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Context effects for degraded speech: Effects of age, preceding
or subsequent contextual cues, and signal-to-noise ratio

Anna R. Tinnemore,1,2,a) Sandra Gordon-Salant,1,2 and Matthew J. Goupell1,2
1Neuroscience and Cognitive Science Program, University of Maryland, College Park, Maryland 20742, USA
2Department of Hearing and Speech Sciences, University of Maryland, College Park, Maryland 20742, USA

ABSTRACT:
Predictive sentence contexts can be used to support speech understanding when words are degraded or unclear. Older

adults are thought to maintain the ability to benefit from context. Because context effects are usually measured on

words at the end of a sentence, it is unknown if a word’s location in a sentence interacts with a listener’s age and the

word’s degradation level to influence the context effect. In this study, listeners (20–76 years) with normal hearing

were presented spectrally degraded (8-channel vocoded) speech and performed a phoneme categorization task for

words embedded in various levels of speech-shaped noise at the beginning or end of sentences with congruent, incon-

gruent, or neutral contexts. Phoneme categorization accuracy and response times were measured. Results showed

effects of target word location within the sentence, especially at more difficult signal-to-noise ratios (–5 and

�10 dB). Although there was no significant effect of age on the magnitude of the context effect, there were signifi-

cant interactions between age, signal-to-noise ratio, and sentence position on response times. These findings suggest

that listeners’ context benefit depends on a degraded word’s position within the sentence and support the theory that

all listeners, including older adults, can benefit from context cues.VC 2025 Acoustical Society of America.
https://doi.org/10.1121/10.0037182

(Received 6 December 2024; revised 15 May 2025; accepted 22 June 2025; published online 16 July 2025)

[Editor: Christopher A. Brown] Pages: 447–460

I. INTRODUCTION

Successful communication involves decoding sensory

signals that carry messages between people. This decryption

of sensory input is facilitated by combining bottom-up infor-

mation (e.g., peripheral inputs and central auditory process-

ing) with top-down information (e.g., cognitive skills,

resources, and effort) (Marslen-Wilson and Tyler, 1980;

Morton, 1969). A listener’s knowledge of vocabulary, gram-

mar, and the rules governing semantic roles is combined

with the available sensory information, even if degraded, to

narrow the range of possible intended messages and provide

a context benefit (e.g., Fletcher et al., 2019; McClelland and

Elman, 1986). This knowledge of the language can be used

to overcome sensory deficits—simulated in the current study

with the use of spectrally degraded speech and various lev-

els of background noise—through the top-down use of con-

text (Amichetti et al., 2018; Sohoglu et al., 2012; Sommers

and Danielson, 1999; Wild et al., 2012).
Context is defined as the information surrounding a tar-

get degraded word or sound in space and time. This contex-

tual information can be acoustic, phonemic, lexical,

semantic, syntactic, or a combination of the above. Thus, a

“context effect” is any change in the perception of a word or

sound in the presence of contextual information compared

with the perception of the same word or sound in the

absence of contextual information. Context effects on

identifying sentence-final words or on recognizing pho-

nemes within a word are most evident when the target is

degraded (e.g., Bhandari et al., 2021; Boothroyd and

Nittrouer, 1988). Speech can be degraded in multiple ways;

perhaps the most common of which is the presence of back-

ground noise. Non-relevant background noise can mask

the spectral and temporal acoustic features of the target

speech signal, making the target difficult or even impossible

to understand.

Increasing age is often accompanied by declines in sen-

sory acuity (e.g., hearing loss) and potential declines in cog-

nitive abilities (Cruickshanks et al., 1998; Gordon-Salant

et al., 2010; Humes et al., 2013; Lin, 2011; Lipnicki et al.,
2017; Park et al., 2002). At the same time, increasing age is

also associated with increased vocabulary size and extensive

language experience (Ben-David et al., 2015; Kav�e and

Halamish, 2015; Milburn et al., 2023; Verhaeghen, 2003).
Context usage, bolstered by language experience and vocab-

ulary, may be sufficient to offset the declines in both sensory

and cognitive abilities that often occur with increased age,

allowing older adults to match younger adults’ high levels

of speech recognition performance.

There are many methods that can be used to measure

context effects. Some involve open-set word identification

tasks for target words at the end of a sentence, such as the

Revised Speech In Noise test (Bilger et al., 1984), while
others involve closed-set word or phoneme recognition,

such as a phoneme categorization task with target words

embedded in a sentence (e.g., Connine, 1987; Connine anda)Email: annat@umd.edu
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Clifton, 1987). Because speech can be described as hierar-

chical (e.g., Ding et al., 2016; Jurafsky, 1996; McClelland

and Elman, 1986) and any disruption of understanding at

low levels of the speech hierarchy could impact understand-

ing of the whole sentence, a phoneme categorization task

was chosen to assess the impact of contextual information

on perception at a low level of the speech hierarchy (e.g.,

Connine and Clifton, 1987; Liberman et al., 1967; Liberman

et al., 1977; Repp et al., 1984). In this task, a participant

hears words that vary along a continuum on a single acoustic

dimension between two distinct endpoints (e.g., dent and

tent). The participant must categorize each stimulus as either

one endpoint or the other.

A. Factors affecting the magnitude of the context
effect

The relative locations of a target word and contextual

information within a sentence may influence the magnitude

of a potential context effect, across multiple task types. The

few studies that have assessed a context effect on a target

word that was followed by contextual information rather

than preceded by contextual information have found

smaller, but still measurable, context effects compared to

context effects on sentence-final target words (e.g., Connine

et al., 1991; Wingfield et al., 1994; Wotton et al., 2011). A
context effect, as measured by a difference in phoneme cate-

gorization by young listeners, was observed when contex-

tual information occurred within three syllables after the

target word (Connine et al., 1991). The context effect disap-
peared when the contextual information occurred later in the

sentence. That same study showed a context effect on the

response times for categorizing ambiguous target words.

Another study showed context effects on the recognition of

reverberant vowels within words embedded near the begin-

ning of congruent, incongruent, or neutral sentences, even

when the contextual information occurred more than three

syllables from the target word (Wotton et al., 2011). In

another study employing an open-set word recognition task

(Wingfield et al., 1994), younger and older listeners showed

a relatively small context benefit from context following tar-

get words compared to context preceding target words. In

addition, when the context followed the target words, older

listeners showed significantly less benefit from that context

than younger listeners. Thus, the target word’s position in

the sentence and the age of the listener appear to interact to

affect open-set word recognition.

Signal degradation can also affect various speech recog-

nition tasks, including phoneme categorization, the task

used in the current study. Spectral degradation and back-

ground noise are two common types of signal degradation.

Young listeners (18–31 years) with normal hearing who are

presented spectrally degraded isolated words show poorer

phoneme categorization with decreasing levels of spectral

resolution (Winn and Litovsky, 2015). Context benefit mea-

sured in other types of speech identification tasks is greatest

when the sensory input is moderately degraded. This has

been shown with spectral degradation, such as cochlear-

implant processed speech (e.g., Bhandari et al., 2021;

Obleser et al., 2007; Obleser and Kotz, 2011; Sohoglu et al.,
2012; Wild et al., 2012), and with background noise (e.g.,

Golestani et al., 2009; Miller et al., 1951).
Both sentence context and signal degradation affect

speech recognition, including when measured using a pho-

neme categorization task. However, it is unclear how a lis-

tener’s age interacts with the amount of signal degradation

and the target word’s position in the sentence to influence

the benefit of context. On the one hand, older adults, even

those with normal hearing, exhibit considerable difficulty on

speech recognition tasks in noise (e.g., Dubno et al., 1984;
Gordon-Salant and Cole, 2016; Helfer and Wilber, 1990).

On the other hand, older adults exhibit good use of contex-

tual information to support speech recognition in noise (e.g.,

Pichora-Fuller, 2008; Pichora-Fuller et al., 1995; Sommers

and Danielson, 1999). Therefore, one question addressed in

this study is whether or not older listeners use contextual

information differently than younger listeners for degraded

words presented in varying sentence locations. To address

this question, this study tested adults from a wide range of

ages on a phoneme categorization task for contrasting pho-

nemes in a single word pair (henceforth referred to as the

phoneme categorization task in this paper). Spectrally

degraded target words were presented at the beginning or

end of spectrally degraded context sentences. The context

sentences were presented in quiet to ensure audibility, and

only the target words were presented in background noise.

The context effect was calculated based on the differences

in categorization between these conditions.

B. Experimental questions

There were three main research questions: (1) Does the

position of a spectrally degraded and noise-masked target

word in a spectrally degraded sentence alter the effects of

context on phoneme categorization? (2) Is the age of the lis-

tener predictive of the extent to which listeners use context

when identifying a noise-masked target word in a spectrally

degraded sentence? (3) Is there an interaction between the

effect of sentence position and age, such that the effect of

sentence position is smaller for older listeners than younger

listeners?

Given the previously measured small effects for subse-

quent context (Connine et al., 1991; Wingfield et al., 1994),
the hypothesis for the first research question was that the

context effect would be greater when the target word was at

the end of the sentence than when it was at the beginning of

the sentence. A noise-masked target word at the end of the

sentence may be perceived as congruent with the predictive

sentence because the degraded acoustics might not override

the brain’s prediction of the final target word (Federmeier,

2007; Hannemann et al., 2007; Saija et al., 2014). The iden-
tification of a noise-masked target word at the beginning of

the sentence should be less affected by subsequent context

because no internal prediction had been made prior to hear-

ing the target word.
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The hypothesis for the second research question was

that age would not be predictive of the context effect on cat-

egorization performance (given the findings of O’Neill

et al., 2021) but would be predictive of the response times

of participants. Response times are considered an objective

measure of the decision-making process. It was hypothe-

sized that increasing age would correspond with increas-

ingly longer response times to target words occurring in

incongruent sentence contexts. This slowed response could

occur because of age-related reductions in processing speed

and in the ability to inhibit the influence of incongruent

information (e.g., Hasher et al., 1991).
The hypothesis for the third research question was that,

with increasing age, participants would show smaller differ-

ences in the context effects between the two sentence posi-

tions. Similar effects of sentence context on categorization

of target phonemes within words are expected across ages

when the target word is at the end of the sentence, while

smaller effects of sentence context are expected with

increasing age when the target word is at the beginning of

the sentence (Wingfield et al., 1994).

II. METHOD

A. Participants

Thirty-six adult participants (32 female, ages 20–

76 years, mean¼ 48.7 years, SD¼ 18.7 years) with nominally

normal acoustic hearing were recruited. All participants had

no more than a slight hearing loss (thresholds� 25 dB HL) at

octave frequencies between 250 and 4000Hz in at least one

ear (re: ANSI, 2018) (Fig. 1). Thresholds were measured

using supra-aural headphones (TDH-50P, Telephonics, Santa

Ana, CA) on a clinical audiometer (Audiostar Pro, Grason-

Stadler, Inc., Eden Prairie, MN). There was no statistically

significant correlation between age and the four-frequency

pure tone average of participants’ hearing thresholds [500,

1000, 2000, and 4000Hz; r(34)¼�0.15, p¼ 0.394], indicat-

ing that average hearing sensitivity did not change signifi-

cantly with increasing age. Participants were self-reported

native speakers of American English to avoid variability on

the speech identification tasks stemming from diverse lan-

guage backgrounds. There were no significant differences in

education as a function of age [r(33) ¼�0.07, p¼ 0.689].

Education level is sometimes used as a proxy for vocabulary

knowledge (e.g., Verhaeghen, 2003). Participants had to be

able to read moderately large print on a computer screen with

or without corrective lenses, which was determined during

the practice trials. Participants were primarily recruited via

word of mouth and a database of participants who had previ-

ously consented to be contacted with future research

opportunities.

B. Stimuli

The target stimuli were audio recordings of words pre-

sented at the beginning or end of sentences with or without

predictive semantic contexts. Stimuli were created from nat-

ural target words produced by a 43-year-old male native

speaker of American English (mean f0¼ 125Hz).

Recordings took place in a double-walled sound-treated

booth (IAC Acoustics, Naperville, IL). The talker was

seated so that his mouth was positioned 8 inches away from

the wind guard covering a condenser microphone (Shure

KSM141, Niles, IL) set in omni-directional mode with zero

gain and a flat frequency response. The microphone was

connected to an audio recorder (Zoom H4n Pro, Hauppauge,

NY). The recording sampling rate was 44 100Hz with 16-bit

depth. The talker recorded each stimulus word and sentence

multiple times. After a recording session, the recordings

were transferred to a computer for excision and analysis.

The context sentences chosen as the auditory stimuli for

each condition were selected from the multiple recordings

based on the researcher’s judgment of clarity and intelligi-

bility. The natural target words chosen for stimulus develop-

ment were recorded at the end of the context sentences to

retain the natural speech rhythm and prosody of the talker

before being excised for processing. A four-step continuum

was created by varying the voice onset time (VOT) from 26

to 86ms for a word-initial /d/ to /t/, such that target words

varied perceptually between the rhyming words, “deer” and

“tear” (/di�/ and /ti�/). Each step along the continuum con-

tained an additional 20ms of the aspiration noise taken from

the talker’s natural production of “tear” added after the ini-

tial burst of the “deer” naturally produced word (Fig. 2).

The endpoints of the continuum, Step 1 with 26ms of VOT

(total stimulus length¼ 310ms) and Step 4 with 86ms of

VOT (total stimulus length¼ 370ms), were clear tokens of

the two target words, “deer” and “tear.” The intermediate

steps could be perceived as either of the two target words.

FIG. 1. Individual participants’ best audiometric thresholds are shown at

octave frequencies between 250 and 8000Hz The color gradient of the lines

represents the age of the participants (lighter¼ younger). The average

thresholds for all participants are represented using black diamonds. Error

bars indicate61 standard deviation.
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Each continuum step was concatenated to the article “the”

so that the target words could be presented either before or

after the context sentence in the presentation software.

Between the article and the noun were 70ms of silence, the

average length of time between these two words in the intact

recorded sentences. The context sentences and the target

word audio files (“the dear” and “the tear”) were equalized

in root mean square amplitude. A single word pair was cho-

sen so that the effects of context, sentence location, and sig-

nal degradation could be thoroughly explored.

In a pilot study, five young participants with normal

hearing provided behavioral judgments that confirmed that

participants perceived the stimuli as steps along a continuum.

The two target words at the endpoints were randomly pre-

sented in isolation 5–10 times each. They were identified

with 100% accuracy, confirming that the natural “deer” stim-

ulus was perceived as “deer” and the created “tear” stimulus

was easily perceived as “tear.” Sentence stimuli were created

that provided either neutral semantic context or contained at

least two words that were semantically related to one of the

words at the continuum endpoints (“deer” or “tear”) (as in

Kalikow et al., 1977). The sentences used for context are pre-

sented in Table I. When pilot participants were presented the

context sentences without an audible target word and asked

whether “deer” or “tear” best completed the sentence, they

always chose “deer” to complete the “deer” context sentences

and “tear” to complete the “tear” context sentences.

All auditory stimuli (target words and context senten-

ces) were spectrally degraded with a sine vocoder (Cychosz

et al., 2024). The auditory waveforms were divided into

eight logarithmically spaced channels between 250 and

4000Hz using third-order forward-backward Butterworth

filters. Eight vocoded channels produce a signal with a mod-

erate level of spectral degradation that is still highly intelli-

gible for listeners with normal hearing (Dorman et al., 1997;
Friesen et al., 2001). Envelopes were extracted by half-

wave rectifying the contents of each channel and then using

a 150-Hz second-order forward-backward Butterworth filter

(Shader et al., 2020). All stimuli were low-pass filtered at

4000Hz to avoid potential confounds with high-frequency

age-related hearing loss, as in Tinnemore et al. (2020). In
addition, the VOT contrast in the deer/tear continuum does

not critically rely on energy above 4000Hz. The background

noise was speech-shaped noise that was created from the

long-term average spectrum of the target words and senten-

ces used in this experiment. The noise was presented start-

ing 400ms before the target word to avoid overshoot (Bacon

and Healy, 2000) and stopping at the end of the target word.

There was no background noise during the context senten-

ces. The background noise was added to the target stimuli at

10, 5, 0, �5, and �10 dB signal-to-noise ratio (SNR) before

the entire signal was vocoded. This range of SNRs was cho-

sen so that the degradation provided by the combination of

vocoding and background noise would be likely to include

each participant’s unique “moderately degraded” level of

background noise, known to cause maximum context effects

(Bhandari et al., 2021; Boothroyd and Nittrouer, 1988).

C. Procedure

The experimental procedures were approved by the

University of Maryland Institutional Review Board for

Human Subjects Research. Participants provided written

informed consent and were paid for their time. Participants

were seated comfortably in a sound-attenuating booth.

Auditory stimuli (context words and target sentences) were

presented over a loudspeaker (Yamaha HS5, Buena Park,

CA) approximately 1m directly in front of the participant’s

chair for most of the participants or over circumaural head-

phones (Sennheiser HD-650, Old Lyme, CT) for seven par-

ticipants, because of limitations in equipment availability.

There were no statistically significant differences in

context effect [t(33) ¼�0.827, p¼ 0.414] or response time

FIG. 2. Waveforms and spectrograms

of the four steps along the dear-tear

continuum. The boxes indicate the ini-

tial aspiration that was added to create

the continuum. The duration of the

word in milliseconds (ms) is provided

under each step.

TABLE I. Sentences used to provide context for sentence-initial and

sentence-final presentation of continuum words.

Sentence

position Context type Sentence stimuli

Initial Neutral “The ____ in the picture was unclear.”

Initial Deer “The ____ lost its antlers in the forest.”

Initial Tear “The ____ fell from her eye down her cheek.”

Final Neutral “The girl asked her mom about the ____.”

Final Deer “The hunter saw the antlers of the ____.”

Final Tear “The tissue caught the moisture of the ____.”
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[t(33) ¼ 0.398, p¼ 0.693] between the participants who lis-

tened over headphones and those who listened over the

loudspeaker. The stimuli were calibrated in the sound field

to be presented at 70 dB-A using a sound level meter

(Br€uel & Kjaer type 2250, Naerum, Denmark) with a

quarter-inch microphone to measure a segment of speech-

shaped noise set to the same root mean square amplitude as

the target stimuli. A 1000-Hz tone with the same root mean

square amplitude as the target stimuli was used with the

same sound level meter connected to a 2-cm3 coupler to

calibrate the headphones that were used for seven of the

participants.

1. Practice

The visual stimuli were presented on a 23-inch com-

puter monitor located 0.75m from the participant’s chair.

Prior to beginning the main experiment, participants com-

pleted a short practice session during which they heard the

context sentences that would be used in the experiment. The

practice session served many purposes, including the famil-

iarization of the participant to the task and to the auditory

and visual stimuli. During each self-initiated trial, the word

“Ready…” showed on the screen for 1.2 s. The sound files

of the context sentence and target word played while the

screen showed the printed sentence they were hearing, with

the target word represented by a blank (as in Table I). After

the auditory presentation, the question “Which word did you

hear?” appeared on the top half of the screen and two color

images that represented the endpoint target words appeared

on the bottom half of the screen to either side. At that point,

the subroutine recording the participants’ responses became

active. No early responses were accepted. The mouse cursor

became visible at a centered position equidistant from the

two response buttons. Participants used the mouse to select

the picture representing the chosen word on the computer

monitor. Response times were measured from the time the

mouse became visible (at the end of the sound file). Every

trial had the same response options that were always in the

same locations on the screen. During this practice session,

only the endpoint words (Steps 1 and 4) were presented.

Participants were informed that occasionally the word might

not match the sentences.

The practice session was divided into four distinct

blocks, each containing 12 trials. In the first block, the

vocoded context sentences and target words were presented

in quiet. Two of the trials contained target words that did

not match the context sentence (i.e., incongruent contexts).

Correct-answer feedback was provided. Trials were pre-

sented in a random order. In the second block, the context

sentences were neutral (i.e., no predictive contexts) and the

target words were presented in quiet. This block was used to

ensure that participants were able to identify the spectrally

degraded endpoint words with at least 90% accuracy and to

collect a baseline measurement of the participant’s response

times. Although these individualized response time data

were collected, they were not used in the analysis (see Sec.

II C 4 for more details). In the third block, the target words

were presented in background noise in neutral sentence con-

texts. Participants first heard three trials with the target

words presented at 10 dB SNR. Then, two trials with target

words at each of the remaining four SNRs were presented,

becoming progressively more difficult. The last trial’s target

word was presented in quiet. In the final block of the prac-

tice, baseline response times to target words presented at the

most favorable SNR (10 dB SNR) in neutral context senten-

ces were collected. Again, these response times were not

used in the current analysis. In summary, the practice ses-

sion in its entirety accomplished several objectives. It

ensured that the context sentences would be easily recog-

nized and understood during the task. It allowed some addi-

tional adaptation to the vocoded speech. It provided

familiarity with the task. Last, it confirmed that all partici-

pants could correctly identify the endpoint target words in

both quiet and 10 dB SNR background noise with at least

90% accuracy.

2. Main experiment

During the main experiment, the screen was blank dur-

ing the presentation of the context sentence and target word.

After the auditory presentation was complete, the question

“Which word did you hear?” and the pictures representing

the appropriate endpoint words appeared together with the

mouse cursor, as in the practice session. Participants used

the mouse to select the picture representing their choice for

the target word. The experiment had six conditions: the tar-

get words presented at the beginning (one condition) or end

(second condition) of a sentence that did not provide predic-

tive context (i.e., neutral context), the target words presented

at the beginning (third condition) or end (fourth condition)

of sentences that predicted “deer,” and the target words pre-

sented at the beginning (fifth condition) or end (sixth condi-

tion) of sentences that predicted “tear.”

Target words from each step along the continuum were

presented 10 times at the beginning and end of each of the

three types of sentence contexts at five different SNRs

(4 target words from the phonetic continuum� 3 sentence

contexts� 2 sentence positions� 10 repetitions� 5 SNRs

¼ 1200 trials). Each block contained one trial of each condi-

tion (120 trials). The presentation order was fully random-

ized within each block. An opportunity to take a break was

provided after every block or approximately every 15min to

avoid fatigue. Performance was measured in two ways: (1) a

percent “deer” response for each target word along the con-

tinuum; and (2) response times for categorization choices.

3. Cognitive tests

After the last block of the experiment, participants com-

pleted two cognitive measures: (1) verbal processing speed

and inhibition (Stroop task; Stroop, 1935); and (2) working

memory (NIH Toolbox List Sorting; Tulsky et al., 2014).
The age-normalized scores from these measurements were

used in a trial analysis as predictors of the effect of context
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on speech recognition performance. Neither measure was a

significant predictor, and thus neither measure is reported in

the results for clarity and simplicity.

Participants completed the experiment over two or three

sessions. Each session was no more than 2 hours in duration

and was scheduled on a different day. The average partici-

pant completed the practice, the main experiment, and the

cognitive tests over the course of two sessions (�4 hours).

Some of the older participants required a short third session.

4. Analysis

Two analyses were conducted to assess the context

effect on the perception of phonetic cues in two sentence

positions and with varying levels of background noise. The

analyses modeled the context effect as either behavior-based

(derived from performance on a phoneme categorization

task) or timing-based (response times during the phoneme

categorization task). Specific analyses varied with each

processing measure, as described below.

The context effect was calculated by comparing an indi-

vidual’s phoneme categorization performance in the neutral

context condition with their performance in the predictive

context conditions. A positive context effect would reflect

more target words categorized as the context-predicted word

compared with target word categorizations in the neutral

context. In this experiment, a positive context effect could

be a result of more “deer” responses in a deer-predictive

context sentence or fewer “deer” responses in a tear-

predictive context sentence compared with the neutral con-

text. The comparison to the neutral context condition

accounts for response biases stemming from the target

word’s position, SNR, and VOT, because the target word in

the neutral context condition is categorized under the exact

same position, SNR, and VOT conditions. Some, but not all,

of the previous studies used a neutral comparison to deter-

mine their context effects. The current method is unique

because it allows the calculated context effect to be nega-

tive. An example of a negative context effect would be more

“deer” responses in the neutral context condition than in the

deer-predictive context condition. Negative context effects

do not make logical sense in real-world environments but

could represent a listener strategy on our task. Allowing

context effects to be negative, rather than a default value of

zero if the difference was not positive, may minimize the

calculation of the context effect. However, the inclusion of

negative context effects strengthens confidence that a con-

text effect is or is not statistically greater than zero.

The focus of this study is the overall effect of sentence

position, SNR, and presence of predictive context on per-

ception of a target word varying in its initial phoneme.

Thus, the difference in categorization performance was cal-

culated for each listener in each sentence position, SNR,

VOT, and predictive context condition and then summed

across VOTs and across predictive contexts. The context

effect, as calculated, represented the entire change in cate-

gorization performance (for all VOT versions of a target

word) that was associated with the presence of either predic-

tive sentence context compared to the neutral sentence con-

text as a function of sentence position and SNR. The

statistical analysis was conducted in R (version 4.3.3; R

Core Team, 2024) using the lme4 package (version 1.1.35.3;

Bates et al., 2015).
The log-transformed context effect from each partici-

pant in each condition was modeled with a linear mixed-

effect model (MEM) with a Gaussian distribution. The fixed

effects were age, sentence position (initial or final), SNR (5

levels), and their interactions. Age and SNR were treated as

continuous variables. Both variables were standardized such

that the mean of each variable (mean age¼ 49.2 years, mean

SNR¼ 0 dB SNR) was zero (with a standard deviation of 1)

and was the reference value in the model. Sentence position

was a categorical variable with a reference value of

sentence-final position. The maximal random effects struc-

ture included random intercepts for each participant, with

random slopes of SNR and sentence position (Barr et al.,
2013).

In summary, the analysis modeled the effects of age,

sentence position, SNR, and their interactions on the derived

context effects. The intercept of this model represented the

context effect measured for a participant at the mean age

(49.2 years) in the 0 dB SNR condition when the target word

was presented at the end of the sentence. The effects of both

SNR and sentence position were allowed to be different for

each participant, and these effects were captured in the ran-

dom effects.

In the second analysis, the absolute response times for

all trials were modeled in a linear MEM (Gaussian distribu-

tion). Response times less than 0.1 s and greater than 10 s

were removed from the analysis because response times less

than 0.1 s are physically impossible after a decision, while

response times greater than 10 s are likely to represent lapses

in attention or other factors not related to decision making.

This left 43 023 response times to analyze. A log-

transformation was applied to each response time value

(plus a constant value of 10 to eliminate negative numbers)

to reduce the skewness of the distribution and approximate a

normal distribution. No further normalization was needed

because the MEM accounts for individual baseline response

times in the random effect of participant. Therefore, the

response times collected during the practice sessions were

not needed for the analysis.

The fixed effects were SNR, target word acoustical

ambiguity, age, sentence position, and context sentence con-

gruency. SNR and age were treated as continuous variables.

Both variables were standardized such that the mean of each

variable (mean age¼ 49.2 years, mean SNR¼ 0 dB SNR)

was zero (with a standard deviation of one) and was the ref-

erence value in the model. A categorical variable to repre-

sent acoustic ambiguity was created using the steps along

the VOT continuum. The two endpoint steps were catego-

rized as acoustically unambiguous, while the two middle

steps were categorized as acoustically ambiguous. The

unambiguous category was used as the reference. Sentence
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position was a categorical variable with sentence-final posi-

tion as the reference value. Sentence context was categorized

as congruent (e.g., deer-predictive when the target word was

one of the two VOT continuum steps closest to “deer” or

tear-predictive when the target word was one of the remain-

ing two VOT continuum steps) or incongruent (opposite

context or neutral context). The congruent sentence context

was used as the reference condition in the model. The initial

random effects included a random intercept of participant

with random slopes of SNR, ambiguity, sentence position,

and congruency. The random intercept of participant

accounted for individual differences in overall absolute

response times. The buildmer package (version 2.11;

Voeten, 2023) was used to identify the best-fit model. The

package evaluates each potential effect, identifying terms

that contribute to the model. It then performs backward elim-

ination using likelihood-ratio testing until arriving at a model

in which all terms contribute significantly to the model. The

residuals of each model were checked to ensure there were

no major violations of normality or homoscedasticity.

In summary, the second analysis modeled the effects of

age, sentence position, acoustic ambiguity, SNR, and their

interactions on the response times of participants’ phoneme

categorization choices. The intercept of this model repre-

sented the response time measured for a participant at the

mean age (49.2 years) in the 0 dB SNR condition when an

unambiguous target word was presented at the end of a con-

gruent context sentence. The effects of SNR, acoustic ambi-

guity, and sentence position were allowed to be different for

each participant, and these effects were captured in the ran-

dom effects.

III. RESULTS

A. Categorization performance

The data are presented as average performance for all

participants at each continuum step, at each SNR, and in

each sentence position (Fig. 3). Higher values on the plot

represent more “deer” responses, and lower values represent

more “tear” responses. Context effect can be seen as the dif-

ference between performance in the neutral sentence context

(black triangles and dotted lines) compared to performance

in both the “deer” and “tear” predictive sentence contexts.

The effect of context on responses appears to be small until

�5 dB SNR for the sentence-initial target words (Fig. 3, top

row) and appears to be small but consistent across SNRs for

the sentence-final target words (Fig. 3, bottom row). An

analysis of the effects of SNR, continuum step, sentence

position, age, and context type on the trial level data is avail-

able in the supplementary material. To best answer our

research questions, we focus on the effects of the experi-

mental factors on the context effect.

B. Context effect measures

As described in the Analysis section (Sec. II C 4), the

context effect is calculated based on the difference between

the total number of “deer” responses in each of the predic-

tive context conditions compared to the total number of

“deer” responses in the neutral context condition. A positive

context effect would be the result of more “deer” responses

in the deer-predicting context sentences than in the neutral

sentences or more “tear” responses in the tear-predicting

FIG. 3. Average percentage of “deer” responses (y axis) at each VOT along the speech continuum [x axis; shortest VOT (“deer” stimulus) on the left of each

subplot; longest VOT (“tear” stimulus) on the right of each subplot] are shown at two target word positions within the sentence (top row: initial position; bot-

tom row: final position), five SNRs (columns), and three sentence contexts (colors/symbols). The SNRs range from the most challenging SNR (–10 dB SNR,

far left column) to the least challenging SNR (10 dB SNR, far right column). Responses are marked with red circles when the context sentence predicted

“deer” as the target word, blue squares when the context sentence predicted “tear,” and black triangles when the context sentence was neutral and did not

predict either target word. Error bars indicate61 standard error of the mean.
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context sentences than in the neutral sentences. The context

effects for both deer-predictive sentences and tear-

predictive sentences are combined to create an overall con-

text effect.

Figure 4 shows the context effect at each SNR as a

function of target word position collapsed across all partici-

pants. At the most difficult SNRs (i.e., �5 and �10 dB

SNR), participants on average showed an increase in the

effect of context. This is a logical response pattern to an

increasingly inaudible target word. When the target word

was presented in the sentence-initial position, participants

demonstrated a greater context effect in the more difficult

SNRs compared to when the target word was in the

sentence-final position.

A linear MEM was created to answer our research ques-

tions about the influence of sentence position and age on the

context effect for phoneme categorization of target words at

various levels of degradation (SNR). The context effect for

each participant was calculated at each SNR and target word

position and then log-transformed to reduce the skewness of

the distribution before being used as the dependent variable

in the model. The final model is presented in Table II. The

size of the context effect for participants was greater at

SNRs< 0 dB SNR, especially for target words in the

sentence-initial position (see Fig. 4) (SNR� Position-Initial,

p¼ 0.008). Neither age nor any interactions that included

age were statistically significant (p> 0.05 for all).

C. Response time measures

Response times were collected for all trials. Any

response times less than 0.1 s and greater than 10 s were

removed from the analysis as invalid responses. These crite-

ria eliminated 177 trials, or 0.4% of the data. All remaining

response times were transformed as described in the

Analysis section (Sec. II C 4). Given that both endpoint

words of the VOT continuum are clear acoustic representa-

tions of the target words while the intermediate words are

acoustically ambiguous, the target words were classified as

acoustically ambiguous or unambiguous for this analysis.

Context was categorized as either congruent or incongruent.

The incongruent context sentences included non-predictive

sentences as well as sentences that predicted the opposite

target word than the acoustic target word.

A linear MEM was fitted to the data with SNR, target

word ambiguity, age, sentence position, and context congru-

ency as fixed effects and SNR, sentence position, target

word ambiguity, and participant as random effects (Table

III). The model shows that response times were significantly

predicted by various interactions between subgroupings of

FIG. 4. The average context effect across all participants at each SNR con-

dition for target words presented at the beginning of the context sentence

(blue squares) and at the end of the context sentence (green circles).

Context effect is calculated as the sum of the differences in the number of

“deer” responses between the two predictive sentence contexts and the neu-

tral sentence context. The dotted line represents performance in the neutral

sentence context. Error bars indicate61 standard error of the mean.

TABLE II. Model output for a linear MEM fit to log-transformed derived context effect values. Reference values: Final sentence position, average SNR,

and average age. Formula: Context Effect�SNR�Sentence Position�Ageþ (SNRþSentence Position j participant).

Context effect

Predictors Estimate Standard error z p

(Intercept) 2.507 0.043 57.759 <0.001
SNR �0.043 0.033 �1.282 0.206

Position-Initial 0.013 0.048 0.275 0.785

Age �0.001 0.043 �0.021 0.983

SNR3Position-Initial �0.080 0.030 �2.681 0.008

SNR�Age 0.015 0.034 0.430 0.669

Position-Initial�Age 0.020 0.030 0.407 0.687

SNR�Position-Initial�Age �0.038 0.030 �1.278 0.202

Random effects Variance Standard deviation Correlation

By-participant effects 0.052 0.223

By-participant sentence position slopes 0.052 0.228 0.36

By-participant SNR slopes 0.025 0.158 �0.86 �0.75

Observations 360
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the fixed effects. In general, response times were shorter

when the SNR was higher and when the target word

occurred at the beginning of the sentence (SNR, p< 0.001;

Position-Initial, p< 0.001). Response times were generally

longer when the target words were acoustically ambiguous,

when the context sentence was incongruent, and with

increasing age (Target-Ambiguous, p< 0.001; Context-

Incongruent, p< 0.001; Age, p< 0.001).

Response times to acoustically ambiguous target words

appear to be longer than response times to acoustically unam-

biguous target words mainly at the more favorable SNRs.

This was especially evident when the target word was at

the end of the sentence [see Figs. 5(A) and 5(B)] (SNR

�Position-Initial �Target-Ambiguous, p< 0.001). The dif-

ference between response times for target words presented in

the sentence-initial vs sentence-final positions was generally

larger at the more difficult SNRs (SNR�Position-Initial,

p< 0.001). The position of the target word had a larger effect

on the response times of participants in their 30s, 40s, and

50s than it did for those younger than 30 years old or older

than 60 years old at most SNRs tested. At �10 dB SNR, the

oldest participants showed the largest effect [see Fig. 5(C)]

(SNR�Position-Initial�Age, p< 0.01). In Figs. 5(C) and

5(D), participants were grouped by age into decades and their

performance averaged across the members of the group (5–7

participants/group) for illustration purposes. To determine if

performance in the �10 dB SNR condition might be driving

the three-way interactions involving SNR, the same model

presented in Table III was fit to a dataset that excluded the

�10 dB SNR condition. The three-way interaction between

SNR, position, and target word ambiguity was no longer

significant (SNR�Position-Initial�Target-Ambiguous,

p> 0.05), but the interaction between SNR, position, and

age was more significant (SNR�Position-Initial�Age,

p< 0.001). Therefore, the �10 dB SNR condition does not

appear to be the sole driver of the SNR effects in the response

time analysis.

This pattern of the difference in response times based

on the target word’s sentence position and the participant’s

age is also affected by the congruency of the context

sentence with the target word (Position-Initial�Age

�Context-Congruent, p< 0.05). As in the previous inter-

action, participants in their 30s, 40s, and 50s showed larger

differences in response times between sentence-final and

sentence-initial presentations [the height of the lines in

Fig. 5(D)]. The youngest and oldest participants showed

the least differences due to sentence position and showed

opposite effects of congruency. Younger participants

showed greater position differences for congruent context

sentences than incongruent context sentences [circles

TABLE III. Model output for a linear MEM fit to log-transformed response time data. Reference values: Final sentence position, unambiguous target words,

congruent sentence contexts, average SNR, and average age. Bold font denotes statistically significant factors. Formula: Response Time�SNR�Sentence

Position�Target Word Acoustic AmbiguityþSentence Position�Age� (SNRþContext Congruency) þSNR�Congruencyþ (SNRþSentence

PositionþAmbiguity j participant).

Response time

Predictors Estimate Standard error z p

(Intercept) �0.232 0.059 �3.954 <0.001
SNR �0.170 0.018 �9.621 <0.001
Position-Initial �0.178 0.025 �7.186 <0.001
Target-Ambiguous 0.109 0.009 12.462 <0.001
Age 0.227 0.060 3.771 <0.001
Context-Incongruent 0.022 0.006 3.401 <0.001
SNR3Position-Initial 0.082 0.006 13.702 <0.001
SNR3Target-Ambiguous 0.063 0.006 10.480 <0.001
Position-Initial3Target-Ambiguous �0.090 0.008 �10.592 <0.001
Position-Initial�Age 0.032 0.025 1.254 0.217

Position-Initial�Context-Incongruent �0.002 0.009 �0.178 0.858

SNR�Age �0.024 0.018 �1.353 0.185

Age�Context-Incongruent 0.011 0.007 1.605 0.109

SNR�Context-Incongruent �0.008 0.004 �1.840 0.066

SNR3Position-Initial3Target-Ambiguous �0.036 0.008 �4.191 <0.001
SNR3Position-Initial3Age �0.012 0.004 �2.791 0.005

Position-Initial3Age3Context-Incongruent �0.019 0.009 �2.012 0.044

Random effects Variance Standard deviation Correlation

By-participant effects 0.122 0.349

By-participant SNR slopes 0.010 0.101 �0.41

By-participant sentence position slopes 0.019 0.139 �0.29 �0.24

By-participant target ambiguity slopes 0.001 0.038 �0.19 0.07 �0.14

Observations 43 023
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higher than squares in Fig. 5(D)], while older participants

showed larger position effects for incongruent context

sentences than congruent sentences [squares higher than

circles in Fig. 5(D)].

IV. DISCUSSION

This study tested adult participants with a wide range of

ages on a phoneme categorization task where a pair of spec-

trally degraded target words varying in a single phoneme

and embedded in background noise were presented at the

beginning or end of spectrally degraded context sentences.

The broad goal was to examine how sentence context inter-

acted with age, signal degradation (specifically SNR), and

sentence position to affect the perception of two contrasting

speech sounds. It was hypothesized that participants would

demonstrate a smaller effect of context for sentence-initial

compared to sentence-final target words, that age-related

differences would be seen in the response times but not in

the phoneme categorization performance, and that increased

age would result in a reduction of the difference between the

context effects found at the beginning vs the end of a

sentence.

The hypothesis for the first research question, regard-

ing the position of the target word, was that the context

effect would be greater when the target word was at the

end of the sentence than when it was at the beginning of

the sentence. The hypothesis was based on the context

effects reported in Connine et al., 1991 and Wingfield

et al. (1994). The results of the current study, however,

showed that the position of the target word interacted

with context to differentially affect categorization perfor-

mance in an unexpected way: there was a greater context

effect when the target word was at the beginning of

the sentence compared to when it was at the end of the

sentence (Fig. 4).

The difference in the current findings compared to pre-

vious studies may lie in the differences in stimuli,

methodology, and/or the calculation of context effects. The

stimuli used in the current study were newly created and

thus are inherently different from the stimuli used in either

Wingfield et al. (1994) or Connine et al. (1991) (e.g., differ-
ent talker, different words, different sentences). Wingfield

et al. (1994) examined context effects by presenting a target

word from the middle of a naturally spoken sentence. The

target word was presented first in isolation and then with

an increasing number of words from the sentence either pre-

ceding, following, or on both sides of the target word.

Participants were asked to identify the target word from an

open-set (i.e., no choices were provided). The number of

context words was increased incrementally until the partici-

pant was able to correctly identify the target word. Context

effect was calculated as the change in word recognition

accuracy from the word presented in isolation. Similar to the

current study, Connine et al. (1991) used a phonemic cate-

gorization task but calculated the context effect by compar-

ing the total number of “dent” responses between a context

sentence predicting the word “dent” and a context sentence

predicting the word “tent.” The method of calculating the

context effect by comparing the performance on each (oppo-

site) predictive context to performance with a neutral base-

line before summing those effects to create a general

context effect is unique to this study. The current method

corrects for any inherent response biases on an individual

basis and could be a more sensitive measure of context

effects than those used previously.

The hypothesis for the second research question,

regarding the effects of aging, was that age would not pre-

dict the context effect on categorization performance but

would affect the response times of participants. Age-related

decrements in context benefit have been shown to disappear

when audibility or speech understanding performance is

equated across age groups (e.g., Dubno et al., 2000; Humes

and Dubno, 2010; O’Neill et al., 2021). This could indicate

that any age-related decrements to the context benefit found

in older listeners (e.g., Benichov et al., 2012; Braver et al.,

FIG. 5. Raw response times were plot-

ted as a function of SNR when the

acoustic target word was unambiguous

(solid symbols) compared to ambigu-

ous (open symbols). Target words

were presented at the beginning of the

sentence (A) and at the end of the sen-

tence (B). The dotted line at 1.00 s is a

reference for comparing across panels.

(C) The difference in response times

(sentence-final condition minus

sentence-initial condition) across ages

as a function of SNR. (D) The differ-

ence in response times (sentence-final

condition minus sentence-initial condi-

tion) across ages as a function of context

congruence. Error bars represent61 stan-

dard error of the mean.
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2001; Wingfield et al., 1994) were due to changes in periph-

eral hearing (i.e., age-related hearing loss) and not a decre-

ment in the cognitive abilities needed to derive a context

benefit. The current study found no significant effect of age

on the size of the context effect (Table II), confirming the

first part of the hypothesis. This finding appears to support

the growing evidence that context benefit is available to lis-

teners independent of their ages.

The second part of the hypothesis was that increasing

age would correspond with longer response times to target

words occurring in incongruent sentence contexts. The

MEM analysis accounts for individual variability in baseline

response times and possible age-related slowing—both cog-

nitive and motor. The hypothesis was based on documented

age-related deficits in the ability to inhibit irrelevant infor-

mation (e.g., Federmeier and Kutas, 2005; Hasher et al.,
1991; Rush et al., 2006; Sommers and Danielson, 1999).

Table III shows that sentence position, SNR, target word

ambiguity, context, and age significantly predicted response

times. It is reasonable that faster response times would occur

for sentence-initial target words because participants had

longer to make their decision and then plan their motor

response. There was a significant interaction between SNR

and target word ambiguity, such that response times to the

acoustically ambiguous words [Figs. 5(A) and 5(B)] were

significantly slower than the response times to the acousti-

cally unambiguous endpoint words for the easier SNRs

(e.g., 10 and 5 dB SNR), but there was no difference in

response times due to target word ambiguity at the more dif-

ficult SNRs. Plots of the age-related interactions with SNR,

sentence position, and context show non-linear effects of

age [Figs. 5(C) and 5(D)]. In general, the impact of SNR,

sentence position, and context was larger for participants

aged 30–60 years and smaller for the youngest and oldest

participants. The reason for this pattern is unclear. It may

reflect response strategies that differed in the group of par-

ticipants aged 30–60 years from the youngest and oldest par-

ticipants. Although age significantly affected response times

on the current task, the exact relationship between age and

response times as a measure of context effect remains

uncertain.

The hypothesis for the third research question, regard-

ing the interaction between sentence position and age on the

derived context effects or response times, was that partici-

pants would show smaller differences in the context effects

or response times between the two sentence positions with

increasing age. Smaller context effects have been found on

an open-set word recognition task for older listeners with

sentence-initial target words compared to younger listeners,

but not for sentence-final target words (Wingfield et al.,
1994). The current study found no significant interaction

between age and sentence position on the size of the context

effect for categorization of phonemes in contrasting word

pairs (Table II). However, there were significant interactions

between age and sentence position in the response time anal-

ysis, although these appeared only in three-way interactions

involving either SNR or context. Participants in the middle

of the age range showed the largest effects of sentence posi-

tion. The oldest and youngest participants showed smaller

effects of sentence position that depended on the SNR con-

dition and the context sentence [Figs. 5(C) and 5(D)]. Thus,

results from the current study only partially supported the

hypothesis. Older listeners showed smaller differences in

the context effects on response time measures during pho-

neme categorization of contrasting target words between the

two sentence positions when compared with middle-aged

listeners, but not when compared with listeners in their 20s.

The predicted age-related inhibition deficit, which

would have been shown by a significant interaction between

age and congruency, was not found in the phoneme catego-

rization performance, but was present in the response times

(significant interaction between sentence position, age, and

congruency). This lack of a significant interaction between

age and congruency in the derived context effect could indi-

cate that there is no significant difference in the use of con-

text with increasing age when the speech is spectrally

degraded and the target words are partially obscured by

background noise. The association between age and

response times remains unclear. Alternatively, the lack of a

significant interaction between age and congruency in the

derived context effect could indicate that older adults use

compensatory strategies, such as leveraging their knowl-

edge of vocabulary and word predictability, to overcome

any age-related speech processing deficits and to match the

performance of younger adults (as in Dubno et al., 2000;
O’Neill et al., 2021; Pichora-Fuller, 2008). More research

is needed to fully understand the effect of age on context

usage.

This study may have implications for people who are

constantly listening to spectrally degraded speech, such as

those who use cochlear implants. Spectrally degraded repre-

sentations of sound are conveyed by cochlear-implant sound

processors to the auditory nerves of listeners. Understanding

how aging affects the ability to use context cues is vitally

important for listeners with cochlear implants, given that

many of them are currently over 65 years (e.g., Bas‚kent

et al., 2016; Schvartz-Leyzac et al., 2025; Shader et al.,
2020; Yang and Cosetti, 2016). The finding that unclear tar-

get words in sentence-initial positions cause listeners with

normal hearing to interpret the word as congruent with the

context more than when the target words are in sentence-

final positions, could be indicative of the effortful nature of

understanding spectrally degraded speech. If faster response

times reflect ease of listening in the current study, the youn-

gest and oldest listeners demonstrated less effort than the lis-

teners aged 30–60 years. Young listeners might show low

listening effort because of their rapid speed of processing,

and older listeners might show low listening effort because

of their compensatory strategies, such as a reliance on con-

text cues. As speech unfolds over time, a common strategy

is to rely on the surrounding context, rather than on the

degraded acoustic cues, to determine an unclear word’s

identity. Given that a conversation links sentences together,

listeners are unlikely to have the time to focus on acoustic
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cues to the extent they were able to in the sentence-final pre-

sentations in the current study. Thus, this study likely under-

estimates the context effect that is experienced by listeners

with normal hearing or with cochlear implants in typical

conversations.

Future studies to continue to explore the interaction

between age and perception of degraded speech should

either test participants with normal hearing who have

adapted to degraded speech, rather than presenting degraded

speech in an acute manner, or test participants who use

cochlear implants every day. Perhaps other methodologies

would provide more insight into the individual strategies

employed by listeners of different ages. For example, a

more objective measure of real-time language processing,

such as gaze tracking in a visual world paradigm, may pro-

vide researchers with insight into the listener’s decision-

making process as it unfolds over time, and evaluate the

impact of sentence position, SNR, and VOT at a finer-

grained level (e.g., Ben-David et al., 2011; Cooper, 1974;
Harel-Arbeli et al., 2021). Future studies could also explore

additional phonemic contrasts in various word pairs to

assess the generalizability of these findings.

V. CONCLUSION

Acoustic-hearing listeners who categorized contrasting

initial phonemes varying in VOT in target words that were

presented in various sentence positions, semantic contexts,

and levels of background noise showed some expected, and

some unexpected, patterns of context benefit. As expected,

the level of background noise, the position of the target

word, and the congruency of the sentence with the target

word all significantly affected performance. Contrary to

expectations, larger context effects were seen for target

words presented at the beginning of sentences than for target

words presented at the end of sentences at the most difficult

SNRs of �10 and �5 dB. Also, contrary to expectations, the

effects of background noise level, target word position, and

context sentence-target word congruency on response times

obtained during the phoneme categorization task were larger

for participants in the middle of the age range and smaller

for the youngest and oldest participants tested. Therefore,

older listeners appear to be able to use lexical context to

inform their interpretation of unclear words in a similar

manner to younger listeners when speech is degraded, possi-

bly using strategies that are only employed by acoustic hear-

ing participants over 60 years old. This study supports the

use of context cues to aid understanding of degraded speech

for adults of all ages.

SUPPLEMENTARY MATERIAL

See the supplementary material for an analysis of the

raw phoneme categorization data.
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