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Abstract 25 

 26 

Using functional magnetic resonance imaging, we measured brain activity of human participants 27 

while they performed a sentence congruence judgment task in either the visual or auditory modality 28 

separately, or in both modalities simultaneously. Significant performance decrements were 29 

observed when attention was divided between the two modalities compared with when one 30 

modality was selectively attended. Compared with selective attention (i.e., single tasking), divided 31 

attention (i.e., dual-tasking) did not recruit additional cortical regions, but resulted in increased 32 

activity in medial and lateral frontal regions which were also activated by the component tasks 33 

when performed separately. Areas involved in semantic language processing were revealed 34 

predominantly in the left lateral prefrontal cortex by contrasting incongruent with congruent 35 

sentences. These areas also showed significant activity increases during divided attention in relation 36 

to selective attention. In the sensory cortices, no crossmodal inhibition was observed during divided 37 

attention when compared with selective attention to one modality. Our results suggest that the 38 

observed performance decrements during dual-tasking are due to interference of the two tasks 39 

because they utilize the same part of the cortex. Moreover, semantic dual-tasking did not appear to 40 

recruit additional brain areas in comparison with single tasking, and no crossmodal inhibition was 41 

observed during intermodal divided attention.  42 

1. Introduction 43 

 44 

Simultaneously performing several tasks is demanding and often leads to decrements in 45 

performance speed and accuracy (Pashler, 1994). These decrements may be due to a bottleneck in 46 

executive task-coordination systems recruited by multitasking (D’Esposito et al., 1995; Collette et 47 

al., 2005). Additional interference may be generated if the component tasks are presented in 48 

different sensory modalities and the corresponding sensory cortices have to compete for attentional 49 
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resources (e.g., Näätänen, 1992). Competition may also occur beyond the sensory cortices in brain 50 

areas related to carrying out the component tasks in case these component tasks require similar 51 

(e.g., phonological or spatial) processing (Baddeley and Hitch, 1974). In the current study, we 52 

compared performance and brain activity in conditions requiring intermodal selective attention to 53 

one task with those demanding crossmodal division of attention between two simultaneous tasks 54 

requiring similar semantic processing. We asked i) whether dividing attention recruits specialized 55 

executive task-coordinating systems, ii) how attention modulates activity in the sensory cortices 56 

during bimodal linguistic stimulation, and iii) how brain areas showing attention-related and task-57 

specific activations react when two simultaneous tasks requiring similar processing are performed. 58 

 59 

Previous research has suggested that multitasking recruits brain areas specialized in task 60 

coordination and managing interfering information from the component tasks (Corbetta et al., 1991; 61 

D’Esposito et al., 1995; Yoo et al., 2004; Stelzel et al., 2006). It has been suggested that dual-62 

tasking involves task-coordinating abilities that are distinct from other executive functions such as 63 

shifting or inhibition (Miyake et al., 2000).  Previous studies have highlighted the importance of 64 

frontal and parietal cortical areas as parts of a neural network involved in coordination of multiple 65 

parallel tasks. The involved frontal areas include the inferior frontal (Herath et al., 2001; Schubert 66 

and Szameitat, 2003; Stelzel et al., 2006) and middle frontal regions (Szameitat et al., 2002; Yoo et 67 

al., 2004) and the dorsolateral prefrontal cortex (Corbetta et al., 1991; D'Esposito et al., 1995; 68 

Johnson and Zatorre, 2006). The involved parietal areas, in turn, include the superior parietal lobule 69 

(Yoo et al., 2004) and intraparietal sulcus (Szameitat et al., 2002). The existence of specialized 70 

multitasking areas has been questioned, however, by studies failing to show multitasking-related 71 

activity in areas beyond those activated by the component tasks (Klingberg, 1998; Adcock et al., 72 

2000; Bunge et al., 2000; Nijboer et al., 2014). These studies have shown that the performance of 73 

two concurrent tasks results only in a surplus of activation in the regions activated by the 74 

component tasks when performed separately, and no additional cortical regions are recruited. The 75 

former studies suggest that the main factor limiting performance during multitasking is the 76 

involvement of general coordinating or executive functions, whereas the latter studies suggest that 77 

limited task-specific resources are responsible for the observed interference during multitasking.   78 

It has been repeatedly shown that when selective attention is directed to one modality, activity 79 

elevations in the sensory cortical areas processing attended inputs may be accompanied by 80 

diminished activity in the sensory cortical areas processing unattended inputs (Laurienti et al., 2002; 81 

Crottaz-Herbette et al., 2004; Shomstein and Yantis, 2004; Johnson and Zatorre, 2005; Mittag et al., 82 

2013; Salo et al., 2013). It is less clear, however, how activity is modulated in the sensory cortices 83 

when attention is divided between two modalities. If there is a limited attentional resource allocated 84 

to the sensory cortices, sensory activity should decrease during intermodal divided attention when 85 

compared with selective attention to one modality. Indeed, there are studies showing such an effect 86 

during bimodal attention tasks (Loose et al., 2003; Johnson and Zatorre, 2006).  87 

Many of the previous studies examining multitasking effects have used component tasks that do not 88 

necessarily rely on the same cortical areas, such as a semantic categorization task and a face 89 

recognition task (Adcock et al., 2000), or a spatial rotation and semantic judgment task (D’Esposito 90 

et al., 1995).  It is therefore still unclear how task-related cortical activations are affected when 91 

several tasks competing for the use of those areas are performed simultaneously. In the current 92 

study, our participants performed two simultaneous sentence congruence judgment tasks. This type 93 

of task, when performed separately as a single task, has been shown to activate cortical areas related 94 

to semantic processing (e.g., Kiehl et al., 2002; Humphries et al., 2007).  Functional magnetic 95 

resonance imaging (fMRI) studies using semantic congruence manipulations have consistently 96 

observed greater hemodynamic activity for incongruent than congruent sentences. The most 97 

commonly found areas to show this effect are the left superior temporal and  left inferior frontal 98 



 

 

 

Moisala et al.  Divided and selective attention to sentence tasks   

 3 

gyri, both when the sentences are presented as written text (Baumgaertner et al, 2002; Kuperberg et 99 

al., 2003; Helenius et al., 2007) and when they are presented as speech (Ni et al., 2000; Cardillo et 100 

al., 2004). These activations might be related to the N400 event-related potential (ERP) response 101 

elicited, for example, by an incongruent last word of sentence (e.g., “the pizza was too hot to sing”; 102 

Kutas and Hillyard, 1980). 103 

In the present fMRI study, participants performed a sentence comprehension task involving spoken 104 

or written sentences, or both. The participants’ task was to rate the sentences as congruent or 105 

incongruent in only one modality at a time, or in both modalities simultaneously. This experimental 106 

setup allowed us to address three separate research questions related to multitasking. First, we 107 

investigated brain activity during simultaneous performance of two tasks in comparison with brain 108 

activity during the same tasks when performed separately. This allowed us to determine whether 109 

any additional cortical areas would be recruited during the divided attention condition. Second, the 110 

issue of crossmodal suppression of sensory cortices during selective attention to one modality was 111 

addressed. By performing a separate analysis in the auditory and visual cortices, we expected to see 112 

crossmodal suppression in the auditory cortex during selective attention to the visual modality, and 113 

vice versa. Moreover, in accordance with the hypothesis of limited resources, we expected to 114 

observe smaller attention-related activity in the visual and auditory cortices during division of 115 

attention between the two modalities than during intermodal selective attention to the written and 116 

spoken sentences, respectively. Third, we examined modulation of brain activity associated with 117 

linguistic processing when participants perform two simultaneous sentence comprehension tasks. 118 

This was accomplished by comparing activity elicited by incongruent sentences with activity 119 

elicited by congruent sentences during selective attention, thereby presumably isolating brain areas 120 

related specifically to semantic processing, and then examining activity modulations in these areas 121 

during divided attention. We hypothesized that as the amount of tasks requiring semantic judgments 122 

is increased from one to two, activity in semantic processing areas increases. We expected to see 123 

that this increase would be non-additive due to limited processing capacity, leading to deficits in 124 

performing two simultaneous semantic judgments. 125 

    126 

2. Materials and methods 127 

 128 

2.1.     Participants  129 

 130 

Participants were 18 healthy volunteering adults (9 females), all right handed and native Finnish 131 

speakers between 21 and 34 years of age (mean 26 years) with normal hearing, normal or corrected-132 

to-normal vision, and no history of psychiatric or neurological illnesses. An informed written 133 

consent was obtained from each participant before the experiment. The experimental protocol was 134 

approved by the Coordinating Ethics Committee of The Hospital District of Helsinki and Uusimaa, 135 

Finland. 136 

 137 

2.2.     Stimuli 138 

2.2.1.     Visual stimuli 139 

Visual stimuli used in the experiment were written sentences and sentence-like nonsense text. They 140 

were projected onto a mirror mounted on the head coil and presented in the middle of the screen 141 

(font: Arial, size 14). The size of the sentences at the viewing distance of ~40 cm was ~1.4° 142 

vertically and ~24 ° horizontally. 143 
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Text. Written sentences were either semantically congruent or incongruent sentences in Finnish. The 144 

incongruent sentences were created by taking a subset of the congruent sentences (e.g., “This 145 

morning I ate a bowl of cereal”) and replacing the last word of the sentences with a semantically 146 

incongruent (but syntactically plausible) word (e.g., “This morning I ate a bowl of shoes”).  Each 147 

participant saw a total of 192 congruent sentences and 144 incongruent sentences, because in the 148 

dual-task conditions more congruent sentences were needed (for details see 4. Procedure).  149 

Nonsense text. Sentence-like nonsense text was created by randomly selecting a subset of the 150 

congruent written sentences and replacing each vowel in those sentences with a different vowel. 151 

This procedure resulted in nonsensical sentences with word lengths and letter frequencies similar to 152 

the Finnish language. 48 different nonsense written sentences were used.  153 

2.2.2.     Auditory stimuli 154 

Auditory stimuli used in the experiment consisted of speech, nonsense speech, and music. All 155 

auditory stimuli were presented binaurally through insert earphones (Sensimetrics model S14; 156 

Sensimetrics, Malden, MA, USA). All auditory stimuli were broadband stimuli high-pass filtered 157 

with a cut-off at 100 Hz and low-pass filtered with a cut-off at 7000 Hz. The intensity of auditory 158 

stimuli was scaled so that their total power in RMS units, the square root of the mean of the squared 159 

signal, was similar (0.1). The intensity of the sounds was individually set to a loud, but pleasant 160 

level, and was ~80 dB SPL as measured from the tip of the earphones. All adjustments to the 161 

auditory stimuli were made using Audacity (http://audacity.sourceforge.net) and Matlab 162 

(Mathworks Inc., Natick, MA, USA) softwares. 163 

Speech. Spoken sentences were semantically congruent or incongruent Finnish sentences spoken by 164 

a female native Finnish speaker. The incongruent sentences were created in a similar way as the 165 

incongruent written sentences, that is, by replacing the last word in the congruent sentences. Each 166 

participant heard a total of 192 congruent sentences and 144 incongruent sentences, because in the 167 

dual-task conditions more congruent sentences were needed (see 2.4. Procedure for details). 168 

Nonsense speech. The nonsense speech stimuli consisted of recorded nonsensical sentences (see 169 

above) spoken by a female native Finnish speaker.  Each participant heard a total of 112 nonsense 170 

speech sentences.  The lengths of  the sentences were adjusted so that each sentence had a duration 171 

of 2.5 s.  172 

Music. 2.5-s excerpts of instrumental music were obtained from a free-source online music website. 173 

The music excerpts represented various genres from hip-hop to classical music. 48 music clips were 174 

used.  175 

2.2.3.     Functional localizers 176 

Functional localizers were used in order to accurately localize the auditory and visual sensory 177 

cortices of each subject. The auditory functional localizer was created by phase-scrambling spoken 178 

sentences by chopping the signal into short (10 ms) time-windows and shuffling the segments 179 

(Ellis, 2010). The visual functional localizer was a contrast-reversing checkerboard flickering at 8 180 

Hz. The size of the checkerboard was similar to written sentences (~1.4° × ~24°), and it was 181 

centered at the middle of the screen. The auditory and visual localizers were presented 182 

simultaneously for 2.5 s, followed by a 1-s fixation cross (~1.4° × ~1.4°) at the center of screen. 183 

2.3.     fMRI/MRI data acquisition 184 

Functional brain imaging was carried out with 3 T MAGNETOM Skyra whole-body scanner 185 

(Siemens Healthcare, Erlangen, Germany) using a 20-channel head coil. The functional echo planar 186 
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(EPI) images were acquired with an imaging area consisting of 43 contiguous oblique axial slices 187 

(TR 2500 ms, TE 32 ms, flip angle 75°, voxel matrix 64 × 64, field of view 20 cm, slice thickness 188 

3.0 mm, in-plane resolution 3.1 mm × 3.1 mm × 3.0 mm). Image acquisition was performed at a 189 

constant rate, but was asynchronized with stimulus onsets. Four functional runs of 240 volumes 190 

were measured for each participant. A total of 960 functional volumes were obtained in one session 191 

(session duration 37 min).  192 

High-resolution anatomical images (voxel matrix 256 × 256, in-plane resolution 1 mm × 1 mm × 1 193 

mm) were acquired from each participant between the third and fourth functional runs.   194 

2.4.     Procedure 195 

A total of ten experimental task blocks (each consisting of the nine experimental conditions with the 196 

divided attention condition repeated twice), one rest block, and one functional localizer block were 197 

included in each functional run. In the beginning of each block, instructions for the current task type 198 

were shown for 3.5 s. During the rest and localizer blocks, the participants were asked to look at the 199 

fixation cross. In subsequent task blocks, 12 sentences (visual or auditory) or sentence pairs (visual 200 

and auditory) were presented, each with a duration of 2.5 s. Each sentence was followed by a 1-s 201 

response window during which the participants were instructed to respond with an appropriate 202 

button press whether the attended sentence was congruent or not (or during the divided attention 203 

task whether both attended sentences were congruent or not) using their right index and middle 204 

finger, respectively. During the response window, a question mark (size 1.4° × 1.0°) was presented 205 

at the center of screen. The fixation cross preceded each written sentence for 500 ms on the left side 206 

of the screen where the first letter of the sentence subsequently appeared. When only speech stimuli 207 

were presented, the fixation cross was shown at the center of screen during the entire trial. At the 208 

end of each block, the participant was shown the percentage of correct responses in that block. The 209 

score was shown for 2 s, and followed by 4 s of rest before the next block. 210 

A total of nine different experimental conditions were used. In the single-task conditions, the 211 

participants were instructed to attend to the sentences in just one modality (auditory or visual). 212 

There was either no stimuli presented in the other modality (the unimodal condition, two blocks), or 213 

distractor stimuli were present in the other modality and the participants were instructed to ignore 214 

them (the selective attention condition, two blocks). Auditory distractors were spoken sentences 215 

(one block), music (one block) or nonsense speech (one block). The visual distractors were written 216 

sentences (one block), which the participants were instructed to ignore by holding a steady fixation 217 

on a fixation cross presented in the middle of the screen. Two additional visual distractor conditions 218 

were included in order to control for eye movements: a moving fixation cross (one block) and the 219 

participants were instructed to follow it while attending to speech; nonsense written sentences (one 220 

block) and the participants were instructed to scan through the nonsense text while attending to 221 

speech. These two control conditions did not differ from the condition including written sentences 222 

as distractors and were therefore discarded from further analyses. In the divided attention condition 223 

(two blocks), the participants were presented with simultaneous spoken and written sentences and 224 

instructed to attend to both modalities, and asked to decide whether or not both sentences were 225 

congruent (both sentences were never incongruent). 226 

There were four functional runs, 12 blocks in each run, and 12 trials (i.e., sentences, sentence pairs, 227 

or functional localizers) in each block. Each run included one block of each task type, except the 228 

divided attention task was repeated twice. This resulted in a total of 96 trials for the divided 229 

attention task (4 × 2 × 12), and 48 trials for all the other task types (4 × 1 × 12). The order of tasks 230 

within the run was random, except that the rest block was always in the middle of the run between 231 

the 6
th

 and 7
th

 task block. All stimuli (sentences and distractors) were presented in randomized 232 

order. The sentences were randomized in the following way. First, the sentences were divided 233 
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randomly into 4 sets (1 per run) that were identical for all participants. Then the order of sentences 234 

within a set was randomized, and the presentation order of these 4 sets was randomized and 235 

counterbalanced across participants. Each sentence was presented only once to each participant.  236 

The congruent and incongruent versions of the same sentence were never presented within the same 237 

run. 238 

2.5.     fMRI data analysis 239 

Image preprocessing and statistical analysis was performed using Statistical Parametric Mapping 240 

(SPM8) analysis package (Wellcome Department of Cognitive Neurology, London, UK; Friston et 241 

al., 1994a) as implemented in Matlab. In order to allow for initial stabilization of the fMRI signal, 242 

the first four dummy volumes were excluded from analysis. In pre-processing, the slice timing was 243 

corrected, data were motion corrected, high-pass filtered (cut-off at 1/128 Hz), and spatially 244 

smoothed with a 6 mm Gaussian kernel. The EPI images were intra-individually realigned to the 245 

middle image in each time series and un-warping was performed to correct for the interaction of 246 

susceptibility artifacts and head movements. 247 

For the first-level statistical analysis, the general linear model was set up including a regressor for 248 

incongruent and congruent sentences in each of the 9 different and analyzed experimental 249 

conditions, resulting in 18 regressors. Separate regressors for the responses of the participants and 250 

for instructions (2.5-s periods between the blocks and a 6-s period at the beginning of each run) 251 

were also included. 6 movement parameters were added to the model as nuisance regressors. The 252 

regressors were convoluted with the canonical hemodynamic response function. 253 

In the second-level analysis, the anatomical images were normalized to a canonical T1 template 254 

(MNI standard space) provided by SPM8 and then used as a template to normalize the contrast 255 

images for each participant (tri-linear interpolation, 3 mm × 3 mm × 3 mm using 16 nonlinear 256 

iterations). Statistical parametric maps of individual contrasts between task types and between tasks 257 

and rest were then averaged across participants. A voxel-wise height T-value threshold and cluster 258 

size threshold were set depending on the contrast type (the specific values are stated below each 259 

contrast image). The statistical images were cluster corrected at p<0.005 (Friston et al., 1994b). 260 

Anatomical regions corresponding to the activity foci were identified using the xjView toolbox for 261 

SPM (http://www.alivelearn.net/xjview).  262 

 263 

2.6.     Region of interest analysis   264 

To study activity modulations in areas specifically related to dual-tasking, the divided attention 265 

condition was contrasted separately with the selective attention to text condition and the selective 266 

attention to speech condition. Dual-tasking regions of interest (ROIs) were then drawn manually 267 

using Freesurfer software to cover areas showing overlap between these two contrasts. Further 268 

statistical analyses were conducted using repeated-measures ANOVAs for voxels within these 269 

ROIs. Activity modulations between task conditions were compared by conducting an ANOVA 270 

with the factor Condition (9 levels) for each ROI separately and for data averaged across the ROIs. 271 

To compare activity modulations between the dual-tasking ROIs in the different task conditions, a 5 272 

(Dual-tasking ROI) × 9 (Condition) ANOVA was conducted. Laterality effects in the dual-tasking 273 

ROIs were studied using a 2 (Hemisphere of the dual-tasking ROI) × 9 (Condition) ANOVA.  To 274 

study the effects of attention in the unimodal, selective attention and divided attention conditions, a 275 

5 (Dual-tasking ROI) × 3 (Task type) ANOVA was carried out. Finally, the effect of attended 276 

modality (irrespective of task type) was examined using a 5 (Dual-tasking ROI) × 3 (Attended 277 

modality) ANOVA. Note that the nine task conditions used in the ANOVAs also include the three 278 

conditions which were used to select dual-tasking ROIs.  279 
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ROI analyses were also conducted to examine activity modulations in the sensory cortices. To this 280 

end, voxels activated by the functional localizer (family-wise error corrected p<0.05) were used as 281 

visual- and auditory-cortex ROIs of each individual participant. The mean percentage of BOLD 282 

signal change within the ROIs was calculated per voxel and normalized by dividing it by the overall 283 

average BOLD signal amplitude within a participant, and then averaged within each contrast of 284 

interest. To address the issue of possible crossmodal inhibition of the sensory cortices during 285 

selective attention, a 2 (Sensory cortex) × 2 (Attended modality) ANOVA was carried out for 286 

selective attention condition. To study dual-tasking effects, the divided attention condition was 287 

compared with the unimodal and selective attention conditions using an ANOVA with a 5 288 

(Condition) × 2 (Hemisphere) × 2 (Sensory cortex) ANOVA.  289 

ROI analysis was also used to study modulations of activity during divided attention in areas 290 

involved in semantic processing of sentences. In this analysis, contrasts between incongruent and 291 

congruent sentences in the second-level analysis were used to map areas of enhanced activity 292 

separately for written and spoken sentences.  The incongruence contrast for speech sentences was 293 

created by summing together separately for attended incongruent and congruent sentences all the 294 

conditions where attention was directed to speech sentences (attention to speech in the unimodal 295 

condition, selective attention to speech with a text distractor, and the two additional visual distractor 296 

conditions) and all the conditions where attention was directed to written sentences (attention to text 297 

in the unimodal condition, selective attention to text presented together with speech, music or 298 

nonspeech distractors), and then contrasting the incongruent vs. congruent sentences within each 299 

modality. Semantic ROIs were drawn manually using Freesurfer software so that they covered areas 300 

showing overlap between the incongruence contrasts for spoken and written sentences. The mean 301 

percentage of BOLD signal change within each semantic ROI was calculated and normalized across 302 

the nine experimental conditions, and then averaged for each contrast of interest. To study the 303 

effects of the different task types on activity in the semantic ROIs, a 2 (Hemisphere of the ROI) × 3 304 

(Task type) × 2 (Semantic congruence) ANOVA was carried out.  Note that the three tasks types for 305 

an ANOVA were created by averaging the nine conditions used to select semantic ROIs.  306 

 307 

2.7.     Analysis of behavioral data 308 

The total percentage of correct responses per task type was calculated. The difference in the amount 309 

of correct responses between task types was analyzed using a repeated-measures ANOVA with 310 

three Task levels (unimodal conditions vs. selective attention conditions vs. divided attention 311 

condition), where the two unimodal conditions where averaged together, and the six selective 312 

attention conditions were averaged together. An ANOVA was conducted on the three selective 313 

attention to text conditions (attention to text with a speech, nonsense speech or music distractor) in 314 

order to determine the effect of Auditory distractor type, and a similar ANOVA was conducted for 315 

the three selective attention to speech conditions (attention to speech with a text, nonsense text or 316 

moving fixation cross distractor) to study the effects of Visual distractor type. The effect of 317 

Attended modality was analyzed using an ANOVA with three levels (conditions where attention 318 

was targeted to written sentences vs. speech sentences vs. both written and speech sentences).   319 

 320 

For all conducted ANOVAs the Greenhouse-Geisser p-value was used (as indicated by the 321 

correction value ε) if the Mauchly’s test of sphericity showed a significant result for a variable with 322 

more than two levels. However, original degrees of freedom will be reported with the F-value even 323 

in these cases. A 95% confidence interval was used in all ANOVAs. When the ANOVA yielded a 324 

significant result, Bonferroni post hoc tests were conducted.  IBM SPSS Statistics 21 for Windows 325 

(IBM SPSS, Armonk, NY, USA) was used for statistical analyses. 326 

 327 
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3. Results 328 

 329 

3.1.     Behavioral data 330 

The mean percentage of correct responses (± standard error of the mean, SEM) was 97.6% ± 0.6% 331 

for the unimodal conditions, 95.3% ± 0.95% for the selective attention conditions, and 90.2% ± 332 

1.6% for divided attention condition (Figure 1). The ANOVA with three Task levels showed a 333 

main effect of Task type (F(2,32)=23.69, p<0.001) and subsequent post-hoc tests revealed that the 334 

percentage of correct responses was significantly lower during divided attention  than during 335 

attention in the unimodal condition  (p<0.001) or intermodal selective attention (p<0.005) 336 

conditions, and significantly lower during selective attention than during attention in the unimodal 337 

condition (p<0.05). The modality of the attended sentences did not affect the amount of correct 338 

responses in single tasks (p=0.24). The nature of the auditory distractor during selective attention to 339 

written sentences did not affect performance (p=0.78). The ANOVA for auditory selective attention 340 

conditions showed a significant main effect of Visual distractor type (F(2,32)=6.31, p<0.005, 341 

ε=0.58) and post-hoc tests indicated that significantly less correct responses were given when the 342 

visual distractor was regular written text than when it was a moving fixation cross or nonsense text 343 

(in both cases, p<0.05).  344 

3.2.     Brain activity during divided vs. non-divided attention 345 

Cortical networks recruited by selective attention to text with a speech distractor and selective 346 

attention to speech with a text distractor are shown in Figure 2. Activity during the selective 347 

attention tasks was compared with activity in the rest blocks. For the selective attention to text 348 

condition (Figure 2(A)), activity enhancement was seen bilaterally in the visual and auditory 349 

sensory cortices (BA 17/18/19, BA 41/42/22), and in the medial supplementary motor area (SMA; 350 

BA 6), precentral gyrus (BA 4/6), and inferior and middle frontal gyri (IFG and MFG; BA 44 and 351 

BA 46/9, respectively), and in the left superior and inferior parietal lobule (BA 7 and BA 40, 352 

respectively). A similar cortical network was activated by the selective attention to speech 353 

condition, with the exception of no significant activations in the visual sensory cortices (Figure 354 

2(B)). Figure 2(C) shows comparisons between the areas recruited by the two selective attention 355 

conditions combined and the divided attention condition, demonstrating that these two networks 356 

largely overlap with each other. The activation map from the combined selective attention 357 

conditions compared with rest are denoted with orange, and the activation map from the divided 358 

attention condition compared with rest is denoted with red. Areas showing overlap between these 359 

two contrasts are denoted with yellow. This overlapping network includes bilaterally the visual and 360 

auditory cortices, superior and inferior parietal lobules, precentral gyrus, medial SMA extending to 361 

more anterior regions of the medial superior frontal gyrus (BA 8/32), and the IFG and MFG.  362 

Next, we contrasted the divided attention condition separately with the visual and auditory selective 363 

attention conditions with similar stimulation as during divided attention (i.e., selective attention to 364 

text with a speech distractor and selective attention to speech with a text distractor). The resulting 365 

contrast images were then overlaid on top of each other (Figure 3). Areas showing overlap between 366 

these two contrasts included clusters in the dorsolateral and medial portions of the frontal lobe. 367 

More specifically, clusters in the MFG (BA 9/6) and medial SMA (BA 6) showed greater activity 368 

bilaterally during divided attention than in either selective attention condition. Five dual-tasking 369 

ROIs were subsequently drawn to cover these regions showing overlap: the left and right anterior 370 

middle frontal gyrus (aMFG) ROIs, the left and right supplementary motor area (SMA) ROIs, and 371 

the right posterior middle frontal gyrus (pMFG) ROI. Subsequent analyses were performed for 372 

voxels within these ROIs. 373 
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Figure 4 shows mean signal changes in the dual-tasking ROIs for each task condition. A significant 374 

main effect of Condition was observed for all five ROIs (for all ROIs, p<0.001). There were no 375 

significant effects of Hemisphere for the MFG dual-tasking ROIs or SMA ROIs, or Condition × 376 

Hemisphere interactions. Since the five dual-tasking ROIs displayed a similar general pattern of 377 

activation for the different conditions (Figure 4, top and middle), and because no other main effects 378 

were observed, the data were averaged across the five dual-tasking ROIs in further analyses (Figure 379 

4, bottom). 380 

An ANOVA including Task type (unimodal vs. selective attention vs. divided attention) as the 381 

factor indicated a main effect of Task type (F(2,34)=47.72, p<0.001). Post-hoc tests revealed that 382 

the selective attention conditions resulted in significantly larger BOLD signal increases in the dual-383 

tasking ROIs than the unimodal conditions (p<0.05) and that divided attention was associated with 384 

greater signal increases than unimodal and selective attention conditions (in both cases, p<0.001), 385 

which was expected since the dual-tasking ROIs were defined as areas showing greater activity 386 

during divided attention than selective attention. Another ANOVA with Attended modality (visual 387 

vs. auditory vs. both) as the factor indicated a significant main effect of Attended modality 388 

(F(2,34)=61.19, p<0.001). Subsequent post-hoc tests  showed that BOLD signal increases in the 389 

dual-tasking ROIs were smallest in conditions where speech sentences were attended, followed by 390 

conditions where the text sentences were attended, and greatest when attention was divided between 391 

text and speech  (in all cases, p<0.001). When an ANOVA was conducted for data that were 392 

averaged across the dual-tasking ROIs (Figure 4, bottom), attending to text with a nonsense speech 393 

distractor caused greater BOLD signal increases than when no auditory distractor was present 394 

(p<0.05). When speech was attended, both text and nonsense text distractors caused a greater signal 395 

increase than when no visual distractor was present (p<0.05 in both). When the distractor was a 396 

moving fixation cross, signal increases did not differ from the condition with no visual distractor 397 

(p=0.13), but were smaller than when a text distractor was present (p<0.05).  398 

3.3.     Attention effects on activity in the sensory cortices 399 

When the activity in sensory cortices during the selective attention conditions (attention to text with 400 

a speech distractor and attention to speech with a text distractor) was examined, the interaction 401 

Sensory cortex (visual vs. auditory) × Attended modality (visual vs. auditory) was significant 402 

(F(1,17)=15.85, p<0.001), that is, the visual cortex showed greater activity when attention was 403 

selectively directed to text than when it was directed to speech while the auditory cortex showed an 404 

opposite pattern.  405 

The results from the ANOVA including the factors Condition (attention to text in a unimodal 406 

condition vs. attention to speech in a unimodal condition vs. selective attention to text with a speech 407 

distractor vs. selective attention to speech with a text distractor vs. divided attention), Sensory 408 

cortex, and Hemisphere are illustrated in Figure 5. A significant main effect for Sensory cortex was 409 

observed (F(1,17)=43.53, p<0.001), demonstrating that, overall, mean signal changes were greater 410 

in the auditory cortex than in the visual cortex. There was no significant main effect of Hemisphere 411 

(although there was some insignificant tendency for the left-hemisphre activity being higher than 412 

the right-hemisphere activity, p=0.12). However, the main effect of Condition was significant  413 

(F(4,68)=63.04, p<0.001, ε=0.85). Subsequent pairwise comparisons revealed that the BOLD signal 414 

change was greatest during divided attention, followed by selective attention to text with a speech 415 

distractor, then by selective attention to speech with a text distractor, and lastly by attention to 416 

speech and attention to text in the unimodal conditions. Also, a significant interaction Condition × 417 

Sensory cortex was found (F(4,68)=190.12, p<0.001, ε=0.51). Pairwise comparisons revealed that 418 

in the visual cortex, the mean signal change during divided attention did not differ significantly 419 

from that during attention to the visual modality in the unimodal (p=0.27) or selective attention 420 
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condition (p=0.98), but was significantly greater than that during auditory attention in the unimodal 421 

(p<0.001) or selective attention condition (p<0.005). Activity in the visual cortex during visual 422 

attention did not depend significantly on the presence of an auditory (speech) distractor (p=0.27 for 423 

attention to text during selective attention vs. during the unimodal condition).  In the auditory 424 

cortex, the mean signal change during divided attention did not differ significanly from that during 425 

attention to the auditory modality in the unimodal (p=0.84) or selective attention condition 426 

(p=0.83), but was signifcantly lower than that during visual attention in the unimodal (p<0.001) or 427 

selective attention condition (p<0.05). Activity in the auditory cortex during auditory attention did 428 

not depend significantly on the presence of a visual (text) distractor (p=0.70 for attention to speech 429 

during selective attention vs. unimodal condition).   430 

3.4.     Brain activity related to semantic processing 431 

As seen in Figure 6, analysis across the auditory single-task conditions showed that attended 432 

spoken incongruent sentences elicited a greater hemodynamic response than attended spoken 433 

congruent sentences bilaterally in the IFG (BA 44) extending to the MFG (BA 9/6), and in the 434 

superior temporal gyrus (BA 41/42/22). A similar comparison for attended written sentences in the 435 

visual single-task conditions showed activity enhancements for written incongruent sentences in 436 

relation to written congruent sentences bilaterally in the IFG (BA 44) extending to the MFG (BA 437 

9/6), and in the posterior part of the left middle temporal gyrus (BA 21/37). When these two 438 

contrasts were overlaid (yellow areas in Figure 6), two clusters corresponding roughly to the left 439 

and right IFG (BA 44) showed overlap between the two contrasts. In the left hemisphere, the 440 

overlap region covered both the pars opercularis and pars triangularis, and in the right hemisphere, 441 

the region was smaller and extended to the inferior frontal sulcus. Areas showing overlap were used 442 

as semantic ROIs and subsequent analyses were performed for voxels within these ROIs 443 

Mean signal changes in the semantic ROIs for congruent and incongruent sentences in the different 444 

task condition types are shown in Figure 7. As expected, the significant main effect of sentence 445 

congruence (F(1,17)=34.32, p<0.001) confirmed that incongruent sentences caused greater 446 

increases in the BOLD signal than congruent sentences in both the left- and right-hemisphere 447 

semantic ROI. A main effect of Task type (F(2,34)=22.41, p<0.001) revealed a greater increase in 448 

overall signal change during the divided attention condition than during the unimodal or selective 449 

attention conditions (p<0.001 in both), and a greater increase during the selective attention 450 

conditions than unimodal conditions (p<0.05) in the semantic ROI of each hemisphere. However, 451 

also a main effect of Laterality was observed (F(1,17)=7.97, p<0.05), demonstrating a greater signal 452 

change in the left-hemisphere semantic ROI than in the right-hemisphere semantic ROI. There were 453 

no significant interactions between the factors. 454 

 455 

4. Discussion 456 

 457 

4.1.     Behavioral data 458 

 459 

The behavioral results indicate that even though performance was significantly worse during 460 

divided than selective attention, the participants were still able to reach a high level of performance 461 

accuracy while attending to two stimuli simultaneously (even during divided attention mean 462 

response accuracy was over 90%).  This indicates that overall the participants were quite able to 463 

successfully attend to both modalities at the same time.  464 

4.2.     Divided attention vs. focused and selective attention 465 

 

 

 

 

 

 

Fig. 5. Activity elicited by illogical 

sentences when compared to logical 

sentences when presented in the visual 

modality (red) or the auditory modality 

(orange), or in either of the modalities 

(yellow, overlapping areas).  Voxel-wise 

height threshold T=2.5, p<XX, uncorrected 
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The difference between the selective attention and divided attention conditions was examined in 466 

order to determine whether any cortical activity was specifically related to dividing attention. 467 

Because in both conditions stimuli were presented in both modalities, the effect of sensory 468 

stimulation was controlled for in the contrast between these conditions. The results showed that 469 

divided attention recruited a very similar cortical network as the component tasks performed alone, 470 

since the activation maps showed a high degree of overlap.  471 

When a direct comparison was made between the divided attention and the selective attention 472 

conditions, bilateral clusters both on the medial and dorsolateral frontal cortex showed significantly 473 

greater BOLD signal increases in the divided attention condition compared to the selective attention 474 

conditions. More specifically, these clusters were situated in the medial SMA and MFG of both 475 

hemispheres. The MFG has been implicated in memory rehearsal processes (Awh et al., 1996), 476 

rapid adaptation and coordination of actions required in dual-tasking (Szameitat et al., 2002), and 477 

detection of unexpected relevant stimuli (Corbetta and Shulman, 2002). The medial SMA, in turn, 478 

has been associated with performance monitoring, pre-response conflict, decision uncertainty, 479 

response errors, and processing of negative feedback (for a review, see Ridderinkhof et al., 2004). 480 

The need to inhibit a response to one sentence when it conflicts with the response to the other 481 

sentence, or the overall increase in difficulty in choosing the correct response in the divided 482 

attention condition might therefore explain the increase in SMA activity.  483 

 484 

Areas showing higher activity during divided attention than during both selective attention to text 485 

and selective attention to speech were defined as dual-tasking ROIs. These ROIs were located in the 486 

medial SMA and MFG bilaterally. The smallest BOLD signal increases in these ROIs were seen 487 

during the unimodal conditions. The selective attention conditions activated these regions to a 488 

greater degree, with some activation differences that depended on the nature of the distractor 489 

stimuli. More specifically, nonsense speech as an auditory distractor and text and nonsense text as 490 

visual distractors caused greater activity increases than when no distractors were present. Since 491 

divided attention activated these ROIs the most, this might mean that these distractors were the 492 

most effective in drawing attention away from the actual task and creating a situation where 493 

attention was unintentionally divided between the attended and to-be-ignored modality.   494 

 495 

Taking into account the high degree of overlap between the cortical networks activated by selective 496 

and divided attention, and the fact that dual-tasking ROIs showed a graded activation increase 497 

related to task difficulty (unimodal condition < selective attention < divided attention), our results 498 

suggest that at least semantic dual-tasking does not recruit new cortical areas, but places more 499 

demands on the brain regions already in use by the component tasks. This finding is in accordance 500 

with several previous studies showing that no additional neural regions are activated when 501 

interfering information needs to be coordinated (Klingberg, 1998; Adcock et al., 2000; Bunge et al., 502 

2000; Nijboer et al., 2014), but rather that the component tasks compete for resources in a “global 503 

neuronal workspace” most likely located in frontoparietal regions (Hein et al., 2007).  Some studies 504 

have reported opposite results, however, showing that frontal regions are recruited only during 505 

divided attention (Corbetta et al., 1991; D’Esposito et al., 1995; Miyake et al., 2000; Herath et al., 506 

2001; Szameitat et al., 2002; Schubert and Szameitat, 2003; Johnson and Zatorre, 2006; Yoo et al., 507 

2004; Stelzel et al., 2006). These conflicting results may be explained more by the nature of the 508 

single tasks used in the individual studies than by the need to divide attention per se. Frontal 509 

recruitment may depend on the specific task demands of the single-tasks and vary from one task 510 

combination to the other. In our study, there are several possible explanations for the observed 511 

frontal recruitment during the component tasks. First, it could be related to inhibiting the processing 512 

of irrelevant information from the unattended modality. Frontal regions have been shown to be 513 

involved in gating sensory information according to task-specific demands (Miller and Cohen, 514 

http://www.sciencedirect.com/science/article/pii/S0306452205005993#bib7
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2001; Staines et al., 2002). Another possible explanation is catching of attention by stimuli in the 515 

unattended modality. It has been shown that a distributed network including frontal and parietal 516 

areas is activated when attention is involuntarily shifted to events in the sensory environment 517 

(Downar et al, 2000; Corbetta and Shulman, 2002; Salmi et al., 2009). The sentences in the 518 

unattended modality might therefore have caused an involuntary shift of attention to the unattended 519 

modality, resulting in frontal and parietal activity increases. Finally, our results might be explained 520 

by the difficulty of the component tasks used in the study. It could be argued that since our 521 

component tasks were complex sentence comprehension tasks, performing them required central 522 

executive functions to a great degree even in the absence of distracting stimuli or a need to divide 523 

attention between two modalities. 524 

 525 

The frontoparietal cortical network observed in our selective attention and divided attention 526 

conditions bares a close resemblance to the multiple-demand (MD) network described by Duncan 527 

(2010). This general-purpose network includes cortex in and around the inferior frontal sulcus, the 528 

pre-supplementary motor area and the intraparietal sulcus, and it is activated by a variety of 529 

demanding cognitive tasks that require the formation of a series of subtasks. The tasks employed in 530 

our experiment can indeed be broken down into a succession of subtasks: internalizing the task 531 

instructions, evaluating the meaning of the presented sentence, choosing the correct response 532 

option, forming a motor response, reorienting to the next task instruction, etc.  In the case of the 533 

present selective attention conditions, an additional subtask of inhibiting processing of the 534 

unattended stimulus is introduced. When two streams of stimuli have to be attended simultaneously, 535 

the amount of subtasks is even further increased even though the time given to complete these 536 

subtasks remains unchanged, adding to the demands placed on the MD network. It might therefore 537 

be that the observed BOLD signal increases in dorsolateral and medial frontal areas are a result of 538 

the task becoming more complex (i.e., involving more subtasks) and requiring quicker shifts from 539 

one subtask to the next, and not a result of a need to divide attention between two sensory streams.  540 

 541 

The dorsolateral frontal activity increases during divided attention could also be explained by the 542 

recruitment of working memory when two tasks need to be performed simultaneously (Johnson et 543 

al., 2007). In our divided attention condition, the participants most likely had to maintain one 544 

sentence in a working memory buffer while making a congruence judgment concerning the other 545 

simultaneously presented sentence, whereas in the single-task condition no such demands were 546 

placed on working memory. In other words, the participants, at least some of them, may have 547 

adopted a rehearsal strategy during the divided attention task but not during the single-tasks. This 548 

could have led to the observed frontal activity increase, since the role of the dorsolateral prefrontal 549 

cortex in working memory (D’Esposito et al., 1995, Petrides, 2000) and more specifically in 550 

subvocal rehearsal (Awh et al., 1996) is well known. An experimental design specifically aimed at 551 

teasing apart the effects of increasing working memory load, divided attention, and overall task 552 

difficulty would be needed in order to determine the primary role of the dorsolateral prefrontal 553 

cortex in dual-tasking paradigms. 554 

 555 

4.3.     Attention effects in the sensory cortices 556 

During bimodal stimulation when the participants were attending to just one sensory modality, the 557 

sensory cortical areas subserving the attended modality showed increased activity and the ignored 558 

sensory cortices showed a decrease in activity compared with when attention was directed to the 559 

other modality. This result is in accordance with previous studies showing a similar interaction 560 

between the attended modality and activity in the relevant sensory cortices (Shomstein and Yantis, 561 

2002; Johnson and Zatorre, 2005; Johnson and Zatorre, 2006; Salo et al., 2013). 562 

The visual cortex was shown to be activated to the same extent during divided attention as during 563 
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attention to visual stimuli in both the unimodal and selective attention conditions, and this activity 564 

was greater than when attention was directed to the auditory modality. An analogous pattern of 565 

results was observed for the auditory cortex. This result is in contrast to our initial hypothesis: Since 566 

several previous studies suggest that a common attentional resource is shared between the sensory 567 

modalities (Just et al., 2001; Loose et al., 2003; Johnson and Zatorre, 2006) we expected to see a 568 

decrease in sensory-cortex activations during divided attention in relation to auditory or visual 569 

selective attention. Our results also indicated that the addition of a distractor stimulus to the 570 

unattended modality did not affect activity in the sensory cortical areas subserving the attended 571 

modality, even though activity in the cortical areas processing the unattended stimuli increased 572 

significantly. If a common attentional resource were indeed shared among the different modalities, 573 

this would mean that no resources were allotted to the unattended modality. This would, however, 574 

make it difficult to account for the performance accuracy decrease seen in the selective attention 575 

condition compared with the unimodal condition. Therefore our results do not support the notion of 576 

a constrained total amount of attentional resources being spread out to all recruited sensory cortices.  577 

 4.4.     Activity related to semantic processing during divided attention 578 

When only single-task conditions were examined, contrasting incongruent sentences with congruent 579 

sentences revealed an increase of activity in bilateral inferior frontal clusters for the written 580 

sentences, and in inferior frontal and temporal clusters for the spoken sentences. These foci of 581 

activity are well in line with the existing literature describing the role temporal and frontal areas 582 

(especially in the left hemisphere) in both semantic and syntactic language-related processing 583 

(Friederici et al., 2003; Hickok and Poeppel, 2004; for a review, see Vigneau et al., 2006). The 584 

increased activity in these areas in response to incongruent sentence endings is possibly due to the 585 

difficulty of integrating the unexpected last word to the preceding information, resulting in 586 

increased processing costs (Kutas and Hillyard, 1980). In electrophysiological studies, semantic 587 

integration was reflected as an increase in the amplitude of a specific event-related potential (ERP) 588 

component, the N400 (Kutas and Hillyard, 1980; for reviews, see Kutas et al., 2000; Lau et al., 589 

2008). The temporal activity clusters observed for the spoken sentences in our study is a likely 590 

candidate source for the N400 component (Humphries et al., 2006).  The observed temporal activity 591 

could also be related to another ERP component, the phonological mismatch negativity (PMN; 592 

Connolly et al., 1994), which is elicited when the initial phoneme of the last word in a sentence 593 

does not match the phoneme of the expected word (as was the case in our experiment). This 594 

component is elicited only when sentences are presented in the auditory modality, and it has been 595 

localized to the anterior superior temporal cortex predominantly in the left hemisphere (Kujala et 596 

al., 2004), and would therefore explain why we observed the temporal activity clusters only for the 597 

spoken sentences.  598 

The IFG was activated bilaterally by both written and spoken incongruent sentences, this effect 599 

being stronger in the left than the right hemisphere. The important role of the IFG in processing the 600 

semantic content of linguistic stimuli has been demonstrated in previous studies (Baumgaertner et 601 

al., 2000; Kiehl et al., 2002). The IFG does not seem to contribute to the N400 component, 602 

however, as lesions to frontal areas including the IFG do not affect the N400 component (Friederici 603 

et al., 1999). Our results therefore add to the discrepancy between hemodynamic and 604 

electrophysiological studies describing the contribution of the IFG to semantic processing. Our 605 

study makes a valuable contribution to this debate, since we used both written and spoken sentence 606 

stimuli in the same study, and show that the IFG was activated for incongruent sentences 607 

irrespective of the presentation modality.  608 

When two tasks that occupy a common part of the cortex are performed simultaneously, 609 

interference can occur at the level of these common regions (Roland and Zilles, 1998). In the case 610 
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of our experiment, ROI analyses were conducted in the semantic ROIs (i.e., bilaterally in the IFG) 611 

during divided attention in order to study task interference more carefully. During divided attention, 612 

participants had to make two simultaneous or consecutive congruence judgments, presumably both 613 

relying on the same amodal semantic processing areas. When the overall activity in the semantic 614 

ROIs was examined, our results pointed to an increase in activity during divided attention when 615 

compared with the unimodal and selective attention conditions. This suggests that more demands 616 

were placed on semantic processing areas when two semantic tasks were performed in parallel, 617 

which possibly contributed to the observed performance decrements.  618 

It is important to take into consideration the possibility that incongruent sentences elicited more IFG 619 

activity due to other cognitive functions than semantic processing. For example, it has been shown 620 

that the IFG is activated when prepotent responses are inhibited (Menon et al., 2001; Aron et al., 621 

2004). Reading or listening to sentences where an anomaly occurs at the very end may create a 622 

situation where a response that the sentence is congruent is always chosen first, but then has to be 623 

inhibited and replaced by a new response when an anomaly is detected. This may explain the 624 

observed IFG activity enhancements. Yet another possible explanation relates to the observation 625 

that the IFG is involved with the detection of salient stimuli irrespective of task type (Hampshire, 626 

2010). Sentences with semantic violations may represent such an unexpected and salient stimulus, 627 

thus involving the IFG.       628 

 629 

5. Conclusions 630 

 631 

The participants of our study performed significantly more errors when they had to make two 632 

simultaneous sentence congruence judgments in separate modalities than when they performed just 633 

one such judgment in one modality. This dual-task interference could potentially be caused by 634 

mutual inhibition of the sensory cortices, or by the recruitment of additional cortical areas 635 

responsible for additional cognitive operations related to dual-tasking, or by interference of the two 636 

tasks because they utilize the same part of the cortex. Our results indicate that crossmodal inhibition 637 

of the sensory cortices is not responsible for the observed performance decrements, and that no 638 

dual-task-specific areas are recruited when attention is divided between two simultaneous semantic 639 

tasks involving parallel attention to speech and written text. Competition for resources in cortical 640 

areas used by both component tasks most likely contributes to dual-tasking interference.  641 
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Figure 1 Percentages of correct responses in the unimodal conditions (data combined across 846 

auditory and visual conditions), selective attention conditions (data combined across 6 conditions: 847 

selective attention to speech with a text, nonsense text or moving fixation cross distractor and 848 

selective attention to text with a speech, nonsense speech or music distractor) and divided attention 849 

condition. Error bars indicate SEMs. Percentages of correct responses in the three condition types 850 

differed significantly from each other (in all cases, p<0.05).  851 

Figure 2 Significant activity enhancements in relation to the rest blocks in the conditions (A) 852 

selective attention to text with a speech distractor and (B) selective attention to speech with a text 853 

distractor.  (C) A combination of these two contrasts is overlaid with the contrast showing activity 854 

enhancements during divided attention compared to rest. Areas showing significant activation 855 

enhancements only in the selective conditions are denoted with orange and areas showing activation 856 

enhancements only in the divided attention condition are denoted with red. Areas showing overlap 857 

between these enhancements are denoted with yellow. Voxel-wise height threshold t=4.7, cluster 858 

size >250, cluster-corrected p<0.001. 859 

Figure 3 Significant activity enhancements during divided attention in relation to selective attention 860 

to text with a speech distractor (red), selective attention to speech with a text distractor (orange), 861 

and both (yellow). Voxel-wise height threshold t=2.5, cluster size >250, cluster corrected p<0.001. 862 

Figure 4 Mean signal changes (%) compared with rest in the five dual-tasking ROIs during the nine 863 

experimental conditions. Top: mean signal increases in the left and right SMA ROIs. Middle: mean 864 

signal increases in the left and right anterior MFG ROIs and the right posterior MFG ROI. Bottom: 865 

mean signal increases averaged across all five dual-tasking ROIs. The conditions in each graph are 866 

grouped based on the attended modality (left bar cluster: visual modality attended, middle bar 867 

cluster: auditory modality attended, rightmost bar: both modalities attended). Error bars indicate 868 

SEMs. Note that the nine conditions include the three conditions which were used to select dual-869 

tasking ROIs. (T = attention to text in a unimodal condition, T+S = attention to text with a speech 870 

distractor, T+NS = attention to text with a nonsense speech distractor, T+M = attention to text with 871 

a music distractor, S = attention to speech in a unimodal condition, S+T = attention to speech with a 872 

text distractor, S+NT = attention to speech with a nonsense text distractor, S+MF = attention to 873 

speech with a moving fixation cross distractor, D= divided attention).  874 

Figure 5 Mean signal changes (%) in the visual (A) and auditory (B) cortices in the left and right 875 

hemispheres (dark gray and light gray bars, respectively) during attention to text in the unimodal 876 

condition, attention to speech in the unimodal condition, selective attention to text (with speech 877 

distractors), selective attention to speech (with text distractors), and divided attention.  Error bars 878 

indicate SEMs. Conditions differing significantly from the divided attention condition are indicated 879 

with asterisks (* p<0.05; ** p<0.005). (T = attention to text in a unimodal condition, S = attention 880 

to speech in a unimodal condition, T+S = attention to text with a speech distractor, S+T = attention 881 

to speech with a text distractor, D= divided attention). 882 

Figure 6 Brain areas showing significant activity enhancements for attended incongruent written 883 

(red), spoken (orange) sentences (area overlaps shown in yellow) in relation to respective congruent 884 

sentences. Data combined across all single-task conditions for each modality. Voxel-wise height 885 

threshold T=2.5, cluster size > 250, cluster-corrected p <0.001.  886 

Figure 7 Mean signal changes (%) in the semantic ROIs  for attended incongruent and congruent 887 

sentences compared with rest during the unimodal (data combined across the auditory and visual 888 

conditions), selective attention (data combined across all auditory and visual selective attention 889 

conditions), and divided attention conditions in the left (A) and right (B) hemisphere. Error bars 890 
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indicate SEMs. 891 
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