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Abstract

Bilingualism and multilingualism are highly prevalent. Noninvasive brain imaging has been used to study the neural correlates of native (L1) and non-native (L2) speech and language
production, mainly on the lexical and syntactic level. Here, we
acquired continuous fast event-related FMRI during visually
cued overt production of exclusively German and English vowels and syllables. We analyzed data from 13 university students,
native speakers of German and sequential English bilinguals.
The production of non-native English sounds was associated
with increased activity of the left primary sensori-motor cortex, bilateral cerebellar hemispheres (lobule VI), left inferior
frontal gyrus, and left anterior insula compared to native German sounds. The contrast German > English sounds was not
statistically significant. Our results emphasize that the production of non-native speech requires additional neural resources
already on a basic phonological level in sequential bilinguals.
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Introduction
Bilingualism and multilingualism, the ability to communicate
in two or more languages, are highly prevalent. Although
an exact definition of bilingualism and precise statistics are
missing, it is estimated that more than 50% of the global population actively use more than one language (1). At least 55
countries have two or more official languages.1 Many individuals are exposed to and use two languages on a daily basis
from birth or starting in their first years of life (simultaneous
or early bilinguals). Many others learn at least one foreign
language (L2) at school or later in life (sequential or late bior multilinguals). In the European Union, 95% of all students
in upper secondary education learn English as a foreign language, 22% Spanish, 18% French, and 17% German.2
With the advent of non-invasive methods of brain research,
such as event-related potentials (ERPs), positron emission
tomography (PET), and functional MRI (FMRI), the neural
correlates of bilingual speech and language production became readily accessible to scientific research, contributing to
the extensive increase of published studies on bilingualism
in the past two decades (2). Numerous studies demonstrated
that L2 production relies on neural systems that are also used
in monolinguals, with often increased brain activity for L2
production due to cross-linguistic interference during lexical
1 https://www.uottawa.ca/clmc/55-bilingual-countries-world
2 https://ec.europa.eu/eurostat

retrieval, articulatory planning, articulation, and auditory and
sensory feedback (3). Most work on the organization of the
bilingual brain has been performed on the lexical and syntactic level (4, 5). Considerably less research has been done on
bilingual speech motor control (6).
We have previously investigated the production of speech
sounds of different complexity frequently used in the participants’ native language with clustered FMRI acquisition (or
sparse sampling) (7, 8). We found that the production of an
isolated vowel ("a"), a consonant-vowel syllable ("pa", "ta",
or "ka"), and a trisyllabic utterance ("pataka") was associated
with the activation of a distributed neural network of cortical
and subcortical brain regions, including the primary sensorimotor cortex, the supplementary motor area, the cerebellum,
and the superior temporal gyrus. The production of the more
complex "pataka", as compared to "a", resulted in increased
activity in the left inferior frontal gyrus, the left cerebellar
hemisphere, and the bilateral temporal cortex (7).
In the present study, we investigated the production of speech
sounds commonly used in German (but unknown in English) and speech sounds commonly used in English (but unknown in German) in late bilingual German university students who grew up in a monolingual German-speaking family and started to learn English at school. We used, in contrast to our earlier studies (7, 8), continuous fast event-related
FMRI, after pilot measurements demonstrated moderate head
motion during overt speech production, corroborating the results of a recent FMRI study on overt sentence production
(9). We hypothesized that production of non-native speech
sounds should resemble the production of native, more complex sounds, i.e. should be associated with increased activity
in key areas of speech motor control (such as the left inferior
frontal gyrus and the cerebellar hemispheres).

Methods
Participants. For the present study, 15 healthy young adults

were investigated. As two participants had to be excluded because of incorrect task performance (see section Behavioral
data analysis), the following data analyses are based on 13
participants (7 women, 6 men) with a mean age ± standard
deviation of 25.5 ± 3.0 years (minimum: 20 years, maximum:
32 years). All participants were native speakers of German
(native language, L1) and started to learn English at school
after the age of 6 years (first foreign language, L2). Participants self-rated their English proficiency between the levels
B1/B2 and C1, according to the Common European FrameTreutler et al.
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Fig. 1. Individual head motion over time. Relative displacement, the distance between
one volume and the following volume, during
all FMRI measurements is displayed in blue.
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work of Reference for Languages.3 B1 is considered intermediate, B2 upper intermediate, and C1 advanced proficiency
of a foreign language. According to the Edinburgh Handedness Inventory–Short Form (10), nine participants were righthanded (handedness scores: 62.5 - 100) and 4 participants
were bimanual (handedness score: 50).
This experiment was part of a larger project on oral and
speech language functions. Detailed inclusion and exclusion
criteria for the participants were published in a paper on the
neural correlates of tongue movements (11). In brief, all participants were part of a convenience sample of students of
the University of Oldenburg, Germany, without a history of
neurological or psychiatric disorders or substance abuse. All
participants gave written informed consent for participation
in the study. A compensation of 10 C per hour was provided.
The study was approved by the Medical Research Ethics
Board, University of Oldenburg, Germany (2017-072).
Paradigm. During the experiment, participants were visually
cued to articulate one of the following four vowels or syllables (the symbols of the International Phonetic Alphabet4 are
given in brackets): “ö” (ø:), “aw” (O:), “che” (ç@), and “the”
(D@). The vowel “ö” and the syllable “che” are common in
German, but do not exist in standard English. By contrast,
the vowel “aw” and the syllable “the” are common in English, but do not exist in German. Especially the English "th"
(D) is notoriously difficult to pronounce for Germans and is
usually spoken with a characteristic German accent.
The corresponding letters were projected onto a screen with
an LCD projector and presented to the participants in the
scanner through a mirror on the head coil using Cogent 2000
v1255 run in MATLAB R2015b.
Using a fast event-related design, 120 visual stimuli (30 per
condition) were shown in a pseudorandomized order for 1000
ms. During the interstimululs interval, a fixation cross was
presented for a variable length of time, between 2000 and
8000 ms. The measurement started with the presentation of a
fixation cross for 5000 ms and ended with the presentation of
a fixation cross for another 15000 ms.
Before the FMRI experiment, a short training run was presented on the stimulation PC outside the scanner to give all
participants the opportunity to familiarize themselves with
3 https://www.efset.org/cefr/

the paradigm. All participants were instructed to articulate
the corresponding sounds as soon as the letters appeared on
the screen in the loudness of a regular conversation and to
keep their head as still as possible.
After the experiment described here, three additional experiments were performed during the same imaging session, including the overt production of tongue twisters, movements
of the tongue (11), and overt production of sentences6 . The
duration of the entire scanning session was approximately 45
min.
MR data acquisition. Structural and functional MR im-

ages of the entire brain were acquired on a researchonly Siemens MAGNETOM Prisma whole-body scanner at
3 Tesla (Siemens, Erlangen, Germany) and a 64-channel
head/neck receive-array coil located at the Neuroimaging
Unit, School of Medicine and Health Sciences, University of
Oldenburg, Germany.7 We used a T1-weighted MPRAGE sequence to acquire structural data and a T2*-weighted BOLD
sequence (305 volumes, time of acquisition: 9:16 min) to acquire functional data (for details, see (11)).
Audio recording. During the FMRI experiment, all utter-

ances were recorded on a PC through an FMRI-compatible
microphone attached at the head coil (FOM1-MR, Micro Optics Technologies, Middleton, WI, USA).
Behavioral data analysis. Relative (volume-to-volume)

and absolute (relative to the middle volume) head motion
were determined by volume-realignment using MCFLIRT
(FSL version 6.00) (12).
All audio recordings were checked for correct task performance. One participant misunderstood the task and spoke all
sounds twice, another participant pronounced all sounds considerably longer than demonstrated during the pre-scan training. Both participants were excluded from the further data
analysis. The remaining 13 participants produced four wrong
or unintelligible sounds (coughing); these individual sounds
were also excluded from the FMRI data analysis. Because of
the continuous gradient noise during scanning, further analyses (e.g. speech latencies or phonetic analyses) were not possible.

4 https://www.internationalphoneticalphabet.org/ipa-sounds/ipa-chart-

with-sounds/
5 http://www.vislab.ucl.ac.uk/cogent.php
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Preprocessing of functional images. MRI analyses were

done on University of Oldenburg’s high-performance computer cluster CARL. Preprocessing was performed using fMRIPrep version 20.0.5 (RRID:SCR_016216) (13). For a detailed description see8 . Functional data were motion corrected by volume-realignment using MCFLIRT and registered to the MNI152NLin6Asym standard space template. ICA-based Automatic Removal Of Motion Artifacts
(AROMA)9 was used to denoise the functional images, using the non-aggressive option (14). Slicetime correction was
not performed. Preprocessing reports for all participants are
available at the Open Science Framework (OSF).10
First-level FMRI analysis. Preprocessed functional data

sets were analyzed with FEAT (FSL version 6.00), performing a general linear model-based time-series analysis using
voxel-wise multiple linear regressions (15).
The time courses of the two German sounds and the two English sounds were convolved with a gamma hemodynamic response function (phase: 0 s, standard deviation: 3 s, mean lag:
6 s) and served as regressors of interest. The temporal derivative of each primary regressor was included as a regressor of
no interest to improve the model fit to account for differences
in response latency. Regressors of interest (experimental conditions) and regressors of no interest (temporal derivatives)
formed the design matrix used for voxel-wise multiple linear regressions. Motion parameters and physiological noise
regressors were not included in the design matrix because
ICA-AROMA was used for denoising. To remove temporal
autocorrelations, time-series pre-whitening was used (16).
After generating parameter estimates (PEs) for every primary
regressor and every participant, the following contrasts of parameter estimates (COPEs) were calculated: 1) German >
rest, 2) English > rest, 3) German > English, and 4) English > German. Z statistic images were thresholded nonparametrically using a cluster-forming threshold of Z > 2.3
and a (corrected) cluster significance threshold of p < 0.05.
Brain activity maps of all 13 participants are available at
OSF.
Second-level FMRI analysis. Mixed-effects group analysis maps were generated by FLAME (stages 1 and 2) for all
contrasts. Again, Z statistic images were thresholded at Z >
2.3 (p < 0.05). Brain activity maps for all contrasts are available at OSF.
Local maxima (peaks of brain activity) were identified within
the Z statistic images using FSL’s cluster command (minimum distance between local maxima: 10 mm; 62 local
maxima were found). The anatomical location of each local
maximum was determined with FSL’s atlasquery command
and the following probabilistic atlases (for details see11 ): 1)
Harvard-Oxford cortical structural atlas (48 cortical areas),
2) Harvard-Oxford subcortical structural atlas (21 subcortical areas), and 3) Probabilistic cerebellar atlas (28 regions)

Table 1. Local maxima of brain activity: stereotaxic coordinates in MNI space, Z values, and corresponding brain regions for the contrast frontal English (L2) > German
(L1).
Region
L precentral gyrus
L postcentral gyrus
L inferior frontal gyrus (triangular)
L inferior frontal gyrus (opercular)
L insula
L cerebellum Lobule VI
R cerebellum Lobule VI
L cuneus
R cuneus
L intracalcarine cortex
R intracalcarine cortex
L occipital pole
R occipital pole
L lingual gyrus
R lingual gyrus
L occipital fusiform gyrus
R occipital fusiform gyrus

x (mm)

y (mm)

z (mm)

Z value

-46
-60
-48
-54
-28
-16
14
-4
6
-6
10
-8
18
-10
4
-14
24

-12
-6
26
14
22
-58
-68
-86
-76
-80
-76
-98
-88
-88
-74
-82
-72

32
28
4
26
0
-24
-28
22
28
6
16
-2
-2
-10
0
-20
-6

3.24
4.37
3.70
3.53
3.50
3.12
3.59
4.75
4.29
3.98
4.65
4.61
4.70
4.17
3.87
3.69
3.76

(17). The local maximum with the highest Z value in a given
anatomical area is reported in Table 1. Because we report
local maxima of brain activity, the extent of activity (cluster
size) cannot be determined.

Results
Head motion. Figure 1 displays the relative displacement

between two adjacent MRI volumes for all participants. In
one participant, three values > 0.5 mm were found (1.38,
0.95, and 0.51 mm). In another participant, one value was
0.65 mm. All other values were less than 0.5 mm. The median relative displacement for all participants and all timepoints was 0.07 mm. The maximum absolute displacement
between the middle volume as a reference and all other volumes was less than 3 mm in all participants (minimum: 0.26
mm, maximum: 2.89 mm).
Brain activity. Production of German (L1) and English (L2)

speech sounds, compared to baseline, was associated with
similar and widespread activation of cortical and subcortical
areas, primarily related to speech motor control, phonological processing, and visual processing (data shown at OSF).
Figure 2 illustrates brain areas significantly more active
during production of English compared to German sounds.
These areas include key regions of speech motor control (left
lateral sensorimotor cortex, left inferior frontal gyrus, left anterior insula, and bilateral cerebellar hemispheres). In addition, Figure 2 displays brain areas more active during visual
processing of English compared to German cues, including
the bilateral lingual gyrus and the bilateral occipital fusiform
gyrus. Table 1 summarizes the coordinates of local maxima
in MNI space and the respective Z value. The reverse contrast, German > English, did not result in significant differences.

8 https://fmriprep.org
9 https://github.com/maartenmennes/ICA-AROMA
10 https://osf.io/t9qcw/
11 https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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Discussion
The present fast event-related FMRI study on the overt production of German and English speech sounds in native
speakers of German, also proficient in English, demonstrated
increased activity during non-native speech in critical areas
of speech motor control. As speech production was cued
by written letters, increased activity was also found in several occipital areas of the visual system (Table 1, Figure
2). Speech production is a highly complex task, depending
on several integrated processing stages. During speech production, the brain rapidly retrieves phonological information,
executes speech motor programs, encoding movement trajectories of the articulators, and monitors continuously auditory and somatosensory feedback. These processing stages
are materialized in a widespread articulatory brain network,
including key areas of the pyramidal and non-pyramidal motor system, and in a phonological network, primarily located
in the temporal lobes (18, 19).
Areas of increased brain activity. In the present study,

production of non-native English sounds was associated with
increased activity of the left primary sensori-motor cortex, bilateral cerebellar hemispheres (lobule VI), left inferior frontal
gyrus, and left anterior insula.
The lateral primary sensori-motor cortex directly controls the
muscles of the larynx (20, 21) and the articulators, including the tongue (11), and processes somatosensory information of the oral cavity (22). Although the laryngeal and orofacial midline muscles are innervated by both hemispheres,
specific speech motor plans, or articulatory gestures, are primarily represented in the left primary motor cortex (23). The
primary motor cortex is not only involved in speech production, but also in speech perception, presumably encoding distinctive phonetic features of individual speech sounds (24).
The cerebellar hemispheres receive afferents from the primary motor cortex via the cortico-ponto-cerebellar tracts and
support sensorimotor control and coordination of laryngeal,
orofacial, and respiratory movements (25). Generally considered to be heavily engaged in the rapid sequencing of speech
sounds, forming syllables and words as well as producing the
rhythm and intonation of continuous speech (i.e., prosody)
4
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Fig. 2. Brain activity for the contrast English
> German speech production. The arrows
point at the left lateral sensori-motor cortex
(1), left inferior frontal gyrus (2), left anterior insula (3), and bilateral cerebellar lobule
VI (4). Images are in radiological convention
(the left hemisphere is seen on the right).

4.7

(25), the bilateral cerebellar hemispheres are also involved
in the production of single vowels (7). Multiple lines of evidence suggest that the cerebellar hemispheres are organized
in a homuncular topology. Electric stimulation during neurosurgery demonstrated that the movements of the face and
mouth are primarily represented in the hemispheric lobule VI
(26). A graph theoretical analysis further elucidated the critical role of hemispheric lobule VI in the speech production
network (21).
The integrity of the left inferior frontal gyrus, although not
part of the core motor system, has been linked to speech
production since Broca’s seminal observations (27, 28). The
triangular and the opercular part of the left inferior frontal
gyrus and, based on recent cytoarchitectonic and receptorarchitectonic analyses, adjacent frontal regions are the structural correlates of Broca’s area (29). In addition to its critical
role in the left-hemispheric language network, Broca’s area
is also believed to be part of the articulatory network (30).
Direct cortical surface recordings in neurosurgical patients
suggested that Broca’s area mediates the information flow between the temporal cortex, the likely anatomical substrate of
phonological planning, and the primary motor cortex, thus
preparing an appropriate articulatory code to be executed by
the motor cortex (31). Deactivation of Broca’s area is associated with slowing of speech production (32, 33).
The insulae are areas of sensory, motor, cognitive, and affective integration, e.g. processing somatosensory (22, 34) and
nociceptive information (35). The insulae are also involved
in movements such as breathing (36), swallowing (37), and
speech production (38, 39). The exact functions of the insulae in the articulatory network are under debate and still not
entirely clear (40).
This study was designed to investigate the articulatory and
phonological networks underlying L2 production. As we presented letters to cue verbal responses, we also found activity
in parts of the visual system. We saw increased activity for
the letter strings "the" and "aw" in the fusiform and lingual
gyri, areas involved in letter recognition and orthographic to
phonological mapping (41). Similarly, sentence reading in sequential bilinguals was associated with increased activity in
the left fusiform gyrus when reading L2 compared to L1 (42).
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Mechanisms of increased brain activity. Several stud-

ies compared speech motor control during the production
of L1 utterances of different complexities (7, 43–45) and
found increased activity of the areas discussed above. In the
present study, however, the formal complexity of the produced speech sounds was identical in German and English
(a single vowel and a consonant-vowel syllable each). The
interpretation of our results is not straightforward because
our participants were late multilinguals, less proficient in English, and used English considerably less than German.
Focusing on proficiency and use, we may argue that the production of L2 speech sounds requires more resources on different levels of the articulatory network, because L2 production is not as over-learned as L1 and performed in a less
automatic fashion. This explanation would lead us to predict that intense training of the required sounds would result
in decreased activity in the articulatory network. This interpretation appears to be supported by Ghazi-Saidi et al., who
trained native speakers of Spanish to pronounce French cognates (phonologically and semantically similar words across
languages) in a native accent for 4 weeks (46). In a picture
naming paradigm, the authors found increased activity for the
contrast L2 > L1 only in a small area of the left insula, but
not in other areas of the articulatory network.
Focusing on age of acquisition, by contrast, we may argue
that our participants started to learn English when German
speech production was already consolidated and deeply encoded in the articulatory network, resulting in less efficient
articulatory gestures for English speech production after the
maturation of the articulatory network. This notion would
lead us to predict that simultaneous bilinguals should not differ in brain activity when producing speech sounds in one of
their languages. The notion of a sensitive period for speech
motor control is corroborated by a study on sentence reading in simultaneous and sequential bilinguals, all using both
languages on a daily basis (42). While brain activity was similar for simultaneous bilinguals, sequential bilinguals demonstrated increased activity in the left inferior frontal gyrus and
left premotor cortex when reading aloud in L2 compared to
L1. Importantly, activity in these areas showed a significant
positive correlation with age of acquisition.
Foreign accent. The results of the present study may help

to better understand the neural correlates of foreign accent.
While simultaneous bilinguals usually speak in a native or
native-like accent in their languages, most sequential bilinguals speak L2 with a foreign accent, even if they perform
similar to natives on the lexical and grammatical level (47,
p. 2). A foreign accent is characterized by deviations in pronunciation compared to the norms of native speech (48, p.
253), mostly due to phonetic and phonological mismatches
between the native language (L1) and L2 and caused by interference or transfer of pronunciation rules (49, p. 177). Our
results imply that, for sequential bilinguals, the neural correlates of L2 production differ from L1 already at the fundamental level of vowel and syllable production and emphasize
why it is so difficult, and often impossible, to loose a foreign
accent.
Treutler et al.
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