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ABSTRACT ARTICLE HISTORY

Cognitive aging negatively impacts language comprehension per- Received 27 April 2020
formance. . However, there is evidence that older adults skillfully Accepted 27 July 2021
use linguistic context and their crystallized world knowledge to

. . - KEYWORDS
offset age-related changes that negatively impact comprehension.

Language comprehension;

Two visual-world paradigm experiments examined how aging aging; verb-argument
changes verb-argument prediction, a comprehension process that processing; prediction;
relies on world knowledge but has rarely been examined in the interference

cognitive-aging literature. Older adults did not differ from younger
adults in their activation of an upcoming likely verb argument,
particularly when cued by a semantically-rich agent+verb combina-
tion (Experiment 1). However, older adults showed elevated activa-
tion of previously-mentioned agents (Experiment 1) and of unlikely
but verb-congruent referents (Experiment 2). This is novel evidence
that older adults exploit semantic context and world knowledge
during comprehension to successfully activate upcoming referents.
However, older adults also show elevated activation of irrelevant
information, consistent with previous findings demonstrating that
older adults may experience greater proactive interference and
competition from task-irrelevant information.

Introduction

Aging negatively impacts a variety of cognitive functions, including language compre-
hension: older adults have been shown to have poorer comprehension performance than
younger adults (Carpenter et al., 1994). For example, older adults are less accurate in
making connective inferences in multi-sentence discourses (Cohen, 1979), less consistent
in identifying referents for pronouns (Light & Capps, 1986), and less accurate in end-of-
sentence acceptability judgments and comprehension questions compared to their
younger peers (Caplan & Waters, 2005; Payne et al., 2014). Older adults’ language proces-
sing has also widely been reported to be slower than younger adults’ (Caplan & Waters,
2005; Van der Linden et al., 1999). Furthermore, age-related declines in auditory and visual
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acuity can negatively impact both spoken (Wingfield & Stine-Morrow, 2000) and written
language comprehension (Madden, 1988).

However, there is also significant evidence that older adults may take advantage of
context to offset the negative impacts of these age-related changes (Payne & Silcox, 2019;
Pichora-Fuller, 2008; Stine-Morrow et al., 2006). In particular, older adults appear to take
robust advantage of semantic context during language comprehension (Pichora-Fuller,
2008), often achieving comparable levels of performance to younger adults when rich
semantic context is available (Lash et al., 2013). The current study uses verb-argument
prediction measured via the visual world paradigm (Tanenhaus et al., 1995) as a lens for
examining how older adults exploit context to guide their activation of upcoming words
and concepts during comprehension. Verb argument prediction involves activating a not-
yet-mentioned referent that is a likely theme (object) of a verb — for example, activating an
edible referent such as “cake” upon reading or hearing eat. This phenomenon is
a particularly informative lens through which to examine the question of how older adults
make use of context during comprehension because rapid prediction of verb arguments
has been shown to depend on world knowledge cued by both visual and linguistic
context (Altmann & Kamide, 1999; Milburn et al., 2016). Furthermore, the visual world
paradigm enables direct examination of the rapid prediction of upcoming verb argu-
ments, allowing these processes to be distinguished from incidental activation of verb-
congruent referents and other irrelevant information (Kukona et al., 2014, 2011).

World knowledge and verb-argument prediction

Verb-argument prediction has been a central topic of investigation in the psycholinguis-
tics literature (Altmann & Kamide, 1999; Boland, 2005; Borovsky et al., 2012; Kamide et al.,
2003; Mack et al., 2013; Milburn et al., 2016), and has provided critical evidence about how
individuals take advantage of different sources of knowledge during the comprehension
process (e.g., Warren & Dickey, 2021). Much of the evidence regarding verb-argument
prediction comes from the visual world paradigm (Tanenhaus et al., 1995). In the visual
world paradigm, a participant sees an array of objects or images and hears a linguistic
stimulus referring to or describing the array. The participant’s eye movements around the
array are finely time-locked to their concurrent processing of this linguistic stimulus
(Huettig, Rommers, & Meyer, 2011), and gazes to likely upcoming referents can emerge
before the referent has been named in the linguistic stimulus (Altmann & Kamide, 1999).
This paradigm has been demonstrated to be effective in a variety of populations, includ-
ing young adults, children, older adults, and people with aphasia (Altmann & Kamide,
1999; Baltaretu & Chambers, 2018; Borovsky et al., 2012; Hayes et al., 2016; Mack et al.,
2013).

Evidence from the visual world paradigm has demonstrated that world knowledge
about likely event participants (McRae & Matsuki, 2009) drives predictive looks to upcom-
ing verb arguments. For example, Kamide et al. (2003) found that world knowledge cued
by agent+verb combinations drove prediction of likely upcoming objects: upon hearing
The little girl will ride the ..., listeners were more likely to gaze at a picture of a carousel
than a motorcycle, whereas upon hearing The man will ride the ... this pattern was
reversed. Both carousels and motorcycles are equally rideable objects; the prediction of
one versus the other is critically dependent on world knowledge about how the agent of
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a riding event affects that event’s likelihood. Milburn et al. (2016) extended these results
by showing that verb-argument prediction can be driven by combinations of verbs and
scenes: the verb fling can take anything flingable as a direct object, but in combination
with a naturalistic scene of a bridal party in a Western wedding, the object flowers
becomes overwhelmingly more likely. These visual-world paradigm findings demonstrate
that comprehenders actively predict upcoming verb arguments, and that they take
advantage of world knowledge (activated by combinations of words, images, or both)
to do so.

The visual world paradigm also provides evidence that comprehenders automatically
activate referents based solely on a verb's coarse-grained thematic constraints (e.g., that
the direct object of ride must be something rideable). These activated referents can be
different from the predicted verb arguments and be irrelevant to the unfolding sentence,
and their activation usually occurs later than activation of the predicted verb argument.
For example, as described previously, Kamide et al. (2003) found that upon hearing The
little girl will ride the ..., listeners were more likely to gaze at a picture of a carousel than
a motorcycle, even before the offset of the verb ride. However, during a later time window,
listeners initiated more gazes to the motorcycle compared to an object that could not be
ridden (candy). Paralleling these results, Kukona et al. (2011) found that after hearing Toby
was arrested by ..., college-aged young adults showed both rapid gazes at a picture of
a policeman (a likely agent, the person arresting Toby) and slightly later-emerging gazes
at a picture of a crook (a person likely to be arrested). This is striking given that the theme
role of arrested had already been filled by Toby. Interestingly, there is some evidence that
sustained activation of such task-irrelevant referents is related to poorer language com-
prehension ability: individuals showing less sustained activation of these referents per-
form better on standardized measures of comprehension skill (Kukona et al., 2016).

Together, these findings show that comprehenders anticipate upcoming verb argu-
ments based on world knowledge activated by rich linguistic and visual context. They also
show incidental activation of task-irrelevant referents based on the verbs’ coarse-grained
semantic constraints. These comprehension processes are thus driven by distinct knowl-
edge sources, and they are indexed by separate gaze patterns in the visual world
paradigm (see discussion by Kukona et al., 2014; Magnuson, 2019).

World knowledge and verb-argument prediction during aging

The important role of world knowledge and context in driving verb-argument prediction
makes such predictive processing especially relevant for investigating how older adults
exploit context during language comprehension. Crystallized knowledge, including world
knowledge, is preserved in aging (Horn & Cattell, 1967). Many researchers have argued
that older adults may flexibly adapt to rely on their strong crystallized knowledge to offset
declines in other functions, such as attentional control or inhibition (Stine-Morrow et al.,
2006). This would explain why older adults tend to succeed when context can be used to
compensate for age-related declines in cognitive or sensory function (Pichora-Fuller,
2008). For example, although older adults commonly show poorer word-recognition
performance than younger adults in weakly-constraining contexts that make it difficult
to anticipate or identify a target word, particularly under challenging listening conditions
(Pichora-Fuller et al., 1995; Wingfield et al., 1985), this disadvantage disappears almost
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completely in semantically rich contexts (Lash et al., 2013). There is also evidence that
older adults may show stronger effects of context than younger adults. For example, Choi
et al. (Choi et al., 2017) reported that older adults showed larger effects of contextual
predictability than younger adults did in an eye-tracking study of reading. Additionally,
Rogers and colleagues (C. S. Rogers, 2017; C. S. Rogers et al., 2012) found that older adults
more often recalled hearing words in noise that were not presented but were semantically
consistent with context (cases of so-called “false hearing”), compared to younger adults.
These findings naturally support the hypothesis that older adults should successfully
exploit world knowledge to predict verb arguments, particularly in semantically rich
contexts like those used by Kamide et al. (2003) and Milburn et al. (2016).

Interestingly, this hypothesis runs counter to recent claims that there are age-related
declines in language-specific predictive processing (DeLong et al., 2012; Wlotko &
Federmeier, 2012; Wilotko et al.,, 2010). It is worth noting that evidence for reduced
prediction in cognitive aging often comes from weakly-constraining contexts, such as It
was time to hang the new ... (Wlotko & Federmeier, 2012) where there are many possible
continuations of the incomplete context. In such contexts, crystallized world knowledge is
less helpful in driving prediction, and the verb often provides the only cue allowing the
comprehender to predict upcoming material. Wlotko et al. (2010) summarize a variety of
evidence from event-related potentials (ERPs) showing that older adults are less likely
than younger adults to anticipate upcoming words based on context. For example,
younger adults show smaller N400 responses to unexpected words that are semantically
similar to predicted words than to unexpected words that are unrelated (for instance,
following a context that makes palms highly expected, young adults show a smaller N400
response to pines compared to tulips: Federmeier & Kutas, 1999). This suggests that
younger adults have predicted the word that is expected based on context (Federmeier
& Kutas, 1999). Older adults often do not show such reduced N400 responses for related
but unexpected words, suggesting that they have not made a prediction (DelLong et al.,
2012; Federmeier & Kutas, 2005; Federmeier et al., 2010).

Older adults, like young adults, may activate contextually-irrelevant referents based on
coarse-grained verb constraints in addition to making predictions about specific upcom-
ing words. Such activation of contextually-irrelevant referents intersects with current
views of domain-general age-related cognitive changes that may impact language com-
prehension performance. Hasher and colleagues have drawn attention to the challenges
that age-related declines in attentional control and inhibitory function may pose for older
adults’ language comprehension (Biss et al., 2013; Hasher et al., 2007, 1991). Evidence
from comprehension-question and probe-recognition measures suggests that older
adults experience greater sustained activation of task-irrelevant information than younger
adults during language comprehension tasks (Christianson et al., 2006; Connelly et al.,
1991; Hartman & Hasher, 1991). Activation of task-irrelevant information (including infor-
mation such as verb-congruent referents) can lead to proactive interference, negatively
impacting both encoding of new material and retrieval of previously-encoded informa-
tion (Archambeau et al., 2020; R. D. Rogers & Monsell, 1995). There is considerable
evidence that older adults are more likely to experience such proactive interference
(Archambeau et al., 2020; Biss et al., 2013; Campbell et al., 2010), possibly due to the
interacting effects of their greater sustained activation and their decreased inhibitory
control. This naturally leads to the operationalized expectation that older adults should
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show more gazes to contextually-irrelevant but verb-congruent referents than young
adults in verb-argument prediction situations.

Verb-argument prediction thus has significant value as a window onto how older
adults draw on world knowledge and context during language comprehension, as well
as onto age-related changes (in prediction and proactive interference) that may affect
language comprehension. Despite this, the effects of cognitive aging on verb-argument
prediction have received little attention in either the language-comprehension or the
cognitive-aging literature. In the only study to date that has directly compared older and
younger adults’ prediction of theme arguments (although see Mack et al., 2013, for
a comparison of verb-argument prediction in older adults and people with aphasia),
Baltaretu and Chambers (Baltaretu & Chambers, 2018)) found that older adults showed
an advantage over younger adults in their verb-argument processing: they showed
a faster accrual of gazes to the likely verb argument and reduced competition from an
associatively-related referent.

Current study

We report two experiments examining the influence of healthy cognitive aging on the
processes of verb-argument prediction and activation of verb-congruent referents. Both
experiments directly compared gazes at highly likely (world-knowledge favored) and
possible but unlikely (verb-congruent) arguments to gazes at impossible arguments.
These comparisons independently test for the rapid prediction of likely verb arguments
and activation of verb-congruent referents, in the same experiment and the same linguis-
tic context. We additionally use a modified visual world paradigm (adapted from Mack
et al,, 2013) in which participants click on the image that best completes a sentence
fragment. This design allows participants the time to make predictions without interrup-
tion from presentation of the argument. This could potentially be important given that
older adults’ processing speed is often slowed (Salthouse, 1996; Wingfield et al., 1985).

Experiment 1 tested verb-argument prediction based on a semantically rich context
provided by the combination of an agent and a verb (Kamide et al., 2003). Experiment 2
tested verb-argument prediction based on the verb alone (Altmann & Kamide, 1999). If
older adults successfully use context to activate world knowledge and predict likely
upcoming referents (McRae & Matsuki, 2009; Milburn et al., 2016; see also Pichora-
Fuller, 2008), then both older and young adults should show early gazes to likely referents,
particularly in the richer contexts in Experiment 1. In contrast, if older adults show reduced
prediction across contexts (Federmeier & Kutas, 2005; Wlotko et al., 2010), older adults
should show fewer early gazes to likely referents than young adults in both experiments.
Furthermore, if older adults show greater activation of task-irrelevant information (Biss
et al,, 2013; Hasher et al., 2007, 1991) potentially leading to greater proactive interference
(Archambeau et al,, 2020), they should show more gazes at verb-congruent but unlikely
referents than young adults, again in both experiments.

Experiments 1 and 2 were a priori constructed to address related but complementary
research questions, as noted above. We ran both experiments on the same participants
and during the same testing session with stimulus presentation randomized such that
critical stimuli for each experiment acted as filler stimuli for the other experiment (for
other reports of multiple experimental item sets being run simultaneously as fillers for
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each other, see e.g., Gibson & Warren, 2004; Staub, 2010). This approach allowed us to
maximize the amount and quality of data collected while minimizing fatigue for our
participants. We report and discuss the results of each experiment separately.

Experiment 1
Participants

Young adults

60 undergraduate students from the University of Pittsburgh participated for course
credit (gender information was not available for our young adult sample). They ranged
in age from 18 to 21, began learning English before age five, and self-reported normal or
corrected-to-normal vision and hearing.

Older adults

Thirty community-dwelling older adults (25 female) with self-reported normal or cor-
rected-to-normal vision and without self-reported history of speech-language, hearing, or
neuropsychological disorders participated. Participants additionally self-identified as
native English speakers. They ranged in age from 50 to 74 years (mean: 61.1) and varied
in their educational attainment, with all participants having completed high school or the
equivalent and 21 having completed 2 or more years of post-secondary education. In
order to exclude the presence of unreported memory or other cognitive disorders,
participants were given the Mini-Mental State Exam (MMSE: Folstein, Folstein &
McHugh, 1975). All participants scored 28 or better on the MMSE (mean: 29.6), above
lower-quartile cutoff scores for healthy older adults (Bleecker, Bolla-Wilson, Kawas &
Agnew, 1988). All participants passed a 40 dB pure-tone hearing screen (unaided) at
500, 1000, 2000, and 4000 Hz bilaterally.

Materials

Visual stimuli consisted of 24 arrays of four images arranged in a grid (Figure 1). A typical
array in Experiment 1 might show a glass of water, a cup of coffee, a cat, and a rock.
Each array was accompanied by one of two possible sentence fragments presented
auditorily. All sentence fragments contained an agent, a future-tense transitive verb, and
a determiner; no direct object was named in any of the fragments. In the semantically-rich
constrained condition, the agent was a specific actor: for example, the sentence “The dog
will drink the ... ” In the control condition, the agent was always the semantically-empty
word someone: for example, the sentence “Someone will drink the ... ." Each array of
images contained a likely object, favored by world knowledge given the combination of
agent and verb in the constrained condition (water, given the agent dog and verb drink);
a verb-congruent competitor, which met the coarse-grained semantic requirements of
the verb but was a highly unlikely direct object in the constrained condition, given its
agent (coffee); an agent-related competitor, which was semantically related to the agent
in the constrained condition but was not a possible direct object (cat); and an unrelated
competitor, which was an impossible direct object given the verb’s semantic
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Figure 1. Sample visual display, Experiment 1, showing the likely object (water), verb-congruent
competitor (coffee), agent-related competitor (cat), and unrelated competitor (rocks). This visual
display was accompanied by the auditory stimulus “The dog will drink the ... " (constrained condition)
or “Someone will drink the ... " (control condition).

requirements and which was unrelated to either the agent or the verb (rock). See the
Appendix for a list of all linguistic stimuli.

This paradigm is adapted from that used by Mack et al. (2013; see also Hayes et al., 2016).
If older adults’ predictive processing is indeed reduced (DelLong et al., 2012; Federmeier &
Kutas, 2005; Wlotko et al., 2010) or their processing generally slowed (Salthouse, 1996), then
using tasks in which bottom-up information quickly confirms the identity of the predicted
item would likely obscure any evidence of their prediction, as noted in the Introduction
above. Because of this, Mack et al. (2013) used a modified version of the visual world
paradigm in their comparison of verb-argument prediction in older adults and people with
aphasia. They presented participants with sentence fragments with the final word missing
and asked them to indicate which of an array of images on a computer screen best
completed that fragment. Critically, because the direct object was not mentioned in any
of the sentences, bottom-up information did not confirm the direct object’s identity,
enabling them to observe any potentially delayed or reduced predictive effects.

Participants completed 64 trials presented in a random order. In addition to the 24
Experiment 1 trials, 20 trials were stimuli for Experiment 2, and the other 20 were fillers.
Filler stimuli were constructed in the same format as the experimental stimuli. Some filler
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stimuli contained multiple images that were appropriate objects of their verbs, and some
filler stimuli contained no appropriate direct objects. This variability among the filler trials
made the sentence-final task more challenging and less predictable, thereby helping to
ensure that participants would be engaged.

Audio stimuli were recorded by the second author, who self-identifies as a native
speaker of English. Verbs in the control condition were slightly longer than verbs in the
constrained condition ((23) = —2.66; p < .05). Mean verb durations for each condition are
shown in Table 1. Full stimuli for Experiment 1 can be viewed in Appendix Table 1.

We used Latent Semantic Analysis (LSA; Landauer, Foltz, & Laham, 1998) to examine
whether gazes to the verb-congruent competitor may have been motivated by its
semantic similarity to the likely object. LSA provides a continuous measure of semantic
relatedness, with values ranging from 0 (for completely unrelated terms) to 1 (for strongly
related terms). A paired-sample t-test showed higher semantic relatedness between
labels for the likely objects and verb-congruent competitors (M = 0.223) than between
labels for the verb-congruent competitors and unrelated items (M = 0.06; t(22) = 4.09,
p < .05). This comparison shows that the verb-congruent competitor was more strongly
related to the likely object than it was to the unrelated competitor. We will return to this
point in the Discussion.

Norming

Stimuli were normed to ensure that the images were identifiable and that the verbs were
appropriately constraining. 26 undergraduate students from the University of Pittsburgh
participated for course credit. Participants saw each grid of images in a PowerPoint
slideshow and completed an accompanying paper questionnaire containing the sentence
fragments used in the study, with the two versions of each fragment counterbalanced
across two lists. Participants ranked the images in the grid in order of how well they
completed the accompanying sentence.

Participants ranked the likely object first as a sentence completion in 92% of trials in
the constraining-verb condition, reliably more often than any other object was ranked
first (t;(25) = 22.37, p < 0.05, t,(23) = 18.35, p < 0.05, paired-sample t-test). Participants also
ranked the verb-congruent competitor second as a sentence completion in 70% of trials in
the constrained condition, reliably more often than any other object was ranked second
(t1(25) = 6.38, p < 0.05, t5(23) = 3.43, p < 0.05, paired-sample t-test). With respect to the
object names, the images were described with the likely object name, a synonym, or
a member of the same semantic category (e.g., identifying cereal as oatmeal or a jacket as
a blazer) on 84% of trials.

Table 1. Means and SDs for verb duration in Experiments 1 and 2.

Experiment Condition Mean Duration (ms) SD

1 Constrained 334.67 101.24
Control 356.21 106.12

2 Constrained 390.55 129.05

Control 413.20 81.14
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Procedure

Participants’ eyes were tracked using an Eyelink 1000 tracker (SR Research Ltd., Toronto,
Ontario, Canada) with a sampling rate of 1 ms and a spatial resolution of less than a 30-
min arc. The experiment was programmed and presented using the Experiment Builder
software (SR Research Ltd., Toronto, Ontario, Canada). Participants viewed stimuli bino-
cularly on a monitor approximately 63 cm from their eyes. Head movements were
minimized using forehead and chin rests. After explaining the format of the experiment
to the participants, we calibrated the eye tracker using a 9-point fixation stimulus; this
ensures that the eyes are tracked both precisely and accurately across the entire display
screen. In each trial, participants first clicked on a centrally located fixation cross, thereby
repositioning eye gaze and mouse location at the center of the screen. The array of
images was then presented, followed 500 ms later by the audio stimulus. Participants
were instructed to click on the image that best completed the sentence they heard. Table
2 shows percentage of clicks to each image in each condition. A single-point drift check
was performed after every trial to check if recalibration was necessary, and a full 9-point
recalibration was performed halfway through the experiment. The position of the images
on the screen was randomized, as was the order in which stimuli were presented. Audio
stimuli were presented to participants via two speakers positioned at either side of the
viewing monitor. The experiment lasted approximately 20 minutes.

Results

Eye movements
Gaze data were analyzed during a time window that began 500 ms before verb onset and
ended 2000 ms post-verb onset. Eye gaze data were aggregated in nonoverlapping 50 ms
time bins with 50 samples per bin using the littlelisteners package (Mahr, ver. 0.0.0.9000).
Fixations preceding or following a blink were removed from analysis. Graphs of gazes to
each object in each condition for older and young adults can be seen in Figures 2-4.

Data were analyzed using Growth Curve Analysis (GCA; Mirman, 2016) in the
R statistical computing package (R Development Core Team, 2020; ver. 3.0.1). P-values
were obtained using the ImerTest package (Kuznetsova, Brockhoff, & Christensen, 2017;
ver. 2.0-20). Models were fit using the fullest random effects structure that would allow
convergence (Barr, Levy, Scheepers, & Tily, 2013). GCA requires the researcher to choose
whether to collapse over participants or over items when processing raw eye-tracking
data. We chose to collapse over items in the present study to keep participant-level data
intact, allowing us to compare between our two groups.

We modeled the overall time course of fixations to the images in our comparisons of
interest using a third-order (cubic) orthogonal polynomial. This describes the time course

Table 2. Percentage of mouse clicks (Mean; SD) to each image in each condition (Experiment 1).
Population Condition  Likely Object ~ Verb- Congruent  Unrelated Competitor Agent-Related Competitor

Competitor
Young Adults Constrained 95.14 (.22) 3.89 (.19) 0.139 (.04) 0.83 (.09)
Control 54.58 (.50) 44,58 (.50) 0.14 (.04) 0.69 (.08)
Older Adults  Constrained 95.00 (.22) 3.89 (.19) 0.28 (.05) 0.83 (.09)
Control 58.89 (.49) 39.44 (.49) 0.00 (0) 0.83 (.09)
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Figure 2. Likely Object (water) vs. Unrelated Competitor (rocks) looks in the two conditions for young
and older adults. Black lines represent looks to the likely object and unrelated competitor in the
constrained condition (“The dog will drink the ... "); gray lines represent looks to these objects in the
control condition (“Someone will drink the ... "). Zero on the x-axis represents verb onset.

of fixations in three time terms: the overall slope of the curve (linear), the rise and fall of
the curve around a central inflection (quadratic), and the shape of the tails (cubic); these
components have been demonstrated to be relevant to psycholinguistic research on
lexical activation, constraint integration, and prediction (Mirman, Dixon, & Magnuson,
2008). Including the cubic term improved model fit and convergence, but this term can be
difficult to map onto any particular cognitive process (see discussion in Mirman, 2016). We
therefore interpret only the linear and quadratic time terms. We included fixed effects of
image, condition, and population, and random slopes of participant and participant-by-
image on all time terms.

We coded three image comparisons of interest: likely object vs. unrelated competitor,
verb-congruent competitor vs. unrelated competitor, and agent-related competitor vs.
unrelated competitor. In all comparisons, the unrelated competitor was coded as the
baseline. We also compared looks in the constrained condition to looks in the control
condition, using the control condition as baseline. Finally, we compared looks across
populations with young adults as the baseline. All comparisons were coded using



AGING, NEUROPSYCHOLOGY, AND COGNITION 1

0.7
0.6
0.5
04
0.3

-
s

0.1

Young Adults

SO OO VPO OSSOSO S OIS
SESFFHIS ' FEIFTLF ST SSEFFSS

0.7
0.6
0.5
04
0.3

-
e

Older Adults

0.1

D O O O VL DN DD S VDN O DN O DL O O O DO
SRS LS L RS ST IS S S

e V e1b-Congruent Competitor (constrained) » « «»«« Unrelated Competitor (constrained)
e \ e1b-Congruent Competitor (control) <<« v Unrelated Competitor (control)

Figure 3. Verb-Congruent Competitor (coffee) vs. Unrelated Competitor (rocks) looks in the two
conditions for young and older adults. Black lines represent looks to the verb-congruent and unrelated
competitors in the constrained condition (“The dog will drink the ... "); gray lines represent looks to
these objects in the control condition (“Someone will drink the ... ”). Zero on the x-axis represents
verb onset.

centered treatment coding. Although these comparisons were entered into a single
model, we present the results for each image comparison individually for clarity. Model
code is displayed below:

model <- Imer (fixation proportion ~ (linear + quadratic + cubic) * image * population *
condition + (1+ linear + quadratic + cubic | participant) + (1+ linear + quadratic + cubic |
participant: image), control = ImerControl(optimizer = “bobyqa”), data = data, REML = F)

A summary of the fixed and random effects, including contrasts and contrast codes,
entered into the model can be seen in Table 3. Full model results can be seen in Table 4
(note that interactions with the cubic time term are presented in the Appendix for
brevity).

Comparison 1: likely object (water) vs. unrelated object (rocks)
Participants looked more toward the likely object than the unrelated competitor in the
constrained condition compared to the control condition (Likely Object vs Unrelated
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Table 3. Model summary, Experiment 1.

Effect Contrasts (coding scheme)
Fixed Effects Linear Time Term
Quadratic Time Term
Cubic Time Term
Image likely object (.5) vs. unrelated (-.5)
verb-congruent (.5) vs. unrelated (-.5)
agent-related (.5) vs. unrelated (-.5)

Condition constrained (.5) vs. control (—.5)
Population older adults (.5) vs. young adults (-.5)
Random Effects Participant
Participant: image
Random Slopes linear + quadratic +

cubic | participant
linear + quadratic +
cubic | participant: image

Competitor*Condition interaction: f& =.19; SE =.006; t = 32.10; p < .05). Looks to the likely
object accrued faster (Linear*Likely Object vs Unrelated Competitor*Condition interac-
tion: fS = .24; SE = 05; t = 5.32; p < .05), and showed a more pronounced peak
(Quadratic*Likely Object vs Unrelated Competitor*Condition interaction: Q = -47,
SE = .05; t = —10.47; p < .05) in the constrained condition than in the control condition.
These effects were qualified by a population interaction. The peak of likely object looks in
the constrained condition was more pronounced for older adults than for young adults
(Quadratic*Likely Object vs Unrelated Competitor *Population*Condition interaction:
B = —.43; SE = .09; t = —4.81; p < .05).

Comparison 2: Verb-congruent competitor (coffee) vs. unrelated object (rocks)
Participants looked more toward the verb-congruent competitor than the unrelated
competitor in the control condition compared to the constrained condition (Verb-
Congruent Competitor vs Unrelated Competitor*Condition interaction: ﬁ = -.25;
SE =.006; t = —41.40; p < .05). Looks to the verb-congruent competitor accrued faster in
the control condition compared to the constrained condition (Linear*Verb-Congruent
Competitor vs Unrelated Competitor*Condition interaction: Q =-.55;SE=.05;t=-11.95;
p < .05, and additionally showed a more pronounced peak in the control condition
(Quadratic*Verb-Congruent Competitor vs Unrelated Competitor*Condition interaction:
G =.21; SE = .05; t = 4.58; p < .05). The effects were qualified by population interactions.
The overall advantage for the verb-congruent competitor in the control condition was
larger for  older adults (Verb-Congruent  Competitor vs  Unrelated
Competitor*Population*Condition interaction: Q = —.04; SE = .01; t = -3.45; p < .05).
Additionally, looks to the verb-congruent competitor in the control condition accrued
faster for older adults (Linear*Verb-Congruent Competitor vs Unrelated
Competitor*Population*Condition interaction: ﬁ = —45; SE =.09; t = -4.91; p < .05).

Comparison 3: agent-related competitor (cat) vs. unrelated competitor (rocks)
Participants looked more toward the agent-related competitor than the unrelated
competitor in the constrained condition compared to the control condition (Agent-Con.
Competitor vs Unrelated Competitor*Condition interaction; fi = .06; SE = .006; t = 9.65;
p < .05). Looks to the agent-related competitor decreased faster (Linear*Agent-Con.



AGING, NEUROPSYCHOLOGY, AND COGNITION 13

Table 4. Full model results, Experiment 1.

Term Estimate SE t-value p-value

Intercept 0.25 0.00 91.48 <.05

Linear Time term 0.00 0.02 0.00 1

Quadratic Time Term 0.00 0.02 0.00 1

Likely Object vs Unrelated Competitor 0.30 0.01 31.23 <.05

Verb-Congruent Competitor vs Unrelated Competitor 0.03 0.01 3.48 <.05

Agent-Related Competitor vs Unrelated Competitor -0.13 0.01 -14.04 <05

Population 0.00 0.01 0.00 1

Condition 0.00 0.00 0.00 1

Linear*Likely Object vs Unrelated Competitor 0.69 0.08 8.47 <.05

Linear* Verb-Congruent Competitor vs Unrelated Competitor 0.27 0.08 3.27 <.05

Linear*Agent-Related Competitor vs Unrelated Competitor -0.64 0.08 -7.82 <.05

Quadratic*Likely Object vs Unrelated Competitor -0.83 0.07 -11.18 <.05

Quadratic* Verb-Congruent Competitor vs Unrelated Competitor -0.08 0.07 -1.12 0.26

Quadratic*Agent-Related Competitor vs Unrelated Competitor 0.62 0.07 8.43 <.05

Linear*Population 0.00 0.05 0.00 1

Quadratic*Population 0.00 0.04 0.00 1

Likely Object vs Unrelated Competitor*Population 0.01 0.02 0.66 0.51

Verb-Congruent Competitor vs Unrelated Competitor*Population 0.00 0.02 0.07 0.94

Agent-Related Competitor vs Unrelated Competitor*Population 0.01 0.02 0.36 0.72

Linear*Condition 0.00 0.01 0.00 1

Quadratic*Condition 0.00 0.01 0.00 1

Likely Object vs Unrelated Competitor*Condition 0.20 0.01 32.10 <.05

Verb-Congruent Competitor vs Unrelated Competitor*Condition -0.25 0.01 —41.40 <.05

Agent-Related Competitor vs Unrelated Competitor*Condition 0.06 0.01 9.65 <.05

Population*Condition 0.00 0.00 0.00 1

Linear*Likely Object vs Unrelated Competitor *Population —-0.28 0.16 -1.69 0.09

Linear* Verb-Congruent Competitor vs Unrelated Competitor -0.06 0.16 -0.38 0.70
*Population

Linear*Agent-Related Competitor vs Unrelated Competitor 0.61 0.16 3.69 <.05
*Population

Quadratic*Likely Object vs Unrelated Competitor *Population -0.50 0.15 -3.37 <.05

Quadratic* Verb-Congruent Competitor vs Unrelated 0.25 0.15 1.72 0.09
Competitor*Population

Quadratic*Agent-Related Competitor vs Unrelated 0.45 0.15 3.04 <.05
Competitor*Population

Linear*Likely Object vs Unrelated Competitor*Condition 0.24 0.05 5.32 <.05

Linear* Verb-Congruent Competitor vs Unrelated —-0.55 0.05 -11.95 <.05
Competitor*Condition

Linear*Agent-Related Competitor vs Unrelated -0.12 0.05 —2.58 0.01
Competitor*Condition

Quadratic*Likely Object vs Unrelated Competitor*Condition —-0.47 0.05 -10.47 <.05

Quadratic* Verb-Congruent Competitor vs Unrelated 0.21 0.05 4.58 <.05
Competitor*Condition

Quadratic*Agent-Related Competitor vs Unrelated 0.44 0.05 9.81 <.05
Competitor*Condition

Linear*Population*Condition 0.00 0.03 0.00 1

Quadratic*Population*Condition 0.00 0.03 0.00 1

Likely Object vs Unrelated Competitor*Population*Condition 0.01 0.01 0.57 0.57

Verb-Congruent Competitor vs Unrelated —-0.04 0.01 -3.45 <.05
Competitor*Population*Condition

Agent-Related Competitor vs Unrelated Competitor 0.04 0.01 3.32 <.05
*Population*Condition

Linear*Likely Object vs Unrelated Competitor -0.11 0.09 -1.25 0.21
*Population*Condition

Linear*Verb-Cong Competitor vs Unrelated Competitor —-0.45 0.09 —4.91 <.05
*Population*Condition

Linear*Agent-Related Competitor vs Unrelated Competitor 0.98 0.09 10.69 <.05
*Population*Condition

Quadratic*Likely Object vs Unrelated Competitor —-0.43 0.09 —4.81 <.05
*Population*Condition

Quadratic*Verb-Congruent Competitor vs Unrelated Competitor -0.09 0.09 -0.97 0.33

*Population*Condition

(Continued)
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Table 4. (Continued).

Quadratic*Agent-Related Competitor vs Unrelated Competitor 0.64 0.09 7.10 <.05
*Population*Condition

Random Effects Groups Term Variance SD

Participant within  Intercept 0.00 0.04

Image Linear 0.15 0.39

Quadratic  0.12 0.35

Cubic 0.08 0.28

Participant Intercept 0.00 0.00
Linear 0.00 0.00

Quadratic  0.00 0.00

Cubic 0.00 0.00

0.00 0.00

Residual 0.02 0.15

Competitor vs Unrelated Competitor*Condition interaction; f’) =-.12; SE = .05;t = -2.58;
p < .05), and additionally showed a more pronounced trough (Quadratic*Agent-Con.
Competitor vs Unrelated Competitor*Condition interaction; @ = 44; SE = .05; t = 9.81;
p < .05) in the constrained condition than the control condition. These effects were
qualified by significant population interactions. The overall advantage for the agent-
related competitor in the constrained condition was larger for older adults (Agent-Con.
Competitor vs Unrelated Competitor*Condition*Population interaction; f& =.04; SE = .01;
t =3.32; p < .05). Looks to the agent-related competitor in the constrained condition also
decreased faster (Linear*Agent-Con. Competitor vs Unrelated Competitor*Condition
interaction; B = .98; SE = .09; t = 10.69; p < .05) and showed a more pronounced trough
(Quadratic*Agent-Con. Competitor vs Unrelated Competitor*Condition interaction;

A

B =.64; SE =.09; t = 7.10; p < .05) for older adults.

Discussion

Experiment 1 tested verb-argument prediction based on semantically rich context, spe-
cifically the combination of the agent and the verb. There were two primary findings. First,
both young and older adults rapidly predicted highly likely direct objects based on agent
+verb constraints, indexed by proportionally more time spent fixating the likely object in
the constrained condition (water, given The dog will drink the ...) compared to the control
condition (Someone will drink the...). Older adults thus successfully used their world
knowledge regarding likely events (McRae & Matsuki, 2009) activated by the combination
of agent and verb to drive rapid prediction of upcoming objects. There was no evidence
that older adults showed less of an advantage or a slower accrual of looks to the likely
object in the constrained condition than did young adults. Instead, older adults showed
a more pronounced peak in their likely-object looks than young adults. This latter finding
suggests that older adults quickly identified the likely object based on agent+verb
constraints and subsequently shifted their visual attention away, in contrast to young
adults who rapidly identified the likely object and continued fixating it for the duration of
the trial. This pattern of findings is consistent with evidence that older adults successfully
exploit rich semantic context (Pichora-Fuller, 2008) and their crystallized world knowledge
(Stine-Morrow et al., 2006) during language comprehension, in this case to predict and
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activate verb arguments. It is also consistent with Baltaretu and Chambers (2018) visual-
world findings showing that older adults anticipated likely upcoming objects as quickly
and robustly as young adults. However, these findings do not appear consistent with
accounts positing a language-specific decline in predictive processing in healthy cogni-
tive aging (DelLong et al., 2012; Wlotko et al., 2010).

The second primary finding in Experiment 1 was that older adults showed increased
activation of competitors that were related to the sentential agent but were incompatible
with the coarse-grained semantic requirements imposed by the verb (cat, given The dog
will drink the ...) compared to young adults. This was again indexed by their proportion-
ally longer time spent fixating the agent-related image as well as the more-pronounced
peak and following trough in agent-related gazes. This latter finding suggests that older
adults more rapidly activated this agent-related competitor but then rapidly shifted their
visual attention to the predicted likely theme, returning to the agent-related competitor
near the end of the trial. This pattern of results is broadly consistent with evidence that
older adults experience greater activation of task-irrelevant information than young
adults during language comprehension tasks (Christianson et al., 2006; Connelly et al.,
1991; Hartman & Hasher, 1991). This activation may lead to elevated proactive interfer-
ence in older adults (Archambeau et al., 2020; R. D. Rogers & Monsell, 1995), even when
their comprehension is ultimately successful as demonstrated by the mouse-click data in
both experiments.

However, we did not find strong evidence of increased activation of verb-congruent
but highly unlikely direct objects (coffee, given The dog will drink the ...) for either the
older or the young adults. This finding is unexpected given previous visual-world results
showing that comprehenders activate verb-congruent but irrelevant referents (Borovsky
et al,, 2012; Kamide et al., 2003; Kukona et al., 2011). One possible explanation for this
unexpected finding is that looks to other referents in the visual-world display, favored by
stronger constraints than the coarse-grained semantic constraints imposed by the verb,
drove participants’ looking behavior and obscured evidence of activation of the verb-
congruent competitor. Visual inspection of the data in Figure 4 suggests that the agent-
related competitor drew significant visual attention particularly for older adults, possibly
at the cost of looks to the verb-congruent competitor. Consistent with this speculation,
there was a relatively strong semantic relationship between the word describing the
agent (dog) and the agent-related image (kitten), as revealed by LSA estimates: the mean
semantic distance between these two was 0.258, somewhat higher than the semantic
distance between the words corresponding to each likely object and its associated verb-
congruent competitor (M = 0.223).

Although the older adults’ looks to the verb-congruent competitor in the constrained
condition were less prominent than expected, their looks to this referent in the control
condition revealed an interesting pattern. Older adults looked overall more at the verb-
congruent object in the control condition compared to young adults, and their looks to
this object likewise accrued faster. Given that both the likely object and the verb-
congruent object are roughly equally predictable objects in the control condition (as
revealed both by pre-experiment norming as well as mouse responses), this gaze pattern
may suggest that older adults generate robust predictions of likely objects whether those
predictions are based on a semantically-rich agent+verb combination (as in the con-
strained condition, wherein only one object is favored by agent+verb constraints) or
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Figure 4. Agent-Related Competitor (cat) vs. Unrelated Competitor (rocks) looks in the two conditions
for young and older adults. Black lines represent looks to the agent-related and unrelated competitors
in the constrained condition (“The dog will drink the ... "); gray lines represent looks to these objects
in the control condition (“Someone will drink the ... "). Zero on the x-axis represents verb onset.

a verb alone (as in the control condition). This latter finding is somewhat unexpected if
rich semantic context and the world knowledge that it activates play an especially critical
role in older adults’ language comprehension performance (Payne & Silcox, 2019; Pichora-
Fuller, 2008; Stine-Morrow et al., 2006, p.; Wingfield & Stine-Morrow, 2000).

However, the verb-congruent competitor was more strongly related to the likely target
than to the unrelated competitor, as revealed by the LSA analyses reported above. This
relatively strong associative relationship complicates the interpretation of looks to the
verb-congruent competitor. Looks to this object could reflect prediction or activation of
this referent based on coarse-grained verb constraints, but it may equally reflect activa-
tion stemming from low-level associative relationships between the strongly predicted
likely object and the verb-congruent competitor. Notably, this relationship is a systematic
confound in some previous visual-world findings demonstrating automatic activation of
verb-congruent referents. For example, in Kukona et al. (2011), the verb-congruent
competitor cop is likely as strongly associated with thief as it is with the verb arrested. In
Experiment 2, the semantic relationships between the likely object and the verb-
congruent and unrelated competitors were more tightly controlled.
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Experiment 2

Whereas Experiment 1 looked for prediction based on semantically rich context including
detailed world knowledge activated by the agent and verb combination (ie., dog + drink
predicts water), Experiment 2 looked for evidence of prediction based on the verb alone
(ie., drink predicts any liquid patient; Altmann & Kamide, 1999). These verb-driven con-
texts are closer to the weakly-constraining contexts that Wlotko and Federmeier (2012)
and others have shown are especially likely to reveal age-related differences in predictive
behavior. Looks to the verb-congruent competitor in Experiment 1 in the control condi-
tion suggested that older adults may make robust predictions based on verbs alone. But
Experiment 2 provided a cleaner test of this by including two verb-congruent objects in
the array that varied in their plausibility as appropriate direct objects. This design allows
us both to examine argument prediction based solely on verbs and to more cleanly
determine how interference from possible but unlikely alternatives drives predictive
looks.

Methods
Participants

Because Experiment 2 was run concurrently with Experiment 1, the participants were the
same as in Experiment 1.

Materials

Visual stimuli consisted of 20 arrays of four images arranged in a grid (Figure 5). For
example, one prototypical array consisted of a cake, a branch, a pail, and a minivan.

Each array was accompanied by one of two possible sentence fragments presented
auditorily. All sentence fragments contained a semantically-empty subject (“someone”),
a future-tense transitive verb, and a determiner; no direct object was named in any of the
fragments (cf. Mack et al,, 2013). The fragments contained either a constrained verb,
which placed strong semantic constraints on its object (e.g., “Someone will eat the ... "), or
a control verb, which placed few semantic constraints on potential direct objects (e.g.,
“Someone will move the ...").

The objects varied in how compatible they were with the control verb (“eat”). Two
objects in the array — the cake and the branch in Figure 5 - satisfied the coarse-grained
semantic constraints imposed by the verb on potential direct objects. However, they
varied in their likelihood given world knowledge. The cake was a highly likely direct
object, while the branch was a verb-congruent but highly unlikely object (i.e., because
branches can be eaten - for example, by giraffes). The remaining two objects in the array
(pail and minivan) were unrelated competitors. All objects in the array were compatible
with the control verb (“move”). See the Appendix for a list of all linguistic stimuli.

Stimuli were recorded by the same native speaker of English as in Experiment 1. Verb
durations did not differ between constrained and control conditions (t(19) = —.598;
p = .56). Mean verb duration for each condition can be viewed in Table 1. Full stimuli
for Experiment 2 can be viewed in Appendix Table 2.
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Figure 5. Sample visual display, Experiment 2 showing the likely object (cake), verb-congruent
competitor (branch), and the two unrelated competitors (pail and minivan). This visual display was

accompanied by the auditory stimuli “Someone will eat the ... " (constrained condition) or “Someone
will move the ... " (control condition).
Norming

The same norming procedure was used as in Experiment 1. Participants ranked the likely
object first as a sentence completion in 91% of trials in the constraining-verb condition,
reliably more often than any other object (t,(25) = 35.67, p < 0.05, t,(19) = 11.97, p < 0.05,
paired-sample t-test). This indicates that comprehenders had a strong preference for the
likely object as the best completion in the constrained condition. Participants also ranked
the verb-congruent object second as a sentence completion in 75% of trials in the
constrained condition, reliably more often than any other object was ranked second (t,
(25) = 11.18, p < 0.05, t5,(19) = 4.22, p < 0.05, paired-sample t-test). This indicates that
comprehenders considered the verb-congruent object a reasonable sentence completion
in the constrained condition, though not as good a completion as the likely object. With
respect to the object names, the images were described with the target name, a synonym,
or a member of the same semantic category on 89% of trials. This indicates that partici-
pants were able to identify the images as being the intended objects.

We used Latent Semantic Analysis (LSA; Landauer, Foltz, & Laham, 1998) to measure
the semantic relationship between the likely object and verb-congruent competitor.
Using LSA’s pairwise comparison function, we calculated the semantic distance between
each likely object word and its paired verb-congruent competitor, and between each
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verb-congruent competitor and its paired unrelated competitors. A paired-sample t-test
found no significant difference in the mean distance between the likely object and verb-
congruent competitor (M = 0.119) and the distance between verb-congruent and unre-
lated competitors (M = 0.105; t(19) = 0.36, p > 0.7). This comparison shows that the verb-
congruent competitor was no more strongly related to the likely object than it was to the
unrelated competitors. Any differences in gaze preferences between likely, verb-
congruent, and unrelated images reported below are therefore unlikely to be driven by
semantic-associative relationships among these items.

Procedure

Because Experiment 2 was administered concurrently with Experiment 1, the same
procedure was used. Table 5 shows percentage of clicks to each image in each condition.

Results

Gaze data were analyzed during a time window that began 500 ms before verb onset and
ended 2000 ms post-verb onset. Eye gaze data were aggregated and models were
constructed using the same procedure as in Experiment 1. Graphs of gazes to each object
in each condition for older and young adults can be seen in Figures 6-7.

We manually averaged looks to the two unrelated competitors in each 50 ms bin
because we did not expect differences in looks between them. We coded two image
contrasts using looks to the averaged unrelated competitors as a baseline. The first
compared gazes to the likely direct object to the average of gazes to the two unrelated
competitors. The second compared looks to the verb-congruent direct object to the
average of the two unrelated competitors. We compared looks in the constrained condi-
tion to looks in the control condition with the control condition as baseline. Finally, we
compared looks across populations with young adults as the baseline. All comparisons
were coded using centered treatment coding. Although these comparisons were entered
into a single model, we present the results for each object comparison individually for
clarity. Model code is displayed below:

model <- Imer (fixation proportion ~ (linear + quadratic + cubic) * image * population *
condition + (1+ linear + quadratic + cubic | participant) + (1+ linear + quadratic + cubic |
participant: image), control = ImerControl(optimizer = “bobyqa”), data = data, REML = F)

A summary of the fixed and random effects, including contrasts and contrast codes,
entered into the model can be seen in Table 6. Full model results can be seen in Table 7
(note that interactions with the cubic time term are presented in the Appendix for
brevity).

Comparison 1: likely object (cake) vs. unrelated competitor average (minivan/pail)
Across the analysis window, participants looked more toward the likely object than the
average of the unrelated competitors; this effect was stronger in the constrained condi-
tion than the control condition (Likely Object vs Unrelated Competitor
Average*Population interaction: [3 =.22; SE = .005; t = 43.85; p < .05). Looks to the likely
object additionally accrued faster (Linear*Likely Object vs Unrelated Competitor
Average*Population interaction: B = .44; SE = .04; t = 12.01; p < .05) and showed a more
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Table 5. Percentage of mouse clicks (Mean; SD) to each image in each condition (Experiment 2).

Pop. Condition Likely Verb-Congruent Unrelated Competitor  Unrelated Competitor
Target Competitor 1 2
Young Constr.  91.50 (.28) 7.00 (.26) 0.83 (.09) 0.67 (.08)
Adults Control  22.83 (42) 21.33 (.41) 35.33 (.47) 20.50 (.43)
Older Adults ~ Constr. ~ 92.33 (.26) 6.33 (.24) 0.33 (.06) 0.67 (.08)
Control  23.009 (.4) 17.67 (.38) 33.67 (48) 25.00 (.40)

pronounced peak (Quadratic*Likely Object vs Unrelated Competitor Average*Population
interaction: fB =-.51; SE =.04; t = —14.07; p < .05) than looks to the unrelated competitors
in the constrained condition. These effects were qualified by significant population
interactions: young adults look at the likely object quickly and continue looking for the
duration of the trial, resulting in a stronger slope advantage compared to older adults
(B = —.62; SE = .07; t = —8.52; p < .05). Likewise, the looking curve for likely object looks in
young adults was a clean parabola with a single peak, in contrast to the “ups and downs”
seen for older adults; this results in a more pronounced quadratic effect for young adults
(B = 49; SE = .07;t = 6.75; p < .05) f.
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Figure 6. Likely Object (cake) vs. Unrelated Competitor Average (minivan/pail) looks in the two
conditions for young and older adults. Black lines represent looks to the likely object and unrelated
competitor in the constrained condition (“Someone will eat the ... "); gray lines represent looks to
these objects in the control condition (“Someone will move the ... "). Zero on the x-axis represents
verb onset.
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Figure 7. Verb-Congruent Competitor (branch) vs. Unrelated Competitor (minivan/pail) looks in the
two conditions for young and older adults. Black lines represent looks to the verb-congruent and
unrelated competitors in the constrained condition (“Someone will eat the ... "); gray lines represent
looks to these objects in the control condition (“Someone will move the ... "). Zero on the x-axis
represents verb onset.

Table 6. Model summary, Experiment 2.

Effect Contrasts
Fixed Effects Linear Time Term

Quadratic Time Term

Cubic Time Term

Image likely object (.5) vs. unrelated average (-.5)
verb-congruent (.5) vs. unrelated average (-.5)
Condition constrained (.5) vs. control (-.5)
Population older adults (.5) vs. young adults (-.5)
Random Effects Participant
Participant: image
Random Slopes linear + quadratic +

cubic | participant
linear 4+ quadratic +
cubic | participant: image
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Table 7. Full model results, Experiment 2.

Term

Intercept

Linear Time Term

Quadratic Time Term

Likely Object vs Unrelated Competitor Average

Verb-Congruent Object vs Unrelated Competitor Average

Population

Condition

Linear*Likely Object vs Unrelated Competitor Average

Linear*Verb-Congruent Object vs Unrelated Competitor Average

Quadratic*Likely Object vs Unrelated Competitor Average

Quadratic*Verb-Congruent Object vs Unrelated Competitor
Average

Linear*Population

Quadratic*Population

Likely Object vs Unrelated Competitor Average*Population

Verb-Congruent Object vs Unrelated Competitor
Average*Population

Linear*Condition

Quadratic*Condition

Likely Object vs Unrelated Competitor Average*Condition

Verb-Congruent Object vs Unrelated Competitor
Average*Condition

Population*Condition

Linear*Likely Object vs Unrelated Competitor Average*Population

Linear*Verb-Congruent Object vs Unrelated Competitor
Average*Population

Quadratic*Likely Object vs Unrelated Competitor
Average*Population

Quadratic*Verb-Congruent Object vs Unrelated Competitor
Average*Population

Linear*Likely Object vs Unrelated Competitor Average*Condition

Linear*Verb-Congruent Object vs Unrelated Competitor
Average*Condition

Quadratic*Likely Object vs Unrelated Competitor
Average*Condition

Quadratic*Verb-Congruent Object vs Unrelated Competitor
Average*Condition

Linear*Population*Condition

Quadratic*Population*Condition

Likely Object vs Unrelated Competitor
Average*Population*Condition

Verb-Congruent Object vs Unrelated Competitor
Average*Population*Condition

Linear*Likely Object vs Unrelated Competitor
Average*Population*Condition

Linear*Verb-Congruent Object vs Unrelated Competitor
Average*Population*Condition

Quadratic*Likely Object vs Unrelated Competitor
Average*Population*Condition

Quadratic*Verb-Congruent Object vs Unrelated Competitor
Average*Population*Condition

Random Effects

Estimate
0.26
0.01

—-0.02
0.09
—-0.05
0.00
0.02
0.21
—-0.09
-0.35
0.16

-0.01
-0.01
0.00
0.00
0.05
-0.07
0.22
-0.07
0.00
-0.35
0.27
-0.21
0.16

0.44
—0.02

—-0.51
-0.02
0.01
0.02
0.01
0.00
—0.62
0.70
0.49
-0.34
Group

Participant within
Image

Participant

Residual

SE
0.00
0.02
0.02
0.01
0.01
0.00
0.00
0.06
0.06
0.05
0.05

0.04
0.04
0.01
0.01

0.01
0.01
0.00
0.00

0.00
0.12
0.12
0.1
0.1

0.04
0.04

0.04
0.04

0.03
0.03
0.01

0.01
0.07
0.07
0.07
0.07

Term
Intercept
Linear
Quadratic
Cubic
Intercept
Linear
Quadratic
Cubic

t-value
109.22
0.70
-1.20
13.88
-7.03
0.15
10.78
345
-1.47
—6.45
3.07

-0.23
—-0.16
0.22
0.21

4.09
=5.14
43.85

-13.37

0.57
-2.92
2.26

-1.92

1.46

12.01
—0.44

-14.07

—-0.45

0.38
0.71
1.13

0.47

-8.52

9.59

6.75

—4.76

Variance
0.00
0.10
0.08
0.05
0.00
0.00
0.00
0.00
0.02

p-value
<.05
0.48
0.23
<.05
<.05
0.88
<.05
<.05
0.14
<.05
<.05

0.82
0.87
0.83
0.84

<.05
<.05
<.05
<.05

0.57
<.05
<.05

0.06
0.15

<.05
0.66

<.05
0.65

0.70
0.48
0.26

0.64
<.05
<.05
<.05
<.05

SD
0.03
0.31
0.28
0.23
0.00
0.00
0.00
0.00
0.13
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Comparison 2: verb-congruent Object (branch) vs. unrelated competitor average
(minivan/pail)

Participants looked more toward the verb-congruent object than the average of the
unrelated competitors overall more in the constrained condition; this pattern was
reversed in the control condition (Verb-Congruent Object vs Unrelated Competitor
Average*Condition interaction: f3 = —.07; SE = .005; t = —13.37; p < .05). Note that this is
not surprising given that the unrelated objects (branch, minivan) are verb-congruent in
the control condition. Importantly, this effect was qualified by significant population
interactions. The slope advantage (Linear*Verb-Congruent Object vs Unrelated
Competitor Average*Population*Condition interaction: f& = .69; SE = .07, t = 9.59;
p < .05 and peak (Quadratic*Verb-Congruent Object vs Unrelated Competitor
Average*Population*Condition interaction: f’: = —.34; SE = .07; t = —4.76; p < .05) for the
verb-congruent object in the constrained condition were larger for older adults than for
young adults.

Discussion

Experiment 2 examined verb-argument prediction based solely on a constraining verb.
There were two primary findings. First, compared to young adults, older adults showed
less clear evidence of predicting highly likely direct objects based only on verb con-
straints. Across the full analysis window (500 ms before verb onset to 2000 ms post-verb
onset), older adults exhibited a shallower slope and less-pronounced peak of looks to the
likely object (cake) vs. the unrelated competitors (pail/minivan) in the constrained condi-
tion (“Someone will eat the ... ”) than did young adults. This pattern suggests that older
adults may show weaker prediction of likely objects when the verb alone licenses such
predictions, in contrast to when predictions are based on semantically-rich verb+agent
contexts as in the constrained condition in Experiment 1 (“The dog will drink the ... "). This
finding may be at odds with findings in the control condition in Experiment 1 (“Someone
will drink the ... ). There, older adults looked more often and more quickly at the verb-
congruent object (coffee) than did young adults, suggesting that older adults show
relatively robust prediction of direct objects based on verb information alone.

An explanation of this pattern may lie with the second primary finding of Experiment 2:
older adults directed more visual attention to the possible but unlikely verb-congruent
competitor (branch) than did young adults, which in turn reduced the proportion of time
older adults spent fixating the likely object. Older adults had faster-accruing and more
sharply-peaked looks to the verb-congruent competitor in the constrained condition than
did young adults, primarily in the latter part of the analysis window (see Figure 7). This
pattern is consistent with previous visual-world findings showing that listeners automa-
tically activate referents compatible with a verb’s coarse-grained constraints following
early-emerging looks at the predicted likely object (Kamide et al.,, 2003; Kukona et al.,
2011). It also suggests that older adults activated the irrelevant verb-congruent compe-
titor more strongly than did young adults. This is consistent with the evidence that older
adults experience greater activation of task-irrelevant information during language com-
prehension (Christianson et al., 2006; Connelly et al., 1991; Hartman & Hasher, 1991),
which may lead to greater proactive interference (Archambeau et al., 2020).
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This pattern also helps explain the older adults’ more variable evidence of likely-object
predictions in the GCA analyses reported above. In both experiments, older adults
identified the likely object early in the analysis window and subsequently shifted their
visual attention away - to the agent-related competitor in Experiment 1 and the verb-
congruent competitor in Experiment 2. In contrast, young adults rapidly identified the
likely object and continued fixating it for the duration of the trial. The shallower slope and
less-pronounced peak in likely-object looks seen for older adults compared to young
adults likely reflects greater sustained activation (Biss et al., 2013; Connelly et al., 1991;
Hartman & Hasher, 1991) and therefore increased visual attention to the verb-congruent
competitor.

The results of Experiment 2 are again broadly consistent with findings that older adults
experience sustained activation of task-irrelevant information (Biss et al., 2013; Hartman &
Hasher, 1991; Hasher et al., 1991; Hasher & Zacks, 1988). Experiment 2’s findings may also
provide evidence that older adults show less robust verb-argument prediction than
young adults when the predictions are based on the verb only, a less semantically-rich
context than the agent+verb contexts in Experiment 1. However, these findings may also
reflect older adults’ stronger activation of the verb-congruent competitor, which drew
their visual attention from the likely object and reduced their evidence of prediction in the
reported GCA findings. We will return to these findings in the General Discussion below.

Of note, the patterns of fixations in this experiment are unlikely to be driven by
semantic-associative relationships between the elements in the display, unlike in
Experiment 1. The LSA analyses reported above demonstrated that the likely object, verb-
congruent competitor, and the impossible competitors did not differ in their semantic
similarity to one another. This provides additional confidence that older adults’ fixations
to the verb-congruent competitor in Experiment 2 reflect their automatic activation of this
referent based on the verb’s coarse-grained semantic constraints, as found in previous
visual-world studies (Borovsky et al., 2012; Kamide et al., 2003; Kukona et al., 2011).

General discussion

This study used verb-argument prediction to examine how older adults take advantage of
crystallized world knowledge and rich semantic context during language comprehension.
A variant of the visual-world paradigm successfully used with older adults and people
with aphasia (Hayes et al., 2016; Mack et al., 2013) was used to reveal two distinct
processes associated with verb-argument prediction: rapid prediction of upcoming verb
arguments such as themes (objects) based on detailed world knowledge regarding likely
events (McRae & Matsuki, 2009), and activation of verb-congruent referents based on
coarse-grained verb constraints (Kukona et al,, 2011).

The current findings provide clear evidence that older adults are able to exploit world
knowledge to activate upcoming verb arguments, particularly when that world knowl-
edge is cued by semantically-rich verb+argument combinations like those used in other
visual-world studies of verb-argument prediction (e.g., Borovsky et al., 2012; Kamide et al.,
2003). In Experiment 1, older adults did not differ from young adults in their fixations to an
(unmentioned) highly likely object that was strongly predictable based on the combina-
tion of an agent and verb. Older adults’ looks to this object accrued as quickly as young
adults’ did and peaked more steeply, suggesting that older adults robustly predicted the
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upcoming object based on world knowledge activated by the agent+verb combination
(Kamide et al., 2003; Milburn et al., 2016). This is similar to visual-world findings reported
by Baltaretu and Chambers (2018), who also found that older adults’ predictive fixations
to an upcoming theme accrued as quickly as young adults’ did. It is also consistent with
evidence that older adults can strategically exploit context during language comprehen-
sion (Pichora-Fuller, 2008; Stine-Morrow et al., 2006), achieving similar levels of perfor-
mance to younger adults when rich semantic context is present (Lash et al., 2013; Payne &
Silcox, 2019). In Experiment 2, older adults showed weaker and more variable evidence of
predicting an upcoming object based on a verb alone: their looks accrued more slowly
and peaked less steeply than did young adults’. This pattern may reflect sustained
activation of the verb-congruent competitor, driving older adults’ visual attention away
from the likely object and depressing the slope and peak of their likely-object curves.
However, it is also possible that the differences between older and young adults’ likely-
object fixation patterns in Experiment 2 indicate that older adults perform less well when
prediction is based solely on a verb. This latter interpretation would be more consistent
with the body of evidence suggesting older adults critically depend on rich context for
successful language comprehension (Payne & Silcox, 2019; Pichora-Fuller, 2008; Stine-
Morrow et al., 2006; Wingfield & Stine-Morrow, 2000)

This relatively preserved prediction of highly likely themes among older adults (at least
when based on an agent+verb combination) is consistent with evidence showing that
world knowledge regarding likely events is a strong driver of verb-argument prediction
(Kuperberg, 2013; McRae & Matsuki, 2009; Milburn et al., 2016). Such crystallized knowl-
edge is preserved in aging (Horn & Cattell, 1967) and is strategically exploited by older
adults during language comprehension, as noted above. It is also consistent with findings
showing that prediction of highly-likely location arguments based on such world knowl-
edge is relatively robust in older adults (Hayes et al., 2016). However, it is less consistent
with claims that prediction is systematically reduced in older adults (DelLong et al., 2012;
Federmeier et al., 2010; Wlotko & Federmeier, 2012; Wlotko et al., 2010). One possible
explanation for this discrepancy is related to the age range of the participants in the
current older-adults sample: the mean age is 61.1, which is younger than the typical age
range for older adults in the studies that have reported reduced prediction (DeLong et al.,
2012; Federmeier et al., 2010; Wlotko & Federmeier, 2012; Wlotko et al., 2010). This is
a limitation of the current study. Another potentially relevant factor is the experimental
tasks used across these studies. Whereas most of the evidence suggesting that prediction
is reduced in older adults comes from ERPs (DelLong et al., 2012; Federmeier et al., 2010;
Wilotko & Federmeier, 2012; Wlotko et al.,, 2010), both the current findings and Baltaretu
and Chambers (2018) previous visual-world findings suggest that predictive processing is
relatively preserved in aging. Of note, the modified visual-world paradigm used here (also
used by Hayes et al.,, 2016) may also have encouraged predictive behavior: participants
were explicitly told to click on the image that best completed the sentence fragment.

Interestingly, ERP paradigm variants that explicitly ask participants to predict upcom-
ing words also find evidence of preserved prediction in older adults. Dave and collea-
gues (Dave et al., 2018) examined predictive processing using an ERP paradigm in which
they asked older and younger adults to predict the final word of a moderately- or
weakly-constraining two-sentence discourse, comparing trials where participants cor-
rectly predicted the word to trials where their prediction was not correct. They found
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little or no evidence that older and young adults’ prediction accuracy differed, or that
older and young adults’ ERP responses differed in trials where they correctly predicted
the final word. Together with the current findings, these findings suggest that predic-
tion may not be dramatically reduced in aging, at least not when task demands
encourage strategic use of context (Payne & Silcox, 2019; Pichora-Fuller, 2008) and
when those predictions are based on knowledge that is preserved in aging (Horn &
Cattell, 1967; Milburn et al., 2016).

The current findings also provide clear evidence that older adults exhibited greater
sustained activation of irrelevant linguistic information during verb-argument processing
than did young adults. In Experiment 1, older adults showed greater activation of the
agent-related competitor than did young adults in the constrained condition, both
immediately after the agent was mentioned and at the end of the trial. In Experiment 2,
older adults showed greater activation of the verb-congruent competitor in constrained
conditions than did young adults, again toward the end of the trial. For verb-congruent
competitors in Experiment 2, this finding is consistent with previous evidence suggesting
that comprehenders automatically activate verb-congruent referents following early pre-
dictive gazes to highly likely referents favored by world knowledge (Kukona et al., 2011).
This pattern of sustained activation of these irrelevant referents is consistent with work by
Hasher and colleagues, who argue that age-related declines in attentional control and
inhibitory function may negatively impact older adults’ language comprehension (Biss
et al., 2013; Hasher et al., 2007, 1991). Activation of contextually-irrelevant information -
such as agent-related referents in Experiment 1 and verb-congruent referents in
Experiment 2 - can lead to proactive interference, negatively impacting both encoding
of new material and retrieval of previously-encoded information (Archambeau et al., 2020;
R. D. Rogers & Monsell, 1995). There is significant evidence that older adults are more
likely than younger adults to experience such proactive interference (Archambeau et al.,
2020; Biss et al., 2013; Campbell et al., 2010 It is possible that an interaction between age-
associated increases in sustained activation during language comprehension
(Christianson et al., 2006; Connelly et al., 1991; Payne et al., 2014) and decreases in
inhibition (Biss et al., 2013; Hasher et al., 2007, 1991) may explain this increased incidence
of proactive interference. Note however that, because we did not collect individual
difference measures of working memory or processing speed, we are unable to conclude
definitively that the pattern of results seen in older adults in the present study is due to
inhibitory changes associated with age.

It is unclear why older adults showed greater interference from the verb-congruent
competitor in Experiment 2 but not Experiment 1. One possible explanation is that the
agent-related competitor in Experiment 1 drew fixations that might otherwise have gone
to the verb-congruent competitor, particularly for the older adults. That is, perhaps the
lack of an agent-related competitor in Experiment 2 permitted competition from the verb-
congruent competitor to emerge more clearly. The relatively strong semantic-associative
relationship between the agent and the agent-related competitor image is consistent
with this possibility.

A final question to be answered regarding the Experiment 1 findings is why the greater
competition from the agent-related competitor seen for the older adults appeared so late
in the trial. The related agent occurred at the very start of the trial, prior to verb onset, so
these fixations are unlikely to reflect residual activation of that lexical item. There were



AGING, NEUROPSYCHOLOGY, AND COGNITION e 27

also almost no mouse responses in which older adults chose the agent-related competitor
as the correct completion of the sentence (<1% of trials), meaning that these fixations
likely do not reflect a mouse-click response being prepared. One possible explanation of
this somewhat puzzling finding is that the agent-related competitor was activated based
on event-related world knowledge. Although the agent-related competitors in the pre-
sent study represented a wide variety of target-competitor relationships (agent-location,
agent-tool, and agent-characteristic, to name a few), previous studies of event-based
priming have found complex interconnected networks of activation between event
participants, suggesting that event knowledge was likely recruited in the present study
to drive looks to the agent-related competitor (McRae & Matsuki, 2009). Future research is
required to test this possibility, possibly examining populations (such as people with
aphasia) who have marked deficits in activation of such event-related knowledge
(Dresang et al., 2019).

Conclusions

The current findings strengthen previous evidence that older adults successfully exploit
context and world knowledge during language comprehension (Payne & Silcox, 2019;
Pichora-Fuller, 2008; Stine-Morrow et al., 2006; Wingfield & Stine-Morrow, 2000). We also
provide new evidence consistent with claims that older adults may experience greater
sustained activation of information even when it is not relevant to the task at hand (Biss
et al,, 2013; Campbell et al., 2010; Connelly et al., 1991; Lustig et al., 2006; Weeks et al.,
2016), which may in turn engender greater proactive interference (Archambeau et al.,
2020). Using visual-world methods to examine a key psycholinguistic phenomenon, verb-
argument prediction, has thus revealed novel evidence of older adults’ skill in using their
crystallized knowledge to succeed in moment-by-moment language comprehension.

Note

1. One item in this experiment included a term that we now realize is an outdated, insensitive,
and colonial label. We have kept the observations from this item in the dataset but removed it
from the list of stimuli, in accordance with the Inuit Circumpolar Council Resolution 2010-01.
We apologize for this grave error.
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Appendix

Experiment 1 stimuli"-

Agent Noun Verb  Likely Object  Verb-Congruent Unrelated Agent-Related
Competitor Competitor Competitor
dog drink  water coffee rock cat
cyclist ride bicycle horse tree bike helmet
pirate bury  treasure PVC pipe water island
puppy chase butterfly lizard plastic cup leash
cat climb  tree mountain planet cat food
baby eat oatmeal celery cloud cradle
soldier drive  jeep electric car frog rifle
girl close  jack-in-the- submarine hatch glass mother
box

zookeeper  feed  ocelot child computer cage
fireman wear  helmet petticoat slug fire truck
monkey peel banana potato tree chimpanzee
boy read  comic book  novel carpet toy car
tailor cut fabric paper wind scissors
chef cut bread plank computer recipe book
kid sip lemonade gin & tonic bridge slinky
lion devour meat yogurt slum dog house
owl follow mouse alligator paperclip tree
girl taste  candy beer rainbow headband
man ride motorcycle pony pistol mustache
businessman wear  shirt wedding dress sheep ink blotter
waitress help  woman kitten umbrella serving tray
pilot steer  airplane dinghy bush badge
manager fire teenager judge flower filing cabinet
Experiment 2 stimuli.
Constrained Control Likely Verb-Congr. Unrelated Competitor Unrelated Competitor

Verb Verb Target Competitor 1 2
eat move cake branch minivan pail
wear forget jacket barrel keys houseplant
chip clean mug filing cabinet swimsuit hat
teach see boy lizard table wallet
fry check bacon candy cane curtains truck
inject wash child drumstick slide high chair
pour leave teapot gravel bench duck
repair buy dishwasher  statue sucking candy hamster
staple bring envelope pillow microscope golf club
program drop robot phone blanket juice
drink try wine gasoline pizza paintbrush
bake hold pie swiss cheese hose hammer
burn observe log carrot rain cloud mai tai
stir ignore water pail of apples hammock chimney

pitcher

knot misplace string snake ladder rake
tear choose newspaper thread desk pool cue
fold remember  towel credit card car lightbulb
melt prefer popsicle plastic spoon paper airplane ketchup
swallow touch gum acorn chandelier paper bag
climb wipe stairs house salt shaker lightning
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Cubic time terms

Experiment Term

Ex 1

Ex 2

Cubic Time Term

Cubic*Likely Object vs Impossible Competitor

Cubic* Verb-Con. Competitor vs Impossible Competitor
Cubic*Agent-RItd Competitor vs Impossible Competitor
Cubic*Population

Cubic*Condition

Cubic*Likely Object vs Impossible Competitor*Population

Cubic* Verb-Con. Competitor vs Impossible Competitor*Population
Cubic*Agent-RItd Competitor vs Impossible Competitor*Population
Cubic*Likely Object vs Impossible Competitor*Condition
Cubic*Verb-Con. Competitor vs Impossible Competitor*Condition
Cubic*Agent-RItd Competitor vs Impossible Competitor*Condition
Cubic*Population*Condition

Cubic*Likely Object vs Impossible Competitor *Population*Condition

Cubic*Verb-Con. Competitor vs Impossible Competitor
*Population*Condition

Cubic*Agent-RItd Competitor vs Impossible Competitor
*Population*Condition

Cubic Time Term

Cubic*Likely Object vs Unrelated Competitor Avg

Cubic*Verb-Con. Object vs Unrelated Competitor Avg

Cubic*Population

Cubic*Condition

Cubic*Likely Object vs Unrelated Competitor Avg*Population

Cubic*Verb-Con. Object vs Unrelated Competitor Avg*Population

Cubic*Likely Object vs Unrelated Competitor Avg*Condition

Cubic*Verb-Con. Object vs Unrelated Competitor Avg*Condition

Cubic*Population*Condition

Cubic*Likely Object vs Unrelated Competitor
Avg*Population*Condition

Cubic*Verb-Con. Object vs Unrelated Competitor
Avg*Population*Condition

Estimate

0.00
-0.19
-0.08

0.31

0.00

0.00

0.00

0.16

0.00
-0.03
-0.01

0.38

0.00
-0.30
-0.37

0.59

-0.01
-0.07
0.00
0.00
-0.01
0.07
-0.11
0.1
-0.16
0.05
0.88

-0.48

SE
0.02
0.06
0.06
0.06
0.03
0.01
0.12
0.12
0.12
0.04
0.04
0.04
0.03
0.09
0.09

0.09

0.02
0.05
0.05
0.03
0.01
0.09
0.09
0.04
0.04
0.03
0.07

0.07

t-value
0.00
-3.21
-1.30
5.14
0.00
0.00
-0.02
1.30
0.02
—-0.74
-0.25
8.53
0.00
—3.45
-4.19

6.71

—-0.53
—1.45
—-0.06
-0.14
—-0.46
0.78
-1.17
3.20
—4.51
1.97
12.27

—-6.70

p-value

<.05
0.20
<.05

0.99
0.19
0.98
0.46
0.81
<.05

<.05
<.05

<.05

0.59
0.15
0.95
0.89
0.64
0.44
0.24
<.05
<.05
<.05
<.05

<.05
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