right FEF

created by subtracting the Match and Non-Match coherence maps for each subjec

FEF seed on Match compared to Non-Match trials. Cool colors indicate regio

compared to Match trials. pIFS = posterior inferior frontal sulcus; dACC = do

middle frontal gyrus; SFS = superior frontal sulcus; FEF = frontal eye fields;
the coherence map of the right FEF in the same subject, but for the

Non-Match condition. Several areas overlap between the two

coherence maps, but some areas appear to show distinct coherence

with the right FEF seed. It is important to note that several distant

areas show coherence that are as strong as the voxels that surround

the right FEF seed indicating that these maps are yielding

information beyond the point-spread function of the hemodynamic

response and the extrinsic spatial smoothing.

Match N Non-Match

To quantify how functional interactions change with the task,

for each subject, we subtracted the right FEF coherence maps for

Match and Non-Match. To estimate the reliability of these

contrasts, a t test was performed on the coherence difference maps

(Table 1). As depicted in Fig. 2c, several areas showed increased

coherence on the Match compared to the Non-Matching condition

(warm colors). The supplementary eye fields (SEF), the dorsal

anterior cingulate cortex (dACC), the left FEF, and several foci
) Match trials and (b) Non-Match trials overlaid on the subject’s anatomy.

coherence difference maps overlaid on an MNI atlas brain. These were

t. Warm colors indicate regions that show greater coherence with the right

ns that show greater coherence with the right FEF seed on Non-Match

rsal anterior cingulated cortex; SEF = supplementary eye fields; MFG =

pCUN = precuneous.



Table 1

Oculomotor matching-to-sample versus non-matching-to-sample coherence

differences

Region Hemisphere Peak MNI Coordinates BA

X Y Z

Match N Non-Match

FEF Right 30 �5 64 6

SEF Left �5 �4 64 6

dACC Right 4 12 42 32

Non-Match N Match

SFS Right 28 10 64 8

SFS Right 31 18 55 8

SFS Left �32 21 62 8

MFG Right 42 18 53 9/46

pIFS/iPCS Right 36 14 32 44

SMG Right 55 �50 24 40

IPL Right 58 �50 39 40

pCUN Right 4 �58 44 7

FEF = frontal eye fields; SEF = supplementary eye fields; dACC = dorsal

anterior cingulate cortex; MFG = middle frontal gyrus; SFS = superior

frontal sulcus; pIFS = posterior inferior frontal sulcus; iPCS = inferior

precentral sulcus; SMG = supramarginal gyrus; IPL = inferior parietal

lobule.
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surrounding the right FEF seed region all show significantly

greater coherence during the matching compared to non-matching

task.

Non-Match N Match

Also depicted in Fig. 2c, several areas showed increased

coherence on the non-matching compared to matching condition

(cool colors). Several frontal cortex regions showed greater non-

matching coherence, including the right middle frontal gyrus

(MFG), posterior inferior frontal sulcus (pIFS), and bilateral

superior frontal sulcus (SFS). Additionally, the precuneous

(pCUN) region of the parietal cortex also showed greater

coherence during the non-matching compared to matching task.
Discussion

Past human neuroimaging studies have generally implicated a

widespread and distributed frontal–parietal network in the main-

tenance of spatial information (Brown et al., 2004; Courtney et al.,

1998; LaBar et al., 1999; Leung et al., 2002; Postle et al., 2000;

Rowe et al., 2000; Sakai et al., 2002; Sweeney et al., 1996). Much

of this work has emphasized different elements of this network but

has not explored the functional interactions among regions. Since

traditional univariate statistics cannot address issues of functional

connectivity, a multivariate technique is necessary. The ability to

address issues of network interactions or functional connectivity

would be a significant advance towards the often touted, but rarely

realized, advantage of whole brain fMRI.

Coherence is a bivariate statistic that has been applied

successfully across brain regions in electroencephalography,

magnetoencephalography, and single-cell electrophysiology (Fris-

ton, 1997; Miller and Schreiner, 2000; Rosenberg et al., 1989;

Shaw, 1984) and within visual cortex (Muller et al., 2001) and

motor cortex (Sun et al., 2004) using fMRI. Coherence can be used

as an index of functional connectivity. Specifically, it reflects the

degree to which a voxel’s time-series can be predicted by the time-
series of the seed region. While coherence may in part reflect

expected, task-induced activity common across regions, it takes

advantage of trial-to-trial variability in response timing and

magnitude as well as other unpredictable activity changes, which

cannot be captured by univariate analyses. Importantly, differences

in coherence between two conditions can be used to estimate

changes in functional connectivity invoked by performance of the

two tasks. Though correlation has also proved valuable (Biswal et

al., 1995; Cordes et al., 2000), one distinct advantage coherence

has over its time-domain counterpart, making it particularly

appropriate for BOLD signals (Muller et al., 2001; Sun et al.,

2004), is that it is independent of an estimate of the hemodynamic

response function and therefore avoids the associated biases in

analysis.

We used coherence to formally characterize functional

interactions between a seed region in the right FEF and other

brain areas. Coherence was estimated using time-series fMRI

data from a recent fMRI study of spatial working memory in

which the FEF played a special role (Curtis et al., 2004). In that

study, we manipulated whether the memory-guided response

could be selected before or after the delay with the use of

matching and non-matching-to-sample oculomotor delayed-

response tasks. We reasoned that knowing the forthcoming

response throughout the retention interval, as was the case on

the Match trials, would bias the subject toward maintaining a

prospective motor code. The Non-Match condition was thought

to bias the subject against such a strategy. Indeed, univariate

analyses indicated that the FEF showed greater delay period

activity during the Match compared to Non-Match condition

suggesting that it contributes to spatial working memory by

maintaining saccade goals.

The current study’s coherence analyses further suggest that the

strategy used to maintain spatial information – here we presume the

strategy to be a representation of a prospective motor code (e.g., a

saccade vector to acquire the cue’s locations) or a retrospective

visuospatial code (e.g., sustained covert attention at the cue’s

location) – biases the FEF’s interactions with other frontal and

parietal cortical areas. On Match trials, when the direction of the

upcoming memory-guided saccade was known, oculomotor areas

showed a stronger coherence with the FEF seed than on Non-

Match trials, when the saccade was not known.

The SEF and dACC, both of which are medial premotor areas

known to influence oculomotor behavior, have bi-directional

connections with the FEF (Bates and Goldman-Rakic, 1993;

Huerta and Kaas, 1990; Huerta et al., 1987; Lu et al., 1994;

Luppino et al., 1993; Stanton et al., 1995). When a prospective

motor code is the optimal means by which a location can be

remembered, then functional interactions between oculomotor

areas, namely between the FEF and the SEF/dACC, may form a

primary network that supports spatial working memory. However,

when this strategy is not optimal, in the case of Non-Match trials

where the direction of the memory-guided saccade is unknown

throughout the delay, another strategy may be employed. The

difference in maintenance strategies may directly influence the

functional interactions between brain areas. Indeed, a different

pattern of FEF functional connectivity was found on Non-Match

compared to Match trials. The FEF seed showed greater Non-

Match coherence with several frontal areas that are thought to play

a higher-level role in cognition than the premotor areas that showed

greater Match coherence. These included the right MFG and right

pIFS, areas that have repeatedly been linked to spatial working
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memory performance (Brown et al., 2004; Courtney et al., 1998;

Curtis and D’Esposito, 2003; D’Esposito et al., 2000a; Grosbras et

al., 2001; LaBar et al., 1999; Leung et al., 2002; Postle et al., 2000;

Rowe et al., 2000; Sakai et al., 2002; Sereno et al., 2001; Simon et

al., 2002; Smith and Jonides, 1999; Sweeney et al., 1996; Zarahn et

al., 1999). Furthermore, the FEF showed greater Non-Match

coherence with bilateral portions of the SFS, a region that Courtney

et al. (1998) reported to have a particularly specific response to the

maintenance of spatial compared to face stimuli.

Treating individual brain regions as independent components, as

we did in our previous study (Curtis et al., 2004), we demonstrated

that the strategic demands of the working memory task biased the

activity of several brain regions including the FEF. We concluded

with a broad speculation that the strategic demands bias the dynamic

interactions between these nodes that make up a larger network that

support spatial working memory. Here, we used coherence to test

this idea and did indeed see changes in the functional interactions

with the FEF as a function of the strategic task demands. A network

of oculomotor areas was found to be highly interactive during the

Match trials. We propose that this network supports working

memory by representing and maintaining saccade goals. Another

network composed primarily of higher-order prefrontal areas was

found to be highly interactive during the Non-Match trials. We

propose that this network supports working memory by sustaining

covert attention at a particular location (Corbetta et al., 2002).

Therefore, different nodes in a larger overlapping network change

their patterns of interaction depending on which strategy is

employed during spatial working memory tasks.
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