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a b s t r a c t 

Controversy surrounds the interpretation of higher activation for pseudoword compared to word reading in the left precentral gyrus and pars opercularis. Specifically, 

does activation in these regions reflect: (1) the demands on sublexical assembly of articulatory codes, or (2) retrieval effort because the combinations of articulatory 

codes are unfamiliar? Using fMRI, in 84 neurologically intact participants, we addressed this issue by comparing reading and repetition of words (W) and pseudowords 

(P) to naming objects (O) from pictures or sounds. As objects do not provide sublexical articulatory cues, we hypothesis that retrieval effort will be greater for object 

naming than word repetition/reading (which benefits from both lexical and sublexical cues); while the demands on sublexical assembly will be higher for pseudoword 

production than object naming. 

We found that activation was: (i) highest for pseudoword reading [P > O&W in the visual modality] in the anterior part of the ventral precentral gyrus bordering the 

precentral sulcus (vPCg/vPCs), consistent with the sublexical assembly of articulatory codes; but (ii) as high for object naming as pseudoword production [P&O > W] 

in dorsal precentral gyrus (dPCg) and the left inferior frontal junction (IFJ), consistent with retrieval demands and cognitive control. 

In addition, we dissociate the response properties of vPCg/vPCs, dPCg and IFJ from other left frontal lobe regions that are activated during single word speech 

production. Specifically, in both auditory and visual modalities: a central part of vPCg (head and face area) was more activated for verbal than nonverbal stimuli 

[P&W > O]; and the pars orbitalis and inferior frontal sulcus were most activated during object naming [O > W&P]. Our findings help to resolve a previous discrepancy 

in the literature, dissociate three functionally distinct parts of the precentral gyrus, and refine our knowledge of the functional anatomy of speech production in the 

left frontal lobe. 
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. Introduction 

The left frontal lobe plays a well-researched role in speech produc-

ion ( Basilakos et al., 2018 ; Flinker et al., 2015 ; Long et al., 2016 ;

ugler et al., 2018 ). However, there is controversy as to the specific

oles that distinct left frontal regions play in the generation of a speech

lan. For example, as detailed below, some studies have associated the

ssembly of sublexical articulatory codes (e.g. phonemes and syllables)

ith activation in the left dorsal precentral gyrus, whereas others have

laimed that sublexical assembly is supported by a more ventral region

f the precentral gyrus (see Table 1 ). Here we consider the challenges of

ssigning specific functions to discrete regions and tackle this problem

y using a multi-factorial design that enables us to tease apart the de-

ands on articulatory planning from more general, non-linguistic pro-

esses such as working memory, attention and cognitive control. 

From an extensive literature review (see Table 1 for details), we note

hat the majority of the functional neuroimaging studies investigating

eural processing related to sublexical assembly compared activation
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or reading unfamiliar “pseudowords ” to reading familiar words. Pseu-

owords (e.g. pholat) can only be read successfully by applying sublexi-

al spelling to sound associations (e.g. ph + o + l + a + t or ph + ol + at

r pho + lat). In contrast, reading familiar words (e.g. photos) is not

ependant on sublexical assembly because it is facilitated by lexical

i.e. whole-word) knowledge. Thus, although reading words and pseu-

owords both involve the conversion of orthographic input into articu-

atory codes, the demands on integrating sublexical articulatory codes

re higher when reading pseudowords. 

A critical limitation of this approach is that enhanced activation

or reading pseudowords compared to familiar words may not neces-

arily reflect greater demands on sublexical assembly. Instead, activa-

ion may reflect slower, more demanding speech production when the

timulus is unfamiliar. Indeed, the results detailed in Table 1 illustrate

he similarity between the peak co-ordinates reported for reading aloud

A) pseudowords compared to words and (B) familiar words with “ir-

egular ” spelling-to-sound correspondences that are “inconsistent ” with

ther words in the same language (e.g. yacht which is pronounced
mber 2021 
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Table 1 

Literature review. 

Activation Baseline First Author (date) MNI Coordinates pOp PCg 

Reading aloud 

Pseudowords Regular words (consistent 

spelling-sound mappings) 

Fiez et al. (1999) − 51, 14, 8 ∗ ˆ 67% 5% 

Herbster et al. (1997) − 44, 4, 16 11% 10% 

Mechelli et al. (2005) − 54, 8, 18 38% 44% 

Carreiras et al. (2007) − 46, 8, 28 33% 33% 

Binder et al. (2005) − 43, 2, 27 11% 45% 

Carreiras et al. (2007) − 56, 0, 34 – 69% 

Mei et al. (2014) − 52, 0, 40 – 69% 

Words Mechelli et al. (2003) − 48, 8, 22 35% 25% 

Brunswick et al. (1999) − 48, 6, 26 38% 36% 

Irregular words (inconsistent 

spelling-sound mappings) 

Binder et al. (2005) − 51, 2, 13 5% 34% 

Binder et al. (2005) − 48, 0, 28 – 42% 

Mechelli et al. (2005) − 56, 0, 40 – 83% 

Irregular words 

(inconsistent 

spelling-sound 

mappings) 

Regular words (consistent 

spelling-sound mappings) 

Herbster et al. (1997) − 46, 6, 16 23% 17% 

Mechelli et al. (2005) − 52, 2, 18 – 46% 

Binder et al. (2005) − 50, 7, 21 27% 41% 

Binder et al. (2005) − 51, 0, 36 – 65% 

Binder et al. (2005) − 44, − 4, 43 – 37% 

Word matching 

Syllables Semantic Poldrack et al. (1999) − 47, 0, 13 – –

Price et al. (1997) − 52, − 2, 24 – 40% 

Devlin et al. (2003) − 50, 6, 24 28% 43% 

Devlin et al. (2003) − 42, 0, 28 – 50% 

Yen et al. (2019) − 52, 4, 30 6% 54% 

Mummery et al. (1998) − 52, − 8, 38 – 37% 

Rhyme Semantic Yen et al. (2019) − 50, 3, 30 5% 64% 

Synonym Roskies et al. (2001) − 49, 3, 16 17% 31% 

− 49, 1, 26 – 43% 

Attention to: 

Phonology Semantics McDermott et al. (2003) − 55, 3, 15 – 65% 

Lexical decision 

Pseudowords Words Fiebach et al. (2002) ∗ − 49, 12, 12 45% –

Words Sequential Words Simultaneous Twomey et al. (2015) − 57, 17, 7 62% 5% 

− 51, 8, 22 28% 42% 

− 54, 4, 43 – 48% 

Perception decision 

Words (after assembled 

training) 

Words (after addressed training) Mei et al. (2014) − 56, 6, 24 13% 55% 

Pseudowords Words − 48, 6, 18 29% 36% 

Left precentral gyrus (PCg) and pars opercularis (pOp) activation associated with sublexical processing in past studies 

- grouped by: task, activation condition, baseline condition and MNI z co-ordinate (ventral to dorsal). The Harvard- 

Oxford atlas ( Desikan et al., 2006 ) was used to indicate the likelihood that the peak co-ordinates were in pOp or PCg. 
∗ Coordinates mapped from Talairach to MNI space using BioImage Suite ( Lacadie et al., 2008 ).ˆ This effect was not 

observed in Fiez et al. (1999) when pseudowords were compared to low frequency consistent words (or low or high 

frequency inconsistent words). 
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yot ” not “yatched ”) compared to “regular ” spelling-to-sound correspon-

ences that are “consistent ” with most other words in the same language

e.g. mint, hint, tint, flint, stint, print, splint). A plausible explanation is

hat this common activation reflects the demands on executive control

 Fiez et al., 1999 ) because, in both cases, there is a conflict between lex-

cal and sublexical processing – and the reader therefore has to attend to

ne and inhibit the other. For example, when reading the word “yacht ”,

he sublexical spelling-to-sound association ( “yatched ”) is inconsistent

ith the lexical spelling-to-sound association ( “yot ”). The output from

ublexical assembly ( “yatched ”) therefore needs to be inhibited. Con-

ersely, when reading the pseudoword “chiden ”, the reader must inhibit

he production of real words that look alike (e.g. children and chicken).

or regularly spelled words, the demands on executive control are less

ecause lexical and sublexical codes are, by definition, consistent. 

Several studies have attempted to dissociate processing related to

ublexical assembly and generic processing demands during speech

roduction, but the conclusions have been inconsistent. For example,

iez et al. (1999) and Mechelli et al. (2005) found that, compared to

egular words, reading pseudowords and irregularly spelled words in-

reased activation in the vicinity of the pars opercularis ( Table 1 ), con-

istent with generic demands on mapping orthography-to-phonology,

s opposed to sublexical assembly. In contrast, Mei et al. (2014) and
2 
womey et al. (2015) showed that activation at the same site (in

tandard space) is involved in sublexical assembly even when re-

ponse times (reflective of general processing demands) are controlled.

he role of the left dorsal precentral gyrus is also unclear. While

echelli et al. (2005) and Twomey et al. (2015) associated it with sub-

exical processing; Binder et al. (2005) reported increased activation in

his region for irregular than regular word reading, which is more con-

istent with generic demands. Further investigation is therefore required

o understand these inconsistent conclusions. 

In the current study, we considered how areas that were more ac-

ivated for pseudoword than word production responded during object

aming. Considering their response to object naming provides three ad-

antages. First, object naming relies on lexical retrieval of articulatory

odes and can be compared to reading and repeating the same object

ames, thereby controlling for speech output. Second, it is slower and

ore attention demanding than word reading ( Glaser and Glaser, 1989 ),

llowing us to segregate activation related to: (i) generic processing de-

ands (object naming and pseudoword reading > word reading), (ii)

ublexical assembly (pseudoword reading > object naming); (iii) lexical

etrieval (object naming > pseudoword reading); and (iv) phonological-

o-articulatory recoding (words and pseudowords > object naming).

hird, the perceptual parts of pictures or sounds of objects do not pro-
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Fig. 1. Examples of visual stimuli . Verbal 

(words/pseudowords) and nonverbal (pictures 

of objects and non-objects) visual stimuli. 

Table 2 

Experimental design. 

Factor I 

Stimulus 

Factor II Factor III 

Input 

Verbal vs. Semantic vs. 

Nonverbal Nonsemantic 

Visual Written object names W 

√ √

Written pseudowords P 
√

✗ 

Pictures of objects O ✗ 
√

Coloured patterns B ✗ ✗ 

Auditory Heard object names W 

√ √

Heard pseudowords P 
√

✗ 

Sounds of objects O ✗ 
√

Humming (male or female voice) B ✗ ✗ 

Factor IV = Task: Speech production or 1-back matching. 

Key: W = words, P = pseudowords, O = objects, B = baselines. 
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ide any sublexical cues as to how the name is pronounced. This con-

rasts to irregular word reading, where high activation may reflect au-

omatic but unsuccessful attempts at sublexical assembly. Finally, by

ncluding the corresponding conditions in the auditory modality (repe-

ition of heard words and pseudowords, and naming objects from their

ounds), we can dissociate activation related to articulatory planning

rom activation related to modality-specific processing (e.g. that related

o mapping orthography onto phonology). 

In summary, our literature review ( Table 1 ) highlights a lack of clar-

ty in how activation in and around the dorsal versus ventral left pre-

entral gyrus contributes to speech production. Using a multi-factorial

MRI design, we investigated which parts of the left precentral gyrus

ere most consistent with: (1) the demands on sublexical assembly of

rticulatory codes (assumed to be higher for pseudoword reading than

bject naming) or (2) retrieval effort (assumed to be higher for object

aming and pseudoword production than word production). Although

ur questions concern regions in the left frontal lobe, we also exam-

ned whole brain activation to delineate the neural networks in which

ifferent left frontal regions participate. 

. Methods 

The data used in this paper have previously been reported in

berhuber et al. (2016) where the goal was to dissociate the function

f different parts of the left supramarginal gyrus. Here we focused on

easing apart how distinct left frontal lobe regions contribute to speech

roduction. 

.1. Experimental design 

There were 8 conditions that comprised a 2 × 2 × 2 factorial design

 Table 2 ). Factor I was stimulus modality (auditory versus visual); Factor

I was verbal versus nonverbal stimuli (words and pseudowords versus

bjects and baseline stimuli); Factor III was the presence or absence of

emantic content (familiar words and object names versus unfamiliar

seudowords and baseline stimuli). Examples of the visual stimuli are
3 
hown in Fig. 1 . Each condition was presented in a separate run, with

locks of stimuli alternating with rest. Full details of the experiment (e.g.

egarding stimulus selection) can be found in Oberhuber et al. (2016) . 

.2. Participant groups 

There were two non-overlapping participant groups ( n = 25 and 59)

hat both performed the same 8 tasks of interest embedded within one of

wo different experimental paradigms. In addition to the 8 speech pro-

uction conditions examined in the current analysis, Group 1 completed

-back matching tasks on the same 8 stimulus sets; while Group 2 com-

leted 5 tasks that involved sentence production, verb production, noun

roduction and semantic decisions on pictures of objects or their heard

bject names. These additional tasks were presented in separate scan-

ing sessions and were not examined in the current analysis. Although

he presentation parameters in the two paradigms were not exactly the

ame (see Table 3 ), our focus is on results that were observed across both

atasets. Direct comparison of the same effects in Group 1 and Group 2,

id not reveal any significant differences. 

.3. Counterbalancing 

In Paradigm 1 ( n = 25), the same object concepts were rotated across

he 4 semantic conditions – either as written object names, heard object

ames, pictures of objects or sounds of objects. In addition, written pseu-

owords were matched to spoken pseudowords. This ensured that the

peech being produced was the same for the matched conditions (across

ubjects). The order of conditions was counterbalanced across partici-

ants in Group 1. In Group 2 ( n = 59), we used a fixed condition order

o that inter-subject variability could not be attributed to differences

n condition order. The figures illustrating our results demonstrate that

ur effects of interest were observed in both groups – which further

trengthens our conclusions. Table 3 provides participant, experimental

nd scanner details for each group of subjects. 

.4. fMRI data preprocessing 

Data preprocessing and statistical analysis were performed in SPM12

Wellcome Centre for Human Neuroimaging, University College Lon-

on, UK), running on MATLAB 2012a. Functional volumes were spa-

ially realigned to the first EPI volume and unwarped to compensate

or non-linear distortions caused by head movement or magnetic field

nhomogeneity. The unwarping procedure was used in preference to in-

luding the realignment parameters as linear regressors in the first-level

nalysis because unwarping accounts for non-linear movement effects

y modelling the interaction between movement and any inhomogene-

ty in the T2 ∗ signal. After realignment and unwarping, the realignment

arameters were checked to ensure that participants moved less than

ne voxel (3mm 

3 ) within each scanning run. 

The anatomical T1w image was co-registered to the mean EPI image

enerated during the realignment step and then spatially normalised to

he MNI space using the unified normalisation-segmentation routine in
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Table 3 

Experimental details for: Group 1 Group 2. 

Group 1 Group 2 

Participants 

Number 25 59 

Gender (n females/ n males) 12/13 34/25 

Mean age in years ( + / − SD) 31.44 (5.74) 44.5 (17.66) 

Stimulus properties 

Stimulus duration in sec ( + / − SD) 

Visual stimuli 1.5 2.5 

Auditory words 0.64 (0.10) 0.63 (0.09) 

Auditory pseudowords 0.68 (0.12) 0.65 (0.08) 

Sounds 1.47 (0.12) 1.45 (0.15) 

Hums 1.04 (0.43) 1.05 (0.51) 

Average number of syllables (SD) 

Reading words 1.53 (0.68) 1.55 (0.68) 

Repeating words 1.53 (0.68) 1.68 (0.73) 

Reading pseudowords 1.94 (0.92) 1.50 (0.51) 

Repeating pseudowords 1.90 (0.84) 1.50 (0.51) 

Naming pictures 1.55 (0.69) 1.48 (0.72) 

Naming sounds 1.81 (0.92) 1.88 (0.94) 

Naming gender 1.50 (0.51) 1.50 (0.51) 

Naming colours 1.36 (0.49) 1.40 (0.50) 

Average number of letters ( + / − SD) 

Reading words 5.24 (1.68) 5.08 (1.61) 

Repeating words 5.24 (1.68) 5.28 (1.38) 

Reading pseudowords 5.28 (1.94) 4.40 (1.03) 

Repeating pseudowords 5.35 (1.72) 4.35 (1.08) 

Naming pictures 5.30 (1.75) 5.28 (1.75) 

Naming sounds 5.64 (2.21) 5.65 (2.40) 

Naming gender 5.00 (1.01) 5.00 (1.01) 

Naming colours 4.89 (1.04) 4.80 (1.18) 

Timing parameters 

ISI (sec) 2.52 2.5 

Number of stimuli per block 9 (& 1 repeat) 10 

Number of stimulus blocks per run 4 4 

Total number of stimuli per run 36 40 

Number of runs included/total 8/16 8/13 

Total time for each run (min) 3.2 3.4 

Total acquisition time (min) 25.6 27.2 

Scanning parameters 

TR (sec) 3.085 3.085 

Number of slices 44 44 

Number of volumes per run 62 66 
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PM12. To spatially normalise all EPI scans to MNI space, the defor-

ation field parameters that were obtained during the normalisation

f the anatomical T1w image were applied. The original resolution of

he different images was maintained during normalisation (voxel size

 × 1 × 1 mm 

3 for structural T1w and 3 × 3 × 3 mm 

3 for EPI im-

ges). After normalisation, functional images were spatially smoothed

ith a 6 mm full-width-half-maximum isotropic Gaussian Kernel to com-

ensate for residual anatomical variability and to permit application

f Gaussian random-field theory for statistical inference ( Friston et al.,

995 ). 

.5. First level statistical analyses 

Each preprocessed functional volume was entered into a subject spe-

ific fixed effect analysis using the general linear model. Stimulus onset

imes were modelled as single events. For Paradigm 1 (Group 1), we used

 regressors per task, one modelling instructions, and the other mod-

lling each stimulus. For Paradigm 2 (Group 2), the stimulus regressor

as replaced with three different regressors for correct, incorrect, and

elayed/no responses, resulting in a total of 4 regressors per task. This

s because Paradigm 2 was designed for patients who were expected to

ake errors. Importantly, the current study (with neurotypical partic-

pants) did not find significant differences between effects of interest

n Paradigm 1 (activation across trials of the same stimulus type) and

aradigm 2 (activation related to correct trials only). This is not unex-

ected given the very low number of incorrect/no response trials in both
4 
roups. Stimulus functions were convolved with a canonical haemody-

amic response function and high pass filtered with a cut-off period of

28 s. 

For each scanning session/run (that alternated one condition of in-

erest with fixation), we generated a single contrast that compared ac-

ivation in response to the stimuli and task of interest to resting with

xation. This resulted in 16 different contrasts (one per condition) for

ach participant. Each contrast for each individual was inspected to en-

ure that there were no visible artefacts (e.g. edge effects, activation

n ventricles) that might have been caused by within-scan head move-

ents. 

.6. Second level statistical analysis 

The first level analysis for each participant yielded 8 separate con-

rasts (one per condition > fixation), i.e. words (W), pseudowords (P),

bjects (O) and baseline (B) in the visual and auditory modality (see

able 2 ). The second level analysis modelled 16 conditions; 8 for each

roup of participants. Contrasts were computed across group and the

onsistency across groups is demonstrated in the Figures illustrating the

esults. 

The effects of interest were: (1) the main effect of verbal compared

o nonverbal stimuli (W&P > O&B); and (2) the interaction of ver-

al/nonverbal and semantic/nonsemantic (i.e. P&O > W&B). Post hoc

ests were then used to segregate three different effects driving the inter-

ction: Contrast A [P > W&O] segregated activation that was higher for

seudoword reading/repetition compared to word reading/repetition

nd object naming (i.e. consistent with the demands on sublexical as-

embly). We also expected that activation related to sublexical assem-

ly would be higher for words than objects (i.e. P > W > O). Contrast B

P&O > W] segregated activation that was higher for object naming and

seudoword reading/repetition compared to word reading/repetition

consistent with generic retrieval demands). Contrast C [O > W&P] seg-

egated activation that was higher for object naming compared to word

eading/repetition and pseudoword reading/repetition. We did not in-

lude the baselines in these contrasts as this is less conservative (base-

ines put lower processing demands on sublexical processing and exec-

tive control) and our goal was to distinguish processing for P&W&O. 

Each of these contrasts was repeated three times: once across modal-

ty, once in the visual modality and once in the auditory modality. If an

ffect was observed in one modality only, we checked and reported the

nteraction of that effect with the main effect of stimulus modality (vi-

ual versus auditory). 

We report all results when the main contrast (see Table 2 and

bove) was significant at p < 0.05 after family-wise error correction

n height. To ensure that the activation fitted the effect of interest, we

sed the inclusive masking option in SPM (thresholded at p < 0.05 un-

orrected), see Table 4 A for details. The type of processing that we

xpected to be probed for each effect is provided in Table 4 B and ratio-

alised in the Discussion. 

. Results 

.1. Behavioural results 

Details of the in-scanner behavioural performance for our partici-

ants are illustrated in Fig. 2 and reported in Oberhuber et al. (2016) .

ccuracy scores for Experiment 2 were computed after two outliers (sub-

ects with less than 50% accuracy) had been removed. In brief, the av-

rage in-scanner accuracy was 95% for Group 1 and 98% for Group 2.

esponse times (RTs) were only available for Group 2 (due to techni-

al failure in Group 1) and were computed after two participants were

xcluded due to missing RT data. Across modality, RTs were slower for

uditory than visual speech production stimuli due to the sequential

elivery of each auditory stimulus, in contrast to the simultaneous de-

ivery of all parts of each visual stimulus. Within modality, participants
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Table 4 

Statistical contrasts and interpretations. 

A: Contrasts used to isolate effects of interest 

Main 

Contrast 

Inclusive ( 
√

)masks 

P > W P > O W > P W > O O > W O > P P > B O > B W > B 

ME Verbal > nonverbal W&P > O&B 
√ √ √ √

A Sublexical assembly P > W&O 

√ √ √ √ √

B Retrieval demands P&O > W 

√ √ √ √

C Highest for naming O > W&P 
√ √ √

B: Interpretation 

Effect of interest Main Contrast Type of processing that might be probed 

ME Verbal > nonverbal W&P > O&B Phonological-to-articulatory recoding 

A Sublexical assembly P > W&O Sublexical assembly of articulatory plans (g-o- l -m) 

B Retrieval demands P&O > W Highest demands on retrieving articulatory plans 

C Highest for naming O > W&P Retrieving whole word articulatory plans 

Key: ME = main effect, W = words, P = pseudowords, O = objects, B = baseline. √
Inclusive masks (visual &/or auditory). 

Table 5 

Left frontal regions associated sublexical assembly, retrieval demands, and naming. 

Effect of interest Main 

contrast 

x y z Vx Z-scores Location 

Main Int. 

A Sublexical assembly P > W&O − 57 9 18 30 5.7 4.9 Ventral precentral 

sulcus/gyrus − 54 6 27 5.9 5.5 

− 51 0 33 4.8 4.9 

B Retrieval demands P&O > W − 39 6 27 88 > 8 8.1 Inferior frontal junction 

− 48 3 48 5.4 7.1 Dorsal precentral gyrus 

C Highest for naming O > W&P − 39 15 27 90 > 8 5.7 Inferior frontal sulcus 

− 45 30 15 7.3 > 8 

− 30 33 − 9 75 7.6 7.3 Pars orbitalis 

− 30 27 3 > 8 > 8 

W = words, P = pseudowords, O = objects, Int. = interaction of semantics and verbal input, Vx = number of contiguous 

voxels at p < 0.001 uncorrected. All effects were significant after voxel-level correction for multiple comparisons across 

the whole brain. 

Fig. 2. In-scanner behavioural scores . Task specific accuracy for Group 1 (grey plots) and Group 2 (black plots, n = 58 following removal of 1 outlier) and response 

times (RTs) for Group 2 only ( n = 57 following exclusion of 2 subjects with missing RT data due to technical failure). Plots show mean scores with standard deviation 

(SD) as red bars. W = words, P = pseudowords, O = objects, C = colours (visual baseline), H = humming sounds (auditory baseline). 
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3

 

f  
ere slower on more demanding tasks, specifically: (a) object naming

han word repetition or reading, consistent with object naming being

ore demanding; (b) object naming than pseudoword production, and

c) pseudowords than words with this effect trading with less accurate

seudoword production than object naming. 

.2. fMRI results 

Left frontal activation (in front of the central sulcus) was highly sig-

ificant for the main effect of verbal > nonverbal stimuli (W&P > O&B)
5 
cross stimulus modality. Peak activation [ − 54, + 3, 27; Z-score = 6.2]

as located in the left ventral precentral gyrus (head and face area;

ee Fig. 3 ). The interaction (P&O > W&B) between verbal/nonverbal and

emantic/nonsemantic also yielded highly significant frontal activation

hat we segregated, with post hoc tests, into three different effects (A, B

nd C), as described below. 

.2.1. Sublexical assembly (P > W&O) 

Activation that was highest for pseudowords (P > W&O) was observed

or visual stimuli only, in the anterior part of the left ventral precentral
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Fig. 3. Anatomical location of effects of interest and their condition dependant responses . Relative location of each effect shown on a standard structural template in MNI 

space at slices x = − 48, x = − 54, z = + 27. The estimated effect size is illustrated for Words (W), Pseudowords (P), Object naming (O) and Baseline conditions (B) in 

the visual (columns 1–4 and 9–12) and auditory modalities (columns 5–8 and 13–16). Columns 1–8 are from Group 1. Columns 9–16 are from Group 2. The coloured 

bars highlight the activation conditions. The error bars are standard error. Although each effect of interest was highly significant, these plots show that there is high 

selectivity without specificity (i.e. all regions were activated across conditions). dPCg/vPCg/vPCs = dorsal/ventral precentral gyrus/sulcus; IFJ/IFS = Inferior frontal 

junction/sulcus. Regions associated with sublexical assembly (P > W&O) are shown in red; naming (O > W&P) in magenta; generic retrieval demands (P&O > W) in 

blue; verbal > nonverbal (W&P > O&B) in green (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.). 
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(

yrus that borders the ventral precentral sulcus ( Table 4 ; red in Fig. 3 )

ith no corresponding effect in the auditory modality. This resulted in

 modality by condition (P > W&O) interaction that was significant at

 < 0.001 uncorrected: Z-scores = 4.1 at [ − 57, + 9, + 18]; 4.1 at [ − 54,

 6, + 27]; 4.2 at [ − 48, 0, + 33]. Activation in vPCg/vPCs was, how-

ver, not specific to reading because it was greater for repeating words

 p < 0.05 corrected), repeating pseudowords ( p < 0.05 corrected), audi-

ory object naming ( p < 0.05 corrected), and gender naming ( p < 0.005

ncorrected) than rest (see Fig. 3 ). 

The same pattern of effects was also observed in the left anterior

utamen (as reported in Oberhuber et al., 2013) and the left postcentral

ulcus. 

.2.2. Generic demands on articulatory planning (P&O > W) 

Activation was higher for pseudowords and objects than words deep

n the inferior frontal junction, extending laterally through the pre-

entral sulcus to the dorsal precentral gyrus ( Table 4 ; blue in Fig. 3 ),

ith no significant difference between the visual or auditory modali-

ies ( p > 0.05 uncorrected). The same response pattern (P&O > W) was
6 
lso observed in the bilateral anterior insula/frontal operculum and pre-

MA. 

.2.3. Highest for naming (O > W&P) 

Activation was higher for objects than pseudowords and words in

he left inferior frontal sulcus and left pars orbitalis ( Table 4 ; magenta

n Fig. 3 ), with no significant difference between the visual or auditory

odalities ( p > 0.05 uncorrected). The same response pattern (O > W&P)

as also observed in the left middle temporal sulcus, left fusiform, bi-

ateral visual cortices and bilateral cerebellum. 

.2.4. Other left frontal lobe activation 

No activation was detected in the precentral gyrus, precentral sulcus

r pars opercularis for: the main effects of semantic > nonsemantic; non-

emantic > semantic; nonverbal > verbal; or auditory > visual. However,

he main effect of visual > auditory stimuli identified left precentral ac-

ivation [peak at − 42, 3, 30] that was highest for reading pseudowords

effect A) and least for repeating words or gender naming. 
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Table 6 

How different left frontal regions may contribute to speech production. 

Region Prior hypotheses Effect Most parsimonious explanation 

vPCg/vPCs (a) Sublexical assembly of articulatory plans 

(b) Retrieval effort 

(c) Conflict resolution 

P > W&O (a) Sublexical assembly of articulatory plans 

dPCg (a) Sublexical assembly of articulatory plans 

(b) Retrieval effort/ executive functions 

(c) Conflict resolution 

P&O > W (a) Retrieval effort / executive control 

vPCg (a) Sublexical assembly of articulatory plans 

(b) Retrieval effort/ executive functions 

W&P > O&B Neither hypothesis confirmed 

We propose: “phonological-to-articulatory recoding ”

IFJ Cognitive control/ attention working memory P&O > W Consistent with prior hypothesis 

IFS (a) Word retrieval 

(b) Integration of information prior to response 

selection 

O > W&P (b) Integration of information prior to response selection 

pOrb Semantic retrieval O > W&P Semantic-to-articulatory recoding 

dPCg/vPCg/vPCs: Dorsal/ventral precentral gyrus/sulcus. 

IFJ/IFS: Inferior frontal junction/sulcus. pOrb: Pars orbitalis. 
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. Discussion 

Prior studies have reported that increased demands on sublexical

ssembly of articulatory codes (e.g. phonemes and syllables) increases

ctivation in either dorsal ( Mechelli et al., 2005 ) or ventral ( Mei et al.,

014 ; Twomey et al., 2015 ) parts of the left precentral gyrus ( Table 1 ).

owever, possible confounds in the experimental designs of previous

tudies make it difficult to determine the type of processing that en-

ages each region. To further dissociate the functional contribution of

istinct left frontal regions to speech production, we compared activa-

ion for word and pseudoword production to that observed during object

aming, which exerts high demands on the retrieval of whole-word ar-

iculatory plans. 

Our results indicate that the response in the left ventral precen-

ral gyrus (head and face area), bordering the ventral precentral sulcus

vPCg/vPCs), is most consistent with sublexical assembly of articulatory

odes, because activation was higher for pseudoword reading than ob-

ect naming and word reading. In contrast, we found that the response

n the left dorsal precentral gyrus (dPCg) extending into the left infe-

ior frontal junction (IFJ) is most consistent with retrieval demands,

ecause activation was higher for object naming and pseudoword read-

ng/repetition than word reading/repetition. This functional dissocia-

ion between ventral and dorsal parts of the precentral gyrus is con-

istent with the heterogeneity evidenced by multimodal connectivity-

ased parcellation ( Genon et al., 2018 ). 

Our multi-task approach also allowed us to dissociate other func-

ionally distinct regions in the left frontal lobe that are differentially

ngaged during single-word speech production. Below, we discuss how

ach of our findings confirm, extend and challenge the results of pre-

ious studies, and their relevance for refining our understanding of the

unctional anatomy of speech production. A summary of the findings,

nd interpretation related to prior literature can be found in Table 6 . 

.1. Sublexical assembly (P > W&O in the visual modality) 

Left frontal activation associated with sublexical processing was

dentified on the anterior surface of the left ventral precentral gyrus

vPCg), bordering the ventral precentral sulcus. The MNI co-ordinates of

eak activation in this area ([ − 57, 9, 18] and [ − 54, 6, 27]) corresponds

o those associated with sublexical assembly in Mei et al. (2014) and

womey et al. (2015) using completely different experimental designs.

n Mei et al. (2014) , native English speakers were trained to read words

resented in unfamiliar Korean Hangul characters by either recognis-

ng the words as a whole or by relying on the sublexical spelling to

ound relationships. When reading the same words in the scanner, those

sing a sublexical assembly strategy increased activation at MNI co-

rdinates [ − 56, 6, 24] compared to those who read the words lexically.
7 
n Twomey et al. (2015) , a very similar area (MNI co-ordinates [ − 51,

, 22]) was more activated when words emerged on the screen sequen-

ially compared to when they emerged as a whole. 

Other reading studies ( Binder et al., 2005 ; Mechelli et al., 2005 )

id not associate the vPCg with sublexical assembly because activa-

ion increased for words with irregular compared to regular spellings

see Table 1 ) and irregular spellings cannot be read successfully us-

ng sublexical assembly. Our alternative interpretation of the enhanced

PCg/vPCs response during irregular reading is that skilled readers will

utomatically engage sublexical assembly when presented with familiar

rthography. Moreover, unsuccessful sublexical processing may persist

or irregular word reading until the correct pronunciation is retrieved

ia lexico-semantics. 

The vPCg activation we associate with sublexical processing was on

he anterior surface of vPCg, bordering the ventral precentral sulcus.

ere, cortical activity has been related to the motor planning of vocal

ract actions required to produce speech sounds (articulatory gestures)

t discrete times ( Mugler et al., 2018 ). In this context, enhanced acti-

ation for pseudoword reading compared to word reading and object

aming can be explained by enhanced demands on encoding novel se-

uences of articulatory gestures. 

Although vPCg/vPCs activation was not enhanced for pseudoword

epetition compared to word repetition and auditory naming, it was

ot specific to reading. Specifically, we also found highly significant

PCg/vPCs activation ( p < 0.05 corrected) for repeating words and for

epeating pseudowords ( Fig. 3 ), consistent with the demands on articu-

atory planning that is independent of stimulus modality. The increased

emands that pseudoword word reading places on articulatory planning

an be explained by the absence of facilitation from (i) an auditory short-

erm representation of the intended speech output ( Strand et al., 2008 )

hat is available during auditory repetition; and (ii) the lexical/semantic

amiliarity associated with word reading. 

.2. Generic demands on articulatory planning (P&O > W) 

The area associated with generic retrieval demands was located deep

n the left frontal lobe, with one peak falling in the left inferior frontal

unction (located at the junction of the inferior precentral sulcus and in-

erior frontal sulcus) and a second peak in the left dorsal precentral gyrus

dPCg). The inferior frontal junction (IFJ) is part of a network associated

ith attention, cognitive control and working memory ( Cole and Schnei-

er, 2007; Roth et al., 2006 )(Roth et al., 2006; Cole and Schneider,

007; Muhle-Karbe et al., 2016 ; Tamber-Rosenau et al., 2018 ; Zhang

t al., 2018( Zhang et al., 2018 )) that also includes the dorsolateral pre-

rontal cortex, anterior insula, and pre-SMA ( Sundermann and Pflei-

erer, 2012 ) - all regions that were co-activated with the IFJ in the

urrent study (blue areas in Fig. 3 ). 
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The dPCg has previously been associated with sublexical assembly

ecause it was more activated for reading pseudowords compared to

eading irregularly and regularly spelled words ( Mechelli et al., 2005 );

nd for reading text delivered sequentially rather than simultaneously

 Twomey et al., 2015 ). Our finding that activation was higher for object

aming than word reading is not consistent with this claim. Instead, our

ndings are more consistent with prior studies that demonstrated a role

or the left dPCg in retrieving fine-grained motor plans and anticipating

hythms ( Chen et al., 2008 ) during speech articulation and finger move-

ents ( Meister et al., 2009 ); particularly when people watch/listen to

aterial for which they have been highly trained to generate very spe-

ific action responses, including dance movements ( Calvo-Merino et al.,

005 ), piano music ( Lahav et al., 2007 ) and violin music ( Dick et al.,

011 ). According to this hypothesis, left dorsal precentral activation

hould be lower when retrieval demands are lower (i.e. for reading and

epeating words), as observed in the current study. 

.3. Highest activation for object naming (O > W&P) 

In contrast, retrieving articulatory plans from semantic stimuli (i.e.

emantic-to-articulatory recoding) enhanced activation in (i) the left

ars orbitalis (pOrb), a region already associated with controlled se-

antic retrieval ( Sabb et al., 2007 ), and (ii) the left inferior frontal sul-

us, a region already associated with word retrieval ( Arya et al., 2019 ;

rice, 2012 ). The left inferior frontal sulcus has also been associated

ith the integration of bottom-up and top-down multi-sensory informa-

ion (semantic, nonsemantic and nonverbal) prior to response selection

 Adam and Noppeney, 2010 ; Gau and Noppeney, 2016 ; Noppeney et al.,

010 ). 

.4. The main effect of verbal > nonverbal stimuli (W&P > O&B) 

In a central part of vPCg, we found that activation was higher for

erbal stimuli (words and pseudowords) than nonverbal stimuli (object,

olour and gender naming) in both auditory and visual modalities (green

n Fig. 3 ). As activation in this part of vPCg was not higher for pseu-

owords than words, it is not consistent with the expected demands on

ublexical assembly of articulatory plans. We therefore propose that en-

anced activation in the central part of vPCg for verbal more than non-

erbal stimuli reflects the association of articulatory codes with phono-

ogical representations of the stimuli (as opposed to the subsequent as-

embly of these codes). Although further studies are required to investi-

ate this hypothesis, we speculate that phonological-to-articulatory re-

oding may be evoked faster and sustained longer when processing ver-

al stimuli, compared to nonverbal stimuli because (i) we are highly

rained to link verbal stimuli to their speech sounds and articulatory

odes and (ii) nonverbal stimuli may rely more heavily on perceptual

nd semantic processing. 

. Summary and conclusions 

Our literature review ( Table 1 ) highlighted inconsistency in the brain

egions associated with the demands on sublexical assembly of articu-

atory plans. Some studies have proposed that the left dorsal precen-

ral gyrus (dPCg) is involved in sublexical assembly, whereas others

ave claimed that sublexical assembly is supported by more ventral re-

ions. Using a multi-factorial design that included object naming condi-

ions as well as word and pseudoword reading and repetition, we associ-

ted the demands on sublexical assembly with activation in the anterior

art of the left ventral precentral gyrus (vPCg), bordering the left ven-

ral precentral sulcus (vPCs). In contrast, we show that the response in a

ore dorsal part of the precentral gyrus (dPCg) is more consistent with

etrieval effort and demands on executive functioning. 

We have also described the contrasting response properties of other

eft frontal lobe regions that contribute to speech production and com-

ared our interpretation with that of previous studies ( Table 6 ). Of par-
8 
icular interest is the dissociation of two parts of the ventral precentral

yrus: the anterior part associated with sublexical assembly and a more

entral part that was activated by verbal (words and pseudowords) com-

ared to nonverbal (objects, patterns and humming) stimuli. This mo-

ivates future studies using techniques that provide higher spatial reso-

ution (e.g. single-subject data from 7T fMRI) to further investigate the

ontribution of different vPCg regions to speech production. 

Overall, our findings resolve a previous discrepancy in the literature,

issociate three functionally distinct parts of the left precentral gyrus,

nd refine our understanding of the functional anatomy of speech pro-

uction. 

eclaration of Competing Interest 

The authors declare no competing financial interests. 

ata availability 

The data that support the findings of this study are available upon

equest from the senior author (C.J.P.). 

RediT authorship contribution statement 

Justyna O. Ekert: Conceptualization, Writing – original draft, Writ-

ng – review & editing, Formal analysis, Visualization. Diego L. Lorca-

uls: Investigation, Writing – review & editing. Andrea Gajardo-Vidal:

nvestigation, Writing – review & editing. Jennifer T. Crinion: Writing

review & editing. Thomas M.H. Hope: Methodology, Writing – review

 editing. David W. Green: Conceptualization, Writing – review & edit-

ng. Cathy J. Price: Conceptualization, Methodology, Formal analysis,

riting – original draft, Writing – review & editing, Supervision, Fund-

ng acquisition. 

redit authorship contribution statement 

Justyna O. Ekert: Conceptualization, Writing – original draft, Writ-

ng – review & editing, Formal analysis, Visualization. Diego L. Lorca-

uls: Investigation, Writing – review & editing. Andrea Gajardo-Vidal:

nvestigation, Writing – review & editing. Jennifer T. Crinion: Writing

review & editing. Thomas M.H. Hope: Methodology, Writing – review

 editing. David W. Green: Conceptualization, Writing – review & edit-

ng. Cathy J. Price: Conceptualization, Methodology, Formal analysis,

riting – original draft, Writing – review & editing, Supervision, Fund-

ng acquisition. 

cknowledgements 

This research was funded by Wellcome (203147/Z/16/Z and

05103/Z/16/Z, C.J.P.) and the Middlesex Hospital Medical School

eneral Charitable Trust. For the purpose of Open Access, the author

as applied a CC BY public copyright licence to any Author Accepted

anuscript version arising from this submission. We thank Eldad Druks

or creating the picture stimuli. 

eferences 

dam, R., Noppeney, U., 2010. Prior auditory information shapes visual category-

selectivity in ventral occipito-temporal cortex. Neuroimage 52, 1592–1602.

doi: 10.1016/j.neuroimage.2010.05.002 . 

rya, R. , Babajani-Feremi, A. , Byars, A.W. , Vannest, J. , Greiner, H.M. , Wheless, J.W. ,

Mangano, F.T. , Holland, K.D. , 2019. A model for visual naming based on spatiotem-

poral dynamics of ECoG high-gamma modulation. Epilepsy Behav. 99, 106455 . 

asilakos, A., Smith, K.G., Fillmore, P., Fridriksson, J., Fedorenko, E., 2018. Functional

characterization of the human speech articulation network. Cereb. Cortex 28, 1816–

1830. doi: 10.1093/cercor/bhx100 . 

inder, J.R. , Medler, D.A. , Desai, R. , Conant, L.L. , Liebenthal, E. , 2005. Some neurophys-

iological constraints on models of word naming. Neuroimage 27, 677–693 . 

https://doi.org/10.1016/j.neuroimage.2010.05.002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0002
https://doi.org/10.1093/cercor/bhx100
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0004
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0004
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0004
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0004
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0004
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0004


J.O. Ekert, D.L. Lorca-Puls, A. Gajardo-Vidal et al. NeuroImage 245 (2021) 118734 

B  

 

 

C  

 

C  

 

C  

C  

 

D  

 

 

D  

 

 

D  

F  

 

F  

 

F  

 

F  

G  

G  

 

 

G  

H  

 

L  

 

L  

 

L  

 

M  

 

 

M  

 

M  

 

M  

 

M  

 

M  

 

M  

 

M  

 

N  

O  

 

 

P  

 

 

P  

 

P  

 

R  

 

 

R  

 

S  

S  

 

S  

 

T  

 

T  

 

Y  

 

Z  

 

 

runswick, N., McCrory, E., Price, C. J., Frith, C. D., Frith, U., 1999. Explicit

and implicit processing of words and pseudowords by adult developmental

dyslexics: A search for Wernicke’s Wortschatz? Brain 122 (10), 1901–1917.

https://doi.org/10.1093/brain/122.10.1901 . 

alvo-Merino, B. , Glaser, D.E. , Grèzes, J. , Passingham, R.E. , Haggard, P. , 2005. Action

observation and acquired motor skills: an FMRI study with expert dancers. Cereb.

Cortex 15, 1243–1249 . 

arreiras, M., Mechelli, A., Estévez, A., Price, C. J., 2007. Brain activation for lexical deci-

sion and reading aloud: two sides of the same coin? Journal of cognitive neuroscience

19 (3), 433–444. doi: 10.1162/jocn.2007.19.3.433 . 

hen, J.L. , Penhune, V.B. , Zatorre, R.J. , 2008. Listening to musical rhythms recruits motor

regions of the brain. Cereb. Cortex 18, 2844–2854 . 

ole, M. W., Schneider, W., 2007. The cognitive control network: Integrated

cortical regions with dissociable functions. Neuroimage 37 (1), 343–360.

https://doi.org/10.1016/j.neuroimage.2007.03.071 . 

esikan, R.S. , Ségonne, F. , Fischl, B. , Quinn, B.T. , Dickerson, B.C. , Blacker, D. , Buck-

ner, R.L. , Dale, A.M. , Maguire, R.P. , Hyman, B.T. , 2006. An automated labeling system

for subdividing the human cerebral cortex on MRI scans into gyral based regions of

interest. Neuroimage 31, 968–980 . 

evlin, J. T., Matthews, P. M., Rushworth, M. F., 2003. Semantic processing in the left

inferior prefrontal cortex: a combined functional magnetic resonance imaging and

transcranial magnetic stimulation study. Journal of cognitive neuroscience 15 (1),

71–84. doi: 10.1162/089892903321107837 . 

ick, F. , Lee, H.L. , Nusbaum, H. , Price, C.J. , 2011. Auditory-motor expertise alters “speech

selectivity ” in professional musicians and actors. Cereb. Cortex 21, 938–948 . 

iebach, C. J., Friederici, A. D., Müller, K., Von Cramon, D. Y., 2002. fMRI evidence for

dual routes to the mental lexicon in visual word recognition. Journal of cognitive

neuroscience 14 (1), 11–23. doi: 10.1162/089892902317205285 . 

iez, J.A. , Balota, D.A. , Raichle, M.E. , Petersen, S.E. , 1999. Effects of lexicality, frequency,

and spelling-to-sound consistency on the functional anatomy of reading. Neuron 24,

205–218 . 

linker, A. , Korzeniewska, A. , Shestyuk, A.Y. , Franaszczuk, P.J. , Dronkers, N.F. ,

Knight, R.T. , Crone, N.E. , 2015. Redefining the role of Broca’s area in speech. Proc.

Natl. Acad. Sci. 112, 2871–2875 . 

riston, K.J. , Frith, C.D. , Turner, R. , Frackowiak, R.S.J. , 1995. Characterizing evoked

hemodynamics with fMRI. Neuroimage 2, 157–165 . 

au, R. , Noppeney, U. , 2016. How prior expectations shape multisensory perception. Neu-

roimage 124, 876–886 . 

enon, S. , Reid, A. , Li, H. , Fan, L. , Müller, V.I. , Cieslik, E.C. , Hoffstaedter, F. , Langner, R. ,

Grefkes, C. , Laird, A.R. , 2018. The heterogeneity of the left dorsal premotor cortex

evidenced by multimodal connectivity-based parcellation and functional characteri-

zation. Neuroimage 170, 400–411 . 

laser, W.R. , Glaser, M.O. , 1989. Context effects in stroop-like word and picture process-

ing. J. Exp. Psychol. Gen. 118, 13 . 

erbster, A. N., Mintun, M. A., Nebes, R. D., & Becker, J. T. (1997). Regional cerebral

blood flow during word and nonword reading. Human brain mapping , 5 (2), 84-92.

https://doi.org/10.1002/(SICI)1097-0193(1997)5:2 < 84::AID-HBM2>3.0.CO;2-I . 

acadie, C.M. , Fulbright, R.K. , Rajeevan, N. , Constable, R.T. , Papademetris, X. , 2008. More

accurate Talairach coordinates for neuroimaging using non-linear registration. Neu-

roimage 42, 717–725 . 

ahav, A. , Saltzman, E. , Schlaug, G. , 2007. Action representation of sound: audiomo-

tor recognition network while listening to newly acquired actions. J. Neurosci. 27,

308–314 . 

ong, M.A. , Katlowitz, K.A. , Svirsky, M.A. , Clary, R.C. , Byun, T.M. , Majaj, N. , Oya, H. ,

Howard, M.A. , Greenlee, J.D.W. , 2016. Functional segregation of cortical regions un-

derlying speech timing and articulation. Neuron 89, 1187–1193 . 

cDermott, K. B., Petersen, S. E., Watson, J. M., Ojemann, J. G., 2003. A procedure for

identifying regions preferentially activated by attention to semantic and phonologi-

cal relations using functional magnetic resonance imaging. Neuropsychologia 41 (3),

293–303. https://doi.org/10.1016/S0028-3932(02)00162-8 . 

echelli, A. , Crinion, J.T. , Long, S. , Friston, K.J. , Ralph, M.A.L. , Patterson, K. , McClel-

land, J.L. , Price, C.J. , 2005. Dissociating reading processes on the basis of neuronal

interactions. J. Cogn. Neurosci. 17, 1753–1765 . 
9 
echelli, A., Henson, R. N., Price, C. J., Friston, K. J., 2003. Comparing event-

related and epoch analysis in blocked design fMRI. Neuroimage 18 (3), 806–810.

https://doi.org/10.1016/S1053-8119(02)00027-7 . 

ei, L. , Xue, G. , Lu, Z.-.L. , He, Q. , Zhang, M. , Wei, M. , Xue, F. , Chen, C. , Dong, Q. , 2014.

Artificial language training reveals the neural substrates underlying addressed and

assembled phonologies. PLoS ONE 9, e93548 . 

eister, I.G. , Buelte, D. , Staedtgen, M. , Boroojerdi, B. , Sparing, R. , 2009. The dorsal pre-

motor cortex orchestrates concurrent speech and fingertapping movements. Eur. J.

Neurosci. 29, 2074–2082 . 

ugler, E.M. , Tate, M.C. , Livescu, K. , Templer, J.W. , Goldrick, M.A. , Slutzky, M.W. , 2018.

Differential representation of articulatory gestures and phonemes in precentral and

inferior frontal gyri. J. Neurosci. 38, 9803–9813 . 

uhle-Karbe, P.S. , Derrfuss, J. , Lynn, M.T. , Neubert, F.X. , Fox, P.T. , Brass, M. , Eick-

hoff, S.B. , 2016. Co-activation-based parcellation of the lateral prefrontal cortex de-

lineates the inferior frontal junction area. Cereb. Cortex 26, 2225–2241 . 

ummery, C. J., Patterson, K., Hodges, J. R., Price, C. J., 1998. Functional neuroanatomy

of the semantic system: divisible by what? Journal of cognitive neuroscience 10 (6),

766–777. https://doi.org/10.1162/089892998563059 . 

oppeney, U. , Ostwald, D. , Werner, S. , 2010. Perceptual decisions formed by accumula-

tion of audiovisual evidence in prefrontal cortex. J. Neurosci. 30, 7434–7446 . 

berhuber, M., Hope, T.M.H., Seghier, M.L., Parker Jones, O., Prejawa, S., Green, D.W.,

Price, C.J., 2016. Four functionally distinct regions in the left supramarginal gyrus

support word processing. Cereb. Cortex 26, 4212–4226. doi: 10.1093/cercor/bhw251 .

oldrack, R. A., Wagner, A. D., Prull, M. W., Desmond, J. E., Glover, G. H.,

Gabrieli, J. D., 1999. Functional specialization for semantic and phonological

processing in the left inferior prefrontal cortex. Neuroimage 10 (1), 15–35.

https://doi.org/10.1006/nimg.1999.0441 . 

rice, C.J., 2012. A review and synthesis of the first 20years of PET and fMRI stud-

ies of heard speech, spoken language and reading. Neuroimage 62, 816–847.

doi: 10.1016/j.neuroimage.2012.04.062 . 

rice, C. J., Moore, C. J., Humphreys, G. W., Wise, R. J., 1997. Segregating semantic

from phonological processes during reading. Journal of cognitive neuroscience 9 (6),

727–733. https://doi.org/10.1162/jocn.1997.9.6.727 . 

oskies, A. L., Fiez, J. A., Balota, D. A., Raichle, M. E., Petersen, S. E., 2001.

Task-dependent modulation of regions in the left inferior frontal cortex dur-

ing semantic processing. Journal of cognitive neuroscience 13 (6), 829–843.

doi: 10.1162/08989290152541485 . 

oth, J. K., Serences, J. T., Courtney, S. M., 2006. Neural system for controlling the con-

tents of object working memory in humans. Cerebral Cortex 16 (11), 1595–1603.

https://doi.org/10.1093/cercor/bhj096 . 

abb, F.W. , Bilder, R.M. , Chou, M. , Bookheimer, S.Y. , 2007. Working memory effects on

semantic processing: priming differences in pars orbitalis. Neuroimage 37, 311–322 . 

trand, F. , Forssberg, H. , Klingberg, T. , Norrelgen, F. , 2008. Phonological working memory

with auditory presentation of pseudo-words-an event related fMRI Study. Brain Res.

1212, 48–54 . 

undermann, B. , Pfleiderer, B. , 2012. Functional connectivity profile of the human inferior

frontal junction: involvement in a cognitive control network. BMC Neurosci. 13, 119 .

amber-Rosenau, B.J. , Asplund, C.L. , Marois, R. , 2018. Functional dissociation of the in-

ferior frontal junction from the dorsal attention network in top-down attentional con-

trol. J. Neurophysiol. 120, 2498–2512 . 

womey, T. , Waters, D. , Price, C.J. , Kherif, F. , Woll, B. , MacSweeney, M. , 2015. Identifica-

tion of the regions involved in phonological assembly using a novel paradigm. Brain

Lang. 150, 45–53 . 

en, M., DeMarco, A. T., Wilson, S. M., 2019. Adaptive paradigms for map-

ping phonological regions in individual participants. NeuroImage 189, 368–379.

https://doi.org/10.1016/j.neuroimage.2019.01.040 . 

hang, X., Mlynaryk, N., Ahmed, S., Japee, S., Ungerleider, L. G., 2018. The role of in-

ferior frontal junction in controlling the spatially global effect of feature-based at-

tention in human visual areas. PLoS biology 16 (6), e2005399. doi: 10.1371/jour-

nal.pbio.2005399 . 

https://doi.org/10.1093/brain/122.10.1901
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0005
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0005
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0005
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0005
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0005
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0005
https://doi.org/10.1162/jocn.2007.19.3.433
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0006
https://doi.org/10.1016/j.neuroimage.2007.03.071
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0007
https://doi.org/10.1162/089892903321107837
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0008
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0008
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0008
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0008
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0008
https://doi.org/10.1162/089892902317205285
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0011
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0011
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0011
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0011
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0011
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0012
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0012
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0012
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0013
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0014
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0014
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0014
https://doi.org/10.1002/\050SICI\0511097-0193\0501997\0515:2ce84::AID-HBM2ce3.0.CO;2-I
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0015
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0015
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0015
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0015
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0015
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0015
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0017
https://doi.org/10.1016/S0028-3932\05002\05100162-8
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0018
https://doi.org/10.1016/S1053-8119\05002\05100027-7
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0019
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0020
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0020
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0020
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0020
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0020
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0020
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0021
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0022
https://doi.org/10.1162/089892998563059
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0023
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0023
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0023
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0023
https://doi.org/10.1093/cercor/bhw251
https://doi.org/10.1006/nimg.1999.0441
https://doi.org/10.1016/j.neuroimage.2012.04.062
https://doi.org/10.1162/jocn.1997.9.6.727
https://doi.org/10.1162/08989290152541485
https://doi.org/10.1093/cercor/bhj096
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0026
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0026
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0026
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0026
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0026
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0027
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0027
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0027
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0027
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0027
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0028
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0028
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0028
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0029
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0029
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0029
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0029
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
http://refhub.elsevier.com/S1053-8119(21)01006-5/sbref0030
https://doi.org/10.1016/j.neuroimage.2019.01.040
https://doi.org/10.1371/journal.pbio.2005399

	A functional dissociation of the left frontal regions that contribute to single word production tasks
	1 Introduction
	2 Methods
	2.1 Experimental design
	2.2 Participant groups
	2.3 Counterbalancing
	2.4 fMRI data preprocessing
	2.5 First level statistical analyses
	2.6 Second level statistical analysis

	3 Results
	3.1 Behavioural results
	3.2 fMRI results
	3.2.1 Sublexical assembly (P>W&O)
	3.2.2 Generic demands on articulatory planning (P&O>W)
	3.2.3 Highest for naming (O>W&P)
	3.2.4 Other left frontal lobe activation


	4 Discussion
	4.1 Sublexical assembly (P>W&O in the visual modality)
	4.2 Generic demands on articulatory planning (P&O>W)
	4.3 Highest activation for object naming (O>W&P)
	4.4 The main effect of verbal > nonverbal stimuli (W&P>O&B)

	5 Summary and conclusions
	Declaration of Competing Interest
	Data availability
	CRediT authorship contribution statement
	Credit authorship contribution statement
	Acknowledgements
	References


