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Priming and sentence context support listening to noise-
vocoded speech by younger and older adults

Signy Sheldon, M. Kathleen Pichora-Fuller,a� and Bruce A. Schneider
Department of Psychology, University of Toronto, 3359 Mississauga Road N., Mississauga,
Ontario L5L 1C6, Canada

�Received 17 January 2007; revised 30 July 2007; accepted 22 August 2007�

Older adults are known to benefit from supportive context in order to compensate for age-related
reductions in perceptual and cognitive processing, including when comprehending spoken language
in adverse listening conditions. In the present study, we examine how younger and older adults
benefit from two types of contextual support, predictability from sentence context and priming,
when identifying target words in noise-vocoded sentences. In the first part of the experiment, benefit
from context based on primarily semantic knowledge was evaluated by comparing the accuracy of
identification of sentence-final target words that were either highly predictable or not predictable
from the sentence context. In the second part of the experiment, benefit from priming was evaluated
by comparing the accuracy of identification of target words when noise-vocoded sentences were
either primed or not by the presentation of the sentence context without noise vocoding and with the
target word replaced with white noise. Younger and older adults benefited from each type of
supportive context, with the most benefit realized when both types were combined. Supportive
context reduced the number of noise-vocoded bands needed for 50% word identification more for
older adults than their younger counterparts.
© 2008 Acoustical Society of America. �DOI: 10.1121/1.2783762�

PACS number�s�: 43.71.Lz, 43.71.Es, 43.71.Sy, 43.66.Sr �PEI� Pages: 489–499

I. INTRODUCTION

Older adults, even those with clinically normal audio-
metric thresholds in the speech range, have more difficulty
than younger adults comprehending spoken language, espe-
cially in adverse listening conditions �for a review see
CHABA, 1988; Pichora-Fuller and Souza, 2003�. Even when
older adults are able to correctly identify words heard in
challenging listening conditions, there is evidence that they
engage in more effortful processing than younger adults �for
reviews see Pichora-Fuller, 2003; Wingfield and Tun, 2007�.
It has been suggested that older adults depend on supportive
context to compensate for age-related reductions in percep-
tual and cognitive processing �e.g., Craik, 1983, 1986�, in-
cluding those that contribute to difficulties in comprehending
spoken language �for reviews see Pichora-Fuller, 2003;
Wingfield, 1996�. Although both younger and older adults
use various types of cues, including acoustic and lexical
cues, to support listening to speech in challenging auditory
scenes �Gallacher, 2005�, older adults may even benefit more
than younger adults from these various types of supportive
context in challenging listening conditions �for reviews see
Schneider and Pichora-Fuller, 2000; Wingfield and Tun,
2007�. What is not yet fully understood is how supportive
context from different sources, that is, acoustic cues from the
speech signal and lexical cues from the syntactic or semantic
context, interact during spoken language comprehension for
younger and older listeners. Therefore, in the present study,
we focus on the possible interactive use of two types of

supportive context that are available when younger and older
adults try to understand noise-vocoded speech.

A. Noise vocoding

Noise vocoding is a form of speech distortion that in-
volves dividing a speech signal into specific frequency bands
and, within each band, extracting the amplitude envelope and
using it to modulate noise of the same bandwidth. This re-
sults in the fine structure of the signal being replaced with
noise. This type of distortion minimizes the contribution of
fine structure cues, and preserves the use of temporal
amplitude-envelope cues. As the number of bands is in-
creased, more band-specific envelope information becomes
available. The intelligibility of noise-vocoded speech im-
proves as the number of bands is increased �e.g., Loizou
et al., 1999; Shannon et al., 1995�.

There is compelling evidence that the comprehension of
spoken language relies heavily on information that is carried
by envelope cues �van Tasell et al., 1992; Shannon et al.,
1995; Dorman and Loizou, 1998; Shannon, 2002�. Specifi-
cally, envelope cues are one type of cue that carries supra-
segmental information involved in lexical and syntactic pro-
cessing �Schneider and Pichora-Fuller, 2001; Shannon, 2002;
Greenberg, 1996; Rosen, 1992�, with these cues contributing
to speech prosody �Cutler et al., 1997�. Noise vocoding per-
mits the investigation of the use of temporal amplitude-
envelope cues relevant to supra-segmental speech processing
while minimizing the contributions of fine structure cues that
carry pitch-related supra-segmental information.

It is important to examine noise-vocoded speech com-
prehension for a number of reasons. First, given that wea�Electronic mail: k.pichora.fuller@utoronto.ca
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know there are age-related declines in auditory temporal pro-
cessing for cues relevant to segmental �Schneider et al.,
1994; Snell and Frisina, 2000; Pichora-Fuller et al., 2006�
and sub-segmental aspects of speech processing �Abel et al.,
1990; Summers and Leek, 1998; Alain et al., 2001; Vong-
paisal and Pichora-Fuller, 2007�, it is important to discover if
age-related differences also exist with regard to the envelope
cues involved in supra-segmental speech processing. Second,
noise vocoding provides an opportunity to examine how dif-
ferent types of contextual support may be used by younger
and older listeners to compensate for auditory processing
problems induced by challenging listening conditions �i.e.,
noise-vocoded speech�.

In a recent companion study �Sheldon et al., 2008�, we
used noise-vocoded speech to investigate possible age-
related differences in the auditory processing of envelope
cues. We established that noise-vocoding undermines word
identification more for older than for younger listeners when
target words are presented only once and with no feedback.
Interestingly, these age-related differences in word identifi-
cation were eliminated when older adults were able to benefit
from feedback and/or from the summing of information over
sequential presentations of the to-be-identified word, begin-
ning with the word presented with one frequency band and
incrementing the number of bands by one until it was cor-
rectly identified. Thus, noise vocoding provides an interest-
ing type of signal degradation insofar as age-related percep-
tual differences in word identification seem to be effectively
offset when feedback and/or summing of information is pos-
sible. One limitation of our earlier study is that there was no
opportunity for the listeners to use different types of support-
ive context because the target words were spoken in the fixed
carrier phrase “Say the word” �Sheldon et al., 2008�. There-
fore, in the present experiment, we expand on the repertoire
of types of supportive context to examine the resulting effect
on lexical access.

B. Lexical access

Identifying a word involves establishing a mapping be-
tween the speech signal and the corresponding semantic
meaning. This process is complex and intuitively integrative,
involving information from both low-level and high-level
processes. Accordingly, lexical access is affected by pro-
cesses at these multiple levels. For instance, single-word
lexical access can be supported via semantic priming �e.g.,
Meyer and Schvaneveldt, 1971� and phonological priming
�e.g., Goldinger et al., 1992�. At the word level, semantic and
phonological contexts have been found to each influence
lexical selection; for example, Ferreira and Griffin �2003�
showed that semantic priming and homophone priming could
each improve lexical selection. Specific to speech, different
types of context are known to mediate lexical selection dur-
ing quiet listening conditions �e.g., Radeau et al., 1998�.

Less is known about the way in which different types of
context combine to facilitate lexical access in challenging
listening conditions and how such facilitation may change
with age. It has been well established that in challenging
listening conditions, speech can often be understood if there

is sufficient semantic or linguistic contextual support avail-
able to provide information about the degraded signal �e.g.,
Kalikow et al., 1977; Bilger et al., 1984�. Further, older
adults are particularly adept at using context to compensate
for difficulties hearing a degraded acoustic signal, presum-
ably having developed expertise because typical everyday
listening conditions are often more perceptually challenging
for them than they are for younger adults �Perry and Wing-
field, 1994; Pichora-Fuller et al., 1995; Gordon-Salant and
Fitzgibbons, 1997; Sommers and Danielson, 1999; Wingfield
et al., 2005�.

The acoustic signal itself may also support spoken lan-
guage comprehension by supplementing or augmenting the
use of context based on semantic knowledge. Various studies
have demonstrated that listeners can use phonological or pro-
sodic information to direct attentional or top-down resources
during spoken word recognition �Gow and Gordon, 1995;
Marslen-Wilson and Tyler, 1980; Pitt and Samuel, 1990�.
Moreover, other situational cues, such as priming with a se-
mantically related sentence �e.g., Gagné et al., 2002�, pre-
senting visual speech for speech reading �e.g., Sumby and
Pollack, 1954�, presenting written text or clear speech as
feedback �e.g., Davis et al., 2005�, spatially separating con-
current sounds �e.g., Freyman et al., 1999, 2001; Li et al.,
2004�, and increasing the pitch differences among simulta-
neous talkers �e.g., Mackersie and Prida, 2001� can all en-
hance speech intelligibility. These cues presumably enhance
listening to the relevant structural patterns in the acoustic
signal and may, in turn, enhance the effectiveness of seman-
tic cues. In other words, information at the perceptual level
can influence the deployment of semantic information for
understanding degraded speech.

The interaction between acoustic and semantic level
cues during lexical access has been examined by Connine
et al. �1997�. In their study, young, healthy participants per-
formed a series of experiments that showed that phoneme
detection reaction times are influenced by similarity to a car-
rier stimulus both in terms of form and meaning. Similarly,
Andruski et al. �1994� demonstrated that the perceptual clar-
ity of a word-initial phoneme is one determinant for the
amount of semantic priming. Thus, these experiments dem-
onstrate that the activation of the meaning of words is inti-
mately tied to both the activation of the phonetic form of the
word and to its lexical meaning.

The purpose of the present study is to investigate how
different types of context interact to support word identifica-
tion in younger and older adults. Specifically, we examine
how the predictability of a word from sentence context, and
priming with sentence content, combine to affect word iden-
tification in an adverse listening condition �noise-vocoded
speech�.

II. METHOD

A. Participants

Sixteen younger adults �mean age�20.6 years, s.d.
=2.7, range�17–25 years� and sixteen older adults �mean
age�67.6 years, s.d.=3.0, range�65–73 years� participated
in this experiment. Both age groups had audiometric pure-
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tone air-conduction thresholds in the test ear that were con-
sidered to be clinically normal in the speech range �less than
or equal to 25 dB HL from 0.25 to 3 kHz; see Table I�. All of
the participants were highly educated, with 15.1 �s.d.=2.7�
and 13.7 �s.d.=2.3� mean years of education, respectively,
for the younger and older groups; there was no significant
difference in education between the age groups �t�30�=1.48,
p�0.10�. All participants had learned English before the age
of 5 years. To measure verbal knowledge, each participant
completed the Mill-Hill Vocabulary Scale �Raven, 1965�; the
scores for both age groups indicated that all participants had
good knowledge of the English language. The mean scores
out of 20 for the younger and older groups were 12.5 �s.d.
=2.2� and 14.8 �s.d.=2.2�, respectively, with the older group
significantly outperforming the younger group �t�30�=0.30,
p�0.05�. All of the participants were paid volunteers re-
cruited from the local community and none had previously
heard noise-vocoded speech or the sentence materials that
were used in the study. The participants completed Part A of
the experiment in one session and returned within a week to
complete Part B of the experiment.

B. Experiment: Part A

1. Materials

A digitized version of the sentences of the Speech Per-
ception in Noise Test �SPIN-R; Bilger et al., 1984� was used
in the study. The SPIN-R materials consist of eight lists of 50
sentences per list. Each of the eight lists consists of 25 sen-
tences in which the sentence-final word is predictable from
the sentence context �e.g., “Stir your coffee with a spoon.”�
and 25 sentences in which the sentence-final word cannot be
predicted from the sentence context �e.g., “He would think
about the rag.”�. The high-context and low-context sentences
are presented in a fixed pseudorandom order within each list.

For each list, the sentences were noise-vocoded into 16-
band, 8-band, 4-band, and 2-band versions. To do so, we
followed the procedure described in detail by Eisenberg et al.
�2000�. First, using the Goldwave digit audio editor, the
stimuli were converted into binary files with a sampling rate
of 20 kHz. Using MATLAB software, stimuli were then pro-
cessed through a pre-emphasis filter �a high-pass first-order
Butterworth infinite impulse response �IIR�� with a cut-off
frequency of 1.2 kHz and an attenuation rate of −6 dB per
octave. The signal was split into a varying number of fre-
quency bands �n=2,4 ,8 ,16� using fourth-order elliptical IIR
bandpass filters with a maximum peak-to-peak ripple of

0.5 dB in the passband and a minimum attenuation of 40 dB
in the stop band. The passband used to split the signal into
frequency bands spanned a frequency range from 0.3 to
6 kHz for all conditions. The frequency spacing of the filter
banks was based on the work of Greenwood �1990�. The
boundary frequencies for the band-processed conditions are
shown in Table II. To extract the envelopes, the magnitude of
the Hilbert transform was computed and passed through a
low-pass filter �second-order Butterworth IIR with cut-off
frequency of 160 Hz�. One minor difference between the
present and earlier procedures was that whereas Eisenberg
et al. �2000� rectified and then low-pass filtered the filter
bank outputs, we extracted the envelope using the magnitude
of the Hilbert transform followed by a low-pass filter similar
to that used by Eisenberg et al. �2000�. Narrow-band noise
was generated by passing a Gaussian white noise signal
through the same Butterworth and elliptical filters. The en-
velopes extracted in the previous step were then used to
modulate the corresponding band of noise. The bands of
modulated noise were then summed together. Finally, the
stimuli were converted to .wav format with a sampling rate
of 24 kHz using a digital audio editor.

2. Procedure

During testing, the participant sat comfortably inside an
International Acoustics Company �IAC� double-walled

TABLE I. Mean �s.d.� of audiometric air-conducted pure-tone thresholds �dB HL� for test ears of younger and
older participants.

Frequency �kHz�
0.25 0.5 1 2 3 4 6 8

Younger participants �N=16�
Mean 7.50 3.13 0.31 −2.18 −0.94 −0.63 3.13 1. 25
�s.d.� �6.32� �5.44� �5.00� �5.15� �5.54� �6.02� �7.50� �8.66�
Older participants �N=16�
Mean 6.25 5.93 4.37 10.93 11.87 20.93 30.62 45.00
s.d. �8.47� �7.35� �7.71� �8.76� �8.80� �8.13� �11.58� �15.90�

TABLE II. Boundary frequencies �Hz� for the 2-, 4-, 8-, and 16-band noise-
vocoded conditions.

2 band 4 band 8 band 16 band

300 300 300 300
1528 722 477 382
6000 1528 722 477

3066 1061 590
6000 1528 722

2174 878
3066 1061
4298 1276
6000 1528

1825
2174
2584
3066
3632
4298
5080
6000
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sound-attenuating booth. The sound files were played by a
Tucker Davis Technologies �TDT� System III monaurally to
the participant’s better ear over Sennheiser �model HD 265�
headphones. The signal level was set at 70 dB SPL and was
constant across conditions for both age groups.

To familiarize participants with noise-vocoded speech,
each participant was first exposed to four lists of 50 noise-
vocoded W-22 words �Martin and Pennington, 1971; Martin
and Forbis, 1978; Penrod, 1994�. The presentation of stimu-
lus conditions was blocked, with the order of conditions pro-
gressing from easiest to hardest. First, participants heard a
word list vocoded with 16 bands, followed by a word list in
the 8-band condition, then a word list in the 4-band condi-
tion, and finally a word list in the 2-band condition. Words
within a list were presented in random order and list order
was counterbalanced across participants so that each list was
presented four times in each order position for each group.
For each word in each list, the participant was asked to iden-
tify the word. No feedback was provided either during the
familiarization or during the experimental trials.

Following the familiarization with noise-vocoded words,
participants were told that they would hear four lists of sen-
tences and that they were to identify the last word of each
sentence. One full SPIN-R list in the 16-band condition was
presented, followed by another list in the 8-band condition,
and then another list in the 4-band condition, and finally the
last list in the 2-band noise-vocoded condition. Breaks were
given as needed between lists. The list order was counterbal-
anced across participants so that each list was presented
twice in each order position for each group. Guessing was
strongly encouraged.

The experimenter used Sennheiser headphones �model
HD 265� to listen to the participant’s responses, which were
scored immediately. If the experimenter was uncertain about
any response, the participant was asked to repeat and spell
the word aloud. Any phonemic difference between the re-
sponse and the target word was marked as an error. No feed-
back was given after a response. All sessions were audio-
taped to enable later verification of the responses recorded on
the score sheet. The testing session lasted approximately
1–1.5 h.

C. Experiment: Part B

1. Materials

The same SPIN-R sentences were used in Part A and
Part B of the experiment. Each participant heard all eight
noise-vocoded SPIN-R lists, four lists in Part A and the other
four lists in Part B of the experiment. No list was heard more
than once by any participant. Part B differed from Part A
because a priming utterance was presented prior to each sen-
tence �following Experiment 2 of Freyman et al., 2004�. The
priming utterance for each noise-vocoded sentence was con-
structed using the intact version of the sentence that had been
used to produce the noise-vocoded sentence. For the prime,
the initial portion of the intact sentence was presented, but
the sentence-final word was replaced by a segment of white
noise. The segment of noise used to replace the word was a
randomly generated 700-ms white noise token that was

scaled to have an average rms of 10 dB below the average
rms of the noise-vocoded SPIN-R sentences. The wave form
was edited to extract the sentence-final word from each sen-
tence and to replace it with a noise segment such that the
word and any coarticulatory cues were minimized in the
priming utterance.

For presentation, the files were converted to single-
channel .wav files and played monaurally to the participant’s
better ear over headphones. The signal level for the noise-
vocoded sentences was set at 70 dB SPL and was constant
across conditions for both age groups.

2. Procedure

During the testing session, the participant sat comfort-
ably inside the double-walled sound-attenuating booth. Par-
ticipants were told that they would hear four more lists of
sentences and they were asked to listen to the prime �clear
sentence context with the sentence-final word replaced with
white noise� followed by the noise-vocoded sentence and
then to identify the final word of the distorted sentence. First,
they were presented one full SPIN-R list in the 16 band-
processed condition, and then lists vocoded with 8, 4, and 2
bands. The order of the band conditions was fixed from easi-
est to hardest. Breaks were given as needed between lists.
The list order was counterbalanced across participants so that
each list was represented twice in each order position for
each group. Guessing was strongly encouraged.

Participants’ responses were scored immediately as in
Part A. If the experimenter was uncertain about any re-
sponse, the participant was asked to repeat and spell the
word aloud. Any difference between the response and the
target word was marked as an error. No feedback was given
after a response. All sessions were audio-taped so that scor-
ing could be confirmed as needed after the session. The test-
ing session lasted approximately 1.5 h.

III. RESULTS

The percentage of sentence-final words correctly identi-
fied as a function of the number of frequency bands used in
noise vocoding was calculated for each participant for each
sentence type �low context or high context� in each experi-
mental condition �with or without the priming utterance�. We
will refer to Part A of the experiment as the “without prime”
experimental condition and Part B of the experiment as the
“with prime” experimental condition.

Exponential functions of the form to follow were calcu-
lated for each of the two age groups to describe their perfor-
mance in each of the four conditions; that is, with two levels
of sentence context �low and high� and two levels of priming
context �with and without prime�:

y = c − e�a−bx�.

Exponential functions were fit to the individual data, and
to the average data for each age group. The functions de-
scribe the probability of correctly identifying sentence-final
words �y� as a function of number of bands �x�, subject to the
restrictions that a�0, and c�1. Figure 1 plots the fitted
functions for all of the participants in the low-context condi-
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tion with no prime. Figure 1 illustrates that the exponential
function provides a good fit to the individual data.

The individual functions were used to estimate the band
number that resulted in 50% of the target words being cor-
rectly identified in each of the four conditions �low context
without prime; low context with prime; high context without
prime; and high context with prime�. For one older adult the
50% point could not be determined in the low-context con-
dition without prime because for that participant the expo-
nential function reached an asymptote that was less than
50%; for subsequent analyses, the data of this particular
older participant were discarded and replaced with the corre-
sponding mean of the data of the other older participants.

Figure 2 shows the raw mean band threshold for each of
the four conditions for younger and older adults. As seen in
Fig. 2, for both age groups, the mean band threshold is low-
ered by the presence of a prime, by context, and by the

presence of both combined. Figure 2 also illustrates that in
the low-context condition without prime older adults have a
mean threshold value that is nearly two bands greater than
the mean threshold value of younger adults. Figure 2 also
indicates that the age-related difference in mean threshold
values is greatly reduced when a prime is present �low con-
text, with prime condition� and when contextual cues are
present �high context, without prime�. Furthermore, when
both prime and high-context cues are available, there is no
age-related difference in the mean threshold value. Thus, Fig.
2 suggests that the mean threshold values of older adults are
reduced to a greater extent than those of younger adults by
the presence of the prime, and also by the presence of high
context, but to the same extent when both the prime and high
context are available in combination.

The description of Fig. 2 was verified by an analysis of
variance �ANOVA� with age �younger or older� as a
between-subjects factor and prime condition �with or without
prime� and sentence context �low context or high context� as
within-subjects factors. There were significant main effects
of age �F�1,30�=7.88, p�0.01�, prime �F�1,30�
=146.47, p�0.0001�, and context �F�1,30�=273.40, p
�0.0001� on the number of noise-vocoded bands needed to
achieve 50% word identification. There were also significant
two-way interaction effects of prime and context �F�1,30�
=36.30, p�0.0001�, age and prime �F�1,30�=6.30, p
�0.02�, and age and context �F�1,30�=4.46, p�0.05�. The
three-way interaction effect of age, prime, and context
�F�1,30��1� was not significant.

The two-way interaction between prime and context in-
dicates that the combined effects of priming and context are
greater than the sum of their individual effects. To help in-
terpret the pattern of two-way interaction effects between
context and priming, age and priming, and age and context,
we next examined the benefit that younger and older partici-
pants received from context in the conditions without and
with prime. Figure 3 plots the mean proportion of instances
in which the sentence-final word was correctly identified in
low-context and high-context sentences as a function of the
number of bands in two conditions �with prime and without
prime� for the younger group and for the older group. The
separations between the 50% points on the low-context and
high-context functions are indicated by horizontal lines lo-
cated at 0.5 on the abscissa.1 Figure 3 suggests that there is a

FIG. 1. �a� The proportion of words in low-context sentences that each
younger participant �y� correctly identified, as a function of the number of
bands used in noise vocoding. �b� The proportion of words in low-context
sentences that each older participant �o� correctly identified, as a function of
the number of bands used in noise vocoding.

FIG. 2. The mean threshold values �the number of bands required to achieve
50% correct word identification� for older and younger participants in the
four experimental conditions: Without prime, low context; with prime, low
context; without prime, high context; with prime, high context. Standard
error bars are shown.
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larger difference in the number of bands required to achieve
a threshold of 50% correct word identification between the
low-context and high-context conditions in the condition
with prime compared to the condition without prime. More-
over, the effect of priming on these thresholds appears to be
about the same for both younger and older adults.

Although the extent of the age-related difference appears
to be the same in the condition with prime as it is in the
condition without prime, the threshold separation between
the low-context and high-context functions appears to be
larger in older adults than it is in younger adults in both the
conditions with and without prime. To test this statistically,
for the conditions with and without prime, we subtracted
each individual’s threshold for high-context sentences from
his or her threshold for low-context sentences to obtain an
estimate of the extent of the reduction in threshold due to
context �the reduction in the number of bands needed to
reach 50% correct�.

Figure 4 plots the average reduction in threshold due to
the addition of context for the two age groups in the condi-
tions with and without prime �corresponding to the horizon-
tal lines at 0.5 on the abscissa for each panel of Fig. 3�. An
ANOVA with age �younger or older� as a between-subjects
factor and priming condition �with prime versus without
prime� as a within-subjects factor confirmed that there was a
significant main effect of age �F�1,30�=4.53, p�0.05�, and
a significant main effect of priming condition �F�1,30�
=36.27, p�0.0001� on the benefit due to context, but there
was no significant interaction between age and priming con-
dition �F�1,30��1��.

To complement Fig. 3, Fig. 5 plots the mean proportion
of instances in which the sentence-final word was correctly
identified in sentence contexts with and without prime as a
function of the number of bands in two conditions �low con-

text and high context� for the younger group and for the
older group. In each panel of Fig. 5, the separation between
the 50% points on the functions for the conditions with and
without prime is indicated by horizontal lines located at 0.5
on the abscissa.1 As seen in Fig. 5, the effects of priming are
larger for high-context sentences than they are for low-
context sentences by about the same amount in both younger
and older adults. Figure 5 also shows that the effects of prim-
ing appear to be larger for older than they are for younger
adults by about the same amount for both low-context and
high-context sentences.

To complement Fig. 4, Fig. 6 plots the average reduction
in threshold due to priming for the two age groups in the
high-context and low-context conditions �corresponding to

FIG. 3. The proportion of words correctly identified, averaged across par-
ticipants, as a function of the number of bands for younger �circles� and
older �squares� participants in the conditions without prime �Part A� and
with prime �Part B�. Closed symbols represent the conditions in which the
sentence-final word was predictable from the sentence context; unfilled sym-
bols represent the conditions in which the sentence-final word was not pre-
dictable from the sentence context.

FIG. 4. The mean reduction in threshold �the number of bands required to
achieve 50% correct word identification� due to sentence context for the four
groups: younger adults, without prime; younger adults, with prime; older
adults, without prime; and older adults, with prime. Standard error bars are
shown.

FIG. 5. The proportion of words correctly identified, averaged across par-
ticipants, as a function of the number of bands for the conditions with prime
�closed symbols� and without prime �open symbols� for younger adults
�circles� and older adults �squares� when the sentence-final word was pre-
dictable from sentence context �high context� or when the sentence-final
word was not predictable from sentence context �low context�.
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the horizontal lines at 0.5 on the abscissa for each panel of
Fig. 5�. An ANOVA of the differences with age �younger and
older� as a between-subjects factor and sentence context �low
context or high context� as a within-subjects factor con-
firmed that there was a significant main effect of age
�F�1,30�=6.44, p�0.02� and context �F�1,30�=36.27, p
�0.0001�, but no significant age by context interaction
�F�1,30��1�.

IV. DISCUSSION

The primary goal of the current study was to explore
age-related differences in the contributions of two types of
supportive context: Support provided by priming with the
undistorted presentation of all but the final word of the sen-
tence, and support provided by the predictability of a
sentence-final word from the sentence context in an adverse
listening condition. We used a form of speech distortion,
noise vocoding, in which the fine structure cues in the speech
signal are systematically reduced to create different degrees
of adversity. In general, the band threshold �number of bands
corresponding to 50% correct target word identification� was
higher for older than for younger adults, lower when the
prime was present, and lower for high as opposed to low-
context conditions. In addition, the band threshold in the
condition combining high context and priming was 5 bands
lower than in the condition with low context and without
priming. This 5-band benefit from the combination of sup-
ports was bigger than the sum �3.3 bands� of the individual
benefits of adding a prime alone �1.3 bands�, or changing the
context from low to high alone �2.0 bands�.

The effects of context and priming were larger for older
than for younger adults. Specifically, for younger adults, add-
ing context reduced the threshold from 4.7 to 2.2 bands �2.5
bands�; for older adults, it reduced the threshold from 5.9 to
2.7 bands �3.2 bands�. Furthermore, for younger adults,
priming reduced the threshold from 4.3 to 2.6 bands �1.7
bands�; for older adults, it reduced the threshold from 5.6 to
3.0 bands �2.6 bands�. However, these age-related differ-
ences disappear if the effects of context and priming are
considered in terms of the percentage decrease in threshold.2

Specifically, the percentage decrease when going from low to

high context was 48% for younger and 46% for older adults.
Furthermore, going from conditions without prime to condi-
tions with prime reduced thresholds by 61% and 54% for
younger and older adults, respectively. Hence, depending on
whether or not the threshold changes are expressed as differ-
ences or percentages, we would conclude either that older
adults benefit more from priming and context that do
younger adults �thresholds changes expressed as differ-
ences�, or that younger and older adults benefit equally from
these two factors �threshold changes expressed as percent-
ages�. In either case, we can conclude that older adults ben-
efit at least as much as do younger adults from these two
types of support.

It seems unlikely that the age differences found in the
present study can be attributed to age-related differences in
audiometric thresholds. All younger and older adults had
clinically normal audiometric thresholds for frequencies
from 0.25 to 3 kHz, although the pure-tone average �0.5, 1,
and 2 kHz� of the older group was about 6 dB higher than
that of the younger group, and there were larger differences
at higher frequencies. Nevertheless, it is not obvious how
small differences in hearing threshold could account for the
pattern of results related to the number of bands used in
noise vocoding the sentences. In particular, increasing the
number of bands used to vocode the sentences provided the
listeners with more frequency-specific envelope information,
but the frequency range and the audibility of the noise-
vocoded sentences remained constant across the different
band conditions. Furthermore, all stimuli were presented in
quiet so age-related differences related to signal-to-noise ra-
tio cannot explain the pattern of findings. Importantly, our
finding of an age effect in the present study is consistent with
our finding of age-related differences in Experiment 2 in our
previous study �Sheldon et al., 2008�, and it is also in line
with the results of Souza and Boike �2006�, who found that
age, but not degree of hearing loss, was a significant predic-
tor of the ability of listeners to identify noise-vocoded /aCa/
nonsense bisyllables in a 16-alternative closed-choice task.

Considering other possible factors associated with age,
the participants did not differ in education level. However,
older adults outperformed younger adults on the Mill-Hill
vocabulary score �Raven, 1965�. Hence, the possibility that
the greater benefit from support realized by the older adults
might be related to their superior lexical knowledge cannot
be ruled out.

The results of the study will be discussed with an em-
phasis on age-related differences in the auditory processing
of temporal amplitude-envelope cues relevant to supra-
segmental speech processing and the use of the two types of
support and how they may combine during spoken language
comprehension.

A. Age-related differences in auditory temporal
processing

The word identification scores in the low-context condi-
tion without prime �Part A� indicate that older adults are
poorer than younger adults at processing envelope cues when
little contextual support is available. The present results for
sentence-final word identification in the low-context condi-

FIG. 6. The mean reduction in threshold �the number of bands required to
achieve 50% correct word identification� due to the addition of the prime for
the four groups: younger adults with low-context sentences; younger adults
with high-context sentences, older adults with low-context sentences, and
older adults with high context sentences. Standard error bars are shown.
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tion without prime are consistent with the results of our ear-
lier study in which age-related deficits were found in the use
of envelope cues to identify noise-vocoded monosyllable
words presented with a fixed carrier phrase, at least when
there was no feedback or opportunity to sum information
from sequential presentations of the same word �Sheldon
et al., 2008�. Nevertheless, for the participants in the present
experiment, we found no significant correlation between
their word identification performance in the familiarization
task and their performance in any of the four experimental
conditions �low context with or without prime, high context
with or without prime�.

Together with prior research, the present findings pro-
vide converging evidence that aging is associated with defi-
cits at multiple levels of auditory temporal processing that
contribute to different levels of speech processing: the sub-
segmental level �e.g., Abel et al., 1990; Summers and Leek,
1998; Alain et al., 2001; Vongpaisal and Pichora-Fuller,
2007�, the segmental level �Schneider et al., 1994; Snell and
Frisina, 2000; Pichora-Fuller et al., 2006�, and the supra-
segmental level �Sheldon et al., 2008�.

B. Sentence context supports spoken language
comprehension

When younger and older participants listened to SPIN-R
sentences in the four band-processed conditions, whether
they heard a prime �Part B� or did not �Part A�, word iden-
tification performance was better in high-context sentences
than in low-context sentences for both age groups. However,
the difference due to the addition of this type of context was
greater for older than for younger listeners. In other words,
older adults derived more benefit from sentence context than
did younger adults when benefit was measured in terms of
the difference in the number of bands required for 50%-
correct identification. The present results are consistent with
previous studies that have shown that older adults are the
same �Dubno et al., 2000� or even better than younger adults
at using semantic context than younger adults to boost word
identification in adverse situations where listening �or read-
ing� is effortful �for reviews see Schneider, 2001; Pichora-
Fuller, 2003�. A general finding has been that older adults
require a higher signal-to-noise ratio to achieve the same
word identification score as younger adults when no support-
ive context is available. Because the signal-to-noise condi-
tions typical in everyday life would often be challenging for
older listeners even though these conditions would not be
particularly challenging for younger listeners, one reasonable
possibility is that older adults have much more practice at
using context in a compensatory fashion �Pichora-Fuller
et al., 1995�. It is important to note that the older participants
in the present study scored higher than did the younger par-
ticipants on the vocabulary test. The superior vocabulary of
the older participants in the present study is consistent with
the possibility that the larger lexicons and greater lexical
familiarity among older adults could explain an age-related
benefit from sentence context associated with better semantic
knowledge �Wingfield et al., 2005�.

C. Priming directs auditory processing

The presence of the prime also decreased the mean band
threshold for both age groups. Even when semantic and lin-
guistic cues were minimal, as in the low-context sentences,
there was still an increase due to priming in the word iden-
tification scores for both age groups. Because the compre-
hension of noise-vocoded speech is primarily based on infor-
mation carried by the envelope, it is possible that listeners
attend to the envelope cues of the intact prime to facilitate
comprehension of the vocoded sentence. That is, the prime
may direct a listener’s attention to relevant aspects of struc-
ture of the speech signal, thereby contributing to improved
sentence-final word identification. Support for this explana-
tion comes from studies that stress the importance to com-
prehension of the supra-segmental speech information pro-
vided by the envelope �Martin, 1979; for a review, see Cutler
et al., 1997�. Specifically, envelope cues preserve amplitude
modulations that may provide cues to the beginnings and
endings of words that are needed for segmenting running
speech �Sanders et al., 2002; Sanders and Neville, 2003a, b�.
It also seems that the prime may offer an opportunity for
perceptual learning that could result in improved understand-
ing of noise-vocoded speech. This is suggested by the finding
that when clear speech or written text was provided follow-
ing the presentation of a noise-vocoded utterance, word iden-
tification improved for subsequently presented novel utter-
ances �Davis et al., 2005�.

The presence of the prime was of greater benefit to older
than younger adults in the low-context conditions when the
advantage is expressed in terms of differences in number of
bands required for 50%-correct identification. To our knowl-
edge, an age-related advantage from this sort of priming has
not been reported previously. We offer two possible explana-
tions for our observations.

1. Compensation. One possibility is that the age-related
difference in ability to benefit from supportive context re-
flects how older adults compensate by engaging top-down
processing to achieve the same performance as younger
adults on various perceptual and cognitive tasks �for a review
see Pichora-Fuller and Singh, 2006�. The possibility that
older adults engage in different and possibly more effortful
types of information processing to compensate for deficits in
auditory processing is consistent with the more general ob-
servation that older adults use more brain regions and show a
reduction in hemisphericity of activation on a wide range of
perceptual and cognitive tasks. This age-related difference in
activation is thought to reflect compensatory adaptations
�e.g., Grady, 2000; Cabeza, 2002; Reuter-Lorenz, 2002�. The
age-related difference in benefit from the prime in the low-
context sentence conditions may reflect the greater compen-
satory use of supportive context by older adults in challeng-
ing listening conditions such as those that they frequently
encounter in everyday life. We speculate that older adults are
simply more skilled at using information provided by the
prime to direct attention to the envelope cues in the vocoded
speech that facilitate word segmentation and phonological
processing, particularly in low-context sentences where other
types of contextual support are not readily available.
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2. Summing information. Another explanation is that
there is an age-related difference in the processing strategies
used when the prime is available. In our earlier study, older
listeners were able to match the word identification accuracy
of younger listeners by summing information across a se-
quence of versions of the same target word that were incre-
mented progressively in the number of bands used to vocode
the speech �Sheldon et al., 2008�. In the current study, the
listener may be able to sum information by comparing the
clear sentence context of the prime and the vocoded sentence
context. It could be that older adults are particularly adept at
summing knowledge to help decipher a target word.

D. Priming facilitates benefit from sentence context

Not surprisingly, when both types of support, priming
and high sentence context, are available, listeners reach ceil-
ing performance and no significant age-related differences
are observed. The benefit derived when these two types of
support are combined is greater than the sum of their inde-
pendent contributions. In the high-context condition with
prime, both younger and older listeners correctly identified
over half of the words even in the 2-band condition, the
lowest band condition tested. This high level of performance
indicates that both age groups successfully use auditory ver-
bal closure such that contextual information facilitates iden-
tification of the degraded target word �for a review see
Elliott, 1995�. The prime facilitates the use of sentence con-
text because it provides an undistorted presentation of the
sentence context. However, even when the sentence context
is low, the prime provides information that may help the
listener to narrow in on what to listen for and when to listen
in the noise-vocoded sentence carrying the target word
�Freyman et al., 2004�. It seems that listeners benefit from
knowledge of the acoustical structure as well as semantic
knowledge of the sentence context.

V. CONCLUSIONS

Envelope cues that provide supra-segmental speech in-
formation are integral to spoken language comprehension.
When such cues are degraded, as they are when speech is
noise vocoded, younger and older listeners compensate by
relying to a greater extent on the available supportive con-
text. Five conclusions can be drawn from this study regard-
ing the use of such support when speech is noise vocoded:

�1� Words that are highly predictable from sentence context
are better comprehended than words that are not predict-
able from sentence context.

�2� A prime, in the form of undistorted presentation of the
sentence context, can facilitate comprehension, even in
the absence of high-context semantic information, by di-
recting a listener to relevant acoustic properties of the
speech signal.

�3� When the prime is presented for a high-context sentence,
the prime also facilitates benefit from the semantic con-
text, thus demonstrating the interactivity of the two types
of cues.

�4� Older adults do not identify words as well as younger
adults when envelope cues are reduced by noise vocod-

ing. Conversely, older adults need more bands than
younger adults to achieve the same level of accuracy in
identifying the final words of noise-vocoded sentences.

�5� Older adults benefit more than younger adults from sen-
tence context and the prime; however, both age groups
receive equal benefit when these two types of context
interact.
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1Note that to find the 50% correct points on the functions for the high-
context sentences with prime shown in Figs. 3 and 5, it was necessary to
extrapolate from the data. For both age groups, the mean percent correct
score exceeded 70% when high-context sentences were presented with a
prime in the 2-band noise-vocoding conditions. To find the 50% correct
point, we extrapolated using the conservative assumption that both groups
would score 0% correct if no stimulus were presented �0 band condition�.
Given that the sentence-final words in the high-context sentences of the
SPIN test were designed to be highly predictable from preceding sentence
context, a more realistic and less conservative assumption would have
been a minimum score of 70% based on the paper and pencil test of
auditory verbal closure that was conducted during the development of the
original SPIN test �Kalikow et al., 1977; see also Bilger et al., 1984;
Elliott, 1995�. Had we used a less conservative method to estimate the
50% point, or had we used a percentage correct higher than 50% to com-
pare conditions, then the difference due to context �Fig. 3� and the differ-
ence due to priming �Fig. 5� would have been larger for both age groups,
but the differences for the older group would have remained larger than
those for the younger group.

2To confirm the lack of interaction when changes in the 50% correct-
identification thresholds are expressed as percentages, we conducted an
ANOVA on the log band thresholds with age �younger or older� as a
between-subjects factor and priming condition �with or without prime� and
sentence context �low context or high context� as within-subjects factors.
Note that when the 50% band threshold values are converted to loga-
rithms, equal ratios between any two pairs of threshold values on the
original measures correspond to equal intervals on the log-transformed
values. All of the main effects remained significant: age �F�1,30�
=4.66, p�0.05�, prime �F�1,30�=516.75, p�0.0001�, and context
�F�1,30�=437.43, p�0.0001� on the number of noise-vocoded log bands
needed to achieve 50% word identification. The significant two-way inter-
action of prime and context also remained significant, �F�1,30�
=311.00, p�0.0001�; however, the two-way interactions with age were
not significant: age and prime �F�1,30�=3.25, p�0.81�, and age and con-
text �F�1,30��1�. The three-way interaction effect of age, prime, and
context �F�1,30��1� was again not significant.
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