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In an implicit phonological priming paradigm, deaf bimodal bilinguals made semantic relatedness deci-
sions for pairs of English words. Half of the semantically unrelated pairs had phonologically related trans-
lations in American Sign Language (ASL). As in previous studies with unimodal bilinguals, targets in pairs
with phonologically related translations elicited smaller negativities than targets in pairs with phonolog-
ically unrelated translations within the N400 window. This suggests that the same lexicosemantic mech-
anism underlies implicit co-activation of a non-target language, irrespective of language modality. In
contrast to unimodal bilingual studies that find no behavioral effects, we observed phonological interfer-
ence, indicating that bimodal bilinguals may not suppress the non-target language as robustly. Further,
there was a subset of bilinguals who were aware of the ASL manipulation (determined by debrief), and
they exhibited an effect of ASL phonology in a later time window (700–900 ms). Overall, these results
indicate modality-independent language co-activation that persists longer for bimodal bilinguals.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

A preponderance of evidence now demonstrates that users of
two spoken languages (‘‘unimodal” bilinguals) access both of their
languages, even when only one language is used overtly (e.g.,
Bijeljac-Babic, Biardeau, & Grainger, 1997; Guo, Misra, Tam, &
Kroll, 2012; Midgley, Holcomb, Van Heuven, & Grainger, 2008;
Spivey & Marian, 1999; Thierry & Wu, 2007; Van Heuven,
Dijkstra, & Grainger, 1998; Wu & Thierry, 2010). That is, recogniz-
ing a word in one language prompts co-activation of the transla-
tion equivalent (e.g., Ferré, Sánchez-Casas, & Guasch, 2006; Guo
et al., 2012; Thierry & Wu, 2007) and form-similar words in the
other language (e.g., Grossi, Savill, Thomas, & Thierry, 2012;
Midgley et al., 2008; Spivey & Marian, 1999; Van Heuven et al.,
1998). Considerably less is known about analogous processes in
‘‘bimodal” bilinguals, who know both a spoken and a signed lan-
guage. There is some evidence from event-related potentials (ERPs)
suggesting that spoken language translation equivalents are acti-
vated during sign processing (Hosemann, 2015), and recent behav-
ioral evidence suggests that sign translation equivalents may also
be activated during visual or auditory word recognition, with acti-
vation propagating directly through lexical links or indirectly via
shared semantic representations (e.g., Giezen, Blumenfeld, Shook,
Marian, & Emmorey, 2015; Kubus, Villwock, Morford, & Rathman,
2015; Morford, Kroll, Piñar, & Wilkinson, 2014; Morford,
Wilkinson, Villwock, Piñar, & Kroll, 2011; Shook & Marian, 2012;
Villameriel, Dias, Costello, & Carreiras, 2016). However, these
behavioral studies only index the endpoint of a number of pro-
cesses, making it difficult to determine whether the effects result
from lexicosemantic interactivity or from later, more explicit
translation processes. Here, we aimed to distinguish between these
two possible mechanisms by using ERPs to track the time course of
co-activation of American Sign Language (ASL) as deaf bimodal
bilinguals read English words.

1.1. Implicit co-activation in unimodal bilinguals

The lexical representations of translation equivalents are co-
activated in unimodal bilinguals, even at high levels of proficiency
(e.g., Guasch, Sánchez-Casas, Ferré, & García-Albea, 2008; Guo
et al., 2012; Thierry & Wu, 2007; Wu & Thierry, 2010). Some of
the evidence regarding this cross-language activation comes from
translation recognition paradigms, in which participants must
decide if a target in one language (e.g., ajo) is the correct transla-
tion of a prime from the other language (e.g., garlic). In form-
related distractor trials, the target is not the correct translation,
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but closely related to it in form (e.g., ojo means ’eye’ in Spanish;
e.g., Talamas, Kroll, & Dufour, 1999). If the lexical representation
of the translation equivalent is activated during processing of the
prime, this form relationship should interfere with participants’
ability to reject the form-related target. Indeed, in proficient
Chinese-English bilinguals, form-related targets elicited slower
and less accurate responses and larger positivities, beginning in
the P200 window and continuing through the late positive compo-
nent (LPC), compared to unrelated control targets (Guo et al.,
2012). The P200 effect was attributed to the perceptual similarity
between the implicitly co-activated target translation and the
overtly presented form-related distractor, and the LPC effect was
attributed to controlled resolution of the conflict between these
two lexical representations. Thus, not only do these results indicate
that the form representation of the translation equivalent was
accessed, they suggest that interference caused by the form-
related target can occur at both perceptual and decision levels.
However, this paradigm suffers from the weaknesses that both lan-
guages are presented during the experiment and the task requires
explicit translation, limiting the generalizability of the results.

Thierry and Wu (2007) circumvented this dual-language set-
ting in their implicit phonological priming paradigm, providing
further evidence for the co-activation of translation equivalents
in proficient bilinguals. These authors presented late proficient
Chinese-English bilinguals with pairs of English words and asked
them to judge whether the meanings of the two words were
related. Some of the word pairs, when translated into Chinese,
shared a character, whereas others did not. Although there was
no behavioral effect of this hidden Chinese form manipulation,
targets in pairs that had phonologically related translation equiv-
alents elicited smaller amplitude N400s than targets in pairs that
did not have form-related translations. The authors used the
absence of a behavioral effect, together with debrief responses
that indicated a lack of awareness of the translation manipula-
tion, to argue that the co-activation of Chinese was automatic
and unconscious. This contention was further supported by
results from monolingual Chinese speakers who were presented
with the Chinese translation equivalents and could overtly pro-
cess the phonological relationship. In addition to an N400 priming
effect similar to that found during implicit processing in the bilin-
guals, the monolinguals had a behavioral interference effect such
that semantically unrelated (i.e., ‘no’ response) trials elicited
slower and less accurate responses when they were phonologi-
cally related than when they were phonologically unrelated. Thus,
this implicit priming paradigm demonstrates that unimodal bilin-
guals co-activate their languages, even in a monolingual setting in
which the non-target language is irrelevant (see also, Wu &
Thierry, 2010). It also links behavioral effects to explicit process-
ing of the phonological relationship and suggests that ‘online’
measures like ERPs may be needed to capture the implicit effect
in this paradigm.

Motivated by the timing of their ERP effect, Thierry and Wu
(2007) proposed that the implicit co-activation of Chinese trans-
lation equivalents occurred during or immediately after meaning
retrieval. Presumably, activation spread from English primes (e.g.,
train) to their Chinese translation equivalents (e.g., huo che),
either directly via lexical links or indirectly via a shared semantic
store, and from those translations to their phonological neighbors
(e.g., huo tui, meaning ‘ham’). In pairs with phonologically related
translation equivalents, the Chinese translation of the subse-
quently presented English target (e.g., ham) would be among
the co-activated neighbors, resulting in facilitated processing
and smaller amplitude N400s. However, contrary to the
translation recognition paradigm, this implicit activation of the
non-target language is suppressed (Wu & Thierry, 2012) before
reaching consciousness and influencing behavioral decision-level
processes. This progression is consistent with the inhibitory con-
trol model of bilingual processing (e.g., Green, 1998), in which
task-irrelevant schemas are automatically activated by a stimulus,
but subsequently suppressed. Together then, these results suggest
that translation equivalents are co-activated during word recogni-
tion in proficient unimodal bilinguals, but suppressed before they
have behavioral consequences, unless translation is promoted by
the task.

1.2. Implicit cross-modal co-activation in bimodal bilinguals:
behavioral evidence

Several recent studies using behavioral methods have extended
the unimodal literature to provide preliminary evidence of cross-
modal language co-activation in both hearing and deaf bimodal
bilinguals (see Emmorey, Giezen, & Gollan, 2016; Ormel &
Giezen, 2014, for reviews), and many of these studies employed
the implicit phonological priming paradigm (e.g., Kubus et al.,
2015; Morford et al., 2011, 2014; Villameriel et al., 2016). For
example, Morford and colleagues (2011) compared processing of
English word pairs with ASL translations that shared two out of
three phonological parameters (handshape, location, movement)
to word pairs with ASL translations that did not overlap phonolog-
ically. They found that phonological relatedness of the ASL transla-
tions led to faster ‘yes’ semantic relatedness judgments and slower
‘no’ judgments in deaf bimodal bilinguals, but not in ASL-naïve
hearing controls. In a follow-up study, the same group found that
the inhibitory effect of ASL phonological relatedness for semanti-
cally unrelated ‘no’ trials was greater for deaf participants with
lower proficiency in English, as measured by the Passage Compre-
hension subtest of the Woodcock-Johnson III Tests of Achievement
(Morford et al., 2014, Experiment 1). Thus, the implicit phonologi-
cal priming paradigm also has the potential to index co-activation
of languages that differ in modality, and bilinguals with lower sec-
ond language (L2) proficiency may be more likely to strongly co-
activate their native sign language (L1).

This pattern of behavioral results is commonly interpreted as
support for implicit co-activation of translation equivalents via
lexicosemantic spreading of activation in bimodal bilinguals
(e.g., Kubus et al., 2015; Morford et al., 2011, 2014; Villameriel
et al., 2016), just as in unimodal bilinguals. Curiously, however,
the mere presence of behavioral effects in these bimodal bilin-
guals conflicts with the line of reasoning introduced by (Thierry
& Wu, 2007; Wu & Thierry, 2010), in which behavioral effects
in the implicit priming paradigm arise exclusively from overt
phonological processing of the non-target language. In the pre-
sent study, we examined whether it is indeed possible for implicit
lexicosemantic spreading of activation to lead to behavioral
effects in bimodal bilinguals or, alternatively, whether these
behavioral effects reported in previous studies were induced by
explicit processes.

In particular, these behavioral effects may have resulted from
strategic translation, rather than being a consequence of implicit
lexicosemantic interactivity. If the bimodal bilinguals in previous
studies noticed the manipulation in the non-target sign language,
they may have begun to actively recruit the sign translations and
analyze the phonological relationship between them. This strategic
translation account seems unlikely in the unimodal case (e.g.,
Thierry & Wu, 2007) because (a) phonological relatedness in the
non-target language did not affect behavior, (b) debrief responses
indicated that participants were unaware of the phonological rela-
tionship in the non-target language, and (c) the timing of the N400
effect was more consistent with lexicosemantic processing than
top-down translation. In contrast, interpretation of the behavioral
studies with bimodal bilinguals is limited because there was no
such debrief and the paradigm only indexed the endpoint of a
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succession of linguistic and cognitive processes. The time between
target word onset and the response (roughly 625–850 ms on aver-
age) was sufficiently long to allow for an influence of overt trans-
lation processes. Without a better understanding of the processes
that occur during this delay or information about whether partici-
pants were consciously aware of the translation manipulation, the
possibility that previously reported behavioral effects in bimodal
bilinguals resulted from controlled top-down translation remains
viable. Including both an online measure and a debrief question-
naire, as in the present study, allows for an assessment of the plau-
sibility of such an account, and thus a better characterization of the
extent to which cross-language spreading of activation is similar
within and across language modalities.
1.3. The present study

We used ERPs to investigate the time course of the co-activation
of ASL in an implicit phonological priming paradigm in deaf bimo-
dal bilinguals. A number of studies have suggested that sign lan-
guage translations influence processing of print and spoken word
recognition in bimodal bilinguals (e.g., Giezen et al., 2015; Kubus
et al., 2015; Morford et al., 2011, 2014; Villameriel et al., 2016).
However, the limited scope of these behavioral studies complicates
their interpretation. Behavioral effects in bimodal bilinguals, which
are absent in the corresponding studies with unimodal bilinguals
(e.g., Thierry & Wu, 2007; Wu & Thierry, 2010), can either be
explained in terms of a different manifestation of the same lexi-
cosemantic spreading of activation observed in unimodal bilin-
guals or as a result of explicit translation processing once
participants become aware of the hidden phonological manipula-
tion. An ERP study that investigates the time course of co-
activation in bimodal bilinguals who do not report being con-
sciously aware of the manipulation at debrief can dissociate
between these two possibilities.

We predicted that, if the behavioral effects in previous studies
with bimodal bilinguals index a different manifestation of the
same implicit cross-language co-activation mechanism as in uni-
modal bilinguals, then word pairs with phonologically related
translations in ASL should elicit slower responses than word pairs
with phonologically unrelated translations in participants who
report being unaware of the ASL phonological manipulation
(Kubus et al., 2015; Morford et al., 2014, Experiment 1; Morford
et al., 2011). Furthermore, targets in pairs with phonologically
related ASL translations should elicit smaller N400 amplitudes
than targets in pairs with phonologically unrelated ASL transla-
tions (e.g., Thierry & Wu, 2007).

If, instead, the behavioral effects in previous studies with bimo-
dal bilinguals were due to conscious awareness of the phonological
manipulation and explicit translation, many of the bimodal bilin-
gual participants should report having noticed the ASL phonologi-
cal manipulation at debrief. In this case, we might expect an
additional ERP effect that appears later than the N400 indicative
of more explicit translation processes (e.g., Guo et al., 2012).
Regardless of the underlying mechanism (i.e., spreading activation
or strategic translation), we expected both RT and ERP effects of
ASL phonological relatedness to be correlated with English profi-
ciency, such that readers with lower levels of L2 English profi-
ciency will be more influenced by the phonological relationship
in ASL (Morford et al., 2014).

Finally, based on an extensive semantic priming literature (e.g.,
Kutas & Hillyard, 1989) that includes evidence of semantic priming
in L2 speakers (e.g., McLaughlin, Osterhout, & Kim, 2004; Phillips,
Segalowitz, O’Brien, & Yamasaki, 2004), we expected faster
responses and smaller amplitude N400s for semantically related
trials as compared to semantically unrelated trials.
2. Experiment 1: bimodal bilinguals

2.1. Method

2.1.1. Participants
Of the 24 deaf signers (10 female; mean 29.4 years, SD

4.5 years) who participated in this experiment, 17 were native
signers (born into deaf, signing families), seven were early signers
(acquired ASL before age 7), and three were left-handed. English
proficiency was assessed using the reading comprehension subtest
of the Peabody Individual Achievement Test – Revised (PIAT;
Markwardt, 1989). Out of a total of 100 possible points, the average
raw score for these participants was 85.9 (SE 1.6). Based on
responses at debrief (see Procedure), 14 participants were included
in an implicit co-activation subgroup and 10 were included in an
explicit translation subgroup. The reading levels between the
implicit (mean 84.4, SE 2.2) and explicit (mean 87.9, SE 2.2) sub-
groups did not significantly differ, t(22) = 1.07, p = 0.295. Partici-
pants were volunteers who received monetary compensation for
their time. Informed consent was obtained from all participants
in accordance with the institutional review board at San Diego
State University. Data from an additional 3 participants were
excluded from analyses due to high ERP artifact rejection rates.
2.1.2. Stimuli
Stimuli consisted of 100 word triplets composed of two primes

and one target (e.g., gorilla, accent, bath; see Supplementary
Table 1). Each triplet was used to form two word pairs that were
either both semantically unrelated (e.g., gorilla-bath, accent-bath)
or both semantically related (e.g.,mouse-rat, squirrel-rat), for a total
of 200 pairs. Semantically related and unrelated targets were bal-
anced for English word length, orthographic neighborhood density
(OLD20), average bigram counts, and orthographic form frequency
(CELEX frequency per million) with metrics extracted from the
English Lexicon Project (Balota et al., 2007) and McWord (Medler
& Binder, 2005) databases (all ps > 0.25). Of the 100 semantically
unrelated word pairs, 50 had phonologically related translations
in ASL (e.g., gorilla and bath share handshape and location) and
50 had phonologically unrelated translations in ASL (e.g., accent
and bath share no parameters). Primes in these two conditions
were also balanced for English word length, OLD20, average
bigram counts, and orthographic form frequency (all ps > 0.05).
As described below, analyses of phonological priming included
only these semantically unrelated trials. Of the 100 semantically
related pairs, 20 were phonologically related in ASL (e.g., mouse
and rat share location and movement) and 80 were phonologically
unrelated in ASL (e.g., squirrel and rat). Though there were too few
pairs that were related both phonologically and semantically to be
independently analyzed, 20 such trials were included to prevent
participants from realizing that all phonologically related pairs
always required a ‘no’ response in the semantic judgment task.

One pair from each triplet was assigned to one of two presenta-
tion lists such that each list contained one presentation of each tar-
get and half of the trials from each of the four prime conditions.
The presentation order of these lists was counterbalanced across
participants (e.g., half of the participants saw gorilla-bath in the
first list and half saw accent-bath in the first list) to minimize
effects of target repetition. Trial order was pseudorandomized
within lists to avoid having more than three consecutive trials with
the same semantic relationship (and response).

The semantic relationship between pairs was determined
through several rounds of semantic ratings from 15 to 16 hearing
native speakers of English per round. On a paper response sheet,
participants rated each pair on a 1–7 scale based on how similar
in meaning the two words are (7 = very similar). Half of
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participants saw the word pairs in a randomized order and the
other half saw them in the reversed order. Pairs with mean seman-
tic ratings of �2.5 were included in the semantically unrelated
condition (mean 1.36, SD 0.34) and those with mean semantic rat-
ings of �5.4 were included in the semantically rated condition
(mean 6.20, SD 0.34). These cut-offs are similar to, or more restric-
tive than, previous behavioral studies with bimodal bilinguals
(Kubus et al., 2015; Morford et al., 2011, 2014; Villameriel et al.,
2016). There was a significant difference between the ratings of
semantically related and unrelated trials, t(198) = 100.43,
p < 0.001. Importantly, however, for the semantically unrelated
condition, the semantic ratings for trials with phonologically
related ASL translations (mean 1.37, SD 0.28) did not significantly
differ from those with phonologically unrelated translations (mean
1.34, SD 0.38), t(98) = 0.44, p = 0.658.

To determine the phonological relationship between ASL trans-
lations of the word pairs, we first needed to establish that each of
the English words in the critical trials had a consistent translation
in ASL. To do this, we presented single words to 16 deaf signers and
elicited a single ASL translation. Two researchers (a deaf native ASL
signer and a hearing L2 signer) determined whether or not the tar-
get sign was produced (with 94.4% interrater reliability); only signs
with at least 75% consistency (i.e., produced by 12 out of 16 partic-
ipants) were included.1 These signs were then used to determine
phonological relatedness. Within the critical semantically unrelated
conditions, the ASL translations of phonologically related pairs
shared two of three phonological parameters (handshape, location,
and movement), as in previous studies (e.g., Morford et al., 2011,
2014), and the ASL translations of phonologically unrelated signs
shared none.
2.1.3. Procedure
After participants provided informed consent, the EEG cap was

placed and they were seated in a dimly lit room, in a comfortable
chair about 140 cm from the stimulus monitor. Instructions were
provided in both English and ASL, and a native deaf signer was pre-
sent throughout testing.

All participants saw all 200 trials, consisting of an English prime
and target presented in lowercase Arial font. Targets subtended a
maximal horizontal visual angle of 3.27 degrees and a maximal
vertical visual angle of 0.41 degrees (the longest target, govern-
ment, was 1 cm tall and 8 cm long). Each trial began with a purple
fixation cross that was presented at the center of the screen for
900 ms, followed by a white fixation cross that was presented for
500 ms, and a 500 ms blank screen. The prime was then displayed
for 500 ms, followed by a 500 ms blank screen, before the target
was presented for 750 ms. Thus, a 1000 ms SOA separated the
prime and the target, identical to previous studies with bimodal
bilinguals (e.g., Morford et al., 2011, 2014) and similar to previous
studies with unimodal bilinguals that used a variable SOA between
1000 and 1200 ms (e.g., Thierry & Wu, 2007). After target offset,
the screen remained blank until the next trial began 750 ms after
the button press response.

Participants were instructed to press one button if the meanings
of the two words were related and another button if they were not,
as quickly and accurately as possible. Response hand was counter-
balanced across participants. Short breaks occurred roughly every
12 trials and longer breaks were provided after each quarter. Par-
ticipants were instructed to blink during these breaks and when
the purple fixation cross was on the screen between trials. The
1 The one exception was the target sign for the English word try, which was
produced by only 11 of the 16 translation participants, or 68.8%. The remaining 5
participants used an initialized handshape, which is similar to, but does not
completely overlap with, the handshape of the ASL translation of the corresponding
prime, drive.
experiment began with a practice set of 12 word pairs not included
in the experiment (three pairs from each of the four experimental
conditions). Unlike the real experiment, none of the practice tar-
gets were repeated.

After the ERP experiment, participants were asked whether they
noticed anything special about the pairs of words and, if so, what
and when they noticed, and whether they felt that this affected
their ability to make semantic relatedness judgments. Based on
their responses to the first question of this debrief questionnaire,
14 participants were included in an implicit co-activation sub-
group (i.e., those who did not report noticing the phonological rela-
tionship in ASL) and 10 were included in an explicit translation
subgroup (i.e., those who reported noticing the overlap in hand-
shape, location, or movement of the ASL translations).

2.1.4. EEG recording and analysis
Participants were fitted with an elastic cap (Electro-Cap) with

29 active electrodes. An electrode placed on the left mastoid was
used as a reference during recording and for subsequent analyses.
An electrode located below the left eye was used to identify blink
artifacts in conjunction with recordings from FP1; an electrode on
the outer canthus of the right eye was used to identify artifacts due
to horizontal eye movements. Using saline gel (Electro-Gel), mas-
toid and scalp electrode impedances were maintained below
2.5 kX and eye electrode impedances below 5 kX. EEG was ampli-
fied with SynAmsRT amplifiers (Neuroscan-Compumedics) with a
bandpass of DC to 100 Hz and was sampled continuously at
500 Hz.

Offline, ERPs were time-locked to targets and averaged over a
1000 ms epoch, including a 100 ms pre-stimulus-onset baseline,
with a 15 Hz low-pass filter to create 5 regions of interest (ROIs),
four of which were included in analyses (see Fig. 1). The left ante-
rior (LA) ROI included sites F3, F7, FC5, and T3; the right anterior
(RA) ROI included sites F4, F8, FC6, T4; the middle (M) ROI included
sites FC1, FC2, Cz, CP1, and CP2; the left posterior (LP) ROI included
sites CP5, T5, P3, and O1; the right posterior (RP) ROI included sites
CP6, T6, P4, and O2. Trials contaminated by eye movement or drift
artifacts were excluded from all analyses (5 trials, or 2.5%, on
average).

To investigate whether the hidden phonological relationship of
the ASL translations influenced processing, we compared ERPs for
targets in semantically unrelated word pairs that were phonologi-
cally related and unrelated in ASL. As a result of the stimulus tri-
plets, the ERPs in these two conditions were time-locked to
identical targets (e.g., bath), preceded by primes that were phono-
logically related in ASL (e.g., gorilla) or not (e.g., accent). Mean N400
amplitude was calculated for each subject at each ROI between 300
and 500 ms, a window determined based on visual inspection of
the average waveforms and consistent with previous studies
(e.g., Guo et al., 2012; Gutiérrez, Müller, Baus, & Carreiras, 2012).
An ANOVA with factors ASL-phonology (Related, Unrelated), Hemi-
sphere (Left, Right), and Anterior/Posterior (Anterior, Posterior)
was used to analyze the N400 data. Because our primary question
was about the effects of implicit cross-language co-activation in
bimodal bilinguals, but our final group also included participants
who reported being aware of the manipulation in ASL, we con-
ducted a similar ANOVA including only data from participants for
whom the phonological manipulation in ASL was implicit. For the
sake of completeness, we also report a similar analysis including
only the participants who reported being explicitly aware of the
manipulation.

Visual inspection of the phonological priming effect suggested
that there was also a strong post-N400 effect; a point-by-point
time course analysis of the effect confirmed this impression and
indicated that it was most reliable between 700 and 900 ms. Thus,
an ANOVA with factors ASL-phonology (Related, Unrelated),



Fig. 1. Electrode montage and ROIs. The left anterior (LA) ROI is indicated in orange,
the right anterior (RA) ROI is indicated in purple, the left posterior (LP) ROI is
indicated in green, and the right posterior (RP) ROI is indicated in blue. The middle
(M) ROI, indicated in gray, was not included in analyses.

2 The lateralization of this effect cannot be attributed to the use of a left mastoid
reference. In analyses with an average mastoid reference, the effect was almost
identical, Phonology � Hemisphere � Anterior/Posterior, F(1,23) = 5.84, p = 0.024,
gp

2 = 0.20.
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Hemisphere (Left, Right), and Anterior/Posterior (Anterior, Poste-
rior) was also used to analyze mean amplitude within this late
window. These effects were also examined separately for the
implicit and explicit subgroups in planned comparisons.

Semantic priming analyses included only trials that had correct
responses. Mean N400 amplitude was calculated for each subject
at each ROI between 300 and 500 ms separately for semantically
related and unrelated trials. An ANOVA with factors Semantics
(Related, Unrelated), Hemisphere (Left, Right), and Anterior/Poste-
rior (Anterior, Posterior) was used to analyze the N400 semantic
priming effect. Significant effects were examined separately for
the implicit and explicit subgroups in planned comparisons.

Finally, exploratory Pearson correlations were used to examine
potential associations between the measure of English proficiency,
the size of the RT effects, and the size of the ERP effects. For the RTs,
difference scores were calculated by subtracting the phonologically
and semantically related conditions from the respective unrelated
conditions. Similarly, ERPs in the related conditions were sub-
tracted from the ERPs in the respective unrelated conditions. Mean
amplitude was calculated for the ROI(s) where the effects were
strongest: the right anterior ROI for the N400 phonological effect,
the average of the two right ROIs for the late (700–900 ms) phono-
logical effect, and the right posterior ROI for the N400 semantic
effect.

2.2. Results

2.2.1. Behavioral measures
Trials with incorrect responses (11 trials, or 5.5%, on average) or

RTs shorter than 200 ms or longer than 2000 ms (2 trials, or 1%, on
average) were discarded from all behavioral analyses.

2.2.1.1. ASL phonological effects. Only semantically unrelated trials,
for which there were an equal number of phonologically related
and unrelated word pairs, were included in analyses of phonolog-
ical interference. In line with our predictions, a linear mixed effect
model (with items and participants as random intercepts) indi-
cated that RTs for phonologically related trials (mean 937 ms;
SE = 36 ms) were slower than for phonologically unrelated trials
(mean 892; SE = 39 ms), t = 3.30, 95% CI = [19.31, 75.99]. This effect
was significant for the implicit subgroup, t = 3.46, 95% CI = [24.93,
89.97], but not for the explicit subgroup, t = 1.61, 95% CI = [�6.94,
71.57] (see Fig. 2A).
2.2.1.2. Semantic priming effects. Also as predicted, a linear mixed
effects model confirmed that semantically related trials (mean
851 ms; SE = 30 ms) elicited faster responses than semantically
unrelated trials (mean 914 ms; SE = 38 ms), t = 3.17, 95% CI =
[24.08, 101.88]. The semantic priming RT effect was significant
for both the implicit subgroup, t = 2.18, 95% CI = [3.67 70.38], and
the explicit subgroup, t = 2.67, 95% CI = [26.36, 172.58].
2.2.2. ERPs: ASL phonological effects
2.2.2.1. Whole group. Targets in phonologically unrelated pairs eli-
cited larger negativities than targets in phonologically related pairs
within the N400 window overall, especially in the right anterior
ROI, Phonology � Hemisphere � Anterior/Posterior, F(1,23) = 5.75,
p = 0.025, gp

2 = 0.20 (see Fig. 3).2 Targets in phonologically unrelated
pairs continued to elicit larger negativities than targets in phonolog-
ically related pairs from 700 to 900 ms, particularly over right hemi-
sphere ROIs, Phonology � Hemisphere, F(1,23) = 4.46, p = 0.046,
gp

2 = 0.16.
2.2.2.2. Implicit subgroup. In separate analyses that included only
the implicit subgroup, we found an N400 effect with the same
right anterior distribution as in the whole bimodal bilingual
group, Phonology � Hemisphere � Anterior/Posterior, F(1,13)
= 5.09, p = 0.042, gp

2 = 0.28 (see Fig. 2B). The effect from 700 to
900 ms only approached significance, Phonology � Hemisphere, F
(1,13) = 4.19, p = 0.061, gp

2 = 0.24. It went in the expected direction
over right hemisphere sites and in the opposite direction over left
hemisphere sites.
2.2.2.3. Explicit subgroup. Although the N400 effect was in the
expected direction for the explicit subgroup, the effect did not
reach significance, Phonology � Hemisphere � Anterior/Posterior,
F(1,9) = 1.01, p = 0.340, gp

2 = 0.10, potentially due to the fewer
number of participants in this analysis. However, the late effect
was widespread and significant, Phonology, F(1,9) = 5.95,
p = 0.037, gp

2 = 0.40 (see Fig. 2C).
2.2.3. ERPs: N400 semantic priming effects
There was a clear N400 semantic priming effect that was largest

in the right posterior ROI, Semantics, F(1,23) = 84.11, p < 0.001,
gp

2 = 0.78, Semantics � Hemisphere, F(1,23) = 11.88, p = 0.002,
gp

2 = 0.34, Semantics � Anterior/Posterior, F(1,23) = 36.46,
p < 0.001, gp

2 = 0.61, Semantics � Hemisphere � Anterior/Posterior,
F(1,23) = 4.9, p = 0.037, gp

2 = 0.18 (see Fig. 4). This effect remained
significant for both the implicit subgroup, Semantics, F(1,13)
= 131.03, p < 0.001, Semantics � Hemisphere, F(1,13) = 7.83,
p = 0.015, Semantics � Anterior/Posterior, F(1, 13) = 15.43,
p = 0.002, and the explicit subgroup, Semantics, F(1,9) = 14.14,
p = 0.004, Semantics � Hemisphere, F(1,9) = 5.32, p = 0.046,
Semantics � Anterior/Posterior, F(1,9) = 25.21, p = 0.001.



Fig. 2. ASL phonological effects for each subgroup. (A) Mean reaction times (RTs) to correct semantically unrelated ‘no’ trials as a function of whether the ASL translations
were phonologically related or unrelated, plotted separately for the implicit and explicit subgroups. The effect of ASL phonological relatedness, such that phonologically
related trials (blue) elicited slower responses than phonologically unrelated trials (black), was significant for the implicit subgroup but not for the explicit subgroup. Grand
average ERP waveforms elicited by targets in pairs with phonologically unrelated ASL translations and phonologically related translations are also plotted for the implicit
subgroup alone (B) and the explicit subgroup alone (C). Each vertical tick marks 100 ms and negative is plotted up. The calibration bar marks 2 mV.

Fig. 3. ASL phonological effects in bimodal bilinguals. (A) Grand average ERP waveforms elicited by targets in pairs with phonologically unrelated ASL translations (black) and
phonologically related translations (blue). Each vertical tick marks 100 ms and negative is plotted up. The calibration bar marks 2 mV. (B) Scalp voltage maps showing the
difference in mean amplitude between phonologically unrelated and related trials for each of the analyzed time windows.
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2.2.4. Correlations
A significant correlation between the RT effect of phonological

relatedness and reading comprehension ability (PIAT scores),
r = 0.46, p = 0.024, indicated that participants who had lower L2
English proficiency were more affected by the phonological relat-
edness of the ASL translations (i.e., had a larger RT difference
between ASL related and unrelated pairs). The correlations
between PIAT scores and the two ERP effects of ASL phonology



Fig. 4. Semantic priming effects in bimodal bilinguals. (A) Grand average ERP waveforms elicited by targets in semantically unrelated (black) and semantically related (blue)
pairs at each ROI. Each vertical tick marks 100 ms and negative is plotted up. The calibration bar marks 2 mV. (B) Scalp voltage maps showing the semantic priming effect on
mean N400 amplitude (unrelated-related).
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were not significant, both ps > 0.39, and neither were the correla-
tions between the RT and ERP effects of phonological relatedness,
both ps > 0.09. Finally, neither of the semantic priming measures
correlated with PIAT scores, both ps > 0.59.
2.3. Discussion

Overall, these results support the notion that implicit priming in
bimodal bilinguals occurs through automatic lexicosemantic inter-
activity across languages in two different modalities. Consistent
with previous studies with bimodal bilinguals (e.g., Kubus et al.,
2015; Morford et al., 2011, 2014; Villameriel et al., 2016), but
not unimodal bilinguals (Thierry & Wu, 2007; Wu & Thierry,
2010), we found an RT interference effect for semantically unre-
lated (‘no’ response) trials that had phonologically related ASL
translations, as compared to those that had phonologically unre-
lated ASL translations. This effect held for participants who
reported not being aware of the phonological manipulation at
debrief, suggesting that the results of previous behavioral studies
cannot solely be attributed to explicit translation strategies. The
ERP results in the implicit subgroup provided further evidence of
lexicosemantic spreading of activation; an effect of ASL translation
was found within the N400 window, consistent with previous
studies with unimodal bilinguals (e.g., Thierry & Wu, 2007; Wu &
Thierry, 2010), albeit with a distinct right anterior scalp distribu-
tion. Given that the timing of automatic language co-activation is
similar across the two types of bilinguals, we suggest that the sub-
sequent phonological RT interference found in bimodal, but not
unimodal, bilinguals results from less robust suppression of the
co-activated translation equivalent.

In the subgroup of 10 participants who reported noticing the
manipulation, the most notable effect of ASL phonology appeared
between 700 and 900 ms. This later effect, which might index
explicit translation and post-lexical conscious analysis of the
phonological relationship of the translations, confirms the utility
of online measures for differentiating between implicit and explicit
processing. It should be noted, however, that because this sub-
group was so small, the null behavioral and N400 window effects
should be interpreted with caution and deserve replication in a lar-
ger group of participants who are explicitly aware of the manipu-
lation in the non-target language. We elaborate on the significance
of these findings and potential follow-up studies in the General
Discussion after presenting a control experiment with sign-naïve
hearing participants.

3. Experiment 2: sign-naïve controls

In order to ensure that the effects observed in Experiment 1
were a result of the phonological relatedness in ASL rather than
some other uncontrolled variable, we conducted the same experi-
ment with ASL-naïve hearing controls. If the effects observed in
Experiment 1 are indeed related to co-activation of ASL, there
should be no significant effects in the phonological analyses in this
group. We did, however, expect to find reliable semantic priming
effects, as reflected in faster RTs and smaller amplitude N400s for
semantically related trials as compared to semantically unrelated
trials.

3.1. Method

3.1.1. Participants
Twenty-four hearing non-signers (12 female; mean age

29.3 years, SD 8.1 years) who had no formal exposure to American
Sign Language and no exposure to any language other than English
before the age of 6 participated. The average PIAT raw score in this
group was 89.8 (SE 1.88). Three participants were left-handed, and
none had taken part in the semantic rating norming study
described above. Participants received monetary compensation
for their time, and informed consent was obtained as in Experi-
ment 1. Data from an additional five participants were excluded
due to high artifact rejection rates.

3.1.2. Stimuli and procedure
The stimuli, procedure, and analyses were identical to Experi-

ment 1, with two minor changes: instructions were provided in
print and verbally, and there was no debrief about phonological
relatedness in ASL. On average, 2 trials, or 1%, were rejected per
participant for artifacts.

3.2. Results

3.2.1. Behavioral effects
Trials with incorrect responses (7 trials, or 3.5% on average) or

RTs shorter than 200 ms or longer than 2000 ms (2 trials, or 1%



Fig. 5. ASL phonological effects in hearing controls. (A) Grand average ERP waveforms elicited by targets in pairs with phonologically unrelated ASL translations (black) and
phonologically related translations (blue). Each vertical tick marks 100 ms and negative is plotted up. The calibration bar marks 2 mV. (B) Scalp voltage maps showing the
difference in mean amplitude between phonologically unrelated and related trials for each of the analyzed time windows.

Fig. 6. Semantic priming effects in hearing controls. (A) Grand average ERP waveforms elicited by targets in semantically unrelated (black) and semantically related (blue)
pairs at each ROI. Each vertical tick marks 100 ms and negative is plotted up. The calibration bar marks 2 mV. (B) Scalp voltage maps showing the semantic priming effect on
mean N400 amplitude (unrelated-related).
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on average) were eliminated. As predicted, a linear mixed effects
model indicated that were no effects of ASL phonological related-
ness on RTs in the sign-naïve control group, t = 1.29, 95% CI =
[�9.82, 47.80]. Also as predicted, a linear mixed effects model com-
paring RTs for correct trials indicated that semantically related tri-
als (mean 859 ms, SE 49 ms) elicited faster responses than
semantically unrelated trials (mean 936, SE 50 ms), t = 3.69, 95%
CI = [34.90, 114.04].
3.2.2. ERP effects
There were no reliable effects of ASL phonology in the N400

window, all ps > 0.48, or the late window, all ps > 0.19, in this
sign-naïve control group (see Fig. 5). As in the deaf bimodal bilin-
guals in Experiment 1, the semantic priming effect was present and
strongest in the right posterior ROI, Semantics, F(1,23) = 56.79,
p < 0.001, gp

2 = 0.71, Semantics� Hemisphere, F(1,23) = 14.38,
p = 0.001, gp

2 = 0.38, Semantics � Anterior/Posterior, F(1,23)
= 31.96, p < 0.001, gp
2 = 0.58, Semantics � Hemisphere � Anterior/

Posterior, F(1,23) = 22.35, p < 0.001, gp
2 = 0.49 (see Fig. 6).

3.2.3. Correlations
English proficiency as measured by the PIAT did not correlate

with the RT or ERP effects of ASL phonology in this group, all
ps > 0.29. There was also no correlation between the RT effect
and either of the ASL phonology ERP effects, both ps > 0.41. Finally,
PIAT scores did not correlate with the RT or the ERP semantic prim-
ing effects, both ps > 0.41.

3.3. Discussion

None of the ASL phonology effects were significant in this con-
trol group of sign-naïve hearing participants, confirming that the
results observed in Experiment 1 were related to co-activation of
the ASL translation equivalents in the deaf bimodal bilinguals,
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rather than some other factor that differed between the two prime
lists. In contrast, the RT and N400 effects of semantic priming in
this group were similar to those found in the bimodal bilinguals
in Experiment 1.
4. General discussion

In the first ERP study to investigate implicit phonological prim-
ing in bimodal bilinguals, we found that languages that differ in
modality can be co-activated automatically, but are not suppressed
to the same degree as languages that occur within the samemodal-
ity. Targets in English word pairs with phonologically related ASL
translations elicited smaller negativities within the N400 window
than targets in word pairs with phonologically unrelated ASL
translations, including when participants reported being unaware
of the ASL manipulation. This result strengthens the interpretation
of previous studies that activation automatically spreads across
languages that differ in modality. In contrast to previous studies
with unimodal bilinguals (e.g., Thierry & Wu, 2007; Wu &
Thierry, 2010), but consistent with previous behavioral studies
with bimodal bilinguals (e.g., Kubus et al., 2015; Morford et al.,
2011, 2014), word pairs with phonologically related ASL transla-
tions also elicited slower RTs than word pairs with phonologically
unrelated ASL translations in the semantic relatedness judgment
task. This RT interference effect was especially prominent for par-
ticipants with lower levels of English reading comprehension, sug-
gesting that deaf bimodal bilinguals with lower proficiency in
English rely more on lexical links to the ASL translation equiva-
lents. Finally, processing in participants who reported being aware
of the hidden phonological manipulation was characterized by an
ERP effect between 700 and 900 ms, likely associated with overt
translation and assessment of the phonological relationship of
the ASL translations. Together, this pattern of results demonstrates
that the mechanism of cross-language co-activation is similar
between unimodal and bimodal bilinguals, but that subsequent
suppression of the non-target language is less robust in bimodal
bilinguals. These results also lend preliminary insight into the lim-
its of implicit priming in this paradigm and how processing might
change as a result of explicit awareness of the hidden phonological
manipulation.
4.1. N400 amplitude indexes implicit co-activation of a sign language

Overall, the time course of cross-language co-activation that we
found in the implicit subgroup paralleled that observed in uni-
modal bilinguals in this paradigm (e.g., Thierry & Wu, 2007; Wu
& Thierry, 2010), suggesting that similar mechanisms underlie
implicit cross-language co-activation in all bilinguals, irrespective
of language modality. Word pairs with phonologically related
ASL translations elicited smaller negativities than those with
phonologically unrelated ASL translations within the typical
N400 window. It seems unlikely that this pattern resulted from
some factor other than the phonological relationship of the ASL
translations, as there were no significant phonological condition
effects in the same window in the hearing sign-naïve control group
in Experiment 2. Given the timing of this N400 effect and the lack
of phonological overlap between English and ASL, interactivity at a
lexicosemantic level seems to be the most plausible underlying
mechanism, in agreement with unimodal bilingual studies (e.g.,
Thierry & Wu, 2007). This spreading of activation is formally repre-
sented in models of bimodal bilingual processing as direct lexical
connections between the written word and the sign translation
equivalent and/or indirect connections via a shared semantic store
(Ormel, Hermans, Knoors, & Verhoeven, 2012; Shook & Marian,
2012). Thus, these results build on previous behavioral studies
with bimodal bilinguals by demonstrating that automatic cross-
language co-activation in this population occurs in a bottom-up
fashion, rather than exclusively through top-down strategic
translation.

The direction of this N400-like effect, though consistent with
unimodal studies using this paradigm (e.g., Thierry & Wu, 2007;
Wu & Thierry, 2010), is somewhat at odds with the only other
study to our knowledge to investigate the electrophysiological
indices of phonological priming in sign language using form-
related versus unrelated sign pairs. Gutiérrez and colleagues
(2012) investigated how phonological overlap between prime-
target pairs in Spanish Sign Language influenced processing of
the target sign in a delayed lexical decision task. Sign targets pre-
ceded by a prime that overlapped in only location elicited larger
amplitude N400s than sign targets preceded by a phonologically
unrelated prime, which is opposite the effect found here. One obvi-
ous difference between the two studies is that signs were never
overtly presented here, whereas they were in the study by
Gutiérrez et al. (2012). However, this is unlikely to be the cause
of the reversal because Thierry and Wu (2007) reported nearly
identical phonological priming effects when Chinese characters
were overtly presented to monolingual Chinese speakers as when
they were implicitly activated by the Chinese-English bilinguals.

The divergent N400 effects observed between the current study
and Gutiérrez et al. (2012) most likely relate to the degree of
phonological overlap between the translation pairs that were used
in each study. The nature of phonological overlap has already been
shown to influence processing in studies on auditory word recog-
nition. For example, in the same picture-auditory word priming
experiment, targets in cohort member pairs (e.g., cone-comb) eli-
cited greater amplitude N400s than those in unrelated condition
(e.g., cone-fox) and targets in rhyme pairs (e.g., cone-bone) elicited
smaller amplitude N400s than those in unrelated pairs (e.g.,
Desroches, Newman, & Joanisse, 2008). Gutiérrez and colleagues
(2012) interpreted their larger N400 amplitude for location overlap
pairs as analogous to processing of cohort member pairs. In con-
trast, the two-parameter overlap in the present study appears to
be more consistent with the reduced amplitude N400 found for
rhymes in spoken language. This interpretation is consistent with
the behavioral sign literature which demonstrates that both the
specific parameter and the number of overlapping parameters
influence priming effects (e.g., Dye & Shih, 2006) and explicit sim-
ilarity ratings (e.g., Hildebrandt & Corina, 2002). For example, loca-
tion overlap by itself has been shown to lead to interference (e.g.,
Baus, Gutiérrez-Sigut, Quer, & Carreiras, 2008; Corina &
Emmorey, 1993), whereas double overlap between location and
movement typically leads to facilitation (e.g., Baus, Gutiérrez, &
Carreiras, 2014; Dye & Shih, 2006), relative to a phonologically
unrelated condition. Here, we demonstrate that phonological over-
lap of two parameters facilitates processing as measured by N400
amplitude, even when the signs are implicitly activated, rather
than explicitly presented.

Finally, though the timing and direction of the N400 effect that
we observed are in accordance with unimodal bilingual studies,
the distribution is strikingly different. The effect of the implicit
phonological relationship in ASL was localized to right anterior
sites, in contrast to the more centro-posterior effect that typically
characterizes N400 effects (e.g., Kutas & Federmeier, 2011). Impor-
tantly, this more typical N400 distribution characterized the
semantic priming effect in these same participants (and in the
hearing monolingual controls; see Figs. 4 and 6). Thus, the right
anterior distribution seems to be specific to the phonological con-
trast, rather than specific to this group of deaf participants. This
pattern of results suggests that unique neural generators may
underlie form processing in a sign language. Specifically, the right
anterior distribution may be related in part to the dynamic,
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visual-depictive nature of signs, given that more frontal N400s
have been observed in response to pictures (e.g., Ganis, Kutas, &
Sereno, 1996) and that right anterior regions have recently been
implicated in three-dimensional spatial reasoning (Han, Cao, Cao,
Gao, & Li, 2016). Further supporting this possibility is ongoing
work in our lab in which we have observed an anterior negative
response when comparing processing of signs with high versus
low iconicity in a semantic decision task with deaf ASL signers
(Emmorey, Sevcikova Sehyr, Midgley, & Holcomb, 2016). Very little
is known about how phonological form in a signed language is
neurally instantiated, but evidence is now accumulating to suggest
that the biology of the linguistic articulators (i.e., the hands vs. the
vocal tract) has an impact on the neural substrate for language
(e.g., Corina, Lawyer, & Cates, 2013). Documenting how these typo-
logical differences do or do not affect processing is an important
step toward developing a comprehensive account of the biological
basis of language (see Bornkessel-Schlesewsky & Schlesewsky,
2016).

Nonetheless, with the exception of this difference in distribu-
tion, the N400 effects observed here are remarkably similar to
those observed in unimodal bilinguals (Thierry & Wu, 2007; Wu
& Thierry, 2010). The timing of the effect and the finding that it
was especially strong for participants who did not report being
aware of the phonological relationship support the notion that
implicit automatic co-activation occurs at a lexical level in bimodal
bilinguals.
4.2. Behavioral interference effects specific to bimodal bilinguals

In contrast to the similarities between unimodal and bimodal
bilinguals reflected within the N400 window, there seem to be
strikingly different behavioral patterns between the two types of
bilinguals. Semantically unrelated word pairs with phonologically
related ASL translations elicited slower RTs than those with phono-
logically unrelated ASL translations, whereas previous studies with
unimodal bilinguals have failed to find behavioral effects. By
administering a debrief questionnaire and conducting separate
analyses as a function of explicit awareness, we have shown that
this behavioral effect persists even when processing of the hidden
phonological relationship is implicit. Thus, our results clarify previ-
ous behavioral studies (Kubus et al., 2015; Morford et al., 2011,
2014; Villameriel et al., 2016) and suggest that the behavioral
interference effect is indeed a reflection of longer lasting effects
of implicit language co-activation when the two languages differ
in modality, rather than an artifact of overt translation.

Although both this behavioral interference and the effect within
the N400 window index implicit co-activation of ASL, they do so at
different stages of processing. Targets in pairs with phonologically
related translations elicited smaller amplitude N400s, suggesting
facilitated processing, but these same pairs had slower RTs. This
pattern of results is analogous to that found by studies of neighbor-
hood density in which words with only a few neighbors elicit smal-
ler amplitude N400s, but slower RTs, than words with many
neighbors (e.g., Holcomb, Grainger, & O’Rourke, 2002). The inter-
pretation from those studies is that the N400 indexes bottom-up
lexicosemantic co-activation, whereas the behavioral effects reflect
specific task demands (see also Grainger & Jacobs, 1996). Applying
such a framework here, the facilitation within the N400 window
would reflect pre-activation of the target ASL translation, and the
behavioral interference would reflect conflict at the response deci-
sion level when there is something related about the trial (i.e., the
phonology of the implicitly co-activated signs), but a ‘no’ response
is required. Tracking the earlier of these two effects is another rea-
son why online measures are important for answering questions
about language interactivity in bilinguals.
Given that the differences between unimodal and bimodal
bilinguals arise between the N400 window and the behavioral
response, we suggest that less robust suppression of the non-
target language is what leads to the behavioral effect. A number
of production studies have shown that hearing bimodal bilinguals
are less likely to strongly inhibit a non-target language, as com-
pared to unimodal bilinguals, most likely because the two lan-
guages differ in articulators (see, e.g., Emmorey, Giezen et al.,
2016, for a review). If activation of ASL is less strongly suppressed
for a similar reason during comprehension, the residual activation
could give rise to the behavioral phonological interference effect
observed here. Alternatively, it is worth noting that the SOA in
studies with bimodal bilinguals (including the present study) con-
sistently used a 1000 ms SOA, whereas the studies with unimodal
bilinguals had variable SOAs that ranged from 1000 to 1200 ms.
The fact that our SOA was stable and, on average, shorter could
have potentially led to stronger behavioral effects; how exactly
the SOA influences the nature of both the behavioral and ERP
implicit priming effects is an important question for future
research.

If the modality explanation turns out to be correct, then the
age at which the deaf bimodal bilinguals in these studies learned
their L2, and the way in which they learned it, may also con-
tribute to the reduced L1 suppression that we observed behav-
iorally. The bimodal bilinguals in the current study all had early
exposure to both languages, whereas the Chinese-English uni-
modal bilinguals in the studies by (Thierry & Wu, 2007; Wu &
Thierry, 2010) were first formally exposed to their L2 at the age
of 12 (cf. Villameriel et al., 2016, for a discussion of age of acqui-
sition effects in an implicit priming paradigm with hearing bimo-
dal bilinguals). Simultaneous acquisition of the two languages
may lead to greater sustained interactivity between them. More-
over, in the bilingual approach to deaf education, it is common to
associate written English words with lexical signs, emphasizing
the bidirectional relationship between the two languages (e.g.,
Mounty, Pucci, & Harmon, 2014). This ‘‘chaining” methodology
may strengthen the lexicosemantic connections between transla-
tion equivalents in a way that is unique to deaf bimodal bilin-
guals. The relationship between each of these factors, the
degree of suppression of the co-activated non-target language,
and the resulting behavioral effects in this implicit paradigm war-
rant further attention. In particular, an implicit phonological
priming study with unimodal bilinguals who have early L2 expo-
sure would be useful in dissociating between effects of modality
versus age of acquisition.

One factor that certainly seems to modulate the behavioral
implications of a co-activated non-target L1 sign language is L2
reading ability. The RT interference effect was stronger for deaf
bimodal bilinguals with weaker English comprehension skills,
replicating a similar finding based on a different measure of Eng-
lish proficiency (Morford et al., 2014). This correlation suggested
that bilinguals who were weaker in their L2 English were more
likely to co-activate the L1 ASL translations or did so to a greater
degree. As Morford and colleagues have discussed, this pattern is
consistent with the predictions of the Revised Hierarchical Model
(Kroll & Stewart, 1994). This model predicts that less proficient
bilinguals rely more on direct lexical links to the L1 translation
equivalents when processing words in their L2 (which should yield
greater effects of ASL phonological relatedness), whereas more
proficient bilinguals process their L2 via direct links to semantics
(in which case, the form of the sign in ASL should have little to
no effect on English processing). Interestingly, however, this corre-
lation held only for the behavioral effect and not for the N400-like
effect, supporting Morford et al.’s hypothesis that the correlation
stems from individual differences in sensitivity to conflict at the
decision level (p. 266). Given this increased reliance on ASL for
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weaker readers, one might predict that participants with lower
levels of English proficiency would be more likely to explicitly
notice the hidden phonological relationship. This was not borne
out in the data, however, as mean reading levels were similar
between the explicit and implicit subgroups. Thus, although the
decision processes of less proficient English readers were more
affected by the phonological relationship in ASL, this did not
increase their chances of explicitly noticing the phonological rela-
tionship between the translation pairs.
4.3. A possible late translation effect in the explicit subgroup

The weaker language suppression and educational biases link-
ing signs to words (‘‘chaining”) might also help explain the fact
that many of our participants (42%) reported noticing the
phonological manipulation in ASL at debrief, whereas none of the
unimodal bilinguals reported noticing the phonological manipula-
tion in the studies presented by (Thierry & Wu, 2007; Wu &
Thierry, 2010). This result reinforces the importance of a debrief
questionnaire in studies of implicit phonological priming, particu-
larly with bimodal bilinguals, who appear more likely than uni-
modal bilinguals to explicitly co-activate the non-target language
and notice the manipulation. Contrasting the effect of ASL phonol-
ogy between subgroups of bimodal bilinguals also allowed us to
explore the signatures of explicit translation in this paradigm for
the first time (to our knowledge).

The behavioral and N400 effects that we observed in the
implicit subgroup were not significant in the explicit subgroup,
but they did go in the same direction. There were fewer partici-
pants in the explicit subgroup, and the lack of significance may
have been due to a lack of power. Another factor that could have
led to a non-significant behavioral effect is the large variability
within the explicit subgroup (as reflected in the error bars in
Fig. 2A), which may have been due to the use of individual strate-
gies once participants became aware of the manipulation. This
variability was also reflected in the introspective responses on
the debrief questionnaire, with some participants reporting that
they felt the ASL relationship interfered with their ability to make
semantic relatedness judgments and others reporting that they
felt it had no effect. A future study in which participants are
informed beforehand about the phonological relatedness of the
ASL translations, and are therefore explicitly aware of the manip-
ulation, is needed to determine whether or not these effects are
present in participants who are aware of the manipulation.
Indeed, we would not be surprised if, under these conditions,
the behavioral and N400 effects turn out to be significant, as they
are presumably reflective of processes that happen automatically
in bilinguals during word recognition.

What is clear from these data is that a late, widespread
effect of ASL phonology from 700 to 900 ms was present for
the explicit subgroup. Reminiscent of the increased positivity
associated with resolving conflict in the form-related condition
of translation recognition paradigms (e.g., Guo et al., 2012), this
late effect could be related either to the process of explicit
translation or to the ensuing evaluation of the phonological
relationship between ASL translations. In contrast, for the impli-
cit subgroup these late processes did not reach significance and
had a distinct, more lateralized distribution. Thus, in this first
attempt to characterize differences in processing as a function
of explicit awareness in this priming paradigm, there is some
evidence of a dissociation between early automatic processing
within the N400 window and later, more strategic translation
processes. How explicit awareness of the implicit phonological
manipulation modulates the earlier N400-like response awaits
further research, however.
4.4. Conclusions

In an investigation of the time course of cross-language co-
activation in deaf bimodal bilinguals, we found evidence of auto-
matic co-activation of a non-target sign language via lexicoseman-
tic spreading of activation within the N400 window, including
when participants reported being unaware of the hidden manipu-
lation. The unique right anterior distribution of the N400-like
effect of phonological relatedness of implicitly co-activated signs
suggests the involvement of distinct neural generators for process-
ing phonological form in a visual-manual language. This result pro-
vides further evidence that the neurobiology of language
processing is impacted by the distinct linguistic articulators
employed by signed versus spoken languages (see Corina et al.,
2013, for review). Moreover, once activated, the non-target ASL
translation equivalents were not robustly suppressed, as reflected
in behavioral interference effects that have not been reported in
previous studies with unimodal bilinguals. In contrast, in the sub-
group of participants who reported being aware of the phonologi-
cal manipulation in ASL, neural processing was characterized by a
late ERP effect, which we suggest reflects explicit translation pro-
cesses and/or overt consideration of sign form overlap. Overall,
then, these results emphasize that the implicit phonological prim-
ing is sensitive to cross-language co-activation in bimodal bilin-
guals as in unimodal bilinguals, but that the consequences of
that co-activation may differ depending on language modality
and the task-specific strategies that result from being explicitly
aware of the hidden phonological manipulation.
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