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Abstract

Two meta-analyses of 66 behavioral studies examined variables influencing functional cerebral lateralization of each language of brain-intact
bilingual adults. Functional lateralization was found to be primarily influenced by age of onset of bilingualism: bilinguals who acquired both
languages by 6 years of age showed bilateral hemispheric involvement for both languages, whereas those who acquired their second language after
age 6 showed left hemisphere dominance for both languages. Moreover, among late bilinguals, left hemisphere involvement was found to be greater
for those less proficient in their second language, those whose second language was English, and for studies involving dichotic listening paradigms;
early bilinguals instead showed bilateral involvement in every condition. Implications of the observed differences in lateralization between early
and late bilinguals are explored for existing theories of bilingualism and for neurocognitive models of brain functional organization of language.
© 2007 Elsevier Ltd. All rights reserved.
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1. Language lateralization in bilinguals: a meta-analytic
tale of two hemispheres

The steady rise of studies investigating the neural bases
of language organization in users of more than one language
underscores a growing recognition that bi- or multilingualism
is a pervasive characteristic of language use and one that mod-
els of functional organization of language need to address to
understand the full range of actual language experience. Brain
functioning is known to be sensitive to variations in early sen-
sory experience (e.g., Neville et al., 1997). Bilingualism offers a
unique opportunity to explore the potential influence of variation
inearly language experience on the shaping of brain function and
structure and its potential for plasticity (see Golestani & Zatorre,
2004; Mechelli et al., 2004). Although more than a hundred
behavioral bilingual laterality studies (see Hull & Vaid, 2006;
Vaid & Hall, 1991, for reviews) and several dozen functional
neuroimaging studies with bilinguals have been conducted (see
Abutalebi, Cappa, & Perani, 2005; Goral, Levy, & Obler, 2002;
Vaid & Hull, 2002, for reviews), their findings are only begin-
ning to be systematically quantified (see Hull & Vaid, 2006;
Indefrey, 2006) and their implications explored for the ongo-
ing debate about a sensitive period for language acquisition (see
Bialystok, 2001; Birdsong & Molis, 2001; Johnson & Newport,
1989; Sebastian-Galles & Bosch, 2005).

The central aim of the present research was to systemati-
cally examine and quantify, through meta-analysis, outcomes
from the behavioral bilingual laterality literature in order to test
two key hypotheses that have laid the groundwork for much
past and present research on the functional organization of
language in the bilingual brain: the Age of Language Acqui-
sition Hypothesis (henceforth, the Age Hypothesis; Genesee et
al., 1978; Vaid, 1983; Vaid & Genesee, 1980) and the Stage
of Language Acquisition Hypothesis (henceforth, the Stage
Hypothesis; Albert & Obler, 1978; Galloway & Krashen, 1980;
Obler, 1981; Schneiderman, 1983; Vaid, 1983). The effects of
second language acquisition age and proficiency have been
extensively studied and debated within the second language
acquisition literature (e.g., Birdsong, 2005; DeKeyser & Larson-
Hall, 2005; see also Franceschini, Zappatore, & Nitsch, 2003).
For the present purposes, it should be noted that the Age and
Stage Hypotheses were operationalized to allow for a level of
specificity deemed necessary to allow formal testing, although
this level of specificity was not always present in the original
formulations in the bilingual laterality studies that first explored
these variables.

The Age Hypothesis predicts that language lateralization will
depend on the temporal proximity of acquisition, such that early,
near simultaneous acquisition of the two languages will yield a
different pattern of lateralization than late, successive acquisi-
tion of the second language (L2) relative to the first language
(L1). The rationale for the Age Hypothesis rests on cognitive
and brain maturational differences. For example, it is known that
neither the cerebral cortex nor the corpus callosum is fully devel-
oped until the age of 5 or 6 years (or even later, see Lenneberg,
1969) and that myelination of neural pathways is not established
until that time and even later (see discussion in Long, 1990).
These observations, coupled with socio-cognitive differences
accompanying early versus late L2 acquisition, have motivated
the search for differences in the neural and/or functional archi-
tectures supporting language in early versus late bilinguals (e.g.,
Fabbro, 2001; Perani et al., 1996; Vaid & Hull, 2002; Vaid, in
press).

The Stage Hypothesis, by contrast, emphasizes relative profi-
ciency in the L2 as the determining factor in functional language
laterality. It predicts that increasing proficiency in the L2 will
be accompanied by a shift from an initial reliance on discourse
level pragmatic cues thought to be mediated by the right hemi-
sphere (RH) to subsequent left hemisphere (LH) dominance as
syntactic and phonological rules become more automatized.

It should be noted that neither of these central hypotheses nor
any of the empirical studies in the present sample isolated length
of language use as a variable, and thus it could not be specifically
tested in the present research. However, because bilinguals who
learned two languages from birth will have necessarily used
both languages longer than those who acquired an L2 later in
life, regardless of proficiency, we acknowledge that length of
language use is an important variable to be considered in future
research.

Taken as a whole, findings from bilingual laterality studies
have presented an array of patterns of lateralization that have
not lent themselves to unqualified support for one hypothesis or
another. Indeed, some scholars have taken conflicting outcomes
in the bilingual laterality literature as support for their belief
that behavioral laterality measures lack reliability and valid-
ity (see Paradis, 2003). However, this criticism appears to be
unfounded, since evidence for the reliability and validity of lat-
erality measures can be marshaled. For example, with regard to
test—retest reliability, Segalowitz et al. have shown that a major-
ity of participants showed stable lateralization of function across
behavioral sessions (especially when the interval between ses-
sions was relatively short) and suggested that the minority of
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“deviant” individuals might have been actively pursuing dif-
ferent strategies to improve their performance or to make the
task more interesting (Segalowitz, 1986; see also Segalowitz &
Bryden, 1983).

With regard to validity, dichotic listening, tachistoscopic
viewing, and dual task paradigms have each been validated
against clinical tests, typically the sodium amytal or Wada test
(Kosaka, Hiscock, Strauss, Wada, & Purves, 1993; Segalowitz,
1986). For example, Kosaka et al. found that there was greater
right hand than left hand tapping interference during a concur-
rent linguistic task among right handed patients whose amytal
test indicated left hemisphere speech dominance; similarly, for
right handed patients with right hemisphere speech dominance,
greater left hand tapping interference was found. Dichotic lis-
tening has also been validated against electroencephalogram
activity recorded during verbal tasks (Davidson & Hugdahl,
1996).

In light of evidence that behavioral laterality measures are
reasonably valid and reliable, a more likely source of inconsis-
tent findings observed across bilingual laterality studies may be
variation in subject variables, such as degree of proficiency or
age of onset of bilingualism. Characteristics of the languages
of the bilinguals, as well as processing demands of the task or
paradigm may also be potential sources of variability across
studies (Abutalebi et al., 2005; Obler, 1981; Obler, Zatorre,
Galloway, & Vaid, 1982; Sebastian-Galles & Bosch, 2005;
Soares, 1984; Zatorre, 1989; see also Rosenthal & DiMatteo,
2001).

Given the number of dimensions on which studies in the
bilingual laterality literature have differed, it is not surprising
that traditional narrative reviews of this literature have found
it difficult to arrive at definitive conclusions. A meta-analytic
approach, as used in the present research, allows one to system-
atically disentangle the complex outcomes in a literature and
to identify reliable findings, thus making it possible to arrive at
generalizations. In a recent meta-analysis, Hull and Vaid (2006)
examined bilingual functional lateralization based on studies
that directly compared monolinguals and bilinguals and found
that monolinguals and late bilinguals were reliably LH domi-
nant across language tasks regardless of proficiency, whereas
early bilinguals showed reliable bilateral hemispheric involve-
ment (comparable differences between early and late bilinguals
were also reported in an earlier meta-analysis by Vaid & Hall,
1991). Moreover, LH participation was found to be greater in
studies that used the dichotic listening task relative to other test-
ing paradigms, regardless of language experience or proficiency
(Hull & Vaid, 2006). Taken together, this evidence suggests that
the primary predictor of functional language lateralization in
adulthood (at least for native languages) is whether an individual
learned one versus two languages during early development.

Whereas the evidence discussed so far indicates that behav-
ioral measures of language laterality can be used to demonstrate
reliable differences in functional brain lateralization among
bilinguals with different language experience histories, it
remains to be determined whether differences in lateralization
for both languages will obtain between bilingual groups differing
in age of onset of bilingualism, and/or in language proficiency,

and whether differences in lateralization between the two lan-
guages will be obtained within each bilingual group. The present
meta-analysis addresses these questions and also tests for the
effects of the nature of language, the language component tested,
and the nature of the laterality paradigm using a much larger
corpus of bilingual laterality studies than has been considered
to date.

1.1. The meta-analyses of bilingual laterality

Because meta-analytic outcomes must be reported in statis-
tically similar forms in order to be meaningfully aggregated
(Lipsey & Wilson, 2001), each study included in the present
research provided results from which an effect size statistic
could be calculated from group means and standard deviations
of performance on identical language tasks. Moreover, to sat-
isfy the requirement of conceptual comparability in terms of
constructs and the relationships between variables (Lipsey and
Wilson), all studies conceptualized hemispheric mediation of
language in terms of overt responses (whether vocal or man-
ual) to visual or auditory language input initially directed to
one hemisphere or the other. As such, all studies in the present
data set used the relationship between active language perfor-
mance and the hemisphere to which stimuli were presented to
infer hemispheric participation on language tasks. In contrast,
studies were excluded if they did not specifically report data
from each of the two hemispheres during identical tasks, or if
they used passive tasks or measures (e.g., watching words on a
video screen while correlated brain activity was collected). Thus,
neuroimaging data, including hemodynamic and electrophysio-
logical measures, were excluded because they typically focus on
a particular region of interest within a single hemisphere (e.g.,
Broca’s area), with the goal of relating metabolic (or electrical)
activity in the region of interest with a particular aspect of lan-
guage processing compared to that during a different baseline
condition, often without an overt behavioral response measure.

Once the domain of analysis was constrained to behavioral
studies on the statistical and theoretical grounds just discussed,
the present research was designed to evaluate the bilingual lat-
erality literature in three ways. First, it assessed all available
behavioral laterality studies to date (published and unpublished)
that were carried out with bilingual participants. Second, it
evaluated the effects of specific moderators, including age of
bilingualism onset and L2 proficiency. Third, it separately con-
sidered and then compared laterality effects for L1 and L2.

In what follows, outcomes are reported from 2 meta-analyses
of 66 empirical studies of the cerebral lateralization of language
in bilinguals during L1 and/or L2 tasks. Whereas both languages
of early bilinguals can be considered first languages, L1 was
classified here according to self-report, author notation, or the
language of regional prevalence. Separate meta-analyses were
conducted for L1 and for L2; each examined the effects of age
of bilingualism onset, L2 proficiency, experimental paradigm,
Englishas the L2, and language component tested. After describ-
ing the selection criteria and data analysis, the separate and
combined influences of these moderators are presented for L1
and for L2. Next, the results of direct comparisons of L1 and L.2
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performance within the same bilingual individuals are presented
and used to evaluate theories concerning brain organization for
multiple languages. Finally, implications for theory and future
behavioral and imaging research are discussed.

2. Method
2.1. Identification of articles in sample

The research domain for the present meta-analyses included all behav-
ioral language laterality studies conducted and/or published through the end of
September 2004. An exhaustive literature search for published and unpublished
studies that assessed language lateralization in neurologically healthy bilinguals
was conducted through electronic keyword searches of PsycINFO (1872-2004),
ERIC (1966-2004), Linguistics and Language Behavior Abstracts (1973-2004),
and Dissertation Abstracts International (1861-2004). The keywords
used were bilingual” + language, bilingual” + linguistic™, bilingual” + lateral”,
bilingual” + hemispher”, and bilingual” + brain. Database searches were sup-
plemented by manual searches of the following periodicals dated from January
1998 through September 2004: Brain, Journal of Applied Psycholinguistics, Sci-
ence, Journal of Memory and Language, Brain and Cognition, Language and
Cognitive Processes, Psychological Science, and Journal of Phonetics. In addi-
tion, electronic cited-reference forward and author searches were used, as were
manual reviews of the reference lists of included studies.

As recommended in the meta-analysis literature (e.g., Cooper & Hedges,
1994; Rosenthal, 1991), unpublished and missing data were pursued through
direct correspondence with knowledgeable bilingual laterality researchers. As
a result, several unpublished studies included in this meta-analysis represented
extensions of or follow-ups to previously published studies. The rationale for
including such data was to reduce the potential for publication bias and to pro-
vide a more comprehensive sampling of the research literature (see Cooper &
Hedges, 1994; Rosenthal, 1991). Publication status (published or unpublished)
was coded in each study, and comparisons revealed no significant differences
among effect sizes drawn from published versus unpublished sources. All unpub-
lished, non-public data used in the present research (denoted by superscript d in
Tables 1 and 2 ) will be maintained and provided to interested researchers upon
request to the first author of the present article.

2.2. Operationalizations and sample selection criteria

The attributes used to define bilingualism and its subtypes have varied widely
from study to study. Therefore, moderator divisions were clarified as follows:

e Bilinguals—individuals possessing a functional knowledge of at least two
languages, although the degree of linguistic/communicative ability could vary
across languages.

e Infant bilinguals—individuals who acquired both languages by the age of 6
years.

e Childhood bilinguals—individuals who acquired L2 after age 6 and before
age 13.

e Adult bilinguals—individuals who acquired L2 at or after the age of 13.

e Proficient bilinguals—individuals whose language performance on standard-
ized proficiency exams was reported at or above 85% accuracy, or who gave
teacher- or self-ratings as “high” on proficiency, and/or had 5 or more years
of formal study of the language.

e Nonproficient bilinguals—individuals who did not report meeting any of the
above proficiency criteria.

The criteria for inclusion in the meta-analysis were as follows: published
or unpublished studies of brain-intact bilinguals that assessed overt behavioral
performance in response to visual or auditory language input initially directed
to one hemisphere versus to the other. In addition, study inclusion required that
age of bilingualism onset and stage of L2 proficiency was stated or inferable in
the study itself or provided through personal communication with study authors.
Fourteen of the 66 total studies (i.e., 21%) included data obtained by personal
communication. These studies are denoted by superscript d in Tables 1 and 2.

The criteria for excluding studies were: use of brain-damaged individu-
als, lack of uniformity in data collection conditions across the two languages,
reliance on tasks or response measures in which participants’ performance was
not directly monitored but had to be inferred, (e.g., covert performance relative
to a different baseline task), or lack of availability of appropriate quantitative
data. In addition, data from users of sign language were excluded so as to pro-
vide homogeneity in language mode, particularly given suggestions that sign
language use is associated with patterns of brain activity that differ from those
associated with spoken languages (e.g., Neville et al., 1997).

2.3. Sample of studies

In all, 66 behavioral language laterality studies with bilinguals met the
criteria for inclusion. Of these, 46 were published and 20 were unpublished.
Further, 46 studies provided separate data for L1 and L2, 13 studies provided
only L2 data, and 10 studies provided only data comparing L1 and L2. A total
of 98 statistically independent effect sizes were generated for the synthesis of
mean effect sizes for L1s (see Table 1) and 106 were generated for L2s (see
Table 2).

2.4. Variables coded from the sample of studies

The meta-analyses used fixed effects computational models with a cate-
gorical model-fitting approach (Hedges & Olkin, 1985) based on the goal of
partitioning the individual and combined effects of a relatively large number
of categorical variables identified in the literature. First, the main effects of
L1 and L2 laterality were calculated. Next, each was separately modeled for
each of the a priori moderator divisions in a fully hierarchical manner (Arthur,
Bennett, & Huffcutt, 2001; see also Hedges & Becker, 1986; Hunter & Schmidt,
1990; Voyer, 1996). Analyses were performed until effect size variance was
homogeneous, at which point the mean effect size was taken to be an accurate
estimate of the associated population, and sources of group differences were
identified (Hunter & Schmidt, 1990). However, higher level interactions were
not reported when the majority of variance was already explained by lower-level
interactions. In addition, higher level interactions were not reported when com-
parison cells contained five or fewer data points because reliability of outcomes
is compromised in such cases (Arthur et al., 2001; Lipsey & Wilson, 2001).

Finally, the main effect of L1 versus L2 laterality was computed from the
mean effect size for L1 laterality across studies versus the mean effect size for
L2 laterality across studies, where each study provided at most a single data
point for each language. For the 10 studies where effect sizes for L1 and L2
could not be separately computed!, we calculated the mean effect size for the
difference between L1 and L2 laterality within each study. Given that the two
analysis strategies provided essentially identical outcomes, only the categorical
models for the study-wide effect sizes were reported. All analyses in the present
research synthesis were conducted using Johnson’s (1993) DSTAT 1.10 software
for the meta-analytic review of research literatures.

The categorical models used in the present research were: (a) age of L2
acquisition onset (early, childhood, adult), (b) stage of L2 acquisition (pro-
ficient, nonproficient), (c) experimental paradigm (visual preference, dichotic
listening, dual task), (d) language component (single words, word-pair phono-
logical, word-pair orthographic, word-pair semantic, word-pair syntactic, whole
sentence), and (e) the nature of the L2 (English, other). Agreement was 92%
among three independent raters, and inconsistencies were resolved through dis-
cussion. Also coded were source type (published or unpublished), year of study
completion/publication, gender composition of the sample, mean age of partic-
ipants at testing, whether moderator values were explicitly stated or inferred,
relatedness of L1 and L2 linguistic structures, and formal versus informal con-
text of language use; none of these additional variables yielded significant effects
and are not further discussed.

I Albert and Obler (1978), Bergh (1986), Carroll (1980), Galloway and
Scarcella (1982), Judd (1986), Kotik (1975), Lubow, Tsal, Mirkin, and Mazliah
(1994), McClung (1981), Orbach (1967), Soares (1982), Soares and Grosjean
(1981).
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Table 1
Data for bilingual L1 laterality
Study author(s), year L1-L2 Groupn d 95% CI Ageof L2 L2 proficiency Language component Experimental
onset paradigm

Bentin (1981)%¢ He-En 32 0.50 0.00,0.10 C Nonproficient 1 \Y
Chengappa and Ray (2002)4 Kann-En 10 022 -0.66,1.10 C Proficient 1 v
Endo, Shimizu, and Nakamura (1981a)* Ka-Ha 13 0.18 —-0.59,095 A Nonproficient 1 DT
Fabbro (1992, Exp. 2)* It-Ge 3 075 -0.90,241 A Proficient 6 DL
Fabbro (1992, Exp. 4)*

Group 1 Tt—Fri 12 0.20 —-0.60,1.00 T Proficient 6 DT

Group 2 It—Fri 12 0.07 —-0.73,0.87 I Proficient 6 DT

Group 3 Tt—Fri 7 0.06 —-099,1.11 I Proficient 6 DT
Fabbro, Gran, and Gran (1991)? It-En 36 0.17 -0.29,0.63 A Proficient 6 DL
Fabbro, Gran, Basso, and Bava (1990)*  It-En 14 0.02 -0.72,0.76 A Proficient 6 DT
Fabbro, Gran, and Bava (1988)?

Group 1 It-En 12 0.87 0.03,1.71 A Proficient 1 DL

Group 2 It—-En 12 1.10 0.24,1.95 A Proficient 1 DL
Furtado and Webster (1991)*

Group 1 En-Fr 16 —0.08 —-0.78,0.61 1 Proficient 6 DT

Group 2 En-Fr 16 0.15 0.54,0.85 A Proficient 6 DT

Group 3 Fr-En 16 —-0.11 0.30,1.77 A Proficient 6 DT
Green (1986)*

Group 1 En-Sp 24 —0.08 —0.64,049 A Proficient 6 DT

Group 2 En-Sp 24 -0.20 -0.77,036 A Nonproficient 6 DT

Group 3 En-Sp 24 —-0.28 —0.85,0.29 A Nonproficient 6 DT
Green, Schweda-Nicholson, Vaid, White, and Steiner (1990)*

Group 1 Sp-En 8 046 —-0.54,145 C Proficient 6 DT

Group 2 Sp-En 8 048 —0.52,147 C Proficient 6 DT

Group 3 Sp-En 8 049 -0.51,148 C Proficient 6 DT

Group 4 Sp-En 8 037 —-0.61,136 C Proficient 6 DT
Hall and Lambert (1988)?

Group 1 En-Fr 16 -0.12 -0.82,0.57 C Proficient 6 DT

Group 2 En-Fr 16 026 —0.43,096 C Proficient 6 DT

Group 3 En-Fr 16 020 —0.49,090 C Nonproficient 6 DT
Hoosain and Shiu (1989)*¢ Ch-En 28 0.82 0.28,1.37 C Proficient 1 v
Ip and Hoosain (1993)*¢

Group 1 Ch-En 9 031 -0.62,124 C Proficient 1 DL

Group 2 Ch-En 9 0.12 -0.80,1.05 C Proficient 1 DL
Jin (1988)"¢ Ha-En-Ch 24 1.08 0.48, 1.69 A Proficient 3 DL
Ke (1992)*¢

Group 1 En-Ch 28 020 —-0.33,0.72 A Proficient 1 DL

Group 2 En-Ch 29 0.77 0.24,1.31 A Nonproficient 1 DL
Migiste (1989)*

Group 1 Ge-Sw 9 -0.22 -1.14,0.71 C Proficient 6 A\

Group 2 Ge-Sw 9 -0.14 -1.07,0.78 C Proficient 6 \
Migiste (1987)*¢

Group 1 Ge-Sw 10 046 —-042,135 1 Proficient 1 \Y

Group 2 Ge-Sw 10 0.57 —-0.33,146 A Proficient 1 \'%

Group 3 Po-Sw 14 070 —0.07,146 A Nonproficient 1 v
Manga and Sanchez (1989)*¢ En-Sp 31 0.54 0.03, 1.04 C Proficient 6 DT
Rupp (1980)° Vi-En 86 0.83 0.52,1.14 C Nonproficient 1 DL
Sakhuja (1990)P¢ Ur-En 40 0.12 —0.13,038 I Proficient 4 DT
Sewell and Panou (1983)*

Group 1 En-Ge 6 0.14 —-0.99,128 1 Proficient 1 A\

Group 2 En-Ge 6 021 —-093,134 1 Proficient 1 \

Group 3 En-Fr 6 045 -0.70,1.59 A Proficient 1 \

Group 4 En-Fr 6 022 -091,136 A Proficient 1 \
Shanon (1982)*

Group la He-En 8 —0.02 -1.00,0.96 A Proficient 1 A\
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Table 1 (Continued )

Study author(s), year L1-L2 Groupn d 95% CI Ageof L2 L2 proficiency Language component Experimental
onset paradigm

Group 1b He-En 8 —-0.03 —-1.01,095 A Proficient 1 A%

Group 2a He-En 8 099 —-0.79,1.17 1 Proficient 1 A\

Group 2b He-En 8 028 —-0.70,1.27 1 Proficient 1 A%

Group 3a En-He 8 037 —-0.62,136 A Proficient 1 A\

Group 3b En-He 8 0.31 -0.67,1.30 A Proficient 1 A%
Singh (1990)*¢

Group 1 Hi-En 18 —0.11 —-0.77,054 1 Proficient 6 DT

Group 2 Hi-En 18 —-0.27 -0.92,039 1 Proficient 6 DT
Soares (1984)* Por-En 16 1.73 0.92,2.55 A Proficient 6 DT
Spiller-Bosatra, Daro, Fabbro, and Bosatra (1990)*

Group 1 1t-Ge 3 —0.53 -2.16,1.09 1 Proficient 1 DL

Group 2 1t-Ge 5 0.28 —0.96,1.53 1 Proficient 1 DL
Starck, Genesee, Lambert, and Seitz (1977)* En-Fr—-He 24 0.74 0.16, 1.33 I Proficient 1 DL
Thomas (1987)<¢ Ch-En 26 0.09 —-0.46,0.63 A Proficient 1 DL
Vaid (2003)¢

Group 1 Hi-En 16 —0.26 —-0.96,043 C Proficient 4 \"

Group 2 Ur-En 16 —-0.35 —-1.05,035 C Proficient 4 \Y
Vaid (2001)¢

Group 1 Sp-En 10 0.08 —0.80,0.96 C Proficient 1 DT

Group 2 Sp-En 19 0.05 -0.59,0.68 C Proficient 1 DT
Vaid (1999)4 Hi/Ur-En 10 00.61 —0.29,1.50 1 Proficient 4 A%
Vaid (1988)* Hi-En 20 0.08 —0.54,0.70 C Proficient 4 A%
Vaid (1987)*

Group 1 En-Fr 16 —0.10 —-0.78,0.59 1 Proficient 4 \Y

Group 2 Fr-En 16 0.18 —-0.80,1.16 A Proficient 4 A\
Vaid (1984a; Exp. 1)*

Group 1 En-Fr 4 —0.08 —1.46,131 A Proficient 3 A\

Group 2 En-Fr 4 -0.74 -2.17,0.70 A Proficient 3 v

Group 3 Fr-En 4 —-0.03 —-142,135 A Proficient 3 A\

Group 4 Fr-En 4 —-0.11 —-1.50,1.27 A Proficient 3 v

Group 5 En-Fr 8 —-023 —-1.21,0.76 1 Proficient 3 \Y

Group 6 En-Fr 8 —0.44 —143,056 1 Proficient 3 v
Vaid (1984a; Exp. 2)* En-Fr 8 —-0.36 —1.35,062 1 Proficient 4 \'
Vaid (1984a; Exp. 3)*

Group 1 En-Fr 8 —-0.21 —-1.19,0.78 1 Proficient 4 A%

Group 2 Fr-En 8 0.11 —-1.27,150 A Proficient 4 \Y
Vaid (1984b)¢

Group 1 Fr-En 8 —043 —1.42,0.56 1 Proficient 4 A\

Group 2 Fr—En 8 —-0.17 —1.16,0.81 I Proficient 4 \'
Vaid (1981a)¢

Group 1 En-Fr 8 0.17 —-0.81,1.15 I Proficient 2 v

Group 2 Fr-En 4 030 -1.10,1.69 A Proficient 2 \'%

Group 3 En-Fr 4 —-0.02 —-1.40,137 A Proficient 2 \Y
Vaid (1981b)¢

Group 1 Fr—En 8 0.06 —092,1.04 I Proficient 2 \Y

Group 2 Fr-En 8 041 —-0.58,140 A Proficient 2 \Y
Vaid (1980a)¢

Group 1 En-Fr 8 —-024 —-1.22,074 1 Proficient 2 v

Group 2 En-Fr 8 —-023 —-1.21,0.76 1 Proficient 2 \Y

Group 3 Fr-En 4 0.15 —1.24,153 A Proficient 2 \Y

Group 4 Fr-En 4 0.12 -—-1.27,150 A Proficient 2 \Y

Group 5 En-Fr 4 —0.01 -—-1.40,138 A Proficient 2 A\

Group 6 En-Fr 4 029 -1.10,1.68 A Proficient 2 v
Vaid (1980b)¢

Group 1 Fr-En 8 0.69 —-0.32,1.70 1 Proficient 4 \
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Table 1 (Continued )

Study author(s), year L1-L2 Groupn d 95% CI Ageof L2 L2 proficiency Language component Experimental
onset paradigm
Group 2 Fr—En 8 —-0.72 —-1.93,030 A Proficient 4 \Y
Vaid (1979)4
Group 1 Fr—En 8 —-0.02 —-0.71,0.68 I Proficient 4 \Y
Group 2 Fr-En 8 0.10 -0.89,1.07 A Proficient 4 A\
Vaid and Frenck-Mestre (2002)* Fr-En 16 —-0.01 -0.71,0.68 A Proficient 3 v
Vaid and Frenck-Mestre (1990)¢
Group 1 Sp—En 8 —0.11 —1.09,0.87 1 Proficient 3 v
Group 2 Sp-En 8 0.03 —-095,101 I Proficient 3 \Y
Vaid and Park (1997)* Ha-En 16 1.11 041, 1.81 A Proficient 2 v
Voyer, Cormier, and Boudreau (2002)d
Group 1 En-Fr 15 0.62 —0.11,035 C Proficient 4 DL
Group 2 Fr—En 15 1.01  0.25,1.77 C Proficient 4 DL
Wesche and Schneiderman (Exp. 1, 1982)* En-Fr 61 046 0.10,0.82 A Nonproficient 1 DL
Wesche and Schneiderman (Exp. 2, 1982)*  Fr-En 37 —0.03 —-048,043 A Nonproficient 1 DL

Note: CI: confidence interval; Exp.: experiment; DL: dichotic listening; DT: dual task; V: visual preference; I: infancy; C: childhood; A: adulthood. Effect sizes (ds)
reflect greater activation in the left hemisphere when the Cls do not include zero, and bilateral activation when the CIs include zero. Language component key: (1)
responses to single words; (2) phonetic judgments; (3) orthographic judgments; (4) semantic judgments; (5) syntactic judgments; (6) whole sentence comprehension.
Language abbreviations key: En: English; Sp: Spanish; Fr: French; Ch: Chinese; Ma: Mandarin; Ge: German; Ru: Russian; Ca: Catalan; Ja: Japanese; It: Italian; Fi:
Finnish; He: Hebrew; Kann: Kannada; Ka: Kanji; Ha: Harean; Fri: Friulan; Sw: Swedish; Po: Polish; Por: Portuguese; Vi: Vietnamese; Ur: Urdu; Hi: Hindi; Tu:

Turkish; Ja: Japanese; Na: Navajo; To: Tok Pisin.
2 Published study.
b Unpublished thesis/dissertaion.
¢ L2 acquisition age was not explicitly stated but was inferred from the text.
d Unpublished study obtained from study author(s).

2.5. Experimental approaches

The present research included behavioral language laterality studies that
used dichotic listening (DL), visual hemifield (V), or dual task (DT) paradigms to
assess hemispheric involvement. The dichotic listening paradigm is a perception-
based measure that involves the recall accuracy or reaction time (RT) of
participants’ auditory judgments of language stimuli simultaneously presented
in either ear. Like dichotic listening, the visual hemifield tasks are based
on participants’ responses to unilaterally presented language stimuli, in this
case to the right or left visual field. The dual task paradigm, also called the
verbal-manual interference task, is presumed to reflect hemispheric involve-
ment through decreased motor performance in finger-tapping rates for the hand
that is associated with the hemisphere mediating the concurrent verbal task (i.e.,
the one that is contralateral to the hand). Thus, dual-task is a production-based
paradigm.

Each of these methods relies on contralateral involvement to infer hemi-
spheric participation, and there is evidence that each paradigm is suitable for
inferring laterality of language function when properly used (see Hellige &
Sergent, 1986; Kosaka et al., 1993; Segalowitz, 1986). However, there is also
reason to suspect systematic differences in hemispheric involvement related to
the particular task or type of stimuli (see Boles, 2005) as well as the aspect
of language engaged by a given paradigm (see Poeppel & Hickok, 2004; Vaid,
1983). Consequently, the divisions of paradigm and language component (dis-
cussed in the following section) coded in the present research reflect a careful
effort at precision in identifying potentially important methodological differ-
ences across studies that have not been systematically examined in this literature
(see discussion in Boles, 2005).

2.6. Language components tested

The following six divisions of language were coded in each of the primary
studies: (a) single word, global judgments, (b) word pair level phonological
judgments, (c) word pair orthographic judgments, (d) word pair semantic judg-
ments, (e) word pair syntactic judgments, and (f) sentence level judgments. It

is recognized that the divisions of language tested here represent only a sub-
set of all possible divisions, and that it could be argued that categories such
as “syntactic” or “semantic” themselves may need to be further fractionated
(see Poeppel & Hickok, 2004), but this research serves as an initial effort to
consider the role of linguistic demands in laterality effects. Moreover, although
other divisions are certainly possible (e.g., concreteness-abstractness, word fre-
quency), these divisions have been infrequently examined in bilingual laterality
studies.

2.7. English as a second language

Because English was the L2 in over half of the studies in the sample, it was
possible to test whether language-specific laterality effects might differentially
emerge for English relative to other L2s. That is, if language-specific factors
matter for functional language organization, as suggested in the literature (e.g.,
Obler, 1981; Vaid & Genesee, 1980), then the present English-heavy L2 sample
could disproportionately influence the overall meta-analytic results in the direc-
tion of any effects specific to the English language. The variety of other L2s in
the sample made it impractical to attempt similar examinations of each, as none
represented a considerable percentage of the sample and would generally have
resulted in very small cell sizes. Therefore, L2 data were coded and analyzed
simply in terms of whether English or “other” was the L2.

The present study did not code or analyze for language-specific differences
in L1, as we have previously reported a meta-analysis (Hull & Vaid, 2006) that
specifically investigated L1 laterality for a subset of the present data (i.e., 23
studies that included monolingual control groups). The previous meta-analysis
showed that, whereas significant laterality differences emerged between infant-
onset bilinguals relative to monolinguals and late-onset bilinguals (who did not
differ from each other), homogeneity was retained across L1s within each group,
indicating no significant laterality differences despite differences among specific
L1s. Therefore, in the present research, we sought to provide a substantive contri-
bution to the literature by investigating an unanswered question, namely, whether
learning English as a second language might matter to functional language
lateralization.
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Table 2
Data for bilingual L2 laterality
Study author(s), year L1-L2 Groupn d 95% CI Age of L2 L2 proficiency = Language Experimental
onset component paradigm

Albanese (1985)*¢

Group 1 En-Fr 10 —0.22 —1.04, 0.66 I Proficient 1 DL

Group 2 En-Fr 10 0.59 —0.30, 1.49 A Proficient 1 DL
Bentin (1981)*¢ He-En 32 0.50  0.00,0.10 C Nonproficient 1 A%
Chengappa and Ray (2002)¢ Kann-En 10 —-038 —1.26,0.50 C Proficient 1 v
Endo et al. (1981a)* Ka-Ha 13 0.47 —-0.31,1.25 A Nonproficient 1 DL
Endo, Shimizu, and Nakamura (1981b)* Ja-Ha 18 020 —0.45,0.86 A Nonproficient 1 v
Fabbro (1992, Exp. 2)* It-Ge 3 1.00  —0.69,2.70 A Proficient 6 DL
Fabbro (1992, Exp. 4)*

Group 1 Fri-It 12 0.17 —0.63, 0.97 I Proficient 6 DL

Group 2 Fri-It 12 0.08 —0.72,0.88 I Proficient 6 DL

Group 3 Fri-It 12 —0.03 —0.83,0.77 I Proficient 6 DL
Fabbro et al. (1991)* It-En 36 —0.36 —0.82,0.11 A Proficient 6 DL
Fabbro et al. (1990)* It-En 14 0.63 —0.13, 1.40 A Proficient 6 DL
Fabbro et al. (1988)*

Group 1 It-En 12 0.81 —0.02, 1.64 A Proficient 1 DL

Group 2 It-En 12 0.42 —0.39,1.23 A Proficient 1 DL
Furtado and Webster (1991)*

Group 1 En-Fr 16 0.06 —0.64,0.75 1 Proficient 6 DL

Group 2 En-Fr 16 0.06 —0.64, 0.75 A Proficient 6 DL

Group 3 Fr-En 16 0.00 —0.69, 0.69 A Proficient 6 DL
Green (1986)*

Group 1 En-Sp 24 0.06 —0.51,0.62 A Proficient 6 DL

Group 2 En-Sp 24 —-0.25  —0.82,0.31 A Nonproficient 6 DL

Group 3 En-Sp 24 0.00 —0.57,0.57 A Nonproficient 6 DL
Green et al. (1990)*

Group 1 Sp-En 8 040 —0.59,1.39 C Proficient 6 DL

Group 2 Sp-En 8 0.19  —-0.79,1.18 C Proficient 6 DL

Group 3 Sp-En 8 1.11 0.05, 2.16 C Proficient 6 DL

Group 4 Sp-En 8 0.53  —0.47,1.53 C Proficient 6 DL
Hall and Lambert (1988)*

Group 1 En-Fr 16 0.19 —0.50, 0.89 C Proficient 6 DL

Group 2 En-Fr 16 0.22 —0.48,0.91 C Proficient 6 DL

Group 3 En-Fr 16 024  —0.46,0.93 C Nonproficient 6 DL
Hatta (1982)d Ja—En 20 0.55 —0.08, 1.18 A Nonproficient 1 DL
Hausmann, Durmusoglu, Yazgan, and Ge-Tu 17 0.16 —0.52,0.83 1 Proficient 4 A\

Giintiirkiin (2004)*
Hoosain and Shiu (1989)*¢ Ch-En 28 0.38 —0.15,0.91 C Proficient 1 \%
Ip and Hoosain (1993)*¢

Group 1 Ch-En 9 0.41 —0.52, 1.34 C Proficient 1 DL

Group 2 Ch-En 9 0.26 —0.67,1.18 C Proficient 1 DL
Jin (1988)P¢

Group 1 Ha-En—Ch 24 0.79 0.21, 1.38 A Proficient 3 A\

Group 2 Ha-En-Ch 24 -0.67 —125,-09 A Nonproficient 3 v
Kang (1984)° Misc.—En 40 0.68 0.23,1.13 A Proficient 1 DL
Ke (1992)*¢ En-Ch 28 0.31 —0.22,0.84 A Proficient 1 DL
Kilborn (2002)¢

Group 1 Ur-En 60 0.02 —0.34,0.38 I Proficient 1 \Y

Group 2 Ur-En 60 —0.05 —0.41,0.31 A Proficient 1 \Y
Migiste (1989)*

Group 1 9 -029 —1.21,0.64 C Proficient 6 v

Group 2 9 —0.16 —1.08,0.77 C Proficient 6 A\
Migiste (1987)*¢

Group 1 Ge-Sw 10 0.41 —0.48, 1.29 1 Proficient 1 \Y%

Group 2 Ge—-Sw 10 0.35 —0.53,1.23 A Proficient 1 \%
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Table 2 (Continued )
Study author(s), year L1-L2 Group n d 95% CI Age of L2 L2 proficiency Language Experimental
onset component paradigm
Group 3 Po-Sw 14 —-0.07 —0.81, 0.67 A Nonproficient 1 A%
Manga and Sanchez (1989)*¢ En-Sp 31 0.38 —0.12, 0.87 C Proficient 6 DL
Persinger, Chellew-Belanger, and Tiller (2002)*
Group 1 Fr-En 15 1.42 0.62,2.22 A Proficient 1 DL
Group 2 Fr—En 18 0.32 —0.34,0.98 A Proficient 1 DL
Rastatter and Scukanec (1990)* Ch-En 16 0.35 —0.35,1.05 C Proficient 1 \Y
Rupp (1980)° Vi-En 86 0.92 0.61,1.24 C Nonproficient 1 DL
Sewell and Panou (1983)*
Group 1 En-Ge 6 0.22 —-0.91, 1.36 A Proficient 1 A\
Group 2 En-Ge 6 0.45 —0.70, 1.59 A Proficient 1 \
Group 3 En-Fr 6 0.14 —0.99, 1.28 1 Proficient 1 \
Group 4 En-Fr 6 0.21 —0.93, 1.34 I Proficient 1 \
Shanon (1982)?
Group la He-En 8 —-0.17 —1.15, 0.81 A Proficient 1 A\
Group 1b He-En 8 —0.23 —1.22,0.75 A Proficient 1 v
Group 2a He-En 8 0.70 —-0.31, 1.71 1 Proficient 1 A\
Group 2b He-En 8 0.35 —0.64, 1.33 I Proficient 1 A%
Group 3a En-He 8 0.22 0.76, 1.20 A Proficient 1 \Y
Group 3b En-He 8 —0.31 —1.30, 0.67 A Proficient 1 v
Soares (1984)* Por-En 16 0.93 0.20, 1.66 A Proficient 6 DT
Spiller-Bosatra et al. (1990)*
Group 1 1t-Ge 3 —0.47 —-2.09, 1.15 1 Proficient 1 DL
Group 2 It-Ge 5 —0.02 —1.26,1.22 1 Proficient 1 DL
Thomas (1987)P¢ Ch-En 26 0.20 —0.34,0.75 A Proficient 1 DL
Vaid (2003)¢
Group 1 Hi-En 16 —0.14 —0.84, 0.55 C Proficient 4 \Y
Group 2 Ur-En 16 —0.08 —0.77, 0.61 C Proficient 4 \'%
Vaid (2001)4
Group 1 Sp-En 10 0.20 —0.68, 1.07 C Proficient 1 DL
Group 2 Sp-En 19 0.05 —0.59, 0.69 C Proficient 1 DL
Vaid (1999)4 Hi-En 10 0.41 —0.47,1.30 1 Proficient 4 A%
Vaid (1984a; Exp. 1)*
Group 1 En-Fr 4 —0.03 —1.41,1.36 A Proficient 3 \Y
Group 2 En-Fr 4 0.09 —1.30, 1.47 A Proficient 3 A\
Group 3 Fr-En 4 0.06 —1.33,1.45 A Proficient 3 A%
Group 4 Fr-En 4 —0.30 —1.69, 1.10 A Proficient 3 A\
Group 5 En-Fr 8 —0.43 —1.42,0.57 I Proficient 3 A%
Group 6 En-Fr 8 —0.10 —1.08, 0.89 1 Proficient 3 v
Vaid (1984a; Exp. 3)*
Group 1 En-Fr 8 —0.21 —1.19,0.78 1 Proficient 4 \
Group 2 En-Fr 4 0.27 —1.12, 1.66 A Proficient 4 v
Group 3 Fr-En 4 —0.01 —1.39, 1.38 A Proficient 4 A\
Vaid (1981a)¢
Group 1 En-Fr 8 0.20 —0.78, 1.19 1 Proficient 2 \%
Group 2 Fr-En 4 —0.17 —1.56,1.22 A Proficient 2 A\
Group 3 En-Fr 4 0.20 —1.19, 1.59 A Proficient 2 v
Vaid (1981b)¢
Group 1 Fr-En 8 0.45 —0.55, 1.44 I Proficient 2 v
Group 2 Fr-En 8 0.68 —0.33, 1.69 A Proficient 2 A\
Vaid (1980a)
Group 1 En-Fr 8 —0.24 —1.22,0.74 1 Proficient 2 A\
Group 2 En-Fr 8 —0.23 —1.21,0.76 1 Proficient 2 \Y
Group 3 Fr-En 4 0.34 —1.06, 1.74 A Proficient 2 A\
Group 4 Fr-En 4 0.14 —1.25,1.52 A Proficient 2 v
Group 5 En-Fr 4 —0.12 —1.51,1.27 A Proficient 2 A\
Group 6 En-Fr 4 —0.02 —1.40, 1.37 A Proficient 2 v
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Table 2 (Continued )
Study author(s), year L1-L2 Group n d 95% C1 Age of L2 L2 proficiency Language Experimental
onset component paradigm
Vaid (1980b)¢
Group 1 Fr-En 16 0.00 —0.69, 0.70 I Proficient 4 \Y
Group 2 Fr-En 8 —-0.72 —1.93,0.30 A Proficient 4 v
Vaid (1979)4
Group 1 Fr—En 8 —0.42 —1.41,0.57 1 Proficient 4 \Y
Group 2 Fr-En 8 —0.15 —1.13,0.83 A Proficient 4 \'%
Vaid and Frenck-Mestre (2002)* Fr-En 16 —0.02 —0.72,0.67 A Proficient 3 \Y
Vaid and Frenck-Mestre (1990)¢
Group 1 Sp-En 8 0.07 —-0.91, 1.05 1 Proficient 3 v
Group 2 Sp-En 8 —0.15 —1.16, 0.81 1 Proficient 3 v
Vaid and Lambert (1979)*
Group 1 Fr—En 8 —0.03 —1.01,0.95 1 Proficient 4 \Y
Group 2 Fr-En 8 0.09 —0.89, 1.07 I Proficient 4 \'%
Voyer et al. (2002)4
Group 1 En-Fr 15 0.74 —0.00, 1.48 C Proficient 4 DL
Group 2 Fr—En 15 0.80 0.06, 1.55 C Proficient 4 DL
Wesche and Schneiderman (Exp. 1, En-Fr 61 0.17 —0.18, 0.53 Nonproficient 1 DL
1982)*
Wesche and Schneiderman (Exp. 2, Fr-En 37 0.81 0.34, 1.28 A Nonproficient 1 DL
1982)*
Winfield (1984)P Na-En 78 0.40 0.08, 0.72 C Proficient 4 DL
Wauillemin, Richardson, and Lynch (1994); Exp. 1?
Group 1 To-En 12 0.59 —0.23,1.40 I Nonproficient 1 v
Group 2 To—En 12 0.56 —0.25, 1.38 1 Nonproficient 1 v
Yoshizaki and Hatta (1987)*
Group 1 Ja—He 7 0.70 —0.38, 1.77 A Nonproficient 1 v
Group 2 Ja—He 7 0.28 —0.77, 1.34 A Nonproficient 1 v
Group 3 Ja—He 7 0.88 —0.22, 1.98 A Nonproficient 1 v

Note: CI: confidence interval; Exp.: experiment; DL: dichotic listening; DT: dual task; V: visual preference; I: infancy; C: childhood; A: adulthood. Effect sizes (ds)
reflect greater activation in the left hemisphere when the CIs do not include zero, and bilateral activation when the CIs include zero. Language component key: (1)
responses to single words; (2) phonetic judgments; (3) orthographic judgments; (4) semantic judgments; (5) syntactic judgments; (6) whole sentence comprehension.
Language abbreviations key: En: English; Sp: Spanish; Fr: French; Ch: Chinese; Ma: Mandarin; Ge: German; Ru: Russian; Ca: Catalan; Ja: Japanese; It: Italian; Fi:
Finnish; He: Hebrew; Kann: Kannada; Ka: Kanji; Ha: Harean; Fri: Friulan; Sw: Swedish; Po: Polish; Por: Portuguese; Vi: Vietnamese; Ur: Urdu; Hi: Hindi; Tu:

Turkish; Ja: Japanese; Na: Navajo; To: Tok Pisin.
2 Published study.
b Unpublished thesis/dissertation.
¢ L2 acquisition age was not explicitly stated but was inferred from the text.
4 Unpublished study obtained from study author(s).

2.8. Calculation of effect sizes

The meta-analyses standardize scores from different outcome measures (e.g.,
accuracy versus reaction time) into effect size statistics so that meaningful
numerical comparisons and analyses of means and variance can be made across
studies (Lipsey & Wilson, 2001). All included studies were characterized by
direct comparisons of two or more groups, rather than by correlational designs.
Accordingly, the effect size statistic used to measure the strength of the indepen-
dent variables in the present research was Cohen’s d (Cohen, 1992). Following
Hedges and Olkin (1985), effect sizes were calculated by taking the difference
between the control and experimental means and dividing by the pooled stan-
dard deviation, shown algebraically as (M| — M,)/8. Specifically, group data
associated with LH performance (e.g., mean tapping rate with the right hand,
listening accuracy with the right ear, or reporting accuracy from the right visual
field) were treated as the control condition (M), and data associated with the
RH were treated as the experimental condition (M3). A positive effect size is
associated with greater LH involvement, a negative effect size with greater RH
involvement, and effect sizes near zero with bilateral symmetry. The effect sizes

were adjusted for bias in population effect size by converting the raw gs to ds
(Hedges and Olkin).

Once computed, the effect sizes were weighted by sample size and aggre-
gated into the appropriate divisions of each moderating variable (e.g., one mean
effect size represented all bilinguals with late L2 acquisition). The resulting
aggregated d thus provided a summary of the magnitude and direction of each
moderator’s effects on functional language laterality. The weighting procedure
produced a metric of sampling error that involved multiplying the raw effect size
by the reciprocal of its variance. As a result, the more reliably estimated effect
sizes (i.e., ones with relatively less variance) had more weight in the aggre-
gate analysis. The associated 95% confidence intervals (CIs) were calculated to
describe the range within which a given effect size was expected to fall 95% of
the time (see Hedges & Olkin, 1985).

The third step of the data analysis was to calculate the homogeneity statistic
Q for each division of each moderator. The Q, or “goodness-of-fit” statistic,
represents an approximate chi-square distribution with degrees of freedomk — 1,
where k is the total number of effect sizes in the set. Q indicates whether the
sample of ds is similar enough to be considered one population. It should be
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noted that the power of Q is compromised when set sizes are very small (e.g.,
Arthur et al., 2001; Lipsey & Wilson, 2001) In the present research, effect sizes
were considered homogenous only in cases where Q indicated homogeneity and
where at least six data points comprised the cell. Categorical modeling of the a
priori moderator divisions was conducted when unexplained variance remained
(Hunter & Schmidt, 1990) and/or to address theoretical positions in the literature
(Wood & Quinn, 2003).

The categorical models supplied two types of Q statistics; one tested homo-
geneity between moderator divisions, Op, and the other within each division,
QOw. In a categorical model, a significant Qp statistic indicates that at least two
moderator divisions derive from distinct populations. In such cases, direct con-
trasts (using the chi-square distribution with k — 1 degrees of freedom) were
conducted to identify significant differences among divisions (see Lipsey &
Wilson, 2001). For example, if the Op statistic indicated heterogeneity within
the model for experimental paradigm, then direct contrasts were conducted on
the aggregate ds for the three moderator divisions (visual preference, dichotic
listening, and dual task) to determine which was different from which.

In cases where homogeneity could not be retained in a categorical model for
a single moderating variable, it was assumed that at least one additional mod-
erating variable was in operation, and further partitioning was performed in an
attempt to account for the unexplained variance. That is, categorical models with
all combinations of two moderators (e.g., language experience and paradigm)
were calculated, then three moderators, and so forth, until homogeneity was
retained, moderator categories were exhausted, or cell sizes became too small
to yield reliable results.

2.9. Results and discussion of moderating effects on LI laterality

A stem and leaf display is provided for mean effect sizes from the L1
meta-analysis (Fig. 1). The fixed-effects estimate of L1 laterality across 98 inde-
pendent data points indicated a small LH advantage for L1s overall (d=0.23,
95% CI=0.15, 0.30; k=98), and the homogeneity statistic was marginal,
Ow(97)=121.45, p <0.09. Categorical modeling for the coded moderators was
undertaken to test for circumstances under which language laterality effects
might have varied. A summary of the categorical models that best predicted L1
effect sizes is provided in Table 3.

2.9.1. Second language proficiency

The effect of L2 proficiency revealed a very small but reliable LH laterality
for proficient bilinguals overall (d=0.15; 95% CI1=0.07, 0.23; k=92), whereas
nonproficient bilinguals were strongly and reliably LH lateralized (d=0.68; 95%
CI=0.48, 0.88; k=0). Indeed, nonproficient bilinguals were more LH dominant
than proficient bilinguals, Qg(1)=22.95, p<0.01, a finding at odds with the-
oretical predictions for greater LH involvement with increased L2 proficiency
(Galloway & Krashen, 1980; Obler, 1981; Ullman, 2001). However, the strength
of the LH effect for proficient bilinguals was undoubtedly weakened by the inclu-
sion of infant onset bilinguals, for whom bilateral activation for language has
previously been demonstrated (Hull & Vaid, 2005; Hull & Vaid, 2006) and for
whom brain structural differences have been detected relative to late bilinguals
(Mechelli et al., 2004). Therefore, the set of proficient bilinguals was partitioned
by ages of bilingualism onset to test these theoretical predictions and empiri-
cal outcomes in the literature. The categorical model confirmed that proficient
infant onset bilinguals were bilaterally activated for language (d=—0.01; 95%
CI=—-0.17, 0.14; k=31), whereas proficient adult onset bilinguals (d=0.26;
95% CI=0.13, 0.38; k=39) showed an LH effect that was significantly dif-
ferent from the infant onset group, Op(1)=7.13, p<0.01. Interestingly, while
proficient childhood onset bilinguals showed marginal bilateral activation for
language (d=0.14; 95% CI=—0.02, 0.30; k=22), they were not significantly
different from the proficient adult onset group, Qg(1)=1.38, n.s., or the infant
onset group Qg(1)=1.75, n.s. <0.01, suggesting that this middle ground on the
temporal continuum of L2 acquisition may be reflected in an analogous middle
ground in terms of functional language laterality.

2.9.2. Age of bilingualism onset

The effect of bilingualism onset age revealed LH lateralization for language
in childhood (d=0.31; 95% CI=0.18, 0.44; k=26) and adult onset bilinguals
(d=0.30; 95% CI=0.17, 0.41; k=41), whereas infant onset bilinguals were

bilaterally activated (d = —0.01;95% CI=—0.16, 0.14; k=31). There was no dif-
ference in functional language laterality between the child and adult bilingual
groups, Op(1)=0.03, p=0.86, but both were significantly more LH lateral-
ized than the infant group, Qp(1)=9.79, p<0.01, and Qg(1)=9.47, p<0.01,
respectively. However, although homogeneity was retained within the adult
onset group, Op(1)=18.76, p<0.01, unexplained variance was present for the
infant onset, Qw(30)=12.72, p<0.01, and child onset bilingual sub-samples,
Ow(25)=44.57, p<0.05.

2.9.3. English as the L2

Given that models of L2 proficiency were moderated by age of bilingual-
ism onset and that variance remained in infant and childhood bilingualism
onset groups, further partitioning of L1 effect size variance in these groups
was undertaken according to whether English was the L2. Results showed
that homogeneity was retained within infant onset bilinguals when they were
separately analyzed according to whether English was the L2, Qw(11)=6.94,
p=0.86, or “other” was the L2, Ow(18)=5.29, p=0.99. Likewise, homogene-
ity was retained within the childhood subgroups when the L2 was English,
Ow(17)=25.50, p=0.11, or “other,” Qw(7)=10.09, p=0.26. Interestingly,
when English was the L2, the L1s of childhood onset bilinguals were signif-
icantly more LH lateralized than the L1s of childhood bilinguals who had L2s
other than English, Og(1)=8.99, p <0.01. This pattern did not hold for infant
onset, Op(1)=0.49, p=0.48, or adult onset bilinguals, Og(1)=1.04, p=0.31.

The above outcomes suggest a critical consideration for studies of func-
tional language organization in the brain. Specifically, it appears that there may
something particular about learning English as a second language that pro-
motes more LH involvement relative to learning other languages (see Obler,
1981). One possible explanation for this finding may be sought in the irreg-
ularity of grapheme-to-phoneme correspondence in English relative to other
Indo-European languages (Seymour, Aro, & Erskine, 2003). That is, it may be
that this feature of English orthography could make the reading of English more
dependent on left-hemisphere mediated systems. Evidence from ERP and fMRI
studies has suggested that irregular English words are processed differently from
regular English words, with the latter relying more on bilateral temporal regions,
and the former relying more on left frontal regions (Newman, Izvorski, Davis,
Neville, & Ullman, 1999; Ullman, Bergida, & O’Craven, 1997). Other imaging
evidence that may be considered consistent with our suggestion for English-
specific effects can be found in a recent report of common activation for Finnish
(L1) and English (L2) in precuneus, dorsolateral prefrontal cortex, Broca’s area,
angular/supramarginal gyri, and cerebellum in late bilinguals, but with gener-
ally increased LH activation during English use (Halsband, 2006). Halsband
suggested this effect was a likely result of the markedly different linguistic
structure of English (the L2) as compared to Finnish (the L1).

Whereas language-specific effects have generally been understudied in bilin-
gual laterality research and thus could not be tested here, it is hoped that future
laterality research will focus on finer parsing of the factors that influence later-
ality in childhood onset bilingualism. Nonetheless, it remains important that
bilingualism onset age, taken together with the linguistic nature of the L2,
explains all variance in the variety of behavioral laterality outcomes as reported
in the literature thus far.

2.9.4. Language component

For Lls, 52% of studies tested components of language thought to be
preferentially processed in the RH (i.e., orthographic and semantic word pair
judgments), while 48% focused on the remaining components (i.e., single word,
phonological, syntactic, and sentence processing), which have been consid-
ered within the domain of the LH. Results revealed that orthographic (d=0.18;
95% CI=0.06, 0.32; k=43, Qw(42)=40.36, p=0.81) and semantic process-
ing (d=0.13; 95% CI=—-0.09, 0.35; k=12, Qw(11)=16.11, p=0.17) showed
very weak LH lateralization and bilateral activation, respectively, consistent
with predictions in the literature (e.g., Vaid, 1984a). In contrast, responses to
single words (d=0.34; 95% CI=0.22, 0.46; k=28, Qw(27)=46.85, p <0.05)
showed increased LH involvement, also as predicted in the literature (e.g.,
Chiarello, Liu, Shears, & Kacinik, 2002). For phonological word pair judg-
ments, a reliable bilateral effect was detected (d =0.32; 95% CI=—0.06, 0.70;
k=8, Ow(7)=7.10, p=0.53), consistent with some current theories of speech
perception (e.g., Hickok & Poeppel, 2004). Outcomes from syntactic word pair
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Fig. 1. Stem and leaf display of effect sizes for L1 laterality.

judgments and sentence comprehension were both based on fewer than five data
points and are not discussed further.

Homogeneity was not retained within outcomes from responses to single
words (28 data points), thus supporting the notion that some discrepancies
among bilingual laterality studies could arise from variations in the compo-
nents of language tested. However, homogeneity was retained across divisions,
0g(5)=10.60, n.s., indicating that component of language, at least as could be
defined in the present research, was probably not a significant source of overall
variance in aggregated L1 effect sizes.

2.9.5. Experimental paradigm

Partitioning L1 variance by experimental paradigm revealed differential
influences on bilingual laterality. Specifically, aggregated ds within the visual
preference paradigm showed a very small but reliable LH effect (d=0.17; 95%
CI=0.05, 0.29; k=56), Ow(55)=47.68, p=0.44, which did not differ from the
reliable bilateral effect for the dual task paradigm (d=0.12; 95% CI=—0.02,
0.26; k=25), Ow(24)=26.49, p=0.38, as evidenced by the nonsignificant
between-groups homogeneity statistic, Og(1)=0.23, p=0.63. Notably, both of
these paradigms were associated with significantly less LH lateralization than the
dichotic listening paradigm, Qp(1)=6.26, p<0.05, and Qg(1)=7.95, p<0.05,

respectively. Moreover, homogeneity was not retained within the dichotic listen-
ing paradigm (d=0.41; 95% CI=0.27, 0.55; k=17), Qw(16) =37.96, p<0.01.
These outcomes replicate those from a previous meta-analysis of the effects of
paradigm on language laterality (Hull & Vaid, 2006). Given the present finding
that single word processing was among the most strongly LH lateralized lan-
guage components and that dichotic listening tasks typically involve single word
processing, the finding that the dichotic listening paradigm induced a stronger
LH effect on L1 processing relative to other paradigms is not surprising. Rather,
it highlights the importance of investigating substantive reasons why laterality
differences among paradigms might emerge.

2.10. Results and discussion of moderating effects on L2 laterality

A stem and leaf display is provided for mean effect sizes from the L2 meta-
analysis (Fig. 2). The overall estimated effect size (d=0.25;95% CI=0.18,0.32)
from 106 independent data points indicated a small LH effect for L2 overall,
and homogeneity was retained, Qw(105)=123.92, n.s. To address questions
in the literature concerning the influence of language experience on language
lateralization, categorical modeling of the coded moderators was carried out. A
summary of the models that best predicted L2 laterality is provided in Table 4.
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Table 3
Mean effect size estimates for moderators of L1 laterality
Moderator k Total sample size n Sample weighted meand  95% CI Mean unweighted d Homogeneity statistic Qw
Overall dataset 98 1348 0.23 0.15,0.30 0.16 121.45
L1 dataset partitioned by age of L2 acquisition onset
Infancy 31 323 —0.01 —0.17,0.14  —0.03 12.72"
Childhood 26 470 0.31 0.18, 0.44 0.22 44.57"
Adulthood 41 555 0.30 0.18,0.41 0.26 52.17
Infant dataset partitioned by English as the L2
L2 English 12 0.04 —0.17,0.27 6.94
L2 other 19 —0.07 —0.28,0.15 5.29
Childhood dataset partitioned by English as the L2
L2 English 18 043 0.28,0.58 25.50
L2 other 8 —0.02 —0.28,0.23 10.09
L1 dataset partitioned by L2 proficiency
Proficient 92 1146 0.15 0.07,0.23 0.13 95.66
Nonproficient 6 202 0.68 0.48, 0.88 0.59 2.85
L1 dataset partitioned by experimental paradigm
Visual 56 528 0.17 0.05, 0.29 0.09 47.68
Dichotic listening 17 410 041 0.27,0.55 0.37 37.96"
Dual task 25 410 0.12 —0.02, 0.26 0.17 26.49
L1 dataset partitioned by linguistic task demands
Single words 28 544 0.34 0.22,0.46 0.26 46.85"
Phonological-word pairs 8 56 0.32 —0.06, 0.70 0.20 7.10
Orthographic—word pairs 43 482 0.19 0.06, 0.32 0.14 40.36
Semantic—word pairs 12 164 0.13 —0.09, 0.35 0.11 16.11

Note: “p<0.05, d.f. =k — 1; k=number of independent effect sizes; CI: confidence interval; L2: second language. Positive effect sizes (ds) reflect greater activation
in the left hemisphere when the CIs do not include zero and bilateral activation when the Cls include zero.

Table 4
Mean effect size estimates for moderators of L2 laterality
Moderator k Total sample size n Sample weighted meand ~ 95% CI Mean unweighted d Homogeneity statistic Qw
Overall dataset 106 1587 0.25 0.18,0.32 0.20 123.92
L2 dataset partitioned by age of L2 acquisition onset
Infancy 31 339 0.07 0.08, 0.22 0.05 14.29"
Childhood 25 489 0.41 0.28,0.53 0.29 33.25
Adulthood 50 759 0.24 0.13,0.34 0.24 65.06
Infant dataset partitioned by English as the L2
L2 English 14 0.14 —0.07,0.35 6.93
L2 other 17 —0.02 —0.24,0.21 6.35
L2 dataset partitioned by L2 proficiency
Proficient 87 1132 0.20 0.11,0.28 0.17 72.40
Nonproficient 19 455 0.39 0.26,0.53 0.33 45.43"
Nonproficient dataset partitioned by English as the L2
L2 English 8 0.70 0.52,0.89 10.31
L2 other 11 0.06 —0.13,0.26 12.97
L2 dataset partitioned by experimental paradigm
Visual 60 684 0.11 0.00, 0.21 0.09 50.05
Dichotic listening 23 544 0.45 0.33,0.58 0.40 40.95"
Dual task 23 359 0.23 0.08, 0.37 0.27 15.12
L2 dataset partitioned by linguistic task demands
Single words 35 735 0.41 0.30, 0.51 0.44 50.62
Phonological-word pairs 8 48 0.07 —0.34,047  0.06 5.99
Orthographic—word pairs 45 532 0.11 —0.01, 0.23 0.10 35.12
Semantic—word pairs 13 206 0.21 0.01, 0.40 0.04 14.09

Note: *p<0.05, d.f.=k x 1; k=number of independent effect sizes; CI: confidence interval; L2: second language. Positive effect sizes (ds) reflect greater activation
in the left hemisphere when the CIs do not include zero and bilateral activation when the CIs include zero.
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Fig. 2. Stem and leaf display of effect sizes for L2 laterality.

2.10.1. Second language proficiency

Categorical modeling of mean L2 effect sizes by L2 proficiency found a
moderate LH effect for nonproficient bilinguals (d=0.39; 95% CI=0.26, 0.53;
k=19) that was significantly stronger than the LH effect found for proficient
bilingualsin L2 (d=0.20;95% CI=0.11, 0.28; k= 87), as shown by the between-
groups homogeneity statistic, Qp(1)=6.09, p<0.05. This pattern of results
mirrors that of the L1 analysis, except that the nonproficient sample here was
large enough (k= 19) to be statistically reliable. However, homogeneity was not
retained within the nonproficient group, Qw(18) =45.43, p <0.01, indicating the
operation of an additional moderator.

Categorical modeling of the proficient L2 sample by age of bilingualism
onset revealed that proficient infant onset bilinguals were bilaterally orga-
nized for language (d=0.03; 95% CI=—0.13, 0.18; k=29), whereas childhood
(d=0.28;95% CI1=0.12,0.43; k=21) and adult onset bilinguals were LH dom-
inant (d=0.25; 95% CI=0.12, 0.38; k=37). Moreover, infant onset bilinguals
were significantly less lateralized than both childhood, Qg (1)=4.87, p<0.05,

and adult onset bilinguals, Qp(1) =4.46, p <0.05, who did not differ from each
other, Op(1)=0.06, n.s. Categorical modeling of the nonproficient L2 sample
by age of bilingualism onset showed that nonproficient adult onset bilinguals
were only slightly LH dominant (d=0.21; 95% CI=0.05, 0.38; k=13), but cell
sizes were too small to analyze for infant and childhood onset nonproficient
bilinguals.

Categorical modeling of the proficient L2 sample by English as the L2
showed no difference in LH laterality whether English (d=0.20; 95% CI=0.10,
0.31; k=49) or “other” (d=0.18; 95% CI=0.04, 0.32; k=38) was the L2,
0g(1)=6.92, n.s. All variance was also explained in the nonproficient L2 sam-
ple when partitioned by English as the L2, where English, Qw(7)=10.31, n.s.,
and other L2s, Qw(10)=12.97, n.s., were each internally consistent. However,
nonproficient bilinguals with English as the L2 were strongly and significantly
more LH lateralized (d=0.70; 95% CI=0.52, 0.89; k= 8) than those with other
L2s (d=0.06;95% CI=—-0.13, 0.26; k=11), as shown by the significant homo-
geneity statistic, Op(1)=22.14, p<0.001. These outcomes provide support for
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the notion of language specific effects on lateralization of function and for the
possibility that learning English as L2 may promote greater LH participation
than learning other L2s, perhaps as a result of the unusually high incidence
of irregularity in spelling-to-sound correspondence in English relative to other
languages. Moreover, the present finding for a reduced LH effect for English
in proficient relative to nonproficient bilinguals is consistent with the view that,
once an L2 becomes automatized, less reliance on a frontal LH system is required
(Ullman, 2001).

2.10.2. Age of bilingualism onset

Categorical modeling of L2 effect size variance by age of bilingualism
onset indicated that adult and childhood onset bilinguals were significantly
LH dominant for L2 (d=0.24; 95% CI=0.13, 0.34; k=50, and d=0.41; 95%
CI=0.28, 0.53; k=25, respectively), and both groups retained homogeneity,
Ow(49)=65.06, n.s., Qw(24) =33.25, n.s., respectively. However, whereas first
language laterality did not differ between bilinguals who acquired the L2 during
childhood versus adulthood, childhood onset bilinguals were significantly more
LH lateralized than adult onset bilinguals for the second language, Op(1) =4.10,
p<0.05. One possible reason for the relatively increased LH role in childhood
bilinguals is that L2 learning during childhood is often undertaken in a formal,
classroom setting that is quite rule-based and grammar intensive, and may thus
promote an over reliance on LH strategies for language processing in general.

For bilinguals who acquired the L2 during infancy, a bilateral effect for L2
was again revealed (d=0.08; 95% CI=—0.08, 0.22; k=31). The L2 analysis
further showed the infant onset group to be significantly less LH lateralized than
the childhood onset group, Op(1)=11.16, p<0.01, and marginally less so than
the adult onset group, Op(1)=3.28, p <0.07. However, homogeneity for infant
onset bilinguals was not retained in the L2 analysis, Qw(30)=14.29, p <0.05.
Given that models of L2 proficiency were moderated by age of bilingualism
onset, categorical modeling of infant onset bilinguals by L2 proficiency was
pursued but rejected because of small cell sizes. However, as with L2 proficiency,
categorical modeling of age of bilingualism onset by English as the L2 was
successful in explaining all effect size variance.

2.10.3. English as the L2

As was the case for nonproficient L2 groups separately analyzed according
to whether English was the L2, all effect size variance was explained in the
infant onset L2 group when English, Ow(11)=6.94, p=0.86, or “other” was
the L2, Ow(18)=5.29, p=0.99. Specifically, while both infant onset groups
were bilaterally activated for language, L2s other than English (d=—0.02; 95%
CI=-0.24, 0.21; k=17) tended to show less LH involvement than English
(d=0.32; 95% CI=0.23, 0.41; k=31), though the difference did not reach sig-
nificance, Qg(1)=1.01, p=0.31. Notably, the same hierarchical model (i.e.,
English versus “other” nested within infant L2 acquisition age) was also suc-
cessful in explaining effect size variance within L1s.

2.10.4. Language component

In general, results of the L.2 analysis for language components mirrored those
of the L1 analysis. Like the L1 analysis, outcomes from categorical models of
syntactic word pair judgments and sentence comprehension were each based on
fewer than five data points and thus are not discussed further.

The L2 analysis for language components revealed a bilateral effect for
orthographic processing (d=0.11; 95% CI=-0.01, 0.23; k=45) and a very
small LH effect for semantic processing (d=0.21; 95% CI=0.01, 0.40; k=13).
Homogeneity was retained within both the semantic, Qw(12) = 14.09, n.s., and
orthographic divisions, Qw(44)=35.12, n.s. It is interesting that L1 seman-
tic processing was bilateral and L1 orthographic processing was weakly LH
dominant, the reverse of the L2 pattern. However, direct contrasts showed no
differences between L1 and L2 laterality for either the semantic, Op(1)=0.02,
n.s., or the orthographic divisions, Qg(1)=0.07, n.s. Thus, outcomes from the
L1 and L2 analyses of orthographic and semantic language components are
consistent with each other and with predictions in the literature for reduced LH
dominance for these components (e.g., Vaid, 1984a). Also like the L1 anal-
ysis, the L2 analysis supported predictions in the literature (e.g., Chiarello
et al., 2002) by revealing a robust and reliable LH effect for single word
responses (d=0.41;95% CI=0.30, 0.51; k=35), and homogeneity was retained,
Ow(34)=50.62, n.s.

The categorical model for phonological features of L2 words indicated
bilateral symmetry in bilinguals (d=0.07; 95% CI=—0.34, 0.47; k=8), and
homogeneity was retained, Qw(7) =5.99, p=0.65. Taken together with similar
results from the L1 meta-analysis, this provides reliable evidence that phono-
logical processing in bilinguals is bilaterally mediated, at least at the word level,
and is consistent with current imaging findings for a decrease in LH dominance
during speech perception (e.g., Hickok & Poeppel, 2004).

2.10.5. Experimental paradigm

The L2 categorical model for experimental paradigm generally replicated
the L1 outcomes. Specifically, there was a relatively strong LH effect for L2
processing in the dichotic listening paradigm (d=0.45; 95% CI=0.33, 0.58;
k=23) and a weak LH effect for the visual paradigm (d=0.11; 95% CI=0.00,
0.21; k=60). However, the L2 analysis also showed a small LH effect for the
dual task division (d=0.23; 95% CI=0.08, 0.37; k=23), whereas the L1 model
showed bilateral activation. Direct contrasts showed no difference in laterality
for dual task paradigms between L1s and L2s, Qg (1)=0.06, n.s. Thus, consis-
tent outcomes emerged across the two analyses for all experimental paradigms,
indicating that language laterality results are influenced by paradigm choice.

A potential concern is that the finding for decreased LH laterality in infant
onset bilinguals relative to those who learn an L2 later may simply reflect a dis-
proportionate influence of the dichotic listening paradigm among late bilinguals.
To investigate this concern, inspection of laterality effects was carried out for
each age of onset within each paradigm, regardless of cell size (indicated by the
value of k provided for each cell).

For dichotic listening in L1, infant onset bilinguals were bilaterally acti-
vated and homogenous (d=—0.02; 95% CI=—1.00, 0.97; k=3), Ow(2)=0.61,
n.s.; childhood onset bilinguals were strongly LH dominant but not homoge-
nous (d=0.51; 95% CI1=0.28, 0.74; k=6), Ow(5)=23.69, p<0.01; and adult
onset bilinguals were moderately LH dominant and homogenous (d=0.35; 95%
CI=0.17,0.53; k=9), Ow(8)=11.80, n.s. For the visual paradigm in L1, infant
onset bilinguals were bilaterally activated and homogenous (d=—0.02; 95%
CI=-0.22,0.18; k=21), Ow(20)=10.71, n.s.; childhood onset bilinguals were
bilaterally activated and homogenous (d=0.20; 95% CI=—0.03, 0.44; k=8),
Ow(7)=11.88, n.s.; adult onset bilinguals were LH dominant and homogenous
(d=0.34; 95% CI=0.13, 0.54; k=26), Qw(25)=18.95, n.s. For the dual task
paradigm in L1, infant onset bilinguals were bilaterally activated and homoge-
nous (d =0.00;95% CI=—0.25,0.25; k=7), Ow(6) = 1.38, n.s.; childhood onset
bilinguals were LH dominant and homogenous (d=0.22; 95% CI=0.01, 0.44;
k=12), Ow(11)=4.57, n.s.; adult onset bilinguals were bilaterally activated
but not homogenous (d=0.10; 95% CI=-0.16, 0.36; k=6), Ow(5)=18.79,
p<0.01.

For dichotic listening in L2, infant onset bilinguals were bilaterally acti-
vated and homogenous (d=—0.09; 95% CI=—0.57, 0.38; k=5), Qw(4) =0.48,
n.s.; childhood onset bilinguals were strongly LH dominant and homoge-
nous (d=0.65; 95% CI=0.45, 0.85; k=6), Qw(5)=6.45, n.s.; and adult onset
bilinguals were moderately LH dominant and homogenous (d=0.38; 95%
CI=0.22,0.55; k=12), Ow(8)=22.48, p <0.05. For the visual paradigm in L2,
infant onset bilinguals were bilaterally activated and homogenous (d=0.09;
95% CI=-0.09, 0.27; k=22), Ow(21)=13.22, n.s.; childhood onset bilin-
guals were bilaterally activated and homogenous (d=0.23; 95% CI=-0.00,
0.47; k=8), Ow(7)=12.41, n.s.; adult onset bilinguals were bilaterally activated
and homogenous (d=0.06; 95% CI=-0.10, 0.23; k=30), Ow(29)=23.09,
n.s. Finally, for the dual task paradigm in L2, infant onset bilinguals were
bilaterally activated and homogenous (d=0.07; 95% CI=—0.32, 0.45; k=4),
Ow(3)=0.13, n.s.; childhood onset bilinguals were bilaterally activated and
homogenous (d=0.22;95% CI=—0.02,0.45; k=11), Ow(10)=4.11, n.s.; adult
onset bilinguals were LH dominant and homogenous (d =0.28; 95% CI=0.06,
0.50; k=8), Ow(7)=9.97, n.s.

These outcomes make clear that infant onset bilinguals were bilaterally acti-
vated for both languages within each paradigm, including the dichotic listening
paradigm, and that they consistently showed less LH involvement for language
tasks than both childhood and adult onset bilinguals regardless of paradigm. In
contrast, childhood and adult onset bilinguals were always LH dominant for the
dichotic listening paradigm and often for other paradigms as well. Therefore,
the distribution of paradigm types across bilingual subgroups was not a signifi-
cant factor in differential laterality outcomes, at least with respect to functional
lateralization.
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Table 5
Summary of mean effect size comparisons for L1 vs. L2

Moderator division for L1 vs. L2 comparison

Number of comparisons C

Fit statistic O Interpretation of L1 vs. L2 comparisons

Bilingualism onset in infancy 31
Bilingualism onset in childhood 25
Bilingualism onset in adulthood 41
Proficiency in L2 87
Nonproficiency in L2 6
Visual paradigm 56
Dichotic listening paradigm 17
Dual task paradigm 23
Responses to single words 28
Phonological word judgments 8
Orthographic word judgments 43
Semantic judgments, word pairs 9
English as L2 52
Other as L2 46

0.52 No difference for infant bilinguals

1.03 No difference for childhood bilinguals
0.54 No difference for adolescent bilinguals
0.62 No difference for fluent bilinguals

5.447 Greater LH in L1 than L2

0.55 No difference in visual paradigms

0.26 No difference in dichotic listening

0.98 No difference in dual task paradigms
0.85 No difference in single words

0.78 No difference in phonological judgments
0.81 No difference for orthographic judgments
0.02 No difference for semantic judgments
0.34 No difference for English as L2

0.01 No difference for other as L2

Note: *p <0.05, d.f.=C — 1; C=number of comparisons.

2.11. Results and discussion of comparisons of L1 and L2
laterality

The findings from the separate meta-analyses of L1 and L2 make at least
two points that are critical to theories concerning organization of languages in
the bilingual brain. First, whereas interactions among moderators are necessary
to explain all variance within bilingual groups for L1 and for L2, all explanatory
models consistently reveal similar patterns of bilateral activation in infant onset
bilinguals and LH dominance in general for childhood and adult onset bilinguals.
Second, the two meta-analyses provide strong evidence that the various com-
ponents of language tested here engage similar patterns of functional language
laterality across L1 and L2, suggesting that the two languages of bilinguals may
not be functionally distinct.

To address whether L1 and L2 are separate language entities, or at least are
functionally organized as such, direct contrasts were carried out on the mean
effect sizes for each division of every moderating variable that was coded in
the present research. The mean effect sizes for L1 and for L2 for each moder-
ator division (e.g., single words) were collapsed and the homogeneity statistic
was computed. A significant homogeneity statistic would indicate that L1 and
L2 effect sizes derived from different populations, whereas a nonsignificant
homogeneity statistic would indicate that L1 and L2 effect sizes were internally
consistent. The outcomes clearly showed there was no difference for L1 and
L2 effect sizes within each bilingualism onset age group, within each paradigm,
within proficient bilinguals, or within language components tested (see Table 5).
Furthermore, whereas L1 was more LH lateralized than L2 for nonproficient
(late) bilinguals, both languages were LH lateralized, consistent with current
theories in the literature that predict both languages of late, proficient bilinguals
will be LH dominant (Ullman, 2001) and thus could be supported by convergent
neural substrates (Green, 2003).

In summary, our findings suggest that although the pattern of language
lateralization differs between bilingual subgroups, within bilinguals the two
languages show functionally very similar patterns. Moreover, the pattern of lat-
erality within each bilingual subgroup is reliable across languages. That is, when
one language of infant onset bilinguals is bilaterally organized, so is the other.
Likewise, when the L1 of late bilinguals is LH dominant, so is the L2. Indeed, L1
and L2 laterality patterns within each group are comparable enough to provide
a persuasive argument that the functional lateralization of first language(s) that
is set up in the brain during early development may anchor the organization of
subsequently learned languages (henceforth, the Anchoring Hypothesis).

Our Anchoring Hypothesis would suggest that third languages (and fourth,
and so on) should follow the same pattern uncovered here for second languages.
Whereas we were unable to unearth appropriate behavioral laterality data from
multilinguals to formally test this idea, emerging neuroimaging data are consis-
tent with this prediction. For example, Vingerhoets et al. (2003) used whole-head
fMRI to specifically test whether the different languages in proficient, late-onset
trilinguals (Dutch, French, and English) were represented in different brain

regions. The outcomes revealed very similar patterns of extensive LH activation
for all three languages during language production as well as comprehension
tasks. In addition, generally increased LH activation (particularly in the left pos-
terior temporal region) was noted for the second and third languages relative to
L1. The authors concluded that largely the same neural substrates were involved
in processing all three of the trilinguals’ languages and that additional activation
associated with the foreign languages may have been a result of somewhat lesser
proficiency for L2 and L3 relative to L1.

Perhaps the strongest test of our Anchoring Hypothesis can be found in
another recent imaging study that included proficient quadrilinguals (Briellmann
etal., 2004). Of particular relevance is that one of the quadrilinguals learned two
languages from infancy but learned the other two later, whereas the remaining
five quadrilinguals learned only one native language but learned the other three
as foreign languages during childhood or later. In addition to the variations in
multilingualism onset ages, the participants varied in terms of foreign language
proficiency, although all were highly proficient in at least two of their four lan-
guages. Thus, the variations in multilingualism onset-ages among participants
in the Briellmann et al. study provide a direct test of the notion that the orga-
nization of native language(s) influences that of foreign languages while also
taking into account any influence of language proficiency.

Using fMRI to measure neural activity during covert word production tasks
in a variety of languages (i.e., English, German, Italian, French, and/or Spanish,
depending on participants’ knowledge of each), Briellmann et al. (2004) found
largely overlapping activation across languages for each participant, indicating
that the same neural substrates supported all four languages within individu-
als. Moreover, although hemispheric dominance was not specifically measured,
examination of the representative slices for each individual clearly shows that
the late multilinguals showed more LH (relative to RH) activation overall, and
all but one showed increasing amounts of activation as proficiency in the foreign
languages decreased. Conversely, the infant-onset multilingual showed virtually
identical bilateral activation for all four languages, including the nonproficient
language. These outcomes are highly consistent with the present meta-analytic
outcomes and with our Anchoring Hypothesis.

The present research gave particular attention to comparing and contrasting
the explanatory value of the Age Hypothesis and the Stage Hypothesis. The
results indicate that age of bilingualism onset (Age Hypothesis) is superior
to L2 proficiency (Stage Hypothesis) as a predictor of bilingual language
laterality. Specifically, the effects of bilingualism onset age remain unchanged
when modeled by L2 proficiency, experimental paradigm, English as the L2,
and language component. In contrast, categorical modeling of L2 proficiency
by bilingualism onset age actually changes the outcomes of the L2 proficiency
model.

The Stage Hypothesis is admittedly difficult to test with infant onset bilin-
guals. Although the two data points from nonproficient infant onset bilinguals
in the present sample did show bilateral effects, the very fact that there were
only two such sources among the 2000 bilinguals tested makes clear that infant
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onset bilinguals are typically proficient in both languages. Moreover, the reliable
finding of bilateral organization for infant onset bilinguals (regardless of profi-
ciency), as opposed to a different finding for proficient childhood and adult onset
bilinguals, namely, LH dominance, undermines the value of L2 proficiency alone
as reliable predictor of laterality across bilingual language experience groups.
Nevertheless, an important role for the influence of L2 proficiency on laterality
for late bilinguals is clear, although in a direction that is opposite to that initially
introduced in the Stage Hypothesis. That is, the present outcomes showed that
less proficiency in the L2 was associated with significantly more LH (rather than
RH) involvement for both L1 and L2 in late bilinguals. We suggest that L2 pro-
ficiency is best indicated for predictions concerning the laterality of late-onset
bilinguals, i.e., those who acquired the L2 well after the L1.

3. General discussion

The present research consisted of two meta-analyses that
assessed bilingual language laterality in L1 and L2. The pri-
mary aim was to test the primacy of two competing variables in
this literature, namely, the age of second language acquisition
and the proficiency of second language acquisition. Whereas
the present research shows a robust effect of acquisition age
on language laterality regardless of proficiency, the direction
of the difference is for increased RH involvement in early rel-
ative to late bilinguals, in contrast with initial formulations of
the Age Hypothesis that predicted increased RH involvement
for late bilinguals relative to monolinguals and early bilinguals.
Thus, the Age Hypothesis is supported specifically in terms of
its present operationalization, i.e., that brain maturational and
cognitive differences will give rise to differential functional
organization of languages acquired at different points during
development. Whereas evidence garnered from behavioral later-
ality studies is inferential and cannot directly point to underlying
neural mechanisms, our findings indicate that, at least at a func-
tional level, language representation in the brain differs between
early and late bilinguals, even allowing for individual variation
in L2 mastery. These findings corroborate those of a previous
meta-analysis that also found reliable patterns of bilateral activa-
tion for infant onset bilinguals and LH dominance for late onset
bilinguals in their L1s (Hull & Vaid, 2006).

One possible explanation for the relatively greater RH
involvement in infant onset bilinguals is the pragmatic neces-
sity of developing and applying metalinguistic knowledge from
a very early age in order to monitor the language environment
and use the appropriate language in certain situations and/or
with certain people (Bialystok, 2001; Genesee, 2001; see also
Long, 1990). This possibility is consistent with recent evidence
that patients with RH damage are deficient in using pragmatic
cues to understand and produce language discourse (Cheang &
Pell, 2006). Another compelling possibility has been offered by
Sebastian-Galles and Bosch (2005), who argue that different
aspects of language processing, such as phonology and gram-
mar, could well be differentially sensitive to age of bilingualism
onset and L2 proficiency, an idea which, if borne out, will go far
in organizing the diversity of outcomes across not only behav-
ioral bilingual laterality studies but also functional neuroimaging
studies of bilinguals (see also Wartenburger et al., 2003). More-
over, this argument is consistent with the ubiquitous but as
yet incompletely understood finding for superior grammatical

processing in early versus late proficient bilinguals who never-
theless show equivalent phonological processing (see Birdsong,
2005).

Another possible source of differential hemispheric involve-
ment in early versus late bilinguals is that the sheer amount of
experience early bilinguals have with handling two language
systems may intensify or accelerate the automatization of lan-
guage processes, and may thereby transfer those processes to
different functional and/or structural pathways than those of less
experienced bilinguals, even proficient ones (see Indefrey, 2006;
Raichle et al., 1994; Sebastian-Galles & Bosch, 2005). How-
ever, to disentangle effects of length of language exposure and
age of language acquisition would necessitate cross-sectional
studies (e.g., comparing early bilingual children with late bilin-
gual adults), which would in turn introduce yet another potential
confound in terms of age differences in the comparison groups.
It may be that a definitive answer to potential effects of length of
language exposure on language laterality cannot be reached, and
certainly we were not able to specifically test for it here, because
none of the studies assessed that variable. Nonetheless, although
it is not possible to rule out a potential influence of length of lan-
guage exposure on our finding for increased RH dominance in
infant-onset relative to late-onset bilinguals, it remains that the
functional lateralization of language is particularly dependent
on early language experience.

The present research did not find support for the Stage
Hypothesis, which predicts greater RH participation in nonpro-
ficient relative to proficient bilinguals. Quite the contrary, the
outcomes demonstrate that nonproficient bilinguals are actually
more LH dominant than proficient bilinguals in both L1 and L2,
corroborating findings from a previous meta-analysis of mono-
lingual versus bilingual language laterality (Hull & Vaid, 2006)
and from recent neuroimaging evidence, which suggests that
one likely reason for increased LH participation is that more
processing effort (and thus more extensive neural activation) is
required to engage the language that is less proficient in late-
onset bilinguals (Briellmann et al., 2004; Vingerhoets et al.,
2003).

While behavioral measures of hemispheric laterality are
indirect indices of neural activity, they do suggest important
generalities regarding brain organization of language, namely,
that the patterns of functional hemispheric involvement set up
during L1 learning also underlie L2 processing. In the case of
infant onset bilinguals, for whom both languages may be con-
sidered L1, the simultaneous learning of two languages appears
to generate a unique pattern of bilateral language organization
in the brain. Conversely, bilinguals who acquire only one lan-
guage during early development appear to functionally organize
language in the LH, just as monolinguals do, and this pattern
remains stable even when an L2 is acquired later on.

If the present finding of a substantial overlap in L1 and
L2 functional representation comes as a surprise, perhaps it is
because many approaches to bilingual linguistic organization
have assumed a functional separation between L1 and L2 lex-
icons or linguistic systems in general. This notion may have
been influenced by suggestions of differential language repre-
sentation discussed in the aphasia literature based on findings of
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differential impairment and recovery for L1 and L2 in bilinguals.
However, even within the aphasia literature it has been argued
that any notion of differential localization of the bilingual’s lan-
guages is speculative at best, and unsupported by the majority
of cases observed. Nevertheless, the notion of functional sepa-
ration of the bilinguals’ two languages has a strong following in
current psycholinguistic models of the bilingual mental lexicon,
which assume that the two languages are represented in sepa-
rate and at least partially independent lexicons (e.g., Dufour &
Kroll, 1995; Kroll & Stewart, 1994; for reviews see Dijkstra &
Van Heuven, 2002; Francis, 2005).

The idea that a bilingual’s two languages are functionally sep-
arate may also have been reinforced by a much-cited fMRI report
of a functional separation of L1- and L2-associated activity in
the left inferior frontal cortex, or Broca’s area (Kim, Relkin,
Lee, & Hirsch, 1997). However, there are questions as to the
appropriateness of the analyses used in that study. In particular,
the inferential analyses reported in the Kim et al. study treated
activation in Broca’s and Wernicke’s areas as independent within
individuals (Francis, 2003). When Francis recomputed the same
measures using inferential statistics for dependent samples on
the data for late bilinguals as reported in the Kim et al. study,
the effects did not reach significance; specifically, no significant
differences emerged in the #-test comparison of the differences
between centroid distances in Broca’s versus Wernicke’s areas
(p>0.4), there was no main effect in the analysis of variance
for cortical region (Broca’s versus Wernicke’s; p=0.091), nor
was there an interaction of bilingual type (early versus late) with
cortical region (p =0.086).

Concomitant with advances in the precision of neuroimaging
measurement and analysis techniques since the appearance of
the Kim et al. (1997) study, a number of more recent PET and
fMRI studies have demonstrated that the prevailing pattern is one
of overlapping rather than separate neural circuitry underlying
L1 and L2 performance, both for single word paradigms (Chee,
Tan, & Thiel, 1999a; Hernandez, Martinez, & Kohnert, 2000;
Illes et al., 1999; Klein, Milner, Zatorre, Zhao, & Nikelski, 1999)
and for tasks engaging sentence and discourse level processing
(Briellmann et al., 2004; Chee, Tan, & Thiel, 1999b; Perani et
al., 1996; Vingerhoets et al., 2003). The increasing prevalence of
findings that L1 and L2 overlap over a range of neurobehavioral
studies with different participant and task variables (see Indefrey,
2006) is consistent with the present research outcomes. Taken
together, these outcomes support the notion of a convergence
model of bilingual lexical representation, at least for bilinguals
who are proficient in both languages (Chee et al., 1999b; Green,
2003).

It should be noted that the functional overlap for L1 and L2
bilingual laterality found in the present research and in many
neuroimaging studies is in opposition to psycholinguistic mod-
els that assume a differential organization of L1 and L2 as well
as accounts based on the polyglot aphasia or the electrocorti-
cal stimulation literatures (see Vaid, in press). It is critical to
note, however, that most studies in the psycholinguistic liter-
ature on bilingualism have drawn primarily on data from late
bilinguals. As a result, few studies have explicitly considered
the influence of early versus late language acquisition on the

functional architecture of the bilingual mental lexicon. There-
fore, if we only consider data from proficient, late bilinguals in
the present meta-analysis, the finding for similar lateralization of
L1 and L2 is consistent with existing models of neurofunctional
organization of grammar and the lexicon that are based on lan-
guage proficiency. In particular, both the declarative/procedural
(Ullman, 2001) and the convergence models (Green, 2003) pre-
dict that proficient L1s and L2s will be similarly LH lateralized,
and this prediction is supported in the present results.

Theoretical accounts based on lesion data showing differen-
tial recovery from aphasia for L1 and L2 may also be reconciled
with the present results. Specifically, the idea that the bilin-
gual is able to selectively activate or inhibit a given language
(e.g., Green, 1998, 2005) allows for a functional explanation
for the diverse patterns of recovery observed in bilingual apha-
sics in terms of variations in damage to the bilingual’s inhibitory
mechanism rather than to some language module or other neural
structure devoted to the interrupted language. This idea fits well
with the present findings that the two languages of bilinguals are
lateralized similarly for verbal tasks.

A functional explanation also sheds new light on some oth-
erwise difficult to explain patterns of language recovery, such
as the ability of some aphasics to speak proficiently in one lan-
guage but not the other one day, but to show the reverse pattern
the next day (Paradis, 2000). Patterns such as these are consis-
tent with the notion of a disruption of control over the activation
or suppression of the languages. In sum, a functional explana-
tion for an overlapping language representation system in the
bilingual brain, as found here, provides an alternative to the per-
vasive idea that nonparallel language recovery must mean that
different parts of the brain are responsible for processing the
different languages of bilinguals (see also Meuter, 2005).

Other arguments in favor of a functional overlap in L1 and L2
that are consistent with the present findings include Grosjean’s
(1989) proposal that the two languages of bilinguals work as
a single, integrated system in which the individual can choose
to operate in either a bilingual mode that keeps both languages
available, or in a monolingual mode that actively selects one lan-
guage and deactivates the other (see also Grosjean, Li, Munte,
& Rodriguez-Fornells, 2003; Green, 2005). The bi-directional
transfer view (Pavlenko & Jarvis, 2002) also advocates bilin-
guals as integrated users of their two languages (i.e., that
functioning in one language is not independent of functioning
in the other). Pavlenko and Jarvis showed that transfer of lexical
and semantic information can proceed from L1 to L2, as well
as from L2 to L1, even in individuals with less proficiency in
the L2 (see also Cook, 2003). Finally, Dijkstra and Van Heuven
(2002) have provided evidence for nonselective language access,
i.e., that both languages of bilinguals are activated during verbal
processing, even when input and output are confined to a single
language.

4. Conclusions
The present research has provided a critical test of two promi-

nent hypotheses concerning functional lateralization of language
in the bilingual brain. Our results indicate that age of onset of
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bilingualism is an important variable with a clear and consis-
tent effect on lateralization, whereas the effect of proficiency
is relatively limited. More generally, our research demonstrates
that the behavioral bilingual laterality literature is, in fact, inter-
pretable, given that reliable outcomes are obtained when relevant
moderators are controlled. The present findings also point to the
importance of basing empirical research questions on theoreti-
cally relevant issues and designing studies that take into account
the particular individual difference and task variables shown to
systematically underlie variability among bilinguals. As such,
consideration of the behavioral language laterality literature may
offer valuable lessons to the fast-developing neurobehavioral
field (see also Hull & Vaid, 2005).

Finally, and perhaps most importantly, our finding that early
bilinguals are bilaterally organized for language substantiates,
on a larger corpus, a similar conclusion arrived at in an early
meta-analysis of bilinguals (Vaid & Hall, 1991) and in a recent
meta-analysis that compared bilinguals with monolinguals (Hull
& Vaid, 2006). This initially unexpected but consistent finding
of bilaterality associated with early multiple language experi-
ence challenges the normative view of the LH as the dominant
language hemisphere. Given that this view has been based on a
subset of the world’s language users (i.e., those with a single,
initial language), it would appear that a rethinking of what con-
stitutes the norm in the study of language and the brain may be
warranted.
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