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Abstract

In this reply to Salverda (2016), we address a critique of the claims made in our recent study of 

real-time processing of American Sign Language (ASL) signs using a novel visual world eye-

tracking paradigm (Lieberman, Borovsky, Hatrak, & Mayberry, 2015). Salverda asserts that our 

data do not support our conclusion that native signers and late-learning signers show variable 

patterns of activation in the presence of phonological competitors. We provide a logical rationale 

for our study design and present a re-analysis of our data using a modified time window, providing 

additional evidence for our claim. We maintain that target fixation patterns provide an important 

window into real-time processing of sign language. We conclude that the use of eye-tracking 

methods to study real-time processing in a visually perceived language such as ASL is a promising 

avenue for further exploration.
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In a recent paper (Lieberman, Borovsky, Hatrak, & Mayberry, 2015), we reported research 

using a novel eye-tracking paradigm, based on the visual world paradigm, with American 

Sign Language (ASL) signs. Our three main findings were as follows: 1) Deaf signers use 

information from shortly after the sign onset to initiate gaze to the target picture despite the 

fact that the linguistic stimulus, and the target and the competitor pictures were all presented 

within the same moments in the visual field; 2) Deaf native signers showed sensitivity to 

both the sub-lexical and semantic features of signs as evidenced by their speed of looking to 

the target across conditions, their lower proportion of fixations to the target with a 

corresponding increased proportion of fixation to the stimulus sign in conditions containing 

a phonological competitor, and a greater proportion of fixations to the competitor pictures; 

3) Deaf late-learning signers showed a pattern of fixations that did not vary across 

conditions, most notably in their speed of looking to the target, and overall proportion of 

fixations directed to the target and the stimulus signed video. From these results, we 
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concluded that native-signers process signs at the sub-lexical level during comprehension but 

that late-learning signers do not show the same effects and thus may have a differently 

organized mental lexicon arising from a lack of early and accessible language input. This 

study is the first to demonstrate that eye-tracking techniques can be used to study sign 

language comprehension as it unfolds in the visual input.

Salverda (2016) takes issue with the third finding, suggesting that the data do not support 

our conclusion because the inferential statistics presented provided insufficient evidence. 

The critique is based on the fact that the deaf native signers and late-learners were 

considered separately rather than together in a between-group ANOVA. Salverda infers there 

was low statistical power in some analyses for the performance of the late learners, and that 

competitor picture fixations in both native signers and late-learners suggest that the groups 

were similar in their response patterns.

In this reply, we demonstrate that our data do provide evidence for a varied pattern of 

looking behavior in deaf native signers and late-learners. We explain the importance of 

considering the two populations separately, and show that the lack of an interaction effect in 

a mixed-effects ANOVA that Salverda performed is an artifact of aggregating across large 

time windows. Here we present a follow-up analysis showing that, if the analysis time 

window is narrowed by 300ms to better represent the linguistically-mediated looking 

patterns across the groups, the critical interaction effect of Group (native and late-learning 

signers) and Condition (Phonological and Unrelated) is statistically significant. Finally, we 

argue that Salverda’s assertion that competitor looking is more revealing than target looking 

is, in fact, a theoretical and empirical question. We provide a logical rationale for our focus 

on target looking by deaf signers. We conclude that, while our findings are clarified, the 

claims in our original paper are valid and that this study represents a breakthrough in 

studying real-time comprehension of ASL signs, opening up a fruitful area for replication 

and further investigation.

Consideration of native signers and late-learning signers

Our decision to conduct, analyze, and present this work as two independent experiments 

with two different populations was logical, purposeful, and motivated by several factors. As 

our study was the first to use a visual world paradigm to measure real-time processing of 

ASL signs, we initially tested deaf native signers, who had been exposed to ASL from birth 

or very early in life. This was necessary to provide the most reliable data regarding both the 

time course and pattern of lexical processing in the visual world when both the linguistic 

signal and the pictures are presented simultaneously in the same visual field. When doing 

this work for the first time, the more conservative approach of grouping deaf native signers 

who have homogenous ASL acquisition backgrounds was a necessary step in exploring the 

phenomenon. Only after discovering that deaf native signers shifted gaze away from the 

video and towards the target picture before the sign video was complete, were we confident 

in our finding that ASL signs are processed in real-time, much like spoken words. Our goal 

in Experiment 2 was to observe how ASL sign processing unfolds when exposure to a first 

language is delayed, and to observe possible areas for comparison of native signers with 
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late-learners. Our initial intent was not to compare the two groups directly; thus the 

approach of studying each population separately was justified in this initial study.

Comparison of phonological and unrelated conditions over time

The key claim we make regarding the processing of sub-lexical structure comes from a 

comparison of target looking across conditions, first in the native signers, and then in the 

late-learning signers. Salverda rightly points out that an ideal statistical approach would 

incorporate a between-group ANOVA comparing the Phonological and Unrelated 

conditions, and performs this analysis. This between-group comparison of looks to the target 

picture by condition in the 600–1800ms window yields a non-significant interaction. While 

at first glance the lack of an interaction in this analysis may seem to suggest that there is no 

support for between group differences in sub-lexical processing, we argue that this result is 

largely an artifact of the very large time window over which the target looking behavior is 

measured. Given the novelty of our approach, we chose to analyze the data conservatively 

over large time windows in each population. The advantage of this approach is that we can 

observe the full range of looking patterns exhibited by the participants. The disadvantage of 

this approach is that it can mask finer variations in looking behavior between populations 

that occur over narrower time periods.

We illustrate this point with a visualization of the time course of fixations in native and late-

learning deaf signers in the Phonological and Unrelated conditions (see Figure 1). This 

visualization makes it clear that the time course of fixations to the target diverged in the 

Phonological condition for the native signers. We also performed a critical re-analysis of our 

data considering a particular region of interest. In the original study, we were very 

conservative in the choice of original time window and selected a 1200ms long region where 

participants began to look towards the visual referents (600ms), and then began to look away 

from the referents (1800ms). While we originally chose this analysis window to capture 

every possible fixation to the target picture following sign onset, we recognize that this large 

window was in fact contributing significant “noise” to the data, as the majority of fixations 

from 600–850ms were directed to the stimulus video. We therefore decided that the onset of 

our new exploratory time window would be determined as the point when the signers’ 

fixations towards the referent exceeded those of fixations towards the video stimulus sign – 

which happened to fall at 850ms. Thus, we shifted the window 250ms later.1 We then 

compared the mean proportion of looking to the target in the Unrelated and Phonological 

conditions, as Salverda suggests, and performed a mixed effects 2×2 ANOVA with the 

between-subjects factor Group (Native, Late-learner) and the within-subjects factor 

Condition (Phonological, Unrelated). This analysis yielded no main effect of Group (p = .

21), a main effect of Condition [F(1,37) = 6.21, p = .02], and a significant interaction 

between Group and Condition [F(1,37)=5.04, p=.03].2 The interaction is driven by the fact 

that the native signers look significantly less to target in the Phonological vs. Unrelated 

1It cannot be overemphasized that these kinds of decisions do not have to be made when the linguistic signal is in speech and where 
only target and competitor looking need to be measured and analyzed.
2To address Salverda’s concern regarding transformation of fixation proportions, we repeated this analysis using a difference score, 
i.e. (looks to target) minus (sum of looks to all competitors), as well as a logit transformation of the fixation proportion to the target. In 
both cases, the pattern of effects is identical, with a significant Group × Condition interaction (difference score: p=.048, logit: p=.035).
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conditions [t(37) = 3.23, p = .01], while the late-learning signers do not [t(37) = .18, p = 1] 

(see Table 1). Salverda argues that such an interaction is the required evidence to claim that 

native signers and late-learning signers show varied activation patterns during ASL sign 

processing. Our data analysis with the adjusted time window provides further support for our 

interpretation.3 Importantly, our original choice of a large time window starting at 600ms 

following the stimulus ASL sign onset was not arbitrary. It was motivated by our desire to 

look over all possible points in the time course beginning at the stimulus sign offset when 

signers from different populations would shift gaze between the visual stimulus sign and the 

visual target picture and competitor pictures. Because the original intent was not to directly 

compare the two groups, this conservative approach was taken to capture all possible 

meaningful gaze behavior. Nevertheless, as the current re-analysis indicates, smaller 

windows honing in on looks to the target and competitor pictures is necessary to gain a full 

understanding of the similarities and differences in looking behavior of deaf native and late-

learning signers.

Analysis of target and competitor gaze fixation patterns

To obtain a complete understanding of looking patterns of deaf signers when both the 

stimulus lexical item and the pictures are perceived visually, we analyzed looks to the video 

stimulus sign, the target, and all related and unrelated competitor pictures. Although our 

analysis did not reveal an effect of condition on target and video looking in the late-learning 

signers, we did find effects in this population in the proportion of time they spent looking at 

the semantic and phonological competitor pictures. Salverda contends that the analysis of 

competitor fixation is a better measure of activation than the analysis of target fixation. This 

is an important theoretical and empirical question. In our study, participants were not 

listening and looking through separate sensory channels (vision and audition) as is typically 

the case in the visual world paradigm, but watching a video sign and looking at pictures on 

the same screen at the same time. In this case, looks to the video sign stimulus and target 

picture may in fact be a more sensitive measure of real-time activation than looks to 

competitor pictures. We reported analyses of competitor fixations in both populations to 

present a complete picture of looking patterns, yet we focused on the earliest measures of 

gaze shift as clear evidence for on-line processing.

In native signers, we found an increase in the proportion of fixations to the stimulus video 

and a corresponding decrease in proportion of fixations to the target in the Phonological vs. 

the Unrelated conditions. It is reasonable to infer that when signers are looking directly at 

the stimulus video, they are actively processing the linguistic information that is dynamically 

unfolding over the articulation of the sign. In this unique scenario, longer looking at the 

video stimulus sign suggests that lexical processing is taking longer, or requiring more 

perceptual input, or greater cognitive effort in the presence of phonological competition. It is 

important to note that participants had a 750ms preview period to gaze at the four pictures. 

All the pictures could still be perceived when gaze was fixated at the video. Furthermore, 

calculation of fixations across participants and conditions indicates that looks to the video 

3As a point of comparison, a parallel analysis comparing target fixations in the Semantic vs. Unrelated conditions in native and late-
learning signers yields a non-significant interaction [F(1,37) = 2.10, p = .16).
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stimulus sign and the target picture together comprised approximately 85 percent of all 

fixations. By contrast looks to the competitor pictures comprised no more than 12 percent of 

all fixations. We deemed it inappropriate to interpret competitor looking after sign offset as 

definitive evidence for activation of sub-lexical features during real-time processing, and 

reiterate that this needs to be explored in further studies.

Analysis of saccade latency by condition

Salverda states that the native signers and late learners had the same pattern of results 

considering the speed with which they initiated gaze shifts to the target picture. In the 

Phonological and Unrelated conditions, the difference for native signers in saccade latency 

to the target was 40ms (884ms vs. 844ms); for the late learners the difference was only 13ms 

(876ms vs. 863ms). While the range is narrow in both groups, for the late learners this 

narrow range is smaller than the standard error of the mean (SE = 22.2ms for native signers 

and 22.6ms for late learners) which suggests that late learners were not qualitatively 

sensitive to the conditions. Further, the patterns of saccade latency suggest that the looking 

results were not driven by speed to initially fixate to the target, but instead were driven by 

sustained looking to the target over time.

Statistical power in analysis of late-learning signers’ gaze patterns

Salverda suggests that the non-significant effects found in the late-learning signers’ looking 

patterns is the result of low statistical power. We agree that statistical power is an important 

consideration for questions of statistical inference in low-incidence populations or difficult 

to recruit populations, where it may be costly and impractical to recruit large sample sizes.4 

In prior studies of ASL lexical processing comparing native signing and late-learning deaf 

individuals, participants ranged from 10 to 25 participants per group (Best, Mathur, 

Miranda, & Lillo-Martin, 2010; Dye & Shih, 2006; Hall, Ferreira, & Mayberry, 2012), and 

our sample size falls on the high end of this range. Further, our sample sizes fall within 

established norms for typical adult eye-tracking studies of lexical and semantic competition. 

A highly cited study of phonological competition from which our current design draws 

significant inspiration (Allopenna, Magnuson, & Tanenhaus, 1998) had 12 adult subjects. 

More recently, the number of participants recruited to adult and child studies of lexical and 

semantic competition range from 20 to 60 (Huang & Snedeker, 2009; Huettig & Altmann, 

2005; Yee & Sedivy 2006). Our sample sizes are also similar to a visual world study of 

lexical activation in another low-incidence population with high variability in language skills

—adolescents with SLI—which included participant numbers ranging from 16 to 20 in each 

group (McMurray, Samuelson, Lee & Tomblin, 2010). Therefore, while we agree with 

Salverda that it would have been ideal to achieve a larger sample size, we were not 

specifically concerned that our sample size was problematic or outside established norms in 

the field. Additionally, there was sufficient power to detect differences by condition in the 

native signing group, which had even fewer participants. In fact, the standard deviation from 

4The incidence of childhood hearing loss is 1–2 per 1000. The proportion of adults with severe to profound hearing loss is even 
smaller (http/nidcd.nih.gov). The proportion of deaf adults who use sign language and are either native learners or late L1 learners is 
smaller still (Mitchell & Karchmer, 2004).
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the mean for saccade latency and proportion of fixations to the target was smaller for the 

late-learning signers than for the native signers. Thus, the lack of effects obtained among 

late-learning signers in the phonological condition was not likely due to low power. 

Moreover, the low statistical power explanation does not reconcile with the detection of a 

group × condition interaction in the present follow-up analyses with a medium effect size 

η2= 0.12 with a smaller time window, as explained above.

Finally, scientific progress is cumulative and no single study alone is definitive. Researchers 

investigating the psycholinguistic processing of English in typical adults have available to 

them a large body of research with which to make a priori estimates of effect sizes and the 

sample sizes needed to obtain them along with hundreds of easily recruited participants. In 

exploratory research where little prior work is available and especially where participant 

recruitment and testing is both very time consuming and costly, the risk associated with a 

Type II error, a false negative, is to forestall future research into what may be a crucial but 

small effect. In such research areas, Lieberman & Cunningham (2009) suggest that 

replication and meta-analyses are a more efficient means to verify such effects than 

discounting them because they will either “self erase” or be verified by subsequent studies. 

Research with individuals who are born profoundly deaf, use sign language to communicate, 

and have had little language input in childhood is one such research area.

Conducting and reporting follow-up tests

Salverda claims that the follow-up tests reported were unprincipled and assumes that only 

significant results were reported. This is unsupported. Our goal was to focus on the relevant 

contrasts. Focusing again on the Phonological and Unrelated conditions, across all measures, 

there were two significant contrasts among native signers—target looking and stimulus 

video sign looking. As explained in detail here, these are the measures we posit to be the 

most sensitive to real-time processing when the visual world paradigm is adapted to the 

present situation where both the linguistic stimulus and the alternative pictures are all 

perceived simultaneously in the visual modality. No contrasts were significant for the late-

learning signers. Converging evidence across measures supports our hypothesis, though this 

hypothesis clearly requires more experimental work.

In sum, our paper represents novel and groundbreaking efforts to analyze real-time 

comprehension of ASL signs using a new eye-tracking paradigm in two distinct, low-

incidence populations. Although there are lively and ongoing discussions in the literature 

regarding optimal approaches to statistical analysis of visual world eye tracking data (Barr, 

2008; Huettig, Rommers & Meyer, 2011; Mirman, Dixon & Magnuson, 2007), we are 

confident that the data and our analyses support our claim that there appears to be real 

variation in the pattern of lexical activation across the groups. Salverda titles his critique “An 

absence of sublexical representation in late-learning signers,” yet this specific claim is 

absent from our paper. Salverda’s conclusions largely agree with our own interpretation of 

the data, namely that there is a pattern of relative rather than absolute variation in sub-lexical 

activation across groups. Although characteristics of this population are variable, as is their 

performance, it is clear that the original interpretation of our data – that there is variation in 

on-line lexical processing as a function of early language experience – are supported by the 
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results. Our hope is that this study will serve as a starting point in the use of eye-tracking 

technologies to study language processing in the visual modality in much the same way that 

these methods have benefited the spoken-language processing field.
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Figure 1. 
Time course of fixations to the target picture in the Phonological and Unrelated conditions in 

native signers and late-learning signers
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Table 1

Proportion of fixations to the target picture from 850ms–1750ms after stimulus sign onset in the Phonological 

and Unrelated conditions.

Group Condition Mean (SD) proportion fixation to target 850–1750ms

Native Phonological 0.65 (.22)

Unrelated 0.72 (.21)

Late-learner Phonological 0.75 (.13)

Unrelated 0.76 (.14)
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