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Contrast LL1>EL2

Fig. 4.10 Late multilinguals> late multilinguals (LL1 > EL2): Interaction effect.

The results are projected on a brain from a subject of the study. A: lateral view (R=right, L=left) on the 3D brain representation.
B: medial view (R=right, L=left) on the 3D brain representation. C: neuronal activity in an axial slice through the fusiform gyrus.
The interaction evaluation was set at p < 0.0001 (uncorrected). All activated regions >10 voxel are shown. Run 1 and run 2 were
masked inclusively with the conjunction of run 1 and run 2 at p < 0.001 (uncorrected).

Comparison of late learned languages between early and late multilinguals
(EL3/LL3)

Contrast EL3>LL3

1>

c

Fig. 4.11 Early multilinguals>late multilinguals (EL3 > LL3): Interaction effect.

The results are projected on a brain from a subject of the study. A: lateral view (R=right, L=left) on the 3D brain representation.
B: medial view (R=right, L=left) on the 3D brain representation. C: neuronal activity in a axial slice through the fusiform gyrus.
The interaction evaluation was set at p < 0.0001 (uncorrected). All activated regions >10 voxel are shown. Run 1 and run 2 were
masked inclusively with the conjunction of run 1 and run 2 at p < 0.001 (uncorrected).
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Contrast LL3>EL3

Fig. 4.12 Late multilinguals>late multilinguals (LL3 > EL3): Interaction effect.

The results are projected on a brain from a subject of the study. A: lateral view (R=right, L=left) on the 3D brain representation.
B: medial view (R=right, L=left) on the 3D brain representation. C: neuronal activity in a axial slice through the fusiform gyrus.
The interaction evaluation was set at p < 0.0001 (uncorrected). All activated regions >10 voxel are shown. Run 1 and run 2 were
masked inclusively with the conjunction of run 1 and run 2 at p < 0.001 (uncorrected).

Comparison of languages with different age of acquisition between early and late
multilinguals (EL2/LL2)

Contrast EL2>LL2

Fig. 4.13 Early multilinguals> late multilinguals (EL2 > LL2): Interaction effect.

The results are projected on a brain from a subject of the study. A: lateral view (R=right, L=left) on the 3D brain representation.
B: medial view (R=right, L=left) on the 3D brain representation. C: neuronal activity in an axial slice through the fusiform gyrus.
The interaction evaluation was set at p < 0.0001 (uncorrected). All activated regions >10 voxel are shown. Run 1 and run 2 were
masked inclusively with the conjunction of run 1 and run 2 at p < 0.001 (uncorrected).
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Contrast LL2>EL?2

Fig. 4.14 Late multilinguals>early multilinguals (LL2 > EL2): Interaction effect.

The results are projected on a brain from a subject of the study. A: lateral view (R=right, L=left) on the 3D brain representation.
B: medial view (R=right, L=lIeft) on the 3D brain representation. C: neuronal activity in an axial slice through the fusiform gyrus.
The interaction evaluation was set at p < 0.0001 (uncorrected). All activated regions >10 voxel are shown. Run 1 and run 2 were
masked inclusively with the conjunction of run 1 and run 2 at p < 0.001 (uncorrected).
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Early and late multilinguals: BOLD signal change in left frontal and

perisylvian areas

To provide further insights to these results, we represented the % BOLD signal
change (see Methods, Chapter 3.4.2) for all language comparisons in the left frontal
and perisylvian regions with group specific task management (Figure 4.15 A, B, C,
D). In these Figures, the regions evaluated are represented successively along the
anterior-posterior axis corresponding to the direction of the arcuate fasciculus.
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Fig. 4.15 Early and late multilinguals: BOLD signal change. Contrast of A) EL1/LL1, B)

early multilinguals M late multilinguals

EL2/LL1, C)EL2/LL2 and D) EL3/LL3.

Values of the BOLD signal change (% change in activity compared to average brain activity during language and control task) in

left frontal and perisylvian areas of group specific activation, represented along an anterior-posterior axis.
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Findings

The language comparisons between early and late multilinguals reveal
differences between both groups

Comparisons of languages similar in age of acquisition and proficiency

Early multilinguals. Comparisons of languages similar in age of acquisition and
proficiency between the groups of early and late multilinguals (contrasts EL1>LL1,
EL2>LL1 and EL3>LL3) showed a substantially higher neuronal activity in early as
well as late acquired languages of early multilinguals than in the corresponding
languages of late multilinguals (Figures 4.7, 4.9 and 4.11).

Notably, the three tested languages of early multilinguals (EL1, EL2 and EL3)
showed higher neuronal activity in motor related regions of the left hemisphere; the
inferior frontal gyrus (Broca’s area: BA 44/45 BA 44/6, BA 44/9), the
precentral/postcentral gyrus (BA 4/1/2/3), the medial frontal gyrus (supplementary
motor area BA 6), the anterior cingulate gyrus (BA 32) and the striatum. In addition,
during processing of early acquired languages (Figures 4.7 and 4.9) early
multilinguals also showed a higher participation of additional regions in the left
middle frontal gyrus (prefrontal BA 46), in the left inferior frontal gyrus (BA 47, only
in EL1, Table 4.4) in the right cerebellum (only in EL1, Table 4.4) and in the left
inferior parietal lobe (BA 40/7, only in EL2, Table 4.4). Right motor related areas
with higher activation in early multilinguals were the right homologues to Broca’s
area (BA 44/45, BA 44/9) and the supplementary motor area (BA 6).

Sensory areas with higher activity in early multilinguals included in both hemispheres
visual areas (BA 19, Figure 4.4) that are known to be involved in higher associative
tasks. The left superior temporal sulcus (BA 21/22) exhibited higher activity too; the
significance of differential activation was however variable across the different
comparisons. In addition, in the early acquired languages of this group the left
fusiform gyrus (BA 19/37) and the right middle temporal gyrus (BA 21/22) were also
more activated.

Late multilinguals. The comparisons of languages similar in age of acquisition and
proficiency between both groups (contrasts LL1>EL1, LL1>EL2 and LL3>EL3)
show that in late multilinguals brain activity was less important than in early
multilinguals (Figures 4.8, 4.10, 4.12). Here, only in the part of the left supramarginal
gyrus adjacent to the posterior superior temporal gyrus (SMG/pSTS, BA 22/40) did
the neuronal activity reliably exceed that of early multilinguals in all languages being
compared.

Comparisons of languages different in age of acquisition and proficiency

Comparisons of languages different in age of acquisition and proficiency (EL2/LL2
comparison, Figures 4.13 and 4.14) showed higher brain activity for the early
acquired more proficient languages of early multilinguals as compared to the late
learned and less proficient languages of late multilinguals. The pattern of differential
activation was similar to the one of the comparison of languages similar in age of
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acquisition and proficiency. Only the left superior temporal gyrus (BA 21/22) and the
left fusiform gyrus (BA 19/37) showed a different result (Table 4.4). Here, the higher
activation of the LL2 as compared to the EL2 suggests that higher neuronal activity in
these areas might also be correlated to later acquisition and/or lower proficiency.

The results for left frontal and perisylvian regions are reviewed by the analysis
of language related BOLD signal change

Figure 4.15 represents the result of the language related BOLD signal analysis for
each language comparison between early and late multilinguals (EL1/LL1, EL2/LL1,
EL2/LL2 and EL3/LL3). The value of the language signal is shown for left
perisylvian and dorsolateral prefrontal regions. In general the representation confirms
that the result of the language comparisons reveals above all differences in language
related neuronal activity: early multilinguals show a higher language signal in frontal
regions and late multilinguals only in the posterior part of the left supramarginal
gyrus. In addition, the representation of the BOLD signal change demonstrates that,
within each group, the neuronal response during processing of L1, L2 and L3 is
highly consistent. Notably, in all three languages of early multilinguals, the BOLD
signal cumulates in premotor/prefrontal regions, with a maximum in BA 44/9. In
contrast, in the three tested languages of late multilinguals a high language related
BOLD signal could only be observed in the SMG/pSTG, dissociating from the
activation in more anterior areas. However, the analysis of the BOLD signal also
signalizes that in early multilinguals, BA 44/9 and not BA 44/45, as might be deduced
from the corresponding t-value (Table 4.4), is the region with the most relevant
language activation within Broca’s area.

Some cortical regions are not influenced uniformly by early mono- or bilingual
language experience

The language comparisons between early and late multilinguals and the analysis of
the BOLD signal change in perisylvian regions of differential activation revealed that
the function of some cortical regions has not uniformly been determined by the effect
of early respectively late second language acquisition: on the one hand, in some brain
regions an effect was revealed for the early, but not for the late acquired languages, on
the other hand, subfields within some brain regions showed a marked specificity to
the effect of early mono- respectively bilingual language acquisition.

Left prefrontal/frontal cortex

Left Broca’s area (BA 44/45, 44/9 and 44/6) is higher activated in all three languages
of subjects with early second language experience- early multilinguals. Further
analysis of the BOLD signal change revealed that here, a subfield of Broca’s area (BA
44/9) exhibits a particular prominent activation during the language condition.
Another brain region localized in the frontal cortex shows the effect of early second
language acquisition in early acquired languages only: in early multilinguals the
dorsolateral prefrontal cortex (BA 46) is only more activated in their early acquired
languages (EL1 and EL2).
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Supplementary motor area

As revealed by the main language effect (Chapter 4.1, Table 4.2) early and late
multilinguals activate two subfields of the premotor area (BA 6) during processing of
their languages; the left dorsolateral premotor region (on the left side) and the
supplementary motor area (bilaterally). The language comparisons between the two
groups (Chapter 4.3, Table 4.4) revealed differences in activation, however only in the
subfield of the supplementary motor area. Here, all three languages of early
multilinguals are more activated than those of late multilinguals (Table 4.4).

Left supramarginal gyrus

The part of the left supramarginal gyrus which is adjacent to the posterior portion of
the superior temporal gyrus (BA 40/22) exhibits in all three languages of late
multilinguals a higher activation than in those of early multilinguals. In contrast, in a
more anterior part of the left supramarginal gyrus the situation is opposite; here, all
three languages of early multilinguals are higher activated than those of late
multilinguals.

Right middle temporal gyrus

The right middle temporal gyrus shows higher activation in early multilinguals as
compared to late multilinguals but only in their early acquired languages (EL1 and
EL2).

Left fusiform gyrus
The left fusiform gyrus evidences a higher activation in early multilinguals, but only
in their early acquired languages (EL1 and EL2).

4.3 Comparison of the multilinguals early and late acquired
languages

To further specify language processing in early and late multilinguals the early and
late learned languages were compared within each group (interaction evaluation, see
methods, Chapter 3.4.2). Accordingly, in early multilinguals EL1 was compared with
EL3 and EL2 with EL3 and in late multilinguals LL1 with LL2 and LL1 with LL3.

In brain regions with differential activation between early and late acquired
languages, the Talairach coordinates (see Methods, Chapter 3.4) and the t-values for
the highest local difference (activation maximum) were reported. In addition, in all
cortical regions with group specific language processing the neuronal signal (BOLD
signal) of the language condition and of the auditory control condition was assessed
separately, on the basis of the main group effect (see Methods, Chapter 3.4), and
reported for the languages that were compared. This procedure allowed showing the
BOLD signal of the language condition in regions with group specific activations.
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Table

In Table 4.6 brain regions with language specific neuronal response are shown. Here,
the number of activated voxels, the t-value and coordinates (in Talairach space) of the
activation maxima and the BOLD signal of the languages that were compared are
reported for each region.
It has to be noted, that the comparison of the two early acquired languages in early
multilinguals (EL1 and EL2) and of the two late learned languages (LL2 and LL3) in
late multilinguals shows no difference and is not listed.

ANATOMICAL EARLY MULTILINGUALS LATE MULTILINGUALS
LOCALIZATIONS EARLY>LATE  LATE>EARLY EARLY>LATE LATE>EARLY
EL1>EL3 EL2>EL3 EL3>EL1 EL3>EL2 |LL1>LL2 LL1>LL3 LL2>LL1 LL3>LL1
L. angular gyrus t=5.49 t=4.58
(BA 39) v=17 vox 14 vox
-50-54 36 -45 65 42
L1:-04 L1:-0.09
L3:-0.53 L3 :-0.57
L. supramarginal gyrus | t=5.46 t=4.75 t=4.64
(BA 40) v=10 vox 16 vox |19 vox
-59 —45 33 -48-59 39 | -50 -60 28
L1:-0.02 L1:-007 [L1:0.06
L3:-0.39 L2:-0.05 [L3:0.11
L. middle/anterior t=5.84 1=5.96 t=6.25 t=6.09
superior temporal 16 vox |9 vox 18 vox |64 vox
sulcus -62-9-5 |-65-231 590-10 |-56-9-7
L3:063 |[L3:123 L2:092 |[L3:035
(BA 21/22) L1:-039 [L1:062 L1:02 L1:042
L. posterior superior t=6.61 |t=5.68
temporal sulcus 118 vox |12 vox
(BA 21/22) -56-408 |-56-408
L2:1.44 |L3:1.05
L1:095 [L1:0.95
L.anterior t=5.78
supramarginal gyrus 31 vox
(BA 40) -53-3724
L3:0.16
L1:0.15
L. precentral gyrus t=5.03
(BA 4) 34 vox
-53-2 28
L3:0.18
L1:0.17

Tab. 4.6 Early and late multilinguals: comparison of early and late acquired languages within

each group.

The interaction evaluation was set at p < 0.001 (uncorrected). Run 1 and run 2 were masked inclusively with the conjunction of
run 1 and run 2 at p < 0.005 (uncorrected). In activated regions with a number of voxels higher than eight, v= number of
activated voxels, t= t- values, T= Talairach coordinates indicated as X, y ,z in anatomical localizations of the activation maximas

and B=BOLD signal of the language conditions are shown.
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Figures

Figures 4.16-4.19 demonstrate the differential activation for each language
comparison. In these representations the differential activation is projected on a 3D
rendering of a brain from one of the subjects of the study (male, early multilingual
subject).

Early multilinguals: comparison of early with late acquired languages (EL1/EL3,
EL2/EL3)

Figure 4.16 shows higher activation of early as compared to late acquired languages
in early multilinguals (contrasts EL1>EL3 and EL2>EL3)

Contrast EL1>EL3

Supramarginal
gyrus/angular gyrus-
BA 39/40

Contrast EL2>EL3

Fig. 4.16 Early multilinguals: language comparisons (interaction effect). Higher activation in
early as compared to late acquired languages.
The contrast EL1>EL3 is shown in the upper panel and the contrast EL2>EL 3 in the lower panel. The interaction evaluation was

set at p < 0.001 (uncorrected). All activated regions >8 voxels are shown. Run 1 and run 2 were masked inclusively with the
conjunction of run 1 and run 2 at p < 0.005 (uncorrected).
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Figure 4.17 shows higher activation of late as compared to early acquired languages
in early multilinguals (contrasts EL3>EL1 and EL3>EL?2)

Contrast EL3>EL1

Left middle/anterior
superior temporal
sulcus- BA 21/22

Contrast EL3> EL2

Fig. 4.17 Early multilinguals: language comparisons (interaction effect). Higher activation in late
as compared to early acquired languages.
The contrast EL3>EL1 is shown in the upper panel and the contrast EL3>EL2 in the lower panel. The interaction evaluation was

set at p < 0.001 (uncorrected). All activated regions >8 voxels are shown. Run 1 and run 2 were masked inclusively with the
conjunction of run 1 and run 2 at p < 0.005 (uncorrected)
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Late multilinguals: comparison of early with late acquired languages (LL1/LL2,
LL1/LL3)

Figure 4.18 shows higher activation of early as compared to late acquired languages
in late multilinguals (contrasts LL1>LL2 and LL1>LL3)

Contrast LL1>LL2

Contrast LL1>LL3

Fig. 4.18 Late multilinguals: language comparisons (interaction effect). Higher activation in early
as compared to late acquired languages.
The contrast LL1>LL2 is shown in the upper panel and the contrast LL1>LL 3 in the lower panel. The interaction evaluation was

set at p < 0.001 (uncorrected). All activated regions >8 voxel are shown. Run 1 and run 2 were masked inclusively with the
conjunction of run 1 and run 2 at p < 0.005 (uncorrected).
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Figure 4.19 shows higher activation of late as compared to early acquired languages
in late multilinguals (contrasts LL2>LL1 and LL3>LL1)

Contrast LL2>LL1

Posterior superior
temporal sulcus- BA
21/22

Contrast LL3>LL1

Precentral Gyrus-
BA 4

Anterior
supramarginal
gyrus- BA 40

Fig. 4.19 Late multilinguals: language comparisons (interaction effect). Higher activation in late
as compared to early acquired languages.
The contrast LL2>LL1 is shown in the upper panel and the contrast LL3>LL1 in the lower panel. The interaction evaluation was

set at p < 0.001 (uncorrected). All activated regions >8 voxels are shown. Run 1 and run 2 were masked inclusively with the
conjunction of run 1 and run 2 at p < 0.005 (uncorrected).
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Findings

In a few cortical regions, the comparison of the multilinguals early and late
acquired languages evidence differential activation

In general, the comparison of the multilinguals early and late acquired languages
revealed in early and in late multilinguals only a few regions with differential
activation, although the evaluation was performed at a lower threshold than the
comparison of languages between groups (Table 4.6, Figures 4.16 to 4.19).

Early acquired languages

The early and the late multilinguals first, early acquired language evidences higher
activation in the left supramarginal/angular gyrus as compared to its language(s)
learned after the age of nine years (contrasts EL1>EL3 resp. LL1>LL2 and
LL1>LL3) (Figures 4.16 (upper panel) and 4.18). In contrast, in this brain region a
second early acquired language as experienced by early multilinguals shows no
difference to the late learned language (contrast EL2>EL3) (Figure 4.16, lower
panel).

Late acquired languages

The early and the late multilinguals later learned languages evidence higher activity in
the left superior temporal sulcus (BA 21/22) as compared to its early acquired
language(s) (contrasts EL3>EL1 and EL3>EL2 resp. LL2/LL1 and LL3/LL1
contrasts) (Figures 4.17 and 4.19). This confirmed the findings of the main language
effect which revealed in both groups a higher neuronal response of the later learned
language(s) (Table 4.2). The late multilinguals third learned language shows in
addition a higher neuronal activity in the left precentral gyrus (BA 4) and in the
anterior part of the left supramarginal gyrus (BA 40) (contrast LL3>LL1, Figure 4.19
lower panel).

The results of the multilinguals language comparisons are reviewed by the
analysis of the language related BOLD signal change

The analysis of the condition related BOLD signal change in regions of differential
activation confirmed that in early multilinguals, the results were mainly due to
differences of the language conditions. In contrast, in late multilinguals the results of
the language comparisons had to be reviewed. Here, almost no difference was found
in the supramarginal/angular gyrus between the language condition of the early
acquired and the one of the first language that was learned after age nine (contrast
LL1>LL2). Similarly, in the left superior temporal sulcus the difference between the
language condition of the first acquired language and the one of the second language
that was acquired after age nine (contrast LL3>LL1) was also very small. Here, the
anterior part of the left superior temporal sulcus evidenced even a higher activation in
the early acquired language. It is possible that similar to the other languages being
compared in late multilinguals, differences between the language conditions indeed
exist in subfields of the temporal lobe but that they have been masked by the high
activation during the auditory control condition (see Chapter 4.4). However, taking
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into account the present results we excluded the results which have not been
confirmed by the BOLD signal analysis from further discussions. This also applies to
the findings of the LL2/LL3 comparison which according to the analysis of the
BOLD signal also results from a different auditory activation of the two languages
that were compared.

In some cortical regions the multilinguals early and late acquired languages do
not show clear-cut differences.

Superior temporal sulcus

The present analysis shows that early and late multilinguals use regions within the left
superior temporal sulcus (BA 21/22) differently; late multilinguals exhibit more
important differences between their early and late acquired languages than early
multilinguals. This shows in particular by the more extensive activation of the late
learned languages; notably in the posterior part of the left superior temporal sulcus the
first late learned language of late multilinguals (LL2) exhibits an important difference
to their first early acquired language (contrast LL2>LL1) (Figure 4.19, upper panel).
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4.4 Influence of variables on the results

4.4.1 Reproducibility

Each language of early and late multilinguals (EL1, EL2 and EL3 resp. LL1, LL2 and
LL3) was tested twice, on different days. This allowed examining the reproducibility
of the neuronal activity associated with the performance of the language task. Here, it
is exemplified by the language activation of the first acquired language (EL1 resp.
LL1) in the left hemisphere. The activation related to the first and the second tested
sessions is shown separately for the groups of early (Figure 4.20 a and b) and late
(Figure 4.21 a and b) multilinguals (EL1 resp. LL1). The analysis was performed
according to the procedure established for the analysis of the main language effect
(see Chapter 3.4). The representation of the first and second run has been contrasted
to that of the analysis of the group average including both sessions (Figures 4.20 ¢ and
4.21 c). In contrast to the analysis of the main group effect (Chapter 4.1.2) in the
present analysis the group average was not masked inclusively with the results of the
conjunction analysis of both groups. These representations demonstrate that the first
and the second test of the first acquired language elicited similar activation.
Activation varied only slightly in extent; the first tested run eliciting higher neuronal
activity than the second. This finding was true for both, early and late multilinguals.

Fig. 4.20 Early multilinguals (EL1): Main language effect shown for the left hemisphere.

a) main effect of run 1, b) main effect of run 2, ¢) main effect including runl and run2. The evaluation was set at p>0.05
(corrected). All activated regions>5 voxels are shown.

Fig. 4.21 Late multilinguals (LL1): Main language effect shown for the left hemisphere.

a) main effect of run 1, b) main effect of run 2, ¢) main effects composed of runl and run2.The evaluation was set at p>0.05
(corrected). All activated regions>5 voxels are shown
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4.4.2 Neuronal activity during the auditory control condition

To estimate a possible influence of the auditory control condition on the results, the
auditory condition was considered. First, the main effect of the auditory condition as
compared to the language condition was analyzed according to the procedure
described in Chapter 3.4. Here, the result was exemplified for the first acquired
language of early and of late multilinguals (EL1 resp. LL1) and shown for the left
hemisphere (Figure 4.22).

Second, in four main regions of group specific language processing revealed by the
language comparisons between the groups of early and late multilinguals (see results
Chapter 4.2), the BOLD signal change during the auditory condition was analyzed for
the first acquired language (EL1 resp. LL1), according to the procedure described in
Chapter 3.4. The regions evaluated were two subfields within Broca’s area (BA 44/45
and BA 44/9), the left dorsolateral prefrontal cortex (BA 46) and the left pSTG (BA
22/40). Figure 4.23 shows the BOLD signal change of the auditory condition,
contrasted with the one of the language condition.

Fig. 4.22 Early and late multilinguals (EL1 resp LL1): Main effect of the auditory control
condition.

(conjunction analysis of run 1 and run 2), a) early multilinguals and b) late multilinguals.The evaluation was set at p>0.05
(corrected). All activated regions>5 voxels are shown
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BOLD signal change during control and language
condition in main regions of differential activation

signal change

059 Broca(BA  Broca (BA 44/9) prefrontal (BA p (BA 22/40)
-1 44/45) 46)
regions

m early language mearly control mlate language [Jlate control

Fig. 4.23 Early and late multilinguals: BOLD signal change of language and control condition in
the first acquired language.

Activation is shown for selected regions (Broca’s area (44/45 and 44/9), the dorsolateral prefrontal cortex and the posterior
superior temporal gyrus (pSTG) with differential activation in the group comparison (early language- language condition in early
multilinguals, late language-language condition in late multilinguals, early control- auditory control condition in early
multilinguals, late control- auditory control condition in late multilinguals).

Figure 4.22 shows, that the auditory condition elicits higher activation than the
language condition in the left primary and secondary auditory cortex and in left
primary motor and sensory areas. In addition, a major focus of activation can be
observed in the left posterior middle and inferior temporal gyrus. The activation
pattern was similar in the right hemisphere which has not been shown. Figure 4.22
also demonstrates that regions of main interest for our study, i.e. Broca’s and
Wernicke’s area were not activated, and thus exhibited no higher neuronal activity
during the auditory condition than during the language condition. Further, Figure 4.23
shows that in four main regions with differential activation between both groups the
results were mainly determined by language specific differences. Only in one subfield
of Broca’s area (BA 44/45) is the result also substantially influenced by the auditory
condition.
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4.4.3 Random effect analysis

Figures 4.24, 4.25, 4.26 and 4.27 represent the results of the random-effect analysis
(see Methods, Chapter 3.4) for a comparison with the results of the fixed-effect
analysis (see Chapter 4.1 and 4.2). The findings are exemplified by means of the
results obtained for the first acquired language of early and of late multilinguals (EL1
resp. LL1), and comprise data from the first run only. The main language effect is
shown for early and late multilinguals in Figures 4.24 and 4.25 respectively; group
differences are shown in Figures 4.26 and 4.27.

Fig. 4.24 Early multilinguals (EL1): Main effect first run..

Random effect analysis, p< 0.008 uncorrected, 0 voxels.R= right hemisphere L=left hemisphere

Fig. 4.25 Late multilinguals (LL1): Main effect first run.

Random effect analysis, p< 0.008 uncorrected, 0 voxels.R= right hemisphere L=left hemisphere

Fig. 4.26 Early multilinguals>late multilinguals (Contrast EL1/LL1).

Interaction effect first run. Random effect analysis, p< 0.008 uncorrected, 0 voxels.R= right hemisphere L=left hemisphere
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Fig. 4.27 Late multilinguals>early multilinguals (contrast EL1/LL1).

Interaction effect first run. Random effect analysis, p< 0.008 uncorrected, 0 voxels.R= right hemisphere L=left hemisphere

In general, the activation pattern related to the tested language condition as revealed
by the random-effect analysis did not contradict the findings of the fixed-effect
analysis (Chapter 4, Figures 4.3, 4.4, 4.7 and 4.8). Indeed, similar to the main effect
obtained by the fixed-effect analysis, the main effect of the random-effect analysis
reveals activation in Broca’s area and in left dorsolateral premotor regions (Fig 4.24
and 4.25). Furthermore, the group comparison (interaction effect) performed by the
random-effect analysis also confirms the pattern of activation indicated by the fixed-
effect analysis i.e. higher neuronal activity of Broca’s area (BA 44/9, 44/45), the left
dorsolateral prefrontal cortex (BA 46) and the anterior portion of the supramarginal
gyrus in early multilinguals (Fig. 4.26). In addition, it reaffirms the higher neuronal
activity observed in the left posterior inferior supramarginal gyrus (pSTG) of late
multilinguals (Figure 4.27). In contrast, in the group comparisons other brain regions,
notably the right dorsolateral prefrontal cortex and the anterior portion of the
supramarginal gyrus, reach the predefined threshold only in the random-effect
analysis. Here, early multilinguals show the same pattern of activation as in the left
homologues. In late multilinguals as well, the random-effect analysis evidences
cortical regions with higher activation that have not been revealed by the fixed-effect
analysis, i.e. the right orbitofrontal cortex and a region in the left inferior temporal
lobe.
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5 Discussion

5.1 Main language effect in early and late multilinguals

5.1.1 Main language effect in the first acquired language of each subject

In each subject we assessed the brain regions engaged in the narrative task by
comparing the BOLD signal change of the language condition with the one of the
auditory control condition. In early as well as late multilingual subjects, brain regions
revealed by this procedure were localized mainly in the left hemisphere. Brain
structures of the right hemisphere could only be revealed in a few subjects. These
findings confirm previous studies of cortical lesions, showing that language
processing in right handed subjects is almost exclusively supported by the left
hemisphere. Processing of some specific linguistic aspects, however, are a function of
the right hemisphere; for example processing of prosodic features (Dogil et al., 2002).
Since our study was not specifically designed to assess right lateralized language
processes, we did not expect to reliably reveal brain regions in the right hemisphere in
all subjects. Pierre Broca (Broca MP, 1861) has postulated that left Broca’s area is
essential during language production. His idea has been confirmed by the results of
previous imaging studies (Chee et al., 1999b; Kim et al., 1997). In line with these
findings, our results show increased neuronal activity in left Broca’s area during the
language task for each tested subject (Figure 4.1 and 4.2). Surprisingly, the results
provided no evidence for a consistent participation of left Wernicke’s area in the
language task. Indeed, the contribution of this region is assumed to be essential, not
only during language comprehension but as well during language production tasks
(Wernicke, 1874). This has also been confirmed by neuroimaging studies (Price et al.,
1996; Wise et al., 2001). Thus, our results apparently are contradictory to previous
findings. However, considering that the neuronal activity elicited by the auditory
control condition in the superior temporal gyrus extends into Wernicke’s area (see
Chapter 5.5), it seems likely that activation in Wernicke’s area has been masked by
the control task. Neuronal activity during the language task also increased in subfields
of the left prefrontal cortex not belonging to Broca’s area and in regions of the left
superior temporal lobe outside of Wernicke’s area. This result confirms previous
studies that showed the participation of these regions in tasks requiring language
production (Price, 2000; Wagner et al., 2001). In each subject, the first and the
second test of the first language (L1) revealed similar language related brain regions.
This result indicates that the brain activation elicited by the narrative task tested in
this study is reproducible (see Chapter 5.5.1).
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5.1.1 Group activation in all three tested languages of early and late
multilinguals

Main language effect

The comparison of the language condition with the control condition in early and late
multilinguals at the group level revealed a similar set of activated regions in all tested
languages of both groups (Chapter 4.2). The group evaluation allowed determining
regions which could not be recognized as statistically relevant by the analysis of
individual brain activation. In accordance to the lateralization of language processing
to the left in right handed subjects (Pujol et al., 1999), the language condition mainly
activated cortical and subcortical structures in the left hemisphere. These cortical
regions are known to support specific language processes:

Frontal lobe

Neuronal activity in the left frontal lobe was observed in Broca’s area (BA 44/45)
involving the adjacent dorsolateral (BA 46) and ventrolateral (BA 47) prefrontal
cortex and in supplementary (bilaterally) and dorsolateral premotor areas (BA 6).

Broca’s area and the ventrolateral prefrontal region are localized in the inferior frontal
gyrus. This cortical region, in particular Broca’s area is essential during language
production tasks (Wernicke, 1874). It has been revealed in imaging studies testing as
diverse linguistic aspects as semantics (llles et al., 1999), phonology (Fiez, 2001,
Poldrack et al., 1999) and syntax (Caplan et al., 2000; Dapretto and Bookheimer,
1999). In line with its importance during various language tasks, its role has been
resumed as providing access to stored linguistic information to plan the production of
words and sentences (Fletcher and Henson, 2001). In contrast, the dorsolateral
prefrontal cortex which comprises BA 46, is involved in tasks requiring coordination
of diverse memory contents in order to plan tasks in a meaningful context (Fletcher
and Henson, 2001). This function is also necessary during language production
(Fuster, 2001).

Both premotor areas (dorsolateral and supplementary motor area, BA 6) hold an
important role during the selection and preparation of a movement plan according to a
given goal (Kawashima et al., 1994). In line with our results, a participation of these
areas has been demonstrated in previous language production tasks (Chee et al.,
1999b; Chee et al., 1999a; Vingerhoets et al., 2003), demonstrating that premotor
regions also intervene in the planning of language output. The engagement of these
regions occurs apparently independently from real language production. In fact,
previous studies as well as the present study tested inner speech, thus did not consider
audible language production.

Our results indicate that during a narrative language task neuronal activity is less
significant in Broca’s area than in premotor areas (Table 4.4). Apparently, this is
contradictory to the prominent role attributed to Broca’s area during language
production. However crucial regions for particular cognitive processes might not
necessarily require high neuronal activity to be efficient. It is imaginable that the
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function of Broca’s area consists in passively adopting an equilibrium with other
language areas rather than actively directing language processes (Paradis, 2000).

Temporal and parietal lobe

The language network revealed in this study does not only include the network of
frontal cortical regions traditionally associated to language production tasks, but also
of regions in posterior lobes, i.e. the left superior temporal sulcus (BA 21/22), the left
hippocampus, the left inferior parietal lobe (BA 40/7) and the posterior cingulate
gyrus (BA23/39/31). The participation of sensory related functions, i.e.Wernicke’s
area in any language process has been proposed since early studies of symptoms in
aphasic patients (Wernicke, 1874). More recent imaging studies revealed additional
regions in the temporal and parietal lobes whose function could be relevant during
language tasks. Accordingly, contribution of the middle and anterior temporal lobe
(including the superior temporal sulcus BA 21/22) seems necessary to access semantic
knowledge (Price, 2000). Activity in the hippocampus is related to retrieval of
declarative knowledge (Opitz and Friederici, 2004). Our results show that the function
in these regions is relevant during the production of narratives. Neuronal activity in
the posterior cingulate gyrus and in the left inferior parietal lobe has been observed in
cognitive tasks which require attention to retrieval of specific sensory targets (Snyder
et al., 1995). Referring to the results of our study, it seems that retrieval of sensory
related language information involve these areas too.

Occipital lobe

In primary and secondary visual areas (cuneus and lingual gyrus (BA 17, 18, 19)), the
language condition elicited higher neuronal activity than the auditory control
condition. This could result from differences in the load of the visually presented
stimuli between both conditions. Indeed, the language condition required analysis of
complex visual stimuli (representation of morning, noon and evening) whereas the
control condition only required observation of a cross. In addition, higher neuronal
activity in occipital regions supporting visual associations, i.e. in Brodmann area 19
could be shown. It is possible that during the narrative task visually related concepts
are activated, for example when the morning scene is imagined. Furthermore,
neuronal activity during the language task was also significant in the left fusiform
gyrus (BA 37). Engagement of this temporal/occipital region has been observed in
studies which investigated semantic word representation related to visual conceptions
(Buchel et al., 1998; Moore and Price, 1999). This indicates that in the occipital lobe
the language task activates visually related concepts which might represent as well
linguistic aspects of the task.

Cerebellum and Striatum

Neuronal activity during the language task was also high in the right cerebellum and
the left striatum (activity was also observable in the right striatum, but was less
significant). The cerebellum and the basal ganglia traditionally have been viewed for
their involvement during execution of learned motor tasks. Both structures ensure that
selected movements are executed efficiently (Berridge and Whishaw, 1992; Perrett et
al., 1993). Researchers have recently become also interested in potential non motor
functions of the cerebellum and the basal ganglia. Involvement of these structures
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during cognitive tasks, including language (Gabrieli et al., 1998; Ullman, 2001a)
have been discussed. In this study the lateralization of the observed neuronal activity
to the left in the striatum and to the right in the cerebellum is consistent with the left
lateralized function of Broca’s and Wernicke’s areas during language tasks. Thus, our
results support the idea that the striatum and the cerebellum are specifically engaged
in the linguistic aspect of the planned language output.

Non dominant hemisphere

The comparison of the linguistic task with the auditory control condition revealed
neuronal activity in the supplementary motor area (BA 6), the striatum and the
posterior cingulate gyrus (BA 23/30/31) in both hemispheres. The activated regions
are involved in selecting (supplementary motor area) and executing (striatum,
posterior cingulate gyrus) motor plans. The bilateral activation of these structures
indicate the role of these structures as part of a more general neuronal network
devoted to motor aspects of language planning and execution. It has to be noted that
our data revealed no activation in the right homologues of Broca’s and Wernicke’s
area. This finding seem to contradict the results of other studies testing language
production tasks which demonstrated predominately left lateralized activitvation but
also in the right homologues of Broca’s and Wernicke’s area (Mahendra et al., 2003;
Vingerhoets et al., 2003). It is possible that the auditory cued performance of
fingertapping as required for the control task of our study engages functions in the
right homologues of Broca’s and Wernicke’s area, comparable to those of the
language condition and therefore masks language processes in the right hemisphere.

Altogether, it seems that the production of narratives tested in our study is close to the
natural language situation in that it reveals brain regions which are complementary
during language production: On one side, left perisylvian and motor related cortical
and subcortical structures are involved in the transient reconstruction of words and
sentences for subsequent language output (Damasio et al., 1996). On the other side,
the left superior temporal lobe and the left fusiform gyrus support semantic access to
words and thus mediate between conceptual knowledge and transient reconstruction
of words (Damasio et al., 1996).

Between group differences

Comparison of the language task with the auditory control task at the group level
revealed similar regions in all tested languages of early and late multilinguals.
However, the neuronal systems in these regions showed variable activity, presumably
indicating group differences in language processing (Figures 4.3-4.6, Table 4.4). In
languages similar in age of acquisition, early multilinguals exhibit more language
related brain activity than late multilinguals in particular in the frontal lobe, the
cerebellum and the striatum. In line with these results, two previous studies (Kim et
al., 1997; Mahendra et al., 2003) comparing language activity in early and late
bilinguals, reported group specific language processing in Broca’s area. Very similar
to our results, Mahendra and colleagues (2003) found higher neural activity for both
languages of early bilinguals as compared to those of late bilinguals in the inferior
frontal gyrus.
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Group differences have been assessed by statistical comparison of task related
neuronal activity between early and late multilinguals (see Results, Chapter 4.2) and
will be discussed in Chapter 5.2.

Within group differences

Previous studies comparing early and late acquired languages demonstrated higher
neuronal activity in left inferior frontal and posterior temporal regions for a less
proficient late learned language (Vingerhoets et al., 2003; Yetkin et al., 1996).
Similarly, our results revealed a more extensive recruitment of Broca’s area and the
superior temporal lobe for the later acquired and less proficient language(s),
suggesting that additional neural activity is necessary in these regions to compensate
for the lack of proficiency. In addition, this tendency seems to hold for both,
multilinguals with and without early bilingual experience.

The results of the statistical comparison of the early and the late multilinguals early
and late acquired languages are shown in Chapter 4.3 and will be discussed in Chapter
5.3.
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5.2 Comparison of language processing between the groups of
early and late multilinguals

The statistical evaluation of differences in task related neuronal activity between early
and late multilinguals (interaction effect, see Methods, Chapter 3.4.2) allowed to
confirm and specify the group differences observed in the main effect (Chapter 4.1):
In all three tested languages, early multilinguals use the neural language network
more intensively, in particular frontal and subcortical regions related to aspects of
motor programming. In only one cortical region, the part of the posterior superior
temporal lobe which is adjacent to the supramarginal gyrus, neuronal activity has been
higher in all three languages of late multilinguals. Analysis of the BOLD signal in
brain regions of differential activation confirmed that the differences found between
early and late multilinguals are mainly due to differences in language processing
(Figure 4.15).

Our findings extend the results of previous studies in the field of bilingual language
acquisition which found differences in first and second language processing between
subjects exposed to a second language early in life and those learning a second
language only in early adulthood (Kim et al., 1997; Mahendra et al., 2003): we
demonstrate for the first time, that early second language acquisition affects neural
organization of languages learned as adolescents or young adults. In addition, since
early and late acquired languages were tested in both groups, we were able to compare
languages between early and late multilinguals similar in acquisition / learning
conditions and proficiency (Chapter 4.2) thereby minimizing the possible influence of
these variables on the results. Moreover, since late language learning occurred in both
tested groups, we could clearly attribute the observed group differences to influence
of second language learning early in life. These specifications have not been possible
so far, because no previous study comparing early and late bilinguals controlled for
late language learning. Overall, the differences between subjects with early versus late
second language acquisition demonstrate that late second language learning is not able
to modify the language system to the early multilingual mode. Thus, our data support
the idea of a critical time period for the development of the language network
(Lenneberg, 1969). We are however not able to determine an exact time limit from the
present data, since we assessed only second language learning before age three and
after age nine. In the following sections the results will be discussed in more detail.

5.2.1 Comparison of early acquired languages

Our study was designed to show the influence of early bilingual (early multilinguals)
as compared to early monolingual language acquisition (late multilinguals) on the
development of the cortical language network. Thus, group specific processing of
early acquired languages as discussed in this chapter indicates differences in early
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language development. In contrast, group specific processing of late acquired
languages show how languages learned later in life rely on early established
procedures. This aspect will be discussed in Chapter 5.2.2.

5.2.1.1 Language network related to executive functions: the role of
procedural memory

The influence of early second language experience on the maturating left frontal and
subcortical neuronal network was particularly notable: Broca’s area (BA 44/9, BA
44/45, BA 44/6), regions in the dorsolateral prefrontal cortex (BA 46), the anterior
cingulate gyrus (BA 32), the striatum and the cerebellum (the only structure which
was activated on the right) showed higher neuronal activity in both early acquired
languages of early multilinguals as compared to the early acquired language of late
multilinguals.

The prefrontal cortex holds an important role in executive functions. Here, lower level
sensory representations, memory or motor operations are controlled for goal-directed
behaviour (Miller, 2000). Specifically, the function of the inferior frontal gyrus with
Broca’s area during cognitive tasks and language seems to consist in retrieving and
sustaining transient representations for a response. The functions of anterior portions
of the dorsolateral prefrontal cortex (BA 46) have been described as operating on
information that is currently retrieved to support higher level planning (Fletcher and
Henson, 2001). It has been shown that neuronal activity in prefrontal cortical regions
increases, when relevant information requires selection of different response
alternatives (Sakai et al., 2002; Zysset et al., 2001). Higher involvement of the left
middle and inferior frontal gyrus becomes also apparent when it is necessary to guide
controlled semantic retrieval or to prevent interferences at a linguistic level (Moss et
al., 2005; Thompson-Schill et al., 1997; Wagner et al., 2001). Notably, Thompson-
Schill et al. (1997) and Wagner et al. (2001) investigated a similar task in which
subjects were required to compare a target word to several probe words and had to
decide which probe was most similar. Thompson Schill and colleagues (1997) found
higher activation in conditions, where the comparisons between items were based on
specific attributes or features and not on global similarity. In the study of Wagner et
al. (2001), differences where related to the associative strength between the cue and
the correct target, with the weaker associated target eliciting a higher response.

Mixing and switching phenomena indicate that multilinguals may have
simultaneously elements of the other language present (Grosjean, 2001; Marian and
Spivey, 2003) thus may continuously need to prevent cross-linguistic interference.
Neurolinguistic models of bilingualism postulated that processing in the target
language may be facilitated or by inhibiting the non-target language (Green, 1998) or
by increasing the level of activation of the target language (de Bot, 1992). The results
of previous fMRI and PET studies investigating bilinguals during mixed-language
tasks confirmed the role of the left prefrontal cortex including Broca’s area also in
cross-linguistic control mechanisms (Price et al., 1999; Rodriguez-Fornells et al.,
2002). Indeed, in a PET study investigating bilingual subjects, Price and collaborators
(1999) revealed higher neuronal activity in the left inferior frontal gyrus (BA 44)
during a mixed language naming task relative to naming in only one language. The
authors explained the results in terms of higher cognitive control of the language
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processes engaged. Higher engagement of neuronal systems in left dorsolateral
prefrontal and inferior frontal regions was also revealed by the group of Rodriguez-
Fornells (2002) which investigated bilinguals during a task that required ignoring
stimuli from the non-target language.

Our results show that during the build-up of meaningful sequences of spoken
language (during the narrative task), early multilinguals engage more left prefrontal
neuronal resources, including those in Broca’s area, than late multilinguals. Thus,
differences between early and late multilinguals in the prefrontal cortex could be the
correlate of control functions, differently engaged to prevent cross-linguistic
interference. Processes related to establishment of procedural memory during the
early language acquisition period give support to this proposition: Up to the age of
three years the child learns primarily implicitly (Parkin and Streete, 1988) establishing
thereby procedural memory. Procedural memory includes functions of the prefrontal
cortex (Squire and Zola, 1996). It is relegated to other cortical structures as soon as
routine operation is in place (Fuster, 2001) and this is possible when the use of the
cognitive item is unequivocal in the communicative situation. The two groups of
multilinguals tested in this study had all mastered three languages; however, only
early multilinguals acquired two languages early in life, before age three. In early
multilinguals, establishment of qualitatively different control functions in the left
prefrontal cortex could therefore indeed have been required to resolve the cross-
linguistic interference experienced during the early period of preferential procedural
language acquisition.

Tasks which require cognitive control also associate the anterior cingulate gyrus to the
activated network (Duncan and Owen, 2000). It seems that this cortical region
signalizes conflict or interference detected for subsequent control in the dorsolateral
prefrontal cortex (Carter et al., 1998). This could explain the higher neuronal activity
of this region, as reported in our results, of early multilinguals. Further evidence of the
importance of control functions in early multilinguals can be derived from the higher
activation in the striatum, characteristic for this group. Indeed, in bilinguals increased
demands on selective access to linguistic representations engage cortical-subcortical
circuits including the fronto-striatal loop (Abutalebi et al., 2001).

Since only adults were included in this study, the present results indicate that early
multilinguals not only engage additional frontal and subcortical control functions
early in life but also integrate them permanently into their language processing. One
could however argue that the higher activation in early multilinguals does not
signalize a different establishment of cross-linguistic control functions early in life but
rather the effect of their longer period of language experience. However, if the later
assumption was true, the effect of early bilingual language acquisition would be
uniformly present in the cortical language network, particularly in those regions
which allow management of the different languages. However, contrary to early
multilinguals, late multilinguals rely substantially on the function of neuronal systems
in the left posterior superior temporal gyrus (pSTG), see Chapter 4.2. The pSTG,
together with left prefrontal regions, is involved in inhibition of irrelevant items held
in verbal working memory (Baddeley et al., 1998). Thus, some control functions
necessary to prevent cross-linguistic interference could be established diametrically
differently in early and late multilinguals. This would be contradictory to the idea of a
linear influence of second language experience on the development of language
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functions. The different activation of early and late multilinguals in the pSTG will be
discussed in more detail below.

5.2.1.2 Language network related to sensory related functions

Sensory-motor integration of verbal material

In comparison to early multilinguals, late multilinguals activate only one region more
intensely during processing of the first language (Chapter 4.2). This region is
localized within the left posterior language network at the junction of the posterior
superior temporal gyrus with the supramarginal gyrus. In our results we refer to this
region as pSTG (Table 4.4), which can be considered as Wernicke’s area (Chapter
2.2).

In Wernicke’s model of language processing (Wernicke, 1874), Broca’s area and
Wernicke’s area are viewed as homogenous cortical regions, representing sensory
(Wernicke’s area) respective motor (Broca’s area) language aspects (Chapter 2.1).
According to this model, pronounced neuronal activity of late multilinguals in
Wernicke’s area suggest that during the production of narratives, they preferentially
activate the auditory representation of the word, -‘das Klangbild’- . High neuronal
activity of early multilinguals in inferior frontal regions, Broca’s area, in contrast
indicates that in these subjects the motor representation of words is important. The
quantitative analysis of the BOLD signal change in regions along the left posterior-
anterior axis interconnecting Wernicke’s area (pSTG) with Broca’s area
(corresponding to the arcuate fasciculus) revealed differences between early and late
multilinguals in detail (Figure 4.15): in late multilinguals, the activation of the pSTG
is dissociated from the one in the anterior supramarginal gyrus and frontal regions. In
early multilinguals in contrast, activation increases from the pSTG to anterior regions
to cumulate in Broca’s area (BA 44/9).Wernicke's model postulates a direct
connection of Broca’s and Wernicke’s area (Chapter 2.1). It is not sufficient to
explain why influences in relation to early second language learning as experienced
by early multilinguals do not affect neuronal activity in both regions similarly.
However, although their anatomical localizations of Broca’s and Wernicke’s area are
still not clearly delimitated (see Chapter 2.2), at present, there is ample evidence for
the subdivision of Broca’s area (Amunts et al., 1999) and Wernicke’s area (Morosan P
et al., 2005) into distinct cytoarchitectonic areas. Recent neuroimaging studies
evidenced also a functional heterogeneity of Wernicke’s area during language
processing and this could account for the result of our study. In fact, not only the
participation of the pSTG in speech production tasks as claimed by Wernicke is now
established, but also its different contribution to speech perception respective speech
production tasks (Buchsbaum et al., 2001; Price et al., 1996; Wise et al., 2001).
Referring to these results and taking into account different manifestations of aphasia,
Hickok and Poeppel presented a model of the network for speech perception and
related language functions which considers the functional heterogeneity in the pSTG
(Hickok and Poeppel, 2000). They propose that on one hand acoustic-phonetic speech
codes, represented bilaterally in the pSTG, connect via an auditory-conceptual
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interface with a widely distributed conceptual knowledge. This process is important
during speech comprehension. On the other hand they suggest that acoustic phonetic
speech codes also contact via a left lateralized sensory-motor interface network in
posterior temporal and inferior parietal regions the motor articulatory systems in the
frontal lobe (Hickok and Poeppel, 2000; Hickok and Poeppel, 2004). This pathway
supports phonological encoding which is relevant during speech production (Figure
5.1).

Motor- Auditory-motor
articulatory interface
systems
] /
Inferior frontal ™. Inferior parietal
(left) Sound-based and posterior
of speech
Pl AN
Auditory Posterior-su_perior Auditory-
input temporal (bllateral) conceptua|
interface

Temporal-parietal-
occipital junction

Fig. 5.1 Model of the cortical network supporting speech perception and related language
functions proposed by Hickok and Poeppel.

The dashed line indicates the possibility of additional, non-parietal auditory-motor interface networks (Hickok and Poeppel,
2000)

The most important supplement to Wernicke’s model of language processing is the
postulation of interface systems, which allow the connection of the sound based
representations with motor or conceptual representations. It seems evident that the
large set of possible associations in such a network may be adjusted according to the
demands and lead to regional effects during neuronal processing of a language item.
Our results show that the effect of early second language learning in early
multilinguals results in higher neuronal activity in Broca’s area but not in Wernicke’s
area. In contrast, the higher engagement of Wernicke’s area in late multilinguals is not
associated to a higher activity in Broca’s area. The presented model of Hickok and
Poeppel could explain the observed dissociation in neuronal activity of these two
cortical regions. Indeed, our findings may indicate a functional modulation of the
network connecting sound based representations with motor representations. The
establishment of this network for sensory- motor integration of phonological aspects
of speech could be dependent on early mono- or bilingual language experience.

Which processes representing sensory-motor integration of phonological language
aspects are differently modulated in early and late multilinguals?
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Maintenance of transient representation of speech codes in the posterior superior
temporal gyrus

Testing language processes at a phonemic level it could be shown that the pSTG,
Wernicke’s area, holds a specific role within the posterior language network. In fact,
its role has been proposed as transiently representing sequences of phonemes in
auditory space (Wise et al., 2001). This function would support on one side the
connection of heard speech sounds with their mental representations to be recognized
and on the other side the phonological encoding of mental representations for motor
related language tasks (Wise et al., 2001). This assumption is consistent with the
finding that activity in different subfields of this region is present not only during
verbal retrieval and speech perception tasks but also during verbal fluency tasks
(Buchsbaum et al., 2001; Price et al., 1996; Wise et al., 2001). It gives support to the
hypothesis that the pSTG acts as interface between speech perception or lexical recall
and speech production. Accordingly, the role of the pSTG has also been proposed to
be central during the process of language acquisition, whereby the transient
representation of sequences of phonemes and their rehearsal, ultimately results in
long-term lexical memories (Wise et al., 2001).

In the present study it could be shown that during language production, late
multilinguals exhibit a more pronounced neuronal activity in the pSTG, Wernicke’s
area, than early multilinguals. These findings show that the functional establishment
of the network for sensory-motor integration of phonological language aspects is
dependent on early mono- or bilingual language acquisition (see previous paragraph).
Here we consider the specialization of the pSTG within a left sensory-motor
integration network for phonological encoding to specify the functional differences
between early and late multilinguals. While early multilinguals use the sensory-motor
integration of phonological language aspects into motor articulatory systems, in late
multilinguals, the transient phonological representation in auditory space prevails.

What is the role of the network for sensory-motor integration of phonological
language aspects during language production?

The function of the sensory-motor integration network for phonological
language aspects explained by the verbal working memory model

According to Baddeley, “working memory” is the short-term memory system used in
all sorts of daily activities, among which language comprehension and production
(Baddeley, 2003). Verbal working memory is fundamental during on-line processing
of verbal material (Wilson, 2001). In addition it supports early language acquisition
(Baddeley et al., 1998; Kuhl, 2000).

Baddeleys model of verbal short term memory proposes that verbal material can be
temporarily retained in a phonological store, which is subject to rapid decay.
However, the activation of the elements in the phonological store can be maintained
trough a process of subvocal articulatory rehearsal, via the so-called “phonological
loop”. The phonological memory system is localized in the SMG. The subvocal
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rehearsal system has been attributed to Broca’s area and the left inferior parietal lobe
(Paulesu et al., 1993). Apparently, the two systems comprise the substrate of the
sensory- motor network engaged in phonological encoding. Indeed, brain imaging
studies have yielded evidence that brain activity pattern related to phonological
processing are compatible with and thus support the model of a rehearsal loop as
proposed by Baddeley and colleagues (Demonet et al., 1994; Poeppel, 1996; Price et
al., 1996). These findings suggest that the function of the verbal working memory
includes the network for phonological encoding.

An important result of the present study is that early and late multilinguals rely on
different regions within this left lateralized network. In early multilinguals Broca’s
area is more activated whereas late multilinguals rely more on the left pSTG, i.e.
Wernicke’s area. These group differences in the left sensory-motor integration
network could be related to the function of the two subsystems of the verbal working
memory; the phonological memory and the phonological rehearsal system. In late
multilinguals, the positive signal change in the pSTG, together with the low signal
change in the anterior supramarginal gyrus and the frontal cortex point to the
importance of the phonological memory aspect of verbal working memory. In these
subjects, the transient access to phonological concepts of words seems to be the
language processing strategy adopted. However, sound-related verbal material in the
phonological store is vulnerable to interference and this can accelerate decay of
information. This transient representation of the verbal information can be stabilized
by use of subvocal rehearsal system (Baddeley, 2003; Fletcher and Henson, 2001).
The higher neuronal activity in Broca’s area of early multilinguals indicates, that in
these subjects the subvocal rehearsal system is continuously involved, possibly as a
consequence of cross-linguistic interference in the phonological store. This is
plausible since in early multilinguals during the early period of life, two languages are
at the disposal of the child and therefore phonological representations of two
languages may be associated with the same concept. Here, it seems that the rehearsal
function is adopting control to resolve cross-linguistic interference. Late second
language acquisition as experienced by late multilinguals is not able to reorganize this
system to the early bilingual mode. It seems that the function of verbal working
memory system is substantially modifiable and accessible to language experience
early in life, during the period of procedural learning. This proposition is corroborated
by Ullmann (Ullman, 2004) who suggests that perisylvian regions represent
procedural memory aspects of language.

Visual concepts in early multilinguals

Our results show, that in early multilinguals access to sensory memory during
language production is enhanced, too. In these subjects, activation in a cortical region
which processes complex visual stimuli, i.e. the left fusiform gyrus, is important. This
region in the inferior temporal cortex supports access to words as well as objects
(Buchel et al., 1998; Moore and Price, 1999). The bilingual child, experiencing words
in two languages, apparently learns to use visual concepts to facilitate language
processing. This idea is supported by the study of Wagner et al. (Wagner et al., 2001)
who showed that controlled verbal retrieval not only activates the left inferior
ventrolateral prefrontal cortex but also the left fusiform gyrus.



Discussion 68

Overall, during processing of their early acquired languages early multilinguals
engage not only a left frontal motor related network but also the left sensory-motor
integrative network for phonological language aspects and higher sensory association
areas to avoid cross-linguistic interference.

5.2.2 Comparison of second and third learned languages

5.2.2.1 The role of procedural and declarative memory in late
acquired languages

In this study not only early acquired languages were compared between early and late
multilinguals (EL1/LL1, EL2/LL1 comparison) but also late acquired languages
(EL3/LL3) and the second acquired language (EL2/LL2). This language was not
acquired at similar time periods in the two groups of multilinguals: in early
multilinguals it was acquired before the age of three years, in late multilinguals after
the age of nine years (see Methods, Chapter 3.4). In addition, early multilinguals used
this language with higher proficiency than late multilinguals (see Chapter 3.1).

In all comparisons, group specific effects clearly manifested in Broca’s area and the
pSTG, Wernicke’s area: Early multilinguals exhibited a higher neuronal activity in
Broca’s area whereas in late multilinguals a prominent neuronal activity could be
observed in the pSTG. These results seem to be independent from attained
competence and age of acquisition since this finding is corroborated by the result of
the comparison of L2 between early and late multilinguals. The function of early and
late acquired languages in Broca’s area and in the pSTG seems to depend on language
procedures established early in life. To our knowledge, this is the first time that the
impact of early second language acquisition on further language learning as adults or
adolescents has been reported. As previously discussed, early acquired languages of
early multilinguals exhibit higher activation in Broca’s area and reduced neuronal
activity in the left pSTG. The group specific activation seems to be the neuronal
correlate of higher cross-linguistic interference in early multilinguals (Chapter 5.2.1.1
and 5.2.1.2). Late acquired languages of early multilinguals show the same regional
activation pattern in Broca’s area and in the left pSTG as early acquired languages.
This finding indicates that late learned languages depend on strategies established
during the early developmental period, i.e. strategies sensitive to cross-linguistic
interference of verbal material.

In contrast, in the left dorsolateral prefrontal cortex (BA 46) higher neuronal activity
was not observed in the late acquired languages of early multilinguals (shown by the
EL3/LL3 comparison). Indeed, increased activity of this region became only apparent
in the comparisons of the early acquired languages of both groups (EL1/LL1 and
EL2/LL1) and in the comparison of the second early acquired language of early
multilinguals with the second late acquired language of late multilinguals (EL2/LL2).
We have proposed that, similar to Broca’s area, increased activation of left BA 46 in
the dorsolateral prefrontal cortex- as observed in the early acquired languages of early
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multilinguals- could be the neuronal correlate of higher control of cross-linguistic
interference. This function would be established during the early period in life when
acquisition of procedural language aspects prevails (Chapter 5.2.1). Our results
indicate that during processing of late learned languages (L3), early multilinguals do
not need additional control in the left dorsolateral prefrontal cortex. In fact, languages
learned later in life depend highly on declarative memory (Ullman, 2001b), which
represents consciously-explicitly- learned knowledge. Memories of later learned
languages therefore have different declarative/procedural attributes than those of early
acquired languages. In particular this might have an effect on language processing in
cortical areas in which both procedural and declarative language aspects are relevant.
In a situational context for example, processing of complex language structures in the
left dorsolateral prefrontal cortex (for a review (Miller, 2000), does not only require
functions of the procedural but also of the declarative memory system (Ullman,
2001b). Our results indicate that in this cortical region later learned languages of early
multilinguals do not need additional control of cross-linguistic interference. It seems
that here (predominantly) declarative memory of the late acquired language does not
interfere with (predominantely) procedural memory of the early acquired languages.

In the left fusiform gyrus languages acquired as adolescents or adults of late
multilinguals exhibited a higher activation than languages of early multilinguals
learned in early childhood (EL2/LL2 comparison). In addition, the late learned
language of both, early and late multilinguals evidenced no differential activation
(EL3/LL3). Apparently here, early second language acquisition (Chapter 5.2.1.2) is
not the determining factor during processing of late learned languages. Predominantly
explicit learning strategies of later acquired languages could explain the observed
activation. Indeed, this region allows processing of visual concepts (Moore and Price,
1999) and thus provides supports to the establishment of declarative memories. The
dominant role of this memory system for late learned languages could explain why
here, the effect of explicit learning strategies overrides the one of early second
language acquisition.

The language comparisons between early and late multilinguals (EL1/LL1, EL2/LL1,
EL3/LL3 and EL2/LL2) also revealed group differences in the middle and anterior
parts of the left temporal lobe. The observed differences varied in magnitude and
anatomical localization. From this, no profile attributable to the effect of early second
language learning or of the time period of language acquisition emerged (Table 4.4).
Regions in the left temporal lobe support processing of semantic/conceptual language
aspects (Price, 1998) and are involved in functions of the declarative memory system
(Ullman, 2001b). In contrast to procedural memory, declarative memory is accessible
to new experience throughout life (Ullman, 2001b). Related to this, we did not expect
to reveal differences in this cortical region between any language of early and late
multilinguals. Yet, one possible explanation for the inconsistent differences could be,
that in the temporal lobe, anatomically segregated regions are specialized for different
types of semantic attributes (Damasio et al., 1996). In particular, specific semantic
information associated with biographical memories or complex sentence processing is
processed in more anterior parts of the temporal lobe (Fletcher et al., 1995; Gorno-
Tempini and Price, 2001). Thus, the variable language processing observed in this
region could be related to the biographical or situational knowledge preferentially
established in one particular language rather than to an explicit or implicit learning
strategy. For instance, memories associated to the tested communicative situation
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seemed to be variable across the different languages, independent from age of
acquisition or proficiency level.

5.2.3 Effect of early second language acquisition discussed in the
context of cortical systems not specifically related to language
processing

5.2.3.1 Intrinsic knowledge about the language plan

Our data reveal a higher language related neuronal activity of the left frontal cortex in
early multilinguals as compared to late multilinguals. More specifically, a higher
neuronal activity in the early multilinguals early and late acquired languages was
reliably shown in Broca’s area (BA 44/45 and 44/9). This could be the neuronal
correlate of frontal control functions (see 5.2.1.1) and of the sensory-motor interface
system for phonological language aspects (see 5.2.1.2) possibly both engaged to
resolve specific cross-linguistic interference between the early multilinguals
languages. The comparison of both groups also showed that the supplementary motor
area (SMA), a subfield of BA 6, was higher activated in the group of early
multilinguals (Chapter 4.2). In contrast, no group differences could be reported for the
dorsolateral portion of BA 6 (Chapter 4.2). This finding is surprising, since the main
language effect revealed that in early and in late multilinguals both regions were
reliably activated (see main effect, Chapter 4.1.2). In addition, the participation of
both cortical regions in similar aspects of motor planning has been demonstrated
(Kawashima et al., 1994).

However, according to Goldberg’s internal-external control hypothesis of complex
movements (Goldberg, 1985), the SMA and the dorsolateral prefrontal cortex
contribute specifically to the selection of motor plans. Indeed, when internal
representations, the memory of task execution, are necessary to perform a complex
motor task, the prefrontal cortex together with the SMA and the basal ganglia
participate in the activated network. This is exemplified sequential finger movements
according to a sequence instructed to the subject. The memory of this sequence would
serve as “internal representation” to perform the task.

When an action is induced by external reference, neuronal activity in the dorsolateral
premotor cortex (BA 6) is preponderant. External reference means, that movements
are guided by visual, auditory or somatosensory signals, which can be real or
imagined. For instance, a tennis player who adjusts his posture to return a shot
depends on an external control of his movements.

Encouraged by recent propositions that suggest similarities between the planning of
actions and of language (Greenfield, 1991), we reconsidered the early multilinguals’
pattern of language related neuronal activity within BA 6 in its perspective of motor
planning. Related to this, the higher neuronal activity in the SMA might evidence that
early multilinguals as compared to late multilinguals rely more on internal
representations —intrinsic knowledge- during planning of motor language aspects.
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Thus, in more general terms the early multilinguals’ higher activation in Broca’s area
which we previously explained as specific cross-linguistic control functions could
indicate that they rely more on internal representations —intrinsic knowledge- of the
language plan.

5.2.3.2 Coordinating language plans with articulatory gestures in
area 44/9

As described in Chapter 4.2, in all three languages of early multilinguals the frontal
activation is particularly high in left BA 44/9 which is localized at the interface of
prefrontal (BA 9), premotor (BA 44) and motor regions (BA 4).

Which functional specialization could justify the strong susceptibility of this cortical
region (BA 44/9) to early second language acquisition?

Previous fMRI investigations testing comparable language tasks reported only one
peak of activation in Broca’s area (Kim et al., 1997; Mahendra et al., 2003). Our
study however allowed us to differentiate two regions within Broca’s area; a region
localized in the inferior anterior part (BA 44/45) and one in the superior part (BA
44/9). Linguistic categories of language processing, related to retrieval of semantic
knowledge, are processed in more inferior anterior regions of Broca’s area and the
prefrontal cortex (Poldrack et al., 1999; Thompson-Schill et al., 1997). In contrast,
high-level aspects of programming speech production per se seems to involve rather
posterior superior parts (BA 44) of Broca’s area (Poldrack et al., 1999). The latter
function was also claimed by P. Broca when he first described this region as
concerned with memory for coordinating speech movements.

Brass and von Cramon showed by an fMRI experiment that during cognitive tasks,
BA 44/9 serves as a crucial component of motor task preparation within a frontal
network (Brass and von Cramon, 2002). During the experiment digits between 20 and
40 were presented. Subjects had to alternate between two tasks: judging whether a
digit was odd or even or judging whether the digit was greater or smaller than 30.
Activation in BA 44/9 was specific for a situation where the task could be prepared by
a presentation of a frame indicating the task, in advance to the digits. The authors
propose that in BA 44/9, the association between stimuli and relevant motor responses
are configured in accordance to the meaning, i.e. the task-relevant intrinsic knowledge
about the stimuli.

We previously discussed (Chapter 2.2) the concept of a task set which is established —
resonates- before the task is actually performed and thereby would allow access to the
intrinsic knowledge about the stimulus. This function could explain the nature of the
contribution of Broca’s area to motor as well as language tasks. In addition, we
argued (Chapter 5.2.1.1 and 5.2.3.1) that the early multilinguals’ higher engagement
of neuronal function in more inferior portions of Broca’s area (BA 44/45) could
indicate that -to control for cross-linguistic interference-, they have additional access
to —intrinsic- knowledge of language features necessary for language output. This
could in turn have determined the function in BA 44/9 which consists in associating
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the intrinsic knowledge about the (language) stimulus —the task set- to the motor
action for a meaningful (language) output.

5.2.3.3 Early experience and the dorsal stream system

Early second language acquisition affects specific aspects of early and subsequently
later learned languages. In fact, early multilinguals show in the three tested languages
a different neuronal activity in the left fronto/parietal and posterior superior temporal
network as compared to late multilinguals. This left lateralized network seems to be
involved in retrieval of verbal material for subsequent language production (Chapter
5.2.1.1 and 5.2.1.2). Its function could depend on procedural memory established
early in life (Ullman, 2004). In contrast, declarative memory, supported
preponderantly in middle and anterior portions of the left temporal lobe (Ullman,
2001b) does not seem to be affected by early mono- as opposed to bilingual language
acquisition. The procedural/declarative memory system has been described as closely
being related to the dorsal/ventral stream system (Ullman, 2001a). Thus, the concept
of the dorsal/ventral stream might provide new perspectives on our results.

The classic definition of the dorsal and ventral stream system by Ungerleider and
Mishkin (Ungerleider and Mishkin, 1982) is related to the dorsal/ventral portioning
first identified in the visual system of primates by the authors. The ventral stream
projects from the primary visual cortex to inferior temporal brain regions and is
involved in processing object identity (the “what” pathway) whereas the dorsal stream
projects to parietal regions and is involved in processing object location (the “where”
pathway). These findings have been confirmed by functional imaging studies in
humans (Haxby et al., 1990). Since the dorsal stream is strongly connected to frontal
premotor regions, it has been proposed that the dorsal stream allows also visuo-motor
integration, as required in visually guided reaching or orienting responses (Goodale,
2000; Rizzolatti et al., 1997). In the auditory system, a functional and anatomical
segregation of the neural systems involved in processing auditory stimuli has also
been shown (Clarke S et al., 2000). Similar to their role in the visual system, the
ventral auditory stream identifies and the dorsal stream localises auditory stimuli.
Both auditory streams converge to the same cortical regions as the dorsal/ventral
visual system, i.e. the parietal cortex and dorsal frontal regions for the dorsal stream
and inferior/anterior and inferior frontal regions for the ventral system (Alain et al.,
2001). In addition, the auditory dorsal stream seems to be critical for sensory-motor
integration as well (Hickok and Poeppel, 2000; Wise et al., 2001). These findings
suggests that the segregation of information processing into “what” and “where”
pathways may be a fundamental property of cortical organization. Both, the dorsal
visual pathway and the dorsal auditory pathway seem to be particularly susceptible to
early experience. Concretely, in situations of diminished integration of sensory
information from other modalities, plastic changes enhance the function of the dorsal
pathway in both systems (Bavelier et al., 2000; Roder et al., 1999).

According to Ullman (Ullman, 2004), the functional and anatomical properties of the
ventral/dorsal stream system indicate their relation to the procedural/declarative
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memory system. He proposes that the ventral stream, as a memory based system,
feeds representations into long term (declarative) memory and compares those
representations with new ones. On the other side, he suggests that the capacity of the
dorsal stream to transform sensory information into an egocentric framework that
enables the execution of motor programs, indicates its relation to the procedural
system. Some authors compare the processing of language stimuli with the
dorsal/ventral stream division during the analysis of visual and auditory percepts
(Hickok and Poeppel, 2004). In analogy to the visual and auditory system, the
“dorsal” language pathway would allow sensory-motor integration of verbal material
and the “ventral” language stream the connection of sound-based verbal material with
conceptual representations in the temporal lobe. Since the dorsal and ventral stream
systems are related to procedural, respective declarative aspects of memory
processing, it is possible that procedural language memories involve a dorsal stream
system and declarative language memories a ventral stream system. Our results
suggest that early second language acquisition has an effect on the organization of
procedural language memory. Thus, in early multilinguals as compared to late
multilinguals, the function of the “dorsal” language pathway could have been altered.
In contrast, no effect of early bilingual language experience on the organization of
declarative memories has been observed. Thus, the function of the “ventral” language
pathway might not be changed. Our study, however, has not been designed to give
evidence for such potential changes in the dorsal/ventral stream system. Future
research could focus on comparisons of dorsal/ ventral stream aspects in early and late
multilinguals.
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5.3 Organization of early and late acquired languages:
Comparison of the multilinguals’ languages

Comparisons of the multilinguals’ languages within groups showed predominantly
overlapping brain representations for early and late acquired languages. In both
groups significant higher activation was only found in the left superior temporal
sulcus for later learned languages and in the left posterior inferior parietal lobe for
early acquired languages.

The neural representation of languages in bilinguals and polyglots has been
investigated in previous studies. Although the pattern emerging is far from being
consistent, numerous results support the hypothesis that the different languages of the
same subject may be represented in distinct brain regions (Chee et al., 2000; Dehaene
et al.,, 1997; Kim et al.,, 1997; Perani et al., 1996; Vingerhoets et al., 2003;
Wartenburger et al., 2003; Yetkin et al., 1996). Moreover, the pattern of activation
associated with the different languages strongly indicates an involvement of
additional brain regions and a higher neuronal activity of less proficient and/or later
learned languages. More specifically, age of acquisition seems to affect the cortical
representation of grammatical processes and proficiency level the pattern of brain
activity related to semantic judgments (Wartenburger et al., 2003).

5.3.1 Higher neuronal activity of later learned languages

In line with previous studies which described higher brain activation of later learned
languages, our results show that in both groups, regions adjacent to the left middle
temporal sulcus (BA 21/22) exhibit higher neuronal activity during processing of late
learned languages. Activation of this region during word fluency tasks has been
associated to lexico-semantic retrieval (Price, 1998). Although all participants in our
study claimed a high fluency in all three tested languages, we presume that the
linguistic task required increased retrieval effort for the late learned languages. Lower
performance in the late learned languages could indeed be confirmed by the
evaluation of the language proficiency tests (Chapter 3.1, Table 3.5). Thus, the higher
neuronal activity during processing of later learned languages as reported in the
present study seems to be related to linguistic processes dependent on proficiency.
The language proficiency tests applied in our study were however not specific enough
to account for the group specific pattern of later learned languages in regions related
to proficiency level; i.e. in late multilinguals higher differences in the left BA 21/22
between early and late acquired languages than in early multilinguals (Chapter 4.3).

Some studies described higher neuronal activity for later learned languages not only
in left posterior (in particular temporal) brain regions but as well in the left frontal
lobe (particularly in Broca’s area); this finding has been proposed to indicate



Discussion 75

processes related to syntax in later learned languages (Vingerhoets et al., 2003;
Wartenburger et al., 2003). In the present study however, we do not confirm these
results. In fact, the tasks traditionally used to test the bilinguals languages such as
word generation (Chee et al., 1999b), picture naming (Vingerhoets et al., 2003) and
grammatical or semantic judgment (Wartenburger et al., 2003) specifically test
selective access to semantic, i.e. declarative knowledge. In contrast, the narrative
language condition applied in this study did not specifically test this language aspect.
Given that bilinguals are more likely to use declarative knowledge to carry out
language tasks in a late learned language (Ullman, 2001b) and that Broca’s area
contributes to selective retrieval of declarative memory (Buckner et al., 2001,
Thompson-Schill et al., 1997) it is possible that previous studies revealed processes in
regions of the left frontal lobe related to specific access to declarative memories and
not to syntax in late learned languages.

5.3.2 Higher neuronal activity of earlier learned languages

Previous studies testing comprehensive reading, revealed brain regions with higher
neuronal activity during processing of earlier learned languages as compared to
processing of later learned languages (Perani et al., 1996; Vingerhoets et al., 2003).
The authors indeed reported higher neuronal activity for earlier learned languages in
regions specialized in semantic aspect of language processing, i.e. in left
lateral/anterior and medial occipito/temporal regions. During tasks requiring sentence
comprehension, the first language seems to engage more neuronal substrate to analyze
the sentence meaning than later learned and less proficient languages. Given these
previous results, we did not expect to reveal a higher neural activity of early learned
languages compared to later learned languages in other cortical structures, even if the
tested language condition required language production. Interestingly, our study
revealed higher neuronal activity in the left supramarginal and angular gyrus (BA
39/40) for the first early learned language (EL1 resp. LL1) of early and late
multilinguals. This region integrates sensory information of different modalities, in
particular visual and auditory stimuli (Mesulam, 1998) and has been described in
Hickok and Poeppel’s model of language processing as auditory-conceptual interface
system (Chapter 5.2.1.2). Moreover, association of speech sounds with the
corresponding object information accompanies the process of language acquisition
and ensures a meaningful use of spoken words (Bates et al., 1992). Related to this, it
has been shown that the left angular and supramarginal gyrus provide a link of
visually presented inputs to their phonological representation, based on meaning
understanding (Demonet et al., 1992b). This process is important during early
childhood already. For example, when a small child utters “house” when it sees a
house, he shows that he has learned to associate the meaning of a visually encoded
object to a spoken word. The same region is also implicated in association of letter
strings —visually encoded “objects” — to spoken words (Bookheimer et al., 1995;
Horwitz et al., 1998). Establishment of the capacity of orthographic to phonological
mapping is imperative when the child has to learn how to read (Pugh et al., 2000). In
addition, studies investigating the effect of practice on word and object naming tasks
found, that higher performance was associated with higher activation in this cortical
region (Binder et al., 2003; Roland and Gulyas, 1995). In the present study, the first
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language (EL1 resp. LL1) has not only been the most important language during the
first years of language acquisition, but for the majority of subjects tested, it was the
first language in which they were instructed to read (in all late multilinguals and in 6
out of 8 early multilinguals). Thus, both the transfer of visual information (object
naming) or of letter strings (reading) to phonological representations could have been
more established in the first acquired language of the early and late multilingual
subjects tested in the present study.

Additional explanation for the nature of the specific language processing strategies in
the first language of early and of late multilinguals (EL1 resp. LL1) may be derived
from the activation pattern of the second early acquired language of early
multilinguals as compared to their third late learned language (contrast EL2/EL3).
Here, unlike to the first acquired language, no difference to the third late learned
language could be shown in the left angular and supramarginal gyrus. Indeed, the
second language of early multilinguals was acquired parallel to the first language, thus
possibly developed similar object to spoken word associations. In contrast, it was not
the language in which the subjects were instructed to read and therefore did not
participate in the process of visually encoding letter strings to spoken words.
Consequently, we propose that the changes of neuronal activity in the
supramarginal/angular gyrus observed in the first acquired language of early and late
multilinguals reflect their first reading experience.

It is surprising to discover differences between early and late acquired languages in
brain regions which allow associating visually presented objects/letters to their
corresponding sound in a task which requires production of narratives. However, the
request for the language task occurred visually, by repetitive display of three different
pictures (representing morning, noon and evening). Thus, the language task tested not
only the production of narratives but as well as object recognition and the latter
apparently revealed functional differences between early and late acquired languages
in the left angular/supramarginal gyrus.

Taken together, the comparison of early and late learned languages within the groups
of early and late multilinguals, revealed processes related to reading experience and
proficiency. It did not allow finding a group specific processing of early and late
languages.
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5.4 Influence of variables on the results

Various factors may have an influence on the BOLD signal change. Thus, the results
of this study might not be attributable solely to the influence of early monolingual as
opposed to bilingual language acquisition. Some variables were controlled in advance.
Since the responsiveness of blood vessels during neuronal stimulation changes with
age (Aizenstein et al., 2004; Grossman et al., 2002) the subjects included in the study
were not older than 35 years. In addition, there is a concern that the vascular effects of
nicotine and caffeine (Mulderink et al., 2002) may change the coupling between the
BOLD signal and neuronal activity. To minimize such effects of altered
cerebrovascular dynamics, participants were instructed to avoid drinking coffee and to
refrain from smoking during the hours prior to the fMRI session. Another factor
which had to be considered was that basal brain activity varies between subjects and
possibly reduces task related BOLD signal change. This factor has been taken into
account by the subject-specific normalization of the data during the standardized SPM
procedure (see Chapter 3.4).

Concerning language related brain activity, gender (Schirmer et al., 2004; Wildgruber
et al., 2002) as well as language proficiency (Chee et al., 2001) are known to
influence the outcome of functional imaging studies. Accordingly, the selection of the
subjects aimed to balance these factors between the groups. Further, in this study we
included only right handed subjects (see Methods, Chapter 3.1), since it is known that
handedness determines language representation. Indeed, left hemispheric language
lateralization is particularly characteristic for right handed subjects (Pujol et al.,
1999). Another point we considered was the careful preparation of the subjects to the
scanner session. We explained the planned experiment according to a standardized
protocol established for this study. In addition, the language task was practiced
immediately before the investigation to avoid active searching and remembering of
the tested language situation (events of the day before) during the fMRI session. After
the session the subjects were questioned to assess whether the language and control
task had been managed according to the given instructions. The influence of other
variables on the results could only be assessed by further data analysis as presented in
the following paragraphs.

5.4.1 Reproducibility

The narrative task tested in this study was practiced immediately before each test.
Actual task performance during the scanner session was not assessed. Indeed,
management of such a control could cause additional, non-task related brain
activation during the experiment. In consequence, the test procedure adopted did not
clearly indicate that the observed neuronal activity was related to the performance of a
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clear-cut task. Here we considered the brain activity elicited by the language condition
for both tested runs independently. This analysis allowed assessment of whether the
neuronal activity elicited by the language task was reproducible and, related to this,
indicated whether the language task was unequivocal.

Regarding the first acquired language of each group (EL1 resp. LL1), the first and
second tested run demonstrated a consistent pattern of activation (Figures 4.20 resp.
4.21). Activation varied only slightly in extent: in both groups the first tested run
elicited higher neuronal activity than the second. The difference between the first and
the second test could be explained by the effect of practice on task performance.
Indeed, previous studies have shown that exercise reduces neuronal activity necessary
for the performance of a task (Petersen et al., 1998). This effect might explain the
lower brain activity during the second run.

Overall, the consistent brain activation pattern between the both language tests in the
same subject indicates that the language strategy adopted in the test situation is
reproducible. This finding gives support for the validity of the language test.

5.4.2 Neuronal activity during the auditory control condition

During the auditory control task subjects performed a motor action (finger tapping) in
response to periods when the scanner was silent. This auditory condition, which
served as a reference condition for the language condition, seems not to implicate any
language processing (Binder et al., 2003). Thus, contrasting language and auditory
control conditions promises revealing a maximum of language related regions.
However, the higher demands on auditory processing during the control condition
could have masked language activity in proximity to primary and secondary auditory
fields. In addition, the required motor action during the auditory task (finger tapping)
is expected to engage the frontal executive network, which is also involved during the
language condition. Thus, the auditory control task could have masked activity of the
left frontal language network as well.

In Figures 4.22 and 4.23 (Chapter 4.4) we represented the neuronal activity during the
reference condition to elucidate its possible impact on the observed pattern of
language activity. Both hemispheres showed the same pattern of activation: here, only
the left hemisphere has been shown. The main effect of the auditory condition as
compared to the language condition (Figure 4.22) revealed that in the first tested
language of both groups, the auditory condition, as expected, activated auditory
related regions in a middle portion of the superior temporal gyrus. However, the
results also demonstrate that in more posterior parts of the superior temporal gyrus,
i.e. Wernicke’s area, the auditory task did not elicit stronger activation than the
language task. This result indicates that the results of the language comparisons
(Chapter 4.2) were not determined by differences of the auditory condition alone.
Figure 4.22 also shows that neuronal activity in primary motor and sensory regions of
the pre/postcentral gyrus was relevant during the auditory condition. The observed
activation seems to be related to the motor aspect of the auditory task- a finger tap
each time the scanner noise stopped (see Methods, Chapter 3.3). Since this brain
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region is not specifically involved in language processing a possible impact of this
activation on the results will not be discussed further. A major focus of activation was
also revealed in the posterior middle and inferior temporal gyri. Here also the
activation was similar to that in the right hemisphere.

Another indication that the results are not confounded by the auditory condition
comes from the separate analyses of the BOLD signal in regions of differential
activation for the auditory condition and for the language condition (EL1/LL1
comparison, Figure 4.23). Evidence of activity in two subfields of Broca’s area (BA
44/45 and BA 44/9), the left dorsolateral prefrontal cortex (BA 46) and the left pSTG
(BA 22/40) was crucial for the interpretation of the results. In general, the analysis
showed higher signal differences between the language conditions than between the
auditory conditions of the languages being compared. Only in one subfield of Broca’s
area (BA 44/45) was the result strongly determined by the auditory condition as well.
In fact, in this portion of Broca’s area, the language signal was reduced in LL1. Taken
together, the comparison of the BOLD signal of both tested conditions confirmed that
the main findings of the EL1/LL1 comparison were not confounded by processes
related to the auditory condition. Since the pattern of differential activation of the
language condition was similar across the other language comparisons (contrasts
EL2/LLYL, EL2/LL2, EL3/LL3), we deduce that, here also, the results mainly reflects
differences in the language conditions.

5.4.3 Intersubject variability: Random effect analysis

As explained in the methods (Chapter 3.4), for the data analysis the fixed-effect model
was preferred to the random-effect model. This was motivated by the impact of inter-
subject differences regarding anatomical localization or use of brain language regions
on the results of a random-effect analysis. Indeed, in a random-effect analysis brain
regions which exhibit inter-subject variability in activation tend to be excluded from
the results. There are, however, also limitations to the evaluation method applied in
our study. Indeed, since a fixed-effect analysis assesses the group average of
activation without considering inter-subject variability, high activity in only a small
sample of subjects may indicate a significant activation at the group level.

Figures 4.24-4.27 (Chapter 4.4) represent the results of the random-effect analysis of
the early and late multilinguals’ first acquired language for a comparison of the
specific effect of the fixed-effect analysis on the results obtained. Here, the main
effect showed, similarly to the fixed-effect analysis, language related activation in
Broca’s area and in left dorsolateral premotor regions. Interestingly, in late
multilinguals, Broca’s area showed high activation in the random-effect analysis,
whereas activation revealed by the fixed-effect analysis was relatively small in this
group. Considering the characteristics of the two models for group analysis, this
finding could indicate that the signal is lower than in early multilinguals but that the
anatomical localization and use of these language regions across the different subjects
is relatively stable.
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Other cortical regions that evidenced a specific effect of the evaluation method on the
revelation of main language activation were localized in the left temporal lobe, in
particular in its anterior part. Here, only the random-effect analysis revealed
significant language related activation in early and late multilinguals. As discussed in
Chapter 5.2.2, anterior portions of the left temporal lobe process specific semantic
information such as those associated with episodic (autobiographical) memories. Here
again, the specific impact of the evaluation method on the observed activation
indicates, that individual language memories are invariably, though not strongly
comprised in the tested communicative situation. It would be interesting to further
investigate language processes related to the production of narratives in this cortical
region. However, the hypotheses of the present study and the corresponding selection
of groups were not appropriate to differentiate language processes related to this brain
region.

Of major concern for this study was the question whether the results of the fixed-
effect analysis showing the impact of early second language acquisition on the
establishment of the left frontal and perisylvian language network could be replicated
by the random-effect analysis. Indeed, the pattern of differential group activation
revealed by the random-effect analysis (Figures 4.26 and 4.27) confirmed the findings
from our study: the early multilinguals’ languages showed more significant activation
in left dorsolateral prefrontal brain regions whereas the late multilinguals’ languages
activated only a subfield within the left supramarginal gyrus more significantly. It has
to be noted that the differential activation of late multilinguals in the supramarginal
gyrus was reduced to only a few voxels. In fact, since this brain region distinguishes
itself by an considerable functional heterogeneity (Howard et al., 1996), effects of
inter-subject variability could have had a high impact on the result. Contrary to the
fixed-effect analysis, the random-effect analysis revealed the same pattern of
differential frontal activation for the right hemisphere as well. According to the
specific characteristics of these two evaluations (see Methods, Chapter 3.4) this result
could indicate that right prefrontal activation as well was consistently higher in all
tested early multilingual subjects as compared to the late multilinguals. Thus, left
frontal control functions engaged in early multilinguals (Chapter 5.2) also seem to
comprise homologues in the right hemisphere. The group comparison by the random-
effect analysis also allowed the determination of other brain regions not revealed in
the fixed-effect analysis. Here, it could be shown that late multilinguals additionally
involve functions of the right orbitofrontal cortex and of regions within the left
inferior temporal lobe. Previous studies reported that right inferior prefrontal regions
evaluate the emotional content of prosodic features of language (Ackermann H et al.,
2004) and that inferior temporal regions store semantic information related to
biographical experiences (Fletcher et al., 1995). This result indicates the strong
potential of the narrative task applied in the present study. It would be interesting to
test the same narrative task on other subjects to further evaluate effects of emotional
implications or biographical relevance. However, it should be noted that those cortical
regions revealed exclusively by the random-effect analysis represent language
functions that could have been strongly influenced by current events. In contrast to the
random effect analysis, the fixed-effect analysis of this study accounts for such effects
of the present day condition by including two tests carried out on different days. This
strongly suggests that in tasks related to language processing preference should be
given to the fixed-effect analysis.
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5.4.4 Influence of typological differences

Structural differences between languages were not the focus of our study, but could
potentially have an influence on language tasks. In fact, the impact of typological
differences on reading strategies in English or Italian speaking subjects has been
shown in a PET study (Paulesu et al., 2000): languages with an inconsistent
orthography, such as English, do not allow direct mapping of letter to sound, while
languages with a consistent orthography, such as Italian, do. Other brain imaging
studies revealed that during a variety of linguistic tasks, native Chinese speakers rely
more on the left middle frontal gyrus than do native English speakers (Tan et al.,
2001). The underlying cognitive operation involved in Chinese language use was
suspected to be related to visual spatial working memory, because this language
requires processing of logographs. However, the same pattern of differences between
Chinese and English speakers were observed for processing of speech sounds (Hsieh
et al., 2001; Klein et al., 2001). This would argue for a pervasive strategy difference
of groups with different reading strategies. Analogously, an effect of typological
differences on the processing of the narrative task investigated in this study could not
be excluded either. Indeed, in the first language of early multilinguals the proportion
of Germanic to Romance languages was 5/2, while in the first language of late
multilinguals this proportion was 4/4 (see Chapter 3.1). However, a similar pattern of
differential activation revealed for the comparison of the first and the second language
of early multilinguals (in which, for instance the proportion of Germanic to Romance
languages was 4/4 in the second learned language) with the first language of late
multilinguals (contrasts EL1/LL1 and EL2/LL1) indicates that, here, typological
differences are not influencing the tested language aspect.
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5.5 Effect of early second language acquisition on the cortical
language network exemplified by the language situation in early
multilinguals: resuming representation

Cortical regions which are possibly engaged to resolve specific cross-linguistic
interference during processing of early and late acquired languages.

Cross-linguistic interference possibly manifests on one side in Broca’s area during
retrieval of motor related verbal information and on the other side in the network for
sensory-motor integration of phonological language aspects which interconnects
Wernicke’s area with Broca’s area. In early multilinguals both brain functions seem to
be engaged to resolve higher cross-linguistic interference during processing of the
early (EL1 and EL2) as well as the late (EL3) acquired languages. In Figure 5.2,
processes related to resolution of interference are indicated by bidirectional arrows.

Language output

Retrieval of motor @ “~
related verbal
information X

Broca's area —
left BA 44/45 @
@ Transient, sound —based

representation of language
Wernicke's area
Left BA 22/40

Fig. 5.2 Early multilinguals: Resuming representation of early and late acquired languages (L1,
L2 and L3).
Cortical regions involved in resolving language interference consequently to early second language acquisition. The resolution of

interference in Broca’s area and by sensory- motor checking between Broca’s and Wernicke’s area is indicated by bidirectional
arrows.
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Cortical regions which seem to be involved in resolution of specific language
interference in early acquired languages only

In early acquired languages of early multilinguals (L1 and L2), the effect of early
second language acquisition manifests not only in functions engaging Broca’s area but
also in the left fusiform gyrus and in the left dorsolateral prefrontal cortex (Figure
5.3).

The left fusiform gyrus processes visual language conceptions whereas the left
dorsolateral prefrontal cortex allows planning of complex language structures.

The function in these two cortical regions could depend upon and/or support the
resolution of cross-linguistic interference in Broca’s area. This is indicated by the
unidirectional arrows.

Complex language plans

left dorsolateral '\\‘ @
prefrontal cortex -BA 46
& ~_

Retrieval of motor )
related verbal Visual language concepts

information )
left fusiform gyrus

Broca's area BA19/37
left BA44/45

Fig. 5.3 Early multilinguals: Resuming representation of early acquired languages (L1 and L2).

Cortical regions involved in resolving language interference consequently to early second language acquisition. Influence on
cortical areas related to resolution of cross-linguistic language interference is indicated by unidirectional arrows.
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6 Conclusion

The data presented in this study confirm and extend the results of previous studies
indicating that early exposure to one language as opposed to two languages has a
permanent effect on language processing.

First, in line with previous work, our results reveal that at adult age, early
multilinguals show different neuronal activity during language production than late
multilinguals (Chapter 4.2 and 5.2). Late second language exposure, as experienced in
late multilinguals, could not reorganize the brain function to an early bilingual mode.
This indicates a critical time period for the organization of brain language functions
relevant to the production of narratives.

Second, our data provide evidence for a specific effect of early bilingual language
acquisition on language processes. Indeed, we show that early multilinguals as
compared to late multilinguals recruit additional brain functions, particularly in
regions of the left frontal lobe i.e. Broca’s area and the adjacent prefrontal cortex. The
higher engagement of this frontal neuronal network indicates the establishment of
specific processes related to cross-linguistic interference resolution in early
multilinguals (Chapter 5.2.1.1). Moreover, in this group the activation pattern in
perisylvian regions indicates that the function of the network for sensory-motor
integration of phonological language aspects might have been adjusted to resolve
early experienced cross-linguistic interference (Chapter 5.2.1.2). Although previous
fMRI studies showed regional effects of early second language acquisition on the
cortical language network, none described the pattern of differential activation for a
comprehensive interpretation of the effect of early second language acquisition on the
language network.

Third, our data indicate that late learned languages of multilinguals mainly engage the
language system developed in early childhood. In fact, similar to the early acquired
languages, the early multilinguals’ language which was learned in early adolescence
or later shows a higher neuronal activity in Broca’s area as compared to the
corresponding language of late multilinguals (Chapter 5.2.2.1). To the author’s
knowledge, this is the first study to describe a difference between the activation
patterns of early and late multilinguals’ late learned languages.

In this study, we revealed the importance of early second language experience for the
establishment of the brain language network. In particular, we were able to show that
monolingual language experience shows effects on language learning in adults which
differ significantely from those of bilingual learners. The specific activation patterns
of early multilinguals indicates that the language processing strategy adopted for their
early and subsequently learned languages reflects processes related to resolution of
cross-linguistic interference. In his theoretical concept of language acquisition
Chomsky introduced the idea of a “language acquisition device”, to explain
mechanisms of language acquisition in children. The findings of our study could
initiate a debate whether the early establishment of processes to resolve language
interference, including cross-linguistic interference, might be part of an innate
mechanism for language acquisition. Although our results point to processes related to
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the resolution of cross-linguistic interference to explain specific activation patterns in
early multilinguals, further experimental work will be necessary to support and
elaborate this hypothesis. One approach could be to investigate whether and how early
and late multilinguals perform differently in experiments testing aspects of prefrontal
control function that are independent from their bilingual situation such as controlled
semantic retrieval, mechanism to select relevant from irrelevant semantic knowledge
or non-specific executive control functions. Such tests could also indicate whether
frontal control functions in monolinguals are different from those in multilinguals.

A question which remained unanswered in this study was whether brain mechanisms
guiding language learning in adults are predetermined by early mono- or bilingual
language acquisition. Concretely, our results did not clearly indicate whether early as
compared to late multilinguals rely differently on the early established network to
process languages learned as adults (Chapter 5.3). The current method to differentiate
the languages of multilinguals should perhaps be critically reconsidered. In this
context, it is important to recognize the potential for ongoing changes in language
experience to influence cortical activation patterns. Languages learned at any age still
function to transpose our sensory experiences of the world into internal
representations. For instance, a change of one’s place of work to another country is
associated with more practice in one particular language and this generally results in
higher proficiency in this language. In multilinguals, the resulting modifications in the
cortical language system may be differently predetermined by early versus late
bilingualism or by procedural versus declarative memory of the respectively early and
late learned languages. In this sense, the fascinating perspective in multilingual
research, made possible by brain imaging methods, is that it can not only reveal the
influence of parameters determining language acquisition but also represent the
permanent interplay between inherent norms and external reality.
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