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Unlike the visual system, a direct mapping of extrapersonal space
does not exist within human auditory cortex (AC). Thus, models
(contralateral bias vs. neglect) of how auditory spatial attention is
allocated remain debated, as does the role of hemispheric
asymmetries. To further examine these questions, 27 participants
completed an exogenous auditory orienting task while undergoing
functional magnetic resonance imaging. Resting-state data were also
collected to characterize intrinsic activity within the AC. Current
results provide the first evidence of hemispheric specialization in the
‘‘where’’ (right secondary AC) auditory processing stream during both
evoked (orienting task) and intrinsic (resting-state data) activity,
suggesting that spontaneous and evoked activity may be synchro-
nized by similar cortical hierarchies. Strong evidence for a contralat-
eral bias model was observed during rapid deployment stages
(facilitation) of auditory attention in bilateral AC. However,
contralateral bias increased for left and decreased for right AC
(neglect model) after longer stimulus onset asynchronies (inhibition
of return), suggesting a role for higher-order cortical structures in
modulating AC functioning. Prime candidates for attentional modu-
lation include the frontoparietal network, which demonstrated right
hemisphere lateralization across multiple attentional states.
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Introduction

Identifying the spatial location of sudden acoustic stimuli is

critical to everyday functioning. Auditory spatial localization

involves a complex interplay between stimulus location (in

right or left hemifield; i.e., lateralization) and differential

involvement of left and right hemispheres (i.e., hemispheric

asymmetries). A prominent theory suggests right temporopar-

ietal areas set a global reference frame for auditory space, with

more precise computation of spatial coordinates within

different hemifields occurring in auditory cortex (AC) and

subcortical structures (Spierer et al. 2009). Right temporopar-

ietal dominance in auditory localization is generally supported

by lesion (Tanaka et al. 1999; Bellmann et al. 2001) and some

neuroimaging (Zatorre et al. 1999; Brunetti et al. 2008; Lewald

et al. 2008) data. However, hemispheric asymmetries within AC

during auditory spatial attention are more actively debated

(Zatorre and Penhune 2001; Hine and Debener 2007; Gilmore

et al. 2009), with 2 models principally supported.

The contralateral model (Fig. 1A) predicts that the AC in

both hemispheres responds more strongly to contralateral

relative to ipsilateral stimulation (Alho et al. 1999; Richter et al.

2009; Woods et al. 2009). Animal models suggest that

contralateral bias may result from greater proportions of

monaural and binaural neurons delivering excitatory input both

directly from the cochlear nucleus and via brainstem nuclei to

the contralateral AC and inhibitory input to the ipsilateral AC

(Rouiller 1997; Woldorff et al. 1999). In contrast, an extension of

the neglect model (Fig. 1B) predicts a strong contralateral bias in

the left AC for right hemifield stimuli and more equal responses

in the right AC to stimuli in both hemifields in the healthy brain

(Mesulam 1999). The neglect model has received considerable

support from both electrophysiological and hemodynamic

imaging studies (Deouell et al. 1998; Kaiser et al. 2000;

Krumbholz et al. 2007; Schonwiesner et al. 2007).

However, hemispheric asymmetries in AC may depend on

different attentional states inherent in auditory spatial localiza-

tion (e.g., facilitation at shorter stimulus onset asynchronies

[SOA] vs. inhibition of attention to previously cued locations

[inhibition of return, IOR] at longer SOA), task requirements

(e.g., linguistic vs. nonlinguistic processing), stimulus pre-

sentation (e.g., monaural vs. binaural tones), or subregions

within AC (primary vs. secondary AC). Moreover, there are

several lines of research suggesting hemispheric differences in

structural morphology. Specifically, both the acoustic radiation

and the Heschl’s gyrus (HG) are located more rostrally in the

right compared with left hemisphere (Penhune et al. 1996;

Rademacher et al. 2001), with a rostral and superior shift also

present for the right superior temporal sulcus (Van Essen

2005). In contrast, greater volume for the left HG (Penhune

et al. 1996) and planum temporale (PT) (Toga and Thompson

2003; Van Essen 2005) has been reported, although some of

these differences may be partially attributable to differences in

white matter volume or sulcal morphometry (Penhune et al.

1996; Westbury et al. 1999; Dorsaint-Pierre et al. 2006).

Not surprisingly, the few neuroimaging studies that have

directly compared activity in homologous areas of both hemi-

spheres provide inconsistent evidence of asymmetries within

frontotemporoparietal attention areas and AC (Mayer et al. 2006;

Petit et al. 2007; Krumbholz et al. 2009). Additionally, no studies

have examined hemispheric asymmetries in functional connec-

tivity magnetic resonance imaging (fcMRI) within AC during

resting state (i.e., intrinsic neural activity). The resting brain is

characterized by spontaneous neuronal fluctuations that syn-

chronously occur over spatially distributed networks (Raichle

and Mintun 2006), with these networks mirroring activity

evoked across a variety of cognitive challenges (Smith et al.

2009). These resting-state fluctuations can be measured through

low frequency changes in the blood oxygen level dependent

response recorded while subjects rest passively in the scanner. A

cross-hemisphere comparison of resting-state data would
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provide unique information regarding whether intrinsic activity

in one hemisphere more strongly synchronizes activity in the

other hemisphere independent of task-related demands.

The current study utilized functional magnetic resonance

imaging (fMRI) to examine whether activation within primary

(parcellated from high resolution T1 images) and secondary AC

was more consistent with the contralateral or neglect model

during 2 separate attentional states (Mayer et al. 2007).

Specifically, short cue--target intervals were chosen to evoke

more rapid/adaptive attentional deployment (Dosenbach et al.

2007) within the AC, a state that is less likely to be influenced by

higher order cortical networks. In addition, longer cue--target

intervals result in IOR, representing a more controlled attentional

state that is more likely regulated by higher order cortical sites.

Separate analyses were also conducted to investigate effects of

stimulus laterality (hemifield of presentation) versus hemispheric

asymmetries (voxelwise comparisons) on evoked and intrinsic

neural activity.

Experimental Procedures

Participants

Thirty-two right-handed adult volunteers (18 females, 26.5 ±
5.7 years old; 13.6 ± 2.5 years of education; mean Edinburgh

Handedness Inventory = 95.4 ± 7.8, [Oldfield 1971]) participated

in the current experiment. Subjects with a previous history of

neurological disease, psychiatric disturbance, substance abuse,

prescribed psychoactive medications, attention deficit hyperac-

tivity disorder, or learning disorder were excluded from the

study. All subjects had normal hearing according to self-report.

One female subject was excluded from further analysis due to

anomalies in data acquisition and another was excluded as an

outlier based on excessive motion (greater than 3 standard

deviations [SDs]). One other female and 2 male subjects were

identified as poor performers on the auditory orienting task (less

than 70% accuracy rate) and were also excluded from further

analysis. This left a total of 27 subjects to be included in the final

analyses for the current study. Written informed consent was

obtained from all subjects according to institutional guidelines at

the University of New Mexico.

Tasks

All participants completed an exogenous auditory orienting

task and a resting-state scan while undergoing fMRI on a 3.0-T

Siemens Trio scanner. During bottom-up or exogenous

auditory orienting, cues predict target location at chance

levels (50%), evoking automatic shifts of attention that are

characterized by a biphasic response time (RT) pattern (Posner

and Cohen 1984). At shorter SOA, RT is faster for validly

compared with invalidly cued trials (i.e., facilitation), while at

longer SOA, RT is faster for invalidly cued trials (i.e., IOR).

Participants rested supine in the scanner with their head

secured by a forehead strap, with additional foam padding to

limit head motion within the head coil. Presentation software

(Neurobehavioral Systems) was used for stimulus presentation,

synchronization of stimulus events with the MRI scanner, and

recording of RT. Visual stimuli included a white fixation cross

(visual angle = 1.02�) on a black background that was rear

projected onto an opaque white Plexiglas projection screen

using a Sharp XG-C50X LCD projector. Subjects were instructed

to keep their eyes fixated on the cross throughout the task.

Auditory stimuli were presented via an Avotec Silent Scan

3100 Series system. A 100 ms monaural (right vs. left) tone pip

(2000 Hz) served as a spatial cue that correctly (e.g., both cue

and target occurred in right headphone) predicted the location

of a second 100 ms monaural target tone pip (1000 Hz) on 50%

of the experimental trials (i.e., on valid trials). Valid trials (Fig.

1C) involve the covert shifting of attentional resources

following the cue and the detection of targets following a delay

(both stimuli presented to a single hemifield). On the

remainder of the trials (i.e., invalid trials), the cue incorrectly

predicted target location. Therefore, whereas the cue and

target occurred in the same hemifield for validly cued trials,

both hemifields were stimulated during invalid trials (e.g., cue

occurred in right headphone/hemifield followed by target in

left headphone/hemifield). The laterality for the stimulus

presentation in each trial was operationally defined based on

the location of the target, consistent with conventions

established in previous cueing studies (Mangun et al. 1994;

Corbetta et al. 2000; Shulman et al. 2010). In addition to

attentional shifting and target detection, invalid trials (Fig. 1C)

also involve the reorienting of attentional resources following

the appearance of a target in the uncued hemifield.

Participants were informed that the cues did not contain any

useful information about the location of the target prior to the

Figure 1. This figure presents predictions and cartoon illustrations of the
contralateral (Panel A) and neglect (Panel B) models of response to lateralized
auditory stimuli. In the contralateral model, both left and right hemispheres display
a bias (arrows) toward stimuli in the contralateral hemifield. Bar graphs indicate
hypothesized greater activation (PSC, percent signal change) to contralateral stimuli
(LS, left stimulus; RS, right stimulus) within each AC (L AC, left auditory cortex; R AC,
right auditory cortex). In the neglect model, the L AC shows a bias toward stimuli in
the right hemifield (gray area), while the R AC responds more equally to stimuli in
both hemifields (white area). Panel C presents the trial structure for sample valid (Val-
R) and invalid right (Inv-R) trials. For valid trials, cue (C) and target (T) occur in same
headphone/hemifield; for invalid trials, targets occur in opposite headphones/hemifields.
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start of the experiment. Both tones were sampled with a 10 ms

linear onset--offset ramp to reduce the occurrence of clicks

during auditory stimulus presentation. Measurement of decibel

levels indicated no differences between the left and the right

headphones for both the 1000 and 2000 Hz tones. Stimulus onset

asynchrony between cue and target (200 or 700 ms), trial

validity, and laterality (left or right target) were pseudorandomly

varied throughout the experiment. The intertrial interval was

jittered between 4, 6, or 8 s to both facilitate sampling of the

hemodynamic response (Burock et al. 1998) and minimize the

likelihood of nonlinear summing of hemodynamic responses

(Glover 1999).

Participants were instructed to make a key press with their

right index finger for targets appearing in the left headphone and

right middle finger for targets appearing in the right headphone.

A total of 21 trials for each of the 8 conditions (valid or invalid,

200 or 700 ms SOA, left or right target) were presented across 3

separate imaging runs. RT was measured from the onset of the

target stimulus to the completion of a key-press response.

Participants practiced the task and were required to demonstrate

100% proficiency in verbally identifying the cue compared with

the target tone pips before entering the scanner environment.

Intrinsic fluctuations in neuronal activity (Fox et al. 2005)

were measured during an extended resting-state task. Specif-

ically, participants maintained visual fixation on a white cross

centered on a black background (visual angle = 1.54�) for

approximately 5 min.

MR Imaging

High-resolution T1-weighted anatomic images were acquired

with a 5-echo multiecho magnetization prepared rapid gradient

echo sequence (echo time [TE] = 1.64, 3.5, 5.36, 7.22, and

9.08 ms, repetition time [TR] = 2.53 s, inversion time = 1.2 s, 7�

flip angle, number of excitations = 1, slice thickness = 1 mm,

field of view (FOV) = 256 mm, resolution = 256 3 256]. For the

3 fMRI series and the functional connectivity data, echo-planar

images were collected (162 for orienting task runs, 150 for

resting-state run) using a single-shot gradient-echo echo-planar

pulse sequence (TR = 2000 ms; TE = 29 ms; flip angle = 75�; FOV

= 240 mm; matrix size = 64 3 64). The first image of each run

was eliminated to account for T1 equilibrium effects, leaving

a total of 483 images for the final analyses of orienting tasks and

149 for the resting state run.

Auditory Orienting Task: Image Processing and
Statistical Analyses

Functional images were generated using Analysis of Functional

NeuroImages software package (Cox 1996). Time series images

were spatially registered in both 2- and 3-dimensional space to

the second echo-planar image (EPI) of the first run to minimize

effects of head motion, temporally interpolated to correct for

slice-time acquisition differences, despiked, and blurred using

a 3.5-mm full-width at half-maximum Gaussian kernel. A

deconvolution analysis was then performed on a voxelwise

basis to generate one hemodynamic response function (HRF)

per condition. Participants’ individual motion parameters were

also entered as regressors of no interest in the model to reduce

the impact of head motion on patterns of functional activation

(Oakes et al. 2007). Each HRF was derived relative to the

baseline state (visual fixation plus baseline gradient noise) and

based on the first 16 s poststimulus onset. Functional images

were then interpolated to volumes with 1 mm3 voxels,

coregistered, and converted to a standard stereotaxic co-

ordinate space (Talairach and Tournoux 1988). The images

acquired 4.0--8.0 s poststimulus onset from the cue, corre-

sponding to the peak of the HRF (Cohen 1997), were then

averaged and divided by the model intercept to obtain an

estimate of percent signal change (PSC).

A procedure that controlled for anatomical asymmetries

through interhemispheric registration was also performed to

facilitate direct voxelwise comparisons across the 2 hemispheres

(Shulman et al. 2010). First, a raw EPI image from each subject

was transformed to Talairach space. The resulting EPI image was

then reflected around the anterior--posterior axis and registered

to the nonreflected EPI image using a 12 degree-of-freedom

affine transformation. The resulting transformation matrix from

this procedure was then applied to the reflected PSC maps such

that all right and left hemisphere data were registered into

a single space.

The first set of analyses investigated the effects of stimulus

presentation (i.e., lateralization) in either the right or the left

hemifield. Specifically, two 2 3 2 (Laterality 3 Validity)

repeated measures analyses of variance (ANOVAs) were

performed on both behavioral and functional data to determine

differential effects of laterality and cue validity (valid vs. invalid

trials) during periods of facilitation (invalid RT > valid RT; 200

ms SOA) and IOR (valid RT > invalid RT; 700 ms SOA). Next, 4

voxelwise 2 3 2 (Hemisphere 3 Trial Laterality) repeated

measures ANOVAs were also performed on the flipped and

unflipped PSC data for valid and invalid trials at each SOA

separately to directly investigate hemispheric asymmetries in

evoked activation. A significance threshold corresponding to

P < 0.005 was applied in combination with a minimum cluster

size threshold of 832 lL (13 native voxels) to minimize false

positives, which resulted in a corrected P value of 0.05 based

on 10 000 Monte Carlo simulations (Forman et al. 1995).

To specifically examine activation in primary AC, T1-

weighted images were processed using the Freesurfer auto-

mated pipeline version 4.50 (Desikan et al. 2006), yielding

subject-specific parcellations of the cerebral cortex based on

individual gyral anatomy. From these parcellations, we obtained

2 regions of interest (ROIs) for primary AC corresponding to

the right and left HGs (transverse temporal gyri), correcting

them for any segmentation errors. While various imaging and

histological studies restrict primary AC to the medial portion of

HG (Abdul-Kareem and Sluming 2008), we chose to include the

entire gyrus due to difficulties in determining this boundary

using structural MRI alone.

Functional Connectivity Analyses

Identical preprocessing steps were followed with the resting-

state scan. A regression analysis was then conducted on

individual subjects’ time series to remove potential sources of

noise (physiological and machine-based) from the data based

on established methodologies (Fox et al. 2005). Individual

anatomical images (i.e., T1) were first segmented into maps of

white matter, gray matter, and cerebral spinal fluid (CSF),

followed by calculation of an average time series for each tissue

type. Next, the 6 movement parameters, the averaged time

series for CSF and white matter, a constant term, and a linear

term were entered into a linear regression against the

extended resting-state time series. The residual time-series

Asymmetries in Auditory Orienting d Teshiba et al.562



data were then transformed into a standardized coordinate

space (Talairach and Tournoux 1988). To facilitate voxelwise

comparisons of intrinsic activity dependent on the placement

of hemisphere seeds (see Supplementary Fig. 1), the time series

data were reflected about the anterior--posterior axis (right to

left hemisphere) and spatially registered (12 degree-of-freedom

affine transformation).

Fifteen millimeter diameter spheres were used as seeds,

located within the primary AC (39, –29, 10) or a more inferior

secondary AC region (48, –26, –2) for both reflected and

nonreflected data. Seed locations were generated based on

clusters that exhibited left (primary AC) or right (secondary AC)

hemisphere dominance in the hemisphere by trial laterality

analyses of the auditory orienting task (see Results). Pearson’s

correlation coefficients from each seed were converted to signed

z-scores using Fisher’s method to maintain correlation direction-

ality. Two 2 3 2 (Hemisphere 3 Seed Laterality) voxelwise

repeated measures ANOVAs were performed separately on

z-score volumes for the primary AC and secondary AC seeds.

Analyses of hemispheric asymmetries in intrinsic activity

were restricted to ROI comprised of bilateral AC areas (insular

cortex, temporal pole, superior and middle temporal gyrus

[anterior and posterior divisions], HG, PT, planum polare,

frontal, central, and parietal operculum) based on the Harvard--

Oxford probabilistic atlas. A small volume correction (cor-

rected P < 0.05) was then applied to the connectivity results

(P < 0.005; 6 native voxels) based on the results from 10 000

Monte Carlo simulations (Forman et al. 1995).

Results

Behavioral Data

Behavioral results indicated a high overall accuracy rate

(97.5%), demonstrating that participants had little difficulty

performing the task. Two 2 3 2 (Laterality 3 Validity) repeated

measures ANOVAs were performed on RT data for each SOA

separately. Analyses of data for 200 ms SOA trials showed

a main effect of laterality (F1,26 = 10.11, P < 0.005), with left

target trials having faster RTs (mean = 550.9 ± 123.0 ms [SD])

than right target trials (mean = 583.9 ± 130.0 ms). The main

effect of validity (F1,26 = 10.17, P < 0.005) was also significant,

with faster RTs for valid (mean = 541.7 ± 112.7 ms) than invalid

trials (mean = 593.1 ± 146.1 ms).

The 700 ms SOA results also indicated a main effect of

laterality (F1,26 = 10.14, P < 0.005), with left target trials (mean =
478.9 ± 107.7 ms) responded to faster than right target trials

(mean = 501.2 ± 112.8 ms). The main effect of validity was also

significant (F1,26 = 24.08, P < 0.001), with faster RTs for invalid

trials (mean = 465.5 ± 113.6 ms) than valid trials (mean = 514.6 ±
110.0 ms), indicating IOR. Interaction effects were not

significant at either SOA.

Functional Data

Laterality and Validity Effects during Facilitation (200 ms

SOA)

Two 2 3 2 (Laterality 3 Validity) repeated measures ANOVAs

were performed separately for 200 (rapid/adaptive attentional

state) and 700 ms (more static attentional state/IOR) SOA trials

(Supplementary Table 1). The analysis of 200 ms SOA data

indicated a laterality by validity interaction effect in the

bilateral primary and secondary AC (Fig. 2A, left) and in the

left fusiform gyrus. Simple effects paired t-tests on mean PSC

within these clusters were performed to investigate the source

of these interactions (Fig. 2B). For valid trials (i.e., both cues

and targets in same hemifield), greater activity was observed in

the AC for contralateral compared with ipsilateral stimuli in the

group analyses, and this contralateral bias was fairly robust in

individual subject analyses (left AC: 23/27 subjects [85%]

showed pattern; right AC: 21/27 subjects [78%]). No differ-

ences in activation were found between invalid left and right

trials.

Figure 2. Panel A displays regions demonstrating Laterality 3 Validity interaction effects for 200 and 700 ms SOA in the left and right figures, respectively. Clusters of significant
activation were present in the AC bilaterally at 200 ms SOA and in the left AC only at 700 ms SOA. Color scale indicates voxel-level significance (black, P \ 0.005; white, P \
0.001). Panel B presents mean PSC for valid left (Val-L, white), valid right (Val-R, black), invalid left (Inv-L, light gray), and invalid right (Inv-R, dark gray) conditions for clusters
within the AC. Panel C displays a sample of automatic parcellation (black areas) of the transverse temporal gyrus (TTG) in one subject, whereas Panel D presents mean group PSC
within the TTG for the 4 trial conditions. Slices are located at 9 mm superior to the origin in Talairach space. All error bars represent 2 3 standard error of the mean. Bracketed
asterisks indicate significant findings (P \ 0.05).
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A main effect of validity (invalid trials > valid trials) was

significant within areas of the frontoparietal reorienting

network (Supplementary Fig. 2; Supplementary Table 2)

including the presupplementary and supplementary motor

area (pre-SMA/SMA), left inferior and superior parietal lobules

extending into the precuneus, the bilateral superior temporal

gyrus, and the bilateral anterior insulae. Greater activation for

invalid trials was also observed in bilateral visual areas including

the cuneus and lingual gyrus. A main effect of laterality was not

observed in any regions, including the AC.

Laterality and Validity Effects during IOR (700 ms SOA)

A significant laterality by validity interaction effect (Fig. 2A;

Supplementary Table 1) was present at the 700 ms SOA in the

left primary and secondary AC extending into the insula. Simple

effects analyses of the interaction effect (Fig. 2B) indicated

greater contralateral activation for valid right compared with

left trials in the left AC (26/27 subjects [96%] demonstrate

contralateral bias) and no differences between invalid left and

right trials. An interaction effect was also present in the

bilateral cingulate gyrus, with follow-up t-tests also indicating

greater activation for right-cued trials. A main effect of laterality

(contralateral target trials > ipsilateral target trials) was also

present within the left primary and secondary AC (Supplemen-

tary Table 3). The main effect of validity was not significant.

Analysis of Primary AC Data

The PSC for each of the conditions was also extracted and

plotted separately for the primary AC only, based on an

automatic parcellation scheme of T1 images (Fig. 2C; Desikan

et al. 2006). Results suggested a similar pattern of greater

activation for contralaterally cued valid trials (Fig. 2D)

bilaterally at the 200 ms SOA (left primary AC: t26 = 3.72, P <

0.005; right primary AC: t26 = 2.44, P < 0.05) and in the left

hemisphere at 700 ms SOA (t26 = 5.48, P < 0.001). This effect

reached only a trend level of significance for the right

hemisphere at the 700 ms SOA (P = 0.062), suggesting a slight

reduction in contralateral bias. There were no differences in

PSC for invalidly cued trials within the primary AC.

Direct Voxelwise Comparisons of Hemispheric Asymmetries

The next series of analyses directly compared activation in the

right and left hemispheres as a function of cue validity and

laterality. This was achieved by reflecting the fMRI data around

the y-axis and registering the reflected and nonreflected data

together for each subject. Four 2 3 2 (Hemisphere 3 Laterality)

repeated measures ANOVAs were conducted separately for each

of the 4 primary conditions (valid and invalid trials at the 200 and

700 ms SOA) across the entire group. A main effect of hemisphere

in this analytic framework indicates regions demonstrating

asymmetric activation regardless of stimulus location in extrap-

ersonal space (i.e., for trials in both left and right hemifields). A

main effect of laterality suggests that symmetric areas in both

hemispheres demonstrated differential activation for stimuli in

one hemifield. Results are reported using Talairach coordinates of

clusters in the left hemisphere only, as activation in the right

hemisphere should be symmetric but inverse in sign following the

transformation and registration (Shulman et al. 2010).

A hemisphere by laterality interaction was observed for

validly cued trials at both the 200 and 700 ms SOA in a large

cluster within the primary and anterior secondary AC (Fig. 3;

Supplementary Table 4). Simple effects t-tests indicated an

overall pattern of greater activation for contralateral stimuli

bilaterally at both SOAs. This effect was robust across individual

subjects at the 200 ms SOA (19/27 subjects [70%] showed

contralateral bias in the left AC; 21/27 subjects (78%) in the

right AC), but became relatively more pronounced for the left

AC compared with the right AC at the 700 ms SOA (left AC: 25/

27 subjects [93%]; right AC: 18/27 subjects [67%]).

A contralaterality index (CI; contralateral--ipsilateral stimulus

activation) was computed to further quantify differences in

contralateral bias between left and right AC (i.e., neglect

theory). Results indicated that the left (CI = 0.09 ± 0.13) and

right (CI = 0.08 ± 0.12) AC demonstrated similar degrees of

contralateral bias at 200 ms SOA (P > 0.10). In contrast, at 700 ms

SOA, the left AC (CI = 0.16 ± 0.13) demonstrated greater

contralateral bias compared with the right AC (CI = 0.06 ± 0.12;

t26 = 2.10. P < 0.05), which primarily resulted from increased bias

in the left AC relative to the 200 ms trials (see Fig. 3B).

Results indicated that a similar pattern of hemispheric

asymmetries was observed across all 4 ANOVAs, suggestive of

2 large-scale networks, one involved in spatial attention and the

other in task-related motor responses (Fig. 4; Supplementary

Table 5). Greater activation of the posterior parietal lobes and

temporoparietal junction and the posterior cingulate cortex/

precuneus was observed within the right compared with the

left hemisphere across all 4 ANOVAs. In addition, several frontal

regions including the dorsal anterior cingulate cortex (ACC)/

pre-SMA and dorsolateral prefrontal cortex demonstrated

a strong right hemisphere bias across 3 of the 4 ANOVAs.

Task-related right-handed motor responses accounted for

greater activation in the right cerebellum, left pre-SMA/SMA,

and left sensorimotor cortex. Greater left hemisphere activity

was also observed in the thalamus.

Figure 3. Auditory regions (Panel A) that demonstrated a Hemisphere 3 Laterality
interaction effect at 200 and 700 ms SOA. Color scale indicates voxel-level
significance (black, P \ 0.005; white, P \ 0.001). Panel B presents mean PSC for
valid left (Val-L) or valid right (Val-R) trials in left hemisphere (LH; white or black,
respectively) and valid left or valid right in right hemisphere (RH; light gray and dark
gray, respectively). Slices are located at 9 mm superior to the origin in Talairach
space. All error bars represent 2 3 standard error of the mean. Bracketed asterisks
indicate significant findings (P \ 0.05).
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In addition, a striking segregation of the AC was achieved.

The primary AC exhibited greater left hemisphere activation

across all 4 ANOVAs. In contrast, greater right hemisphere

activation was observed within an area of the secondary AC in

the PT, extending into an area of the superior temporal gyrus

located inferior to the area of greater left hemisphere

activation. This region of right hemisphere dominance in the

PT did not exhibit spatial overlap with any of the effects

observed in the laterality by validity analyses.

fcMRI Analyses of Intrinsic Activity

A series of 2 3 2 (Hemisphere 3 Seed laterality) ANOVAs were

used to examine hemispheric asymmetries in intrinsic activity

as a function of hemisphere (i.e., ipsilateral or contralateral to

seed location) and seed placement (in right or left hemisphere;

see Supplementary Fig. 1). This allows comparison of connec-

tivity both within hemisphere (e.g., left seed and left hemi-

sphere [SLHL]) and between hemispheres (e.g., right seed and

left hemisphere [SRHL]).

Resting-state data were residualized for known noise sources

based on established methodologies (Fox et al. 2005), and

primary versus secondary AC seeds were obtained based on the

empirical results from regions demonstrating hemispheric

asymmetries in evoked activity (Fig. 5A). In this analytic

framework, the interaction term indicated hemispheric (right

vs. left) differences in either ipsilateral or contralateral connec-

tivity. A main effect of hemisphere (ipsilateral > contralateral)

was expected within seed regions and beyond as correlations

should be higher within the seeded hemisphere compared with

the contralateral hemisphere. A main effect of seed laterality

indicated whether the left or right seed has greater correlation

with symmetric homologous areas in both hemispheres.

Results from the fcMRI analyses of the primary AC seed are

presented first (Fig. 5B,C, left column; Table 1). A significant

interaction term was observed within the primary AC, with

simple effects tests indicating higher ipsilateral connectivity for

Figure 4. Hemispheric asymmetries in functional activation. Greater right (RH)
compared with left (LH) hemisphere activation (cool colors) was observed in
dorsolateral prefrontal cortex (DLPFC), superior and inferior parietal area (SPL/IPL), PT
and superior temporal gyrus (STG), pre-SMA, precuneus and posterior cingulate
cortex (Precun/PCC), and cerebellar areas. Greater left compared with right
hemisphere activation (warm colors) was observed in the sensorimotor areas,
primary auditory cortex (PAC), and SMA/pre-SMA. Color scale indicates the number
of analyses with overlapping areas of significant activation (dark blue and red, 1--3
trial conditions; cyan and yellow, all 4 trial conditions) Slices are located at x 5 �42
or �3 mm to the left of the origin in Talairach space.

Figure 5. This figure presents regions that exhibited differences in intrinsic activity
based on seed placement (Panel A) in the primary (PAC, purple seed) versus secondary
(SAC, green seed) AC. Panel B presents hemisphere 3 seed laterality interaction
effects for PAC (left column) and SAC (right column) seed. Bar graphs represent mean
z-scores (error bars 5 2 3 standard error of the mean) for each of the 4 conditions
(red, SLHL; blue, SRHR; orange, SLHR; green, SRHL) within clusters in the PAC, SAC and
insula (Ins). Panel C presents main effects of seed laterality for PAC seed analyses (left
column) and SAC seed analyses (right column). Regions that exhibited higher
connectivity with the right seed (SR) are presented in cool colors, whereas regions that
exhibited higher connectivity with the left seed (SL) are presented in warm colors. Color
scale indicates voxel-level significance (dark blue and red, P \ 0.005; cyan and yellow,
P # 0.001). Slices are located at x 5 �39 (PAC seed), x 5 �48 (SAC seed and Panel
C) or x 5 �41 mm (Panel B) to the left of the origin in Talairach space.

Table 1
Results of interaction term from functional connectivity analyses

Region x y z Volume (mL) Ipsilateral Contralateral

Primary AC seed
Primary AC �39 �32 10 0.480 SLHL [ SRHR SRHL [ SLHR

Secondary AC �40 �29 �1 0.495 SRHR [ SLHL SLHR [ SRHL

Secondary AC Seed
Secondary AC �41 �28 0 1.625 SRHR [ SLHL SLHR [ SRHL

Note: The center of mass in Talairach coordinates (x, y, z) and the volume in milliliters (mL) are

specified for each area of activation. Results from simple effects testing are presented for the

hemispheres ipsilateral (within hemisphere connectivity) and contralateral (across hemisphere

connectivity) to seed placement. SxHY 5 connectivity between X seed and Y hemisphere, where

SL 5 left seed, SR 5 right seed, HL 5 left hemisphere, HR 5 right hemisphere.
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the left relative to right primary AC seed (t26 = 5.46, P < 0.001),

as well as higher contralateral (i.e., between hemisphere)

connectivity for the right compared with left seed (t26 = –5.78,

P < 0.001). This constellation of interaction effects was also

observed at the individual subject level (SLHL > SRHR in primary

AC in 77.8% of subjects; SRHL > SLHR in 85.1% of subjects) and

suggests greater connectivity in the left primary AC regardless

of seed placement. A significant interaction term was also

observed within the secondary AC, although the pattern of

ipsilateral (right seed > left seed; [t26 = –5.63, P < 0.001]) and

contralateral connectivity (left seed > right seed; [t26 = 4.06,

P < 0.001]) was now reversed. This pattern was also reversed at

the individual level in a majority of subjects (SRHR > SLHL =
81.5%; SLHR > SRHL = 85.1%). Significant main effect of seed

laterality indicated greater connectivity between the right

primary AC seed and the bilateral areas of the secondary AC,

insula, precentral gyrus, and inferior frontal gyrus compared

with the left primary AC seed.

When the seeds were placed in secondary AC, a significant

interaction term was observed within the secondary AC (SAC;

Fig. 5B, right column; Table 1), with greater right ipsilateral

(SRHR > SLHL in 96.3% of subjects; t26 = –7.54, P < 0.001) and

left contralateral (SLHR > SRHL in 88.9% of subjects; t26 = 6.20,

P < 0.001) connectivity. A main effect of seed laterality

indicated greater connectivity within the anterior insula and

superior temporal gyrus for the right relative to left seed

(Fig. 5C, right column).

In addition, several supplementary analyses were conducted

to minimize the contribution of morphological asymmetries

between the right and the left hemisphere in our functional

connectivity analyses. Specifically, we examined the effects of

using the high-resolution anatomical (T1) rather than EPI images

(higher resolution and contrast) to derive the cross-hemisphere

registration matrix. We also controlled for hemispheric differ-

ences in gray matter volume within the primary and secondary

AC spheres. However, similar to our original analyses, the

observed asymmetries in functional connectivity remained

present within the AC in both of the supplemental analyses.

Discussion

Current results are consistent with previous studies of auditory

and visual spatial attention (Posner and Cohen 1984; Rafal et al.

1989; Lepsien and Pollmann 2002; Mayer et al. 2004; Mayer

et al. 2007), confirming successful induction of exogenous

orienting. Specifically, RT is slower following reorienting of

attention during invalid compared with valid trials (facilitation)

at 200 ms SOA, whereas RT is faster for invalid trials (IOR) at

700 ms SOA. Likewise, functional results confirmed the

involvement of a lateral prefrontal and posterior parietal

network in attentional reorienting (invalid > valid activation)

at short SOAs (Arrington et al. 2000; Vandenberghe et al. 2001;

Corbetta and Shulman 2002; Mayer et al. 2007), with no

difference across validly and invalidly cued trials during IOR.

Greater activity for invalid compared with valid trials was also

observed in the bilateral AC at 200 ms SOA. Invalid trials differ

from valid trials not only in cueing validity but also in stimulus

location. As previous studies (Ahveninen et al. 2006; Altmann

et al. 2007) have reported greater activation for the second of

a pair of stimuli when it occurs at a different location than the

first stimulus, increased activation in the AC during invalid cues

may be secondary to attentional effects (reorienting) or a result

of the change in stimulus location.

Our behavioral results were consistent with previous reports

(Krumbholz et al. 2009) indicating a lateralization effect, with

RTs significantly faster for trials presented in the left hemifield

regardless of cue validity or SOA. Kimura et al. (Kimura 1961;

Hugdahl et al. 2008) have theorized that the spatial proximity of

left AC to left hemisphere language centers promotes more

efficient language processing, resulting in a right-ear advantage

during dichotic presentations. Likewise, the bias toward left

hemifield trials may be the result of the proximity of the right AC

to the right hemisphere--dominant spatial attention network.

Current results provide some support for this hypothesis, as

greater functional activation was observed in right dorsal ACC/

pre-SMA and lateral frontoparietal regions across the majority of

trial types, irrespective of stimulus location, validity, or SOA.

These lateral frontoparietal areas likely serve as the supramodal

representation of extrapersonal visual (Santangelo et al. 2009;

Shulman et al. 2010) and auditory (Zatorre et al. 1999; Lewald

et al. 2008) space and provide additional evidence for clinical

observations of hemispatial neglect more frequently following

right compared with left hemisphere lesions (Bellmann et al.

2001; Spierer et al. 2009; Gainotti 2010). Moreover, a similar

frontoparietal network has also been implicated in adjusting

attentional control (Dosenbach et al. 2007), which frequently

occurs during a cueing paradigm. However, previous studies of

auditory spatial attention utilizing voxelwise interhemispheric

comparisons have produced mixed evidence for right frontopar-

ietal dominance (Mayer et al. 2006; Petit et al. 2007; Krumbholz

et al. 2009), suggesting that discrepancies in task stimuli (verbal

vs. nonverbal; Krumbholz et al. 2009) and nature of attentional

allocation (voluntary vs. automatic; Kim et al. 1999; Mayer et al.

2006) may interact with these hemispheric asymmetries.

In contrast to right-lateralized frontoparietal findings, hemi-

spheric asymmetries within the AC were divided between the 2

hemispheres according to primary versus secondary regions

(Petit et al. 2007), with the left primary AC and right PT

consistently demonstrating dominance across all trial types. The

left primary AC likely serves as the initial basic sound processing

center (Devlin et al. 2003; Petit et al. 2007), where temporal and

spectral complexity of incoming stimuli are triaged, before being

further processed either by left hemisphere language areas or by

right AC for more complex spectral properties (Zatorre and

Belin 2001; Petit et al. 2007; Okamoto et al. 2009). However, the

relatively basic spectral properties of our stimuli (pure tones)

may not have required additional right hemisphere processing,

suggesting that the spatial nature of the orienting task resulted in

greater activation within the right PT.

Support for this hypothesis can be derived from primate

(Kaas and Hackett 2000; Rauschecker and Tian 2000) and

human (Weeks et al. 1999; Langers et al. 2007) studies

indicating that the ‘‘what’’ and ‘‘where’’ streams of auditory

processing diverge between primary and secondary AC, with

spatial processing mainly occurring within posterior supra-

temporal regions (Spierer et al. 2009). The posterior superior

temporal gyrus also projects to frontal and parietal regions

implicated in spatial attention (Romanski et al. 1999) and

exhibits greater right hemisphere activity during visual target

detection (Shulman et al. 2010). Thus, the right hemisphere

dominance of the posterior superior temporal gyrus in the

context of the current and previous studies suggests that this

structure is also critical for auditory localization, and along with
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the right lateral frontoparietal network, may form a supramodal

network for monitoring extrapersonal space (where stream).

In contrast, the left primary AC may be the hub of the what

stream, evaluating basic properties of incoming auditory stimuli

before forwarding to other cortical structures for more

complex processing.

Intriguingly, current results provide the first evidence that

specialization of function across hemispheres may extend its

influence during spontaneous neuronal activity within the AC. A

previous study (Liu et al. 2009) examining laterality effects in

intrinsic fluctuations indicated left dominance in language and

default-mode areas, coupled with right dominance in visual areas

and in regions implicated in the detection of unattended events

(angular gyrus and insula). Current results indicate that functional

connectivity was greater in the left primary AC for both left and

right hemisphere primary AC seed placements, suggesting a more

synchronized pattern of neuronal activity in the task-dominant

region regardless of external demands (Supplementary Fig. 3A).

Similarly, intrinsic activity in secondary AC (PT) was more

synchronized in the right hemisphere for both primary and

secondary AC seed placements (Supplementary Fig. 3B,C).

Intrinsic activity may serve as a record of previous task-

dependent usage, may coordinate neuronal activity between

regions that are traditionally coactivated, or may represent

a dynamic prediction of future use (Fox and Raichle 2007). Thus,

the relatively larger evoked responses observed in left primary

AC (i.e., basic stimulus processing; Devlin et al. 2003; Petit et al.

2007) and right PT (i.e., spatial processes; Spierer et al. 2009;

Shulman et al. 2010) during auditory orienting may be reflective

of both task-related modulations and an inherent dominance in

the synchronization of intrinsic activity. However, previous

studies have also reported hemispheric asymmetries in the

spatial location and volume of both white and gray matter

structures in the AC (Penhune et al. 1996; Toga and Thompson

2003; Van Essen 2005). Therefore, although several supplemental

analyses were conducted to minimize the contribution of

structural asymmetries to our intrinsic activity, the contribution

of morphometric differences cannot be fully excluded. Moreover,

future studies should examine differences in hemispheric

asymmetries during intrinsic activity in other regions of the

brain outside of the AC.

A primary aim of the current study was to investigate models

of contralateral bias (Alho et al. 1999; Richter et al. 2009; Woods

et al. 2009) and neglect (Deouell et al. 1998; Kaiser et al. 2000;

Krumbholz et al. 2007) in terms of AC functioning during

auditory spatial localization. Functional results indicated that

evidence for each model was strongly dependent on the interval

between cue and target, and thus the attentional states that were

induced. During facilitated (i.e., rapid/adaptive) orienting of

attention (200 ms SOA), strong evidence for the contralateral

bias theory emerged for both the left and the right AC on group

and individual subject levels. Subject-specific ROI analyses also

confirmed that the contralateral bias existed within the left and

right primary AC as well as secondary cortical areas.

In contrast, support for the neglect model was more

prominent during IOR, evoked by a longer duration between

cue and target. Specifically, significant effects of laterality (main

effect or interaction) were not present within the right AC (700

ms SOA), whereas a greater percentage of subjects (96%)

demonstrated contralateral bias within the left AC at the 700 ms

relative to 200 ms SOA. In addition, when activity across the 2

hemispheres was directly contrasted (voxelwise analyses), the

percentage of subjects demonstrating contralateral bias in-

creased (70--93%) for the left and slightly decreased (78--67%)

for the right AC from the 200 to 700 ms SOA. Finally,

a significant difference (left AC > right AC) in an index of

contralaterality bias was only present at the 700 ms SOA;

however, this appeared to result from increased bias for right

stimuli in the left AC. In summary, these results provide strong

evidence of increasing contralateral bias in the left AC in

conjunction with moderate evidence of decreasing contralat-

eral bias in the right AC during the IOR at longer cue--target

intervals. This constellation of findings is consistent with the

neglect model (Fig. 1), which predicts that the right hemi-

sphere allocates attention to both hemifields, whereas the left

hemisphere is strongly biased to right hemifield stimuli

(Bartolomeo and Chokron 2002; Corbetta et al. 2005).

Absent attentional modulation through higher-order cortical

structures, animal studies (Moore et al. 1984; Irvine 1986)

suggest that a contralateral bias would be the expected default

model of functioning. Specifically, approximately 25% of the

neurons in the inferior colliculus are monaural, responding only

to the contralateral ear (EO neurons), while the other 75% are

binaural, among which 30--40% receive excitatory input from the

contralateral ear and inhibitory input from the ipsilateral ear (EI

neurons). The remainder receives excitatory input from both

ears (EE neurons; Rouiller 1997). Thus, the auditory pathway

may be hardwired for a contralaterally biased response, and

deviations from this default pattern are likely modulated by

higher level attentional networks such as the right lateral

frontoparietal cortex. The native contralateral bias in the right

AC may be inhibited by right-lateralized spatial networks during

more prolonged attentional states such that focus is more

globally and diffusely distributed across both hemifields.

In summary, current findings suggest that the contralateral

and neglect models of spatial processing within AC areas are

not mutually exclusive. Contralateral bias may be modulated by

attentional context and present for both hemispheres during

the automatic orienting of attention, then gradually increase

within the left AC and decrease within the right AC as

automatic attentional capture subsides. The induction of IOR

occurs with the passage of time, putatively influenced by the

right hemisphere dominant attention network. However, pre-

vious studies (Belin et al. 1998; Zatorre et al. 2002; Brunetti

et al. 2008; Salminen et al. 2010) indicate that patterns of

auditory activation are influenced by stimulus types (complex

spectra, white noise, linguistic or other sounds recorded from

nature, etc.) and mode of presentation (binaural, free-field

head-related transfer function), such that current results

require additional study.

Current findings also suggest left hemisphere dominance in

primary AC for the processing of sounds and right hemisphere

dominance in PT for processing of spatial information. Perhaps

most interestingly, our fcMRI analyses provide provocative

evidence that these hemispheric asymmetries in the AC are also

present during intrinsic neuronal activity. While speculative,

these findings provide preliminary evidence that intrinsic

neuronal activity in the task-dominant hemisphere may be more

synchronized than activity in the nondominant hemisphere.

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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