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Abstract 

Word identification accuracy is modulated by many factors including linguistic characteristics of words (frequent 
vs. infrequent), listening environment (noisy vs. quiet), and listener-related differences (older vs. younger). Nearly, all 
studies investigating these factors use high-familiarity words and noise signals that are either energetic maskers (e.g., 
white noise) or informational maskers composed of competing talkers (e.g., multitalker babble). Here, we expand 
on these findings by examining younger and older listeners’ speech-in-noise perception for words varying in both fre‑
quency and familiarity within a simulated hospital noise that has important non-speech information. The method 
was inspired by the real-world challenges aging patients can face in understanding less familiar medical terminology 
used by healthcare professionals in noisy hospital environments. Word familiarity data from older and young adults 
were collected for 800 medically related terms. Familiarity ratings were highly correlated between the two age groups. 
Older adults’ transcription accuracy for sentences with medical terminology that vary in their familiarity and fre‑
quency was assessed across four listening conditions: hospital noise, speech-shaped noise, amplitude-modulated 
speech-shaped noise, and quiet. Listeners were less accurate in noise conditions than in a quiet condition and were 
more impacted by hospital noise than either speech-shaped noise. Sentences with low-familiarity and low-frequency 
medical words combined with hospital noise were particularly detrimental for older adults compared to younger 
adults. The results impact our theoretical understanding of speech perception in noise and highlight real-world con‑
sequences of older adults’ difficulties with speech-in-noise and specifically noise containing competing, non-speech 
information.
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Significance statement
During hospital stays, patients receive a wealth 

of information from their healthcare providers, the 
understanding of which is critical for promoting posi-
tive health outcomes. Yet, the language used by health-
care providers and the noisy hospital environment 
may reduce communication success. To address how 
these barriers may impact communication in hospi-
tals, we applied foundational concepts in hearing sci-
ence and speech perception to investigate how medical 
terminology and hospital soundscapes may impact 
speech understanding. Specifically, we tested older and 
younger adults’ abilities to identify less frequent and 
less familiar medical terminology in simulated hospi-
tal soundscapes compared to other types of noise. The 
results showed that listeners had particular difficulty 
understanding less familiar and less frequent words in 
hospital noise, with greater decrements for older than 
younger adults. Therefore, the noise present in hos-
pital settings may lead to misunderstandings of orally 
presented medical information, particularly in geriatric 
populations.

Introduction
Adults who are 65  years of age and older are much 
more likely to receive in-patient care in a hospital com-
pared to younger adults (Sun et al., 2018). During these 
hospital stays, crucial information about diagnoses, 
treatment plans, and discharge instructions will be pro-
vided to patients. Although it is essential for all adults 
to understand the medical information provided to 
them in these hospital settings, there are several bar-
riers to successful communication that could hinder 
transfer of information and ultimately impact health 
outcomes. First, hospitals are noisy places (Busch-
Vishniac, 2019; Busch-Vishniac et al., 2005; Darbyshire 
& Young, 2013; De Lima Andrade et al., 2021; Gladd & 
Saunders, 2011; Ryherd et al., 2011; Tainter et al., 2016). 
Due to the increased incidence of hearing loss and 
other age-related physiological and cognitive changes, 
older adults’ understanding of spoken information in 
these noisy settings may be compromised (Adel Ghah-
raman et al., 2020; Davis et al., 2016). Second, medical 
information may contain words that are unfamiliar or 
infrequently encountered, which can also hinder lan-
guage comprehension and recall. As a first step in more 
deeply understanding the impact of these communica-
tion barriers in a commonly encountered situation with 
potentially severe real-world consequences, we investi-
gate how hospital noise impacts older adults’ abilities 
to understand sentences with medically related terms 
that vary in their word familiarity and frequency.

Aging and perception of speech in noise
Understanding speech in noisy conditions is more dif-
ficult than in quiet conditions for listeners across the 
lifespan but is particularly detrimental for older adults 
compared to young adults. Older adults’ difficulty under-
standing speech in noise frequently can be traced to 
the incidence of age-related hearing loss (presbycusis) 
(Cruickshanks et  al., 2010; Humes, 1996). In the USA, 
the prevalence of hearing loss (unilateral or bilateral) 
increases from approximately 3% for adults in their 20’s 
to 45%, 68% and 89% for adults in their 60’s, 70’s, and 
80+, respectively (Lin et al., 2011). Individuals with hear-
ing loss may understand speech well in quiet conditions 
but generally need more favorable signal-to-noise ratios 
(i.e., louder target speech relative to the background 
noise) to achieve similar word recognition accuracy 
compared to those without hearing loss (Plomp, 1986). 
In addition, listeners with hearing loss (Festen & Plomp, 
1990) and older listeners (Dubno et al., 2002, 2003; Gif-
ford et  al., 2007; but see Schoof & Rosen, 2014) benefit 
less from fluctuations in the background noise than lis-
teners with normal hearing and young adult listeners. 
Fluctuating background sounds are common in most 
everyday noisy situations, such as when there is a talker 
or multiple talkers in the background. Listeners can gen-
erally take advantage of these background sound dips 
where the target signal is more audible to piece together 
the intended message (Cooke, 2006; Miller & Licklider, 
1950), but older listeners may be less able to take advan-
tage of these dips due to factors such as more difficulty 
recovering from forward masking effects (Festen & 
Plomp, 1990).

Dubno et al. (1984) demonstrated that even when hear-
ing thresholds were matched for older (65  years and 
older) and younger (44 years and under) adult listeners, 
older listeners still showed decreased speech in noise 
understanding compared to younger listeners. Older 
adults who have hearing thresholds within normal lim-
its (i.e., pure-tone thresholds that are lower than 25  dB 
at octave frequencies between 250 and 3000  Hz in the 
better ear) also have more difficulty with certain types of 
background noises. For example, younger and older lis-
teners have been found to have similar difficulties under-
standing speech in white noise, speech-shaped noise, or 
amplitude-modulated speech-shaped noise, but older 
adults show worse performance than younger adults 
when competing background signals are single or mul-
tiple talkers. (Schoof & Rosen, 2014; Tun & Wingfield, 
1999).

There are numerous underlying factors that may lead 
to older listeners’ difficulties with these complex listening 
environments. Some of their challenges may be traced 
to their greater susceptibility to informational masking 
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compared with energetic masking. Energetic masking 
refers to listening conditions in which the masking sound 
has energy in the same critical frequency bands at a point 
in time leading to inaudible portions of the target sound 
(Brungart, 2001; Pollack, 1975). In contrast, informa-
tional masking conditions contain a target sound and a 
competing masker that are both audible, but the content 
of the two sound signals (e.g., two simultaneously pre-
sented speech signals) must be disentangled to extract 
the linguistic information in the target signal (Kidd et al., 
2008; Pollack, 1975). Kidd et  al. (2008) note that infor-
mational masking encapsulates many different cognitive 
processes including “perceptual grouping and source seg-
regation, attention, memory, and general cognitive pro-
cessing abilities” (p. 143–144). Indeed, a range of studies 
have suggested that older adults may have difficulty with 
informational masking conditions due to reduced effi-
ciency in attentional control (Tun et  al., 2002), reduced 
processing of temporal fine structure and use of pho-
netic cues to support sound source segregation (Rajan & 
Cainer, 2008; Schoof & Rosen, 2014), and weaker neural 
encoding of fundamental frequency information (Ander-
son et  al., 2011). Furthermore, there is evidence that 
older adults are less able to take advantage of indexical 
cues (i.e., differences between individual talker’s voices) 
and do not receive as much benefit from a spatial release 
from masking (i.e., benefits accrued when the target and 
the masker are in different physical locations compared 
to conditions in which they are coming from the same 
physical location) (Helfer et al., 2017).

In addition to masker characteristics, age group differ-
ences for speech-in-noise tasks are especially apparent 
for materials that contain few contextual cues; younger 
adults outperform older adults in open-set single word 
identification and with low-context sentences (e.g., We 
should have considered the juice) but show similar perfor-
mance for high-context sentences (e.g., We drank some 
orange juice) or word recognition in a closed-set task 
(Dubno et al., 1984; Sommers & Danielson, 1999).

These results suggest that in addition to the impact of 
changes in hearing sensitivity, there are cognitive changes 
during the aging process that can impact the ability to 
extract meaning from spoken messages in noisy environ-
ments. There is a link between understanding speech in 
noise and a range of cognitive measures including work-
ing memory, attentional switching, sustained attention, 
selective attention, visual cognitive-linguistic measures 
(e.g., spatial short term memory in which participants 
recalled locations of dots on a grid), and complex non-
speech auditory measures (e.g., environmental sound 
identification) (Füllgrabe et al., 2015; Humes et al., 2013); 
beyond age, declines in cognitive abilities independently 
contribute to understanding speech in noise (Moore 

et al., 2014). Sensory impairments, such as hearing loss, 
also increase the risk of hospital delirium (George et al., 
1997), which impacts cognition, alertness, and ability 
to pay attention, all essential factors in understanding 
speech.

The body of work investigating older adults’ speech 
perception abilities in noise strongly suggests that noisy 
environments, such as hospitals, may cause communi-
cation challenges, beyond those experienced by younger 
adults. Hospital soundscapes include specific character-
istics known to disrupt speech understanding in older 
adults, such as fluctuating noise, as well as linguistic mes-
sages known to be challenging for this population such 
as low-context sentences. Furthermore, patients with 
hearing loss who wear hearing aids frequently leave their 
hearing aids at home during hospital stays for fear of los-
ing them (Blustein et al., 2018). These factors suggest that 
miscommunications between older patients and health-
care providers could arise due to environmental or lin-
guistic factors or their combination. The consequences of 
these communication challenges are substantial as there 
is evidence that higher rates of communication trouble 
between older adults and healthcare providers lead to 
increases in hospital readmissions (Chang et al., 2018).

Aging and vocabulary
While hearing sensitivity shows a consistent decline 
across adulthood, other cognitive abilities continue to 
improve with peak performance shown at different ages. 
Many cognitive abilities (e.g., memory, speed, reasoning, 
attention) show peaks in the 20’s, 30’s, or 40’s with steady 
declines in later ages (Fortenbaugh et  al., 2015; Hart-
shorne & Germine, 2015; Salthouse, 2019). However, the 
apex of vocabulary knowledge tends to appear much later 
compared to other cognitive abilities with peaks in later 
adulthood (50’s or 60’s). There is also evidence that older 
adults (those in their 70’s and 80’s) have larger vocabular-
ies than younger adults (those in their 20’s through 40’s) 
(Gold et al., 1995; Salthouse, 2019) and are better at esti-
mating their vocabulary knowledge than younger adults 
(Kavé & Halamish, 2015).

There are also age-related decrements in aspects of 
acquiring new words that may hinder adults’ speech 
understanding. For example, the ability to extract mean-
ing from context for unfamiliar words decreases with 
age (McGinnis & Zelinski, 2000; Zelinski & Hyde, 1996). 
The difficulty of determining precise meaning from con-
text appears to be greater in old-old (over 75  years of 
age) adults compared to young-old (65–74 years of age) 
or young adults (18–37  years of age) and is related to 
declines in generalized inferential processing (McGinnis 
& Zelinski, 2003). Furthermore, older adults are slower 
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at using semantic context to predict upcoming words 
(Harel-Arbeli et al., 2021).

The vocabulary abilities of older adults suggest that, 
unlike their disadvantages for speech-in-noise percep-
tion, their verbal processing abilities may give them 
some advantages compared to younger adults in con-
texts with more complex or less frequently encountered 
words, such as in medical settings. Individuals, including 
both younger and older adults, with larger vocabularies 
have an advantage for understanding speech in adverse 
conditions (Carroll et  al., 2016; Kaandorp et  al., 2016; 
McAuliffe et  al., 2013). However, their reduced abilities 
to extract precise meanings from context for unfamiliar 
words could also be a barrier for successful communica-
tion with their healthcare providers.

In this paper, we describe three experiments investi-
gating knowledge and perception of medically related 
terminology. The first experiment assesses older adults’ 
familiarity with a large set of medically related words 
and compares their scores to those of young adults. The 
second experiment employs a subset of these words in 
a speech-in-noise intelligibility task in which the lis-
tening environment was also manipulated to compare 
quiet, hospital noise, and speech-shaped noise condi-
tions using a between-subjects design. This experiment 
is a conceptual replication of a study with young adults 
(Bent et al., 2022). The third experiment employs a mixed 
design where noise type is a within-subjects variable and 
tests new cohorts of young and older adults. In addition 
to having the noise type as a within-subjects manipula-
tion for this experiment, a fourth listening condition is 
included in which a speech-shaped noise was amplitude-
modulated based on the amplitude envelope of the hospi-
tal noise. For all experiments, participants were recruited 
and tested online. Remote testing has been shown to be 
an effective methodology for testing older adults’ per-
ception of speech in noise (e.g., Brown et al., 2021), with 
results showing no significant differences for speech-in-
noise transcription accuracy performance for remote vs. 
in-lab tested listeners with signal-to-noise ratios similar 
to the one employed here (Shen & Wu, 2022).

Openness and transparency statement
For all three experiments reported below, we report how 
we determined our sample sizes, all data exclusions, all 
manipulations, and all measures in the study. All data, 
analysis code, and research materials are available on 
our Open Science Framework page: https://​osf.​io/​rvz2f/. 
Data were analyzed using R, version 4.1.2 (R Core Team, 
2021), and the package ggplot, version 3.3.5 (Wickham, 
2016). All procedures were approved by the Institu-
tional Review Board at Indiana University (Protocol # 
2004206295). This study was not preregistered.

Experiment 1: familiarity ratings for medically 
related terms
Although prior studies have shown high agreement 
between older and younger adults in their familiarity 
ratings of pictures (Yoon et al., 2004) and for subjective 
frequency ratings (Balota et al., 2001), it is possible that 
there could be age or cohort effects for words related to 
healthcare. There is evidence that performance in visual 
word recognition is better predicted when word ratings 
(e.g., subjective frequency or age of acquisition estimates) 
are derived from participants of the same age cohort 
(Dorot & Mathey, 2010). Thus, the familiarity estimates 
gathered in this experiment may provide more accurate 
modeling of the intelligibility data for the older adults in 
Experiments 2 and 3 rather than using familiarity ratings 
from a cohort of young adults.

Method
Participants
Fifty monolingual American English speakers between 
the ages of 60 and 75 (mean = 65) completed the famili-
arity rating task. Participants included 37 women and 
13 men. One participant identified as Hispanic or 
Latinx and the others did not. The race of the partici-
pants included white (n = 43), Black or African Ameri-
can (n = 2), American Indian or Alaska native and white 
(n = 2), and other (n = 2). One participant preferred not 
to indicate their race. Four participants indicated that 
they had some degree of hearing loss. Participants rated 
their exposure to medical professions as minimal (~ once 
per year or less; n = 14), low moderate (~ a few times per 
year; n = 29), or moderate (~ once per month; n = 7). Four 
additional participants were tested, but their data were 
not included due to daily interactions with medical pro-
fessionals (n = 2), fewer than 80% correct on the atten-
tion checks (n = 1), or fewer than 90% of reliability checks 
correct (n = 1). For this final category, we extracted the 
ratings for 20 words that should be highly familiar to 
all participants (e.g., help, life) and were rated as highly 
familiar (all “7” ratings on a scale of 1–7) in the Hoosi-
erFAM dataset (Nusbaum et  al., 1984), which includes 
ratings from 600 participants. If participants did not 
give a rating of “7” to at least 90% of these words, they 
were excluded. Our sample size was calculated so that 
each stimulus item would receive ratings from at least 20 
participants.

The older adult data were compared to previously col-
lected younger adult data (Perry et al., 2021). The younger 
adult data included a sample of 41 monolingual Ameri-
can English speakers between the ages of 18–35. Exclu-
sion criteria were the same ones used with the older adult 
sample described in the previous paragraph (e.g., daily 

https://osf.io/rvz2f/
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interaction with medical professionals, attention checks, 
low ratings for highly familiar words).

Stimuli
Eight hundred words from Merriam-Webster’s online 
medical dictionary (Medical Dictionary by Merriam-
Webster, n.d.) were included. These words were selected 
to elicit a range of familiarity ratings and were the same 
words assessed for younger adults in Perry et al. (2021).

Procedure
Participants were recruited online via Prolific (https://​
proli​fic.​co/) and tested in 2021. The experiment would 
appear to potential participants if they met all inclusion 
criteria, including the target age range (60–85), living 
in the USA, American citizen, and native monolingual 
speaker of English. If they decided to complete the study, 
they were redirected to Qualtrics, where they completed 
the consent process, background questionnaire, and 
word familiarity rating task.

For the rating task, each participant was orthographi-
cally presented with a randomly selected subset of 400 
words. Their task was to rate each word on a scale of 1–7 
(Table 1) (Nusbaum et al., 1984). The words were divided 
into sets of 20 that included 18–19 words and 1–2 atten-
tion checks. For the attention check, participants were 
required to click on a specific number on the rating scale 
(e.g., “select rating 2”).

Results
Ratings for each word were averaged across the partici-
pants. Each word received ratings from an average of 25 
participants with a minimum of 23 ratings. These ratings 
were compared to ratings previously gathered from the 
group of young adult participants (Perry et al., 2021). The 
ratings between the two age groups were highly corre-
lated, r (798) = 0.941, p < 0.0011 (Fig. 1). Furthermore, the 

average ratings across all the words were similar for the 
two groups (younger adults = 6.26; older adults = 6.35). 
Only 6% of words had scores that differed by more than 
1 rating point between the two groups. There were 10 
words where the young adult ratings were more than 1 
point higher than the older adult ratings and 36 words 
where the older adult ratings were more than 1 point 
higher than the younger adult ratings. Many of the words 
(n = 558) received high mean ratings (≥ 6.5) from both 
age groups.

Table 1  Descriptions of the points on the familiarity rating scale

Rating Description

1 You have never seen or heard this word before

2 You think that you might have seen or heard this word before

3 You are pretty sure that you have seen or heard the word before, but you are not positive

4 You recognize the word as one you have seen or heard before, but you only have a vague idea of its meaning

5 You are certain that you have seen the word, but you only have a vague idea of its meaning

6 You think you know the meaning of the word but are not certain that the meaning you know is correct

7 You recognize the word and are confident you know the meaning of the word

Fig. 1  Correlation between familiarity ratings for older and younger 
adults. Each point represents average ratings from the two listener 
groups for one word. The black line is the regression fit line 
and the grayed in area is the 95% confidence region. The middle 
dashed line is where points would fall if both groups provided 
the same rating of a word. The area inside the outer two dashed lines 
represents all the items for which older and younger adults had mean 
scores within one point on the rating scale. Points outside of this 
area represent ratings differences that were greater than one point 
between the two age groups

1  Pearson’s correlation coefficients can be interpreted as effect sizes, and 
this coefficient is indicative of a large effect (Cohen, 1988).

https://prolific.co/
https://prolific.co/
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Discussion
Most of the medically related words included in our sam-
ple received very similar familiarity ratings across the two 
age groups suggesting that using word familiarity norms 
collected from young adults may be appropriate to use 
with older adult populations, even for medical termi-
nology. We expected that the older adult ratings would 
be substantially higher than the younger adults because 
there is strong evidence that vocabulary increases with 
age (e.g., Verhaeghen, 2003). However, the ratings were 
very similar across the two age groups with no clear pat-
terns of higher ratings for the older adults compared to 
the younger adults’ ratings. Additionally, it seemed likely 
that some of the words included here would have elicited 
larger differences between the two age groups due to the 
likelihood that older adults would have more experience 
with medical terminology due to both their greater life 
experiences generally and likelihood of medical prob-
lems in older age. Again, there was not a general pattern 
of higher ratings from the older adults even for a subset 
of words. The words that older adults gave higher ratings 
to compared to the younger adults were primarily words 
in which the older adults indicated that they were highly 
familiar, but the younger adults rated them more in the 
middle of the scale (e.g., obstetrician 6.8 vs. 4.3; geriatric 
6.8 vs. 4.8; halitosis 6.6 vs. 4.7; urea 6.4 vs. 3.8). In con-
trast, the words in which the younger adults had substan-
tially higher ratings tended to be rated by both groups 
more toward the middle of the scale (e.g., phenotype 5.5 
vs. 3.3; exothermic 5.1 vs. 3.9; frenulum 4.1 vs. 2.9; septal 
4.3 vs. 3.1). The words in which the older adults provided 
higher familiarity ratings, therefore, may be more driven 
by their real-world experiences and following certainty 
about the meanings of the words. For example, it is not 
surprising that older adults would have greater familiarity 
with the word “geriatric” than young adults. In contrast, 
the young adults may have been more generous with 
their ratings for words that fell more in the middle of the 
scale as there are not clear reasons why younger people 
would have greater knowledge of words such as frenulum 
or exothermic. However, these ratings are not based on 
assessment of accurate knowledge of the words, but on 
the participants’ own evaluation of how familiar they are 
with specific terms. There may be age differences in strat-
egies or biases for rating familiarity in addition to differ-
ences in word knowledge. Previous work suggests that 
older adults show a close alignment between their actual 
word knowledge and judgments of their knowledge while 
young adults tend to underestimate their word knowl-
edge (Kavé & Halamish, 2015). Therefore, it is possible 
that the older adult ratings may be more closely aligned 
with actual knowledge and therefore more predictive of 
speech-in-noise intelligibility. However, the substantial 

collinearity between the ratings for the two groups sug-
gests that word ratings from either age group would be 
sufficient for modeling the impacts of word familiarity.

Experiment 2: conceptual replication of Bent et al. 
(2022) with older adults
Most of the studies investigating how different masker 
types impact listeners from varied age cohorts compare 
non-speech maskers (e.g., speech-shaped noise or ampli-
tude fluctuating noise) to speech maskers (i.e., maskers 
with different numbers of competing talkers), noting that 
older listeners have particular difficulty with maskers 
that contain intelligible speech. However, maskers can 
contain information that is not speech, but still may be 
salient to listeners. Here, we compare older listeners’ per-
formance for a masker that results in energetic masking 
only with one that also includes informational masking, 
including clearly identifiable sounds, but little to no iden-
tifiable semantic information.

For this informational masking signal, we use a par-
ticularly important and ecologically valid noise type: 
hospital noise. Only two studies to date have investigated 
how hospital noise influences listeners’ word identifica-
tion (Bent et al., 2022; Pope et al., 2013). In both studies, 
when sentences were presented in hospital noise, listen-
ers were less accurate at identifying the words compared 
to quiet conditions. However, the impact of aging could 
not be determined in either study. Bent et al. (2022) only 
included young adult listeners. Although Pope et  al. 
(2013) included listeners from a wide age range from late 
20’s to late 70’s with an average of 54, the authors did not 
include age as a factor in their analysis and therefore it is 
not possible to know whether the older adults had more 
difficulty with the tasks when they were presented in hos-
pital noise compared to the younger listeners. Further-
more, the sentences included in the Pope et al. study were 
standard speech perception sentences that manipulated 
the availability of context but did not contain medical ter-
minology (e.g., high context: Stir your coffee with a spoon 
vs. low context: Bob could have known about the spoon).

Here we address these gaps by testing older adults’ per-
ception of sentences that include medical terminology 
within three listening conditions—quiet, hospital noise, 
and speech-shaped noise—using the same design and 
materials as in Bent et al. (2022) to allow for a conceptual 
comparison with young adult performance.

Method
Participants
Seventy-nine monolingual American English-speaking 
adults between the ages of 60 and 81 (average = 66) par-
ticipated. Participants included 45 women and 34 men. 
One participant identified as Hispanic or Latinx and the 
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others identified as not Hispanic or Latinx. Seventy-three 
participants identified as white and six participants as 
Black or African American. Five participants indicated 
some hearing issues including the following: “airplane 
ear”, tinnitus, mild hearing loss in the high frequencies, 
age-related hearing loss, and moderate hearing loss and 
use of hearing aids. All participants indicated that they 
did not have any diagnosed cognitive impairment. Par-
ticipants rated their exposure to medical professions as 
minimal (~ once per year or less; n = 16), low moderate 
(~ a few times per year; n = 50) or moderate (~ once per 
month; n = 13). They rated the level of background noise 
in their environment as 2.2 on a 1 (very quiet) to 10 (very 
loud scale) (range = 1–6). An additional eight participants 
were tested but their data were not included due to bilin-
gual language status (n = 3), cognitive impairment (n = 1), 
frequent exposure to medical professionals (n = 2), or a 
rating of 8 or 9 on the 10-point scale of background noise 
in the environment (n = 2). There were also 10 partici-
pants who failed the headphone check and therefore did 
not complete the background questionnaire or intelligi-
bility experiment. We aimed to have 75 participants with 
usable data included in our study (roughly 25 per noise 
condition described below), but included all participants 
with usable data who completed the experiment during 
our online recruitment period on Prolific.

Stimuli
The stimuli were 160 sentences with three keywords 
each taken from the corpus described in Perry et  al. 
(2021). Sentences were 4–9 words in length (average 6.9 
words). The sentences had quantified familiarity, fre-
quency, and predictability profiles. Three of the sentence 
types included medical terminology and were divided 
into three subtypes with specific word familiarity and 
frequency characteristics including 40 each with high-
familiarity and high-frequency words, high-familiarity 
and low-frequency words, and low-familiarity and low-
frequency words. Frequency categorization was deter-
mined by Zipf scores from SUBTLEX-US, a corpus of 51 
million words taken from American subtitles (Brysbaert 
& New, 2009; van Heuven et al., 2014). Zipf scores vary 
from 1 to 7.

Determination of low or high familiarity for the ini-
tial corpus was based on the ratings from young adults 
(as described above) with scores ranging from 1 to 7. 
Sentence categorization was determined by the average 
familiarity and frequency scores for the three keywords 
in the sentence. Sentences in the high-frequency category 
had average frequency scores between 4.3 and 5.3 and 
sentences in the low-frequency categories had average 
scores between 1.7 and 3.99. Sentences in the high-famil-
iarity categories had scores between 6.7 and 7.0 and the 

low-familiarity sentences ranged from 3.6 to 5.5. There 
was a fourth set of 40 sentences that were adapted from 
standardized speech perception materials (i.e., the Hear-
ing in Noise Test; Nilsson et  al., 1994). These sentences 
also included keywords that were high in familiarity and 
frequency but did not include medical terminology.

Predictability was quantified in a cloze test in which 
participants were presented orthographically with a sen-
tence with one keyword missing and had to guess the 
missing word (e.g., It is a safe and ____ process). Pre-
dictability scores represent the percentage of correctly 
guessed words averaged across the three keywords in 
each sentence. Standard sentences had the highest pre-
dictability (19.6%) followed by high-familiarity/high-fre-
quency (7.0%) and high-familiarity/low-frequency (7.0%) 
with the lowest scores for the low-familiarity/low-fre-
quency sentences (1.7%).

Four monolingual American English speakers (two 
male and two female) were recorded reading the sen-
tences. Speakers’ dialects were either Midland (n = 2) or 
North (n = 2) and were between the ages of 18–29 (aver-
age = 22.5). Recordings were made in a sound-attenu-
ated booth using a Marantz PDM670 digital recorder 
and a Shure Dynamic WH20XLR headset microphone. 
Sentences were equated for root-mean-square (RMS) 
amplitude.

In the experiment, sentences were presented in one of 
three conditions: quiet, speech-shaped noise, or hospital 
noise. The speech-shaped noise was created by taking the 
long-term average spectra of a set of sentences and using 
it to filter a white noise. The hospital noise was synthe-
sized in previous work (Messingher, 2013), although it 
was compressed in Audacity to remove extreme peaks. 
This noise includes sounds frequently encountered in a 
hospital setting including HVAC noise, footfalls, squeak-
ing, telephones ringing, laughter, and alarm sounds. 
Voices were also included, although most speech was not 
intelligible. The amount of intelligible speech was quan-
tified by three research assistants. Each one listened to 
the entire 1780 s noise file. They annotated the sections 
that had intelligible speech using a textgrid in Praat. The 
average amount annotated as intelligible speech was 9.7% 
(range 7.6–11.3%). Only 6.5% of the noise file had speech 
where all three annotators agreed on the content of the 
speech. The lack of full interrater agreement was a con-
sequence of the indistinct and noisy nature of the record-
ing. The characteristics of the hospital noise were also 
designed to match the spectral content, temporal fluctua-
tions, and other characteristics typical of real-world hos-
pital settings. Additional details on the noise stimuli can 
be found in Bent et al. (2022).

The two noise conditions were presented at a signal-
to-noise ratio of − 1 dB. This SNR was selected to match 
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the ratio used in our previous study (Bent et al., 2022) to 
allow conceptual comparisons to a group of young adult 
listeners. Each sentence was embedded in a random 
selection of noise (Fig. 2) that was 1 s longer than the sen-
tence using a custom-designed script written in Python.

Procedure
Participants were recruited through Prolific (https://​
www.​proli​fic.​co/) and tested in 2021. If they met the 
inclusion criteria (i.e., between the ages of 60–85, cur-
rently living in the USA, American citizen, and monolin-
gual English speaker), the study would appear as available 

for participation. Participants who had participated in 
the familiarity rating task were excluded from participa-
tion. If they decided to participate in the study, they were 
directed to a Qualtrics survey that included the study 
information sheet, a headphone screening, and a back-
ground questionnaire. The headphone screening was 
adapted from Woods et  al. (2017) and was included to 
ensure that participants were using headphones. Par-
ticipants were provided with three opportunities to pass 
the screening. If they did not pass, they could not con-
tinue with the study. After the headphone screening, the 
background questionnaire was administered. In addition 

Fig. 2  Examples of the two noises used for the intelligibility experiment. Each is a four second extract from the longer noise file. The hospital noise 
is shown in the top panel and the speech-shaped noise in the bottom panel

https://www.prolific.co/
https://www.prolific.co/
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to questions about demographics, current environment, 
and information about interactions with medical pro-
fessionals, we included the questions from the Speech 
Spatial and Qualities of Hearing Scale (15iSSQ) (Mou-
lin et  al., 2019). The 15iSSQ is a shortened version of 
the Speech Spatial and Qualities of Hearing Scale (SSQ) 
(Gatehouse & Noble, 2004). Both questionnaires are self-
report measures of hearing ability with questions that 
address three aspects of hearing: Speech (e.g., questions 
about the difficulty in following conversation in vari-
ous noisy environments), Spatial (e.g., questions about 
locating the position of sounds in the environment), and 
Qualities (e.g., distinguishing different sounds or the clar-
ity of sounds). The scores on the 15iSSQ are significantly 
related to better ear pure-tone average (PTA), as meas-
ured via an audiogram (Moulin et al., 2019).

At the end of the Qualtrics questionnaire, participants 
were redirected to Pavlovia (https://​pavlo​via.​org/), the 
online platform for PsychoPy (Peirce et al., 2019), to com-
plete the intelligibility task. Participants used their own 
computers and headphones for all tasks.

For the experimental task, participants were presented 
with sentences and had to type in what they heard. Each 
participant was assigned to one of three listening con-
ditions: quiet (n = 25), speech-shaped noise (n = 29), or 
hospital noise (n = 25). Participants were presented with 
all 160 sentences in randomized order. Each of the four 
talkers contributed 40 sentences with sentence-talker 
pairing counterbalanced across participants. Prior to 
the presentation of the experimental trials, participants 
were presented with four practice trials produced by a 
speaker who was not included in the experimental trials. 
Participants were not provided with any feedback and 
could hear each sentence only once. The task was self-
paced except participants were required to take a break 
of at least 10  s each after every 54 trials (two required 
breaks total). A trial counter was shown at the top left of 
the screen so that participants could track their progress 
throughout the experiment.

Results
Responses were scored for keyword accuracy (three key-
words per sentence) in a binary fashion (i.e., correct or 
incorrect). Before scoring, two research assistants (author 
SP and one other researcher) completed a spell check on 
the typed responses. Obvious typos (e.g., “reconstrct” 
for “reconstruct”), misspellings (e.g., “esophogaus” for 
“esophagus”) and homophones (e.g., “pane” for “pain”) 
as well as phrases with added or missing spaces (e.g., “ear 
drum” for “eardrum” or “ultra sound” for “ultrasound”, 
“fluvirus” for “flu virus”) were corrected. Because sen-
tences in the low-familiarity, low-frequency condition 
were by definition not highly familiar, misspellings were 

allowed as long as they could be pronounced as the tar-
get word (e.g., “abberation” for “aberration”, “rinitus” for 
“rhinitis”, “disfunction” for “dysfunction”). After the two 
researchers completed their spell checks, the responses 
were scored for accuracy. These scores were then com-
pared and any discrepancies were resolved in consul-
tation with a third rater (author TB). A strict scoring 
criterion was employed in which words with added or 
deleted morphemes were counted as incorrect.

These scores were then fit to a logistic mixed-effects 
model. We contrast-coded listening condition, so that 
we could directly compare the two noise conditions to 
the quiet condition, and then compare performance in 
speech-shaped noise to hospital noise. The three sen-
tence categories—high familiarity and high frequency 
(HH), high familiarity and low frequency (HL), and low 
familiarity and low frequency (LL)—were compared such 
that HH served as a baseline and the other two catego-
ries were compared to it. As our previous work demon-
strated that perception of the standard sentences (i.e., 
non-medical high-familiarity, high-frequency sentences) 
does not differ substantially from the HH sentences (Bent 
et  al., 2022), we chose to only investigate the medical 
stimuli here. We investigated responses to the speech 
spatial and qualities of hearing scale (15iSSQ), but these 
did not improve model fit and thus are not discussed 
further. Participant age also did not improve model fit 
and is also not discussed further here. Our final model 
included listening condition, sentence category, and the 
interactions between these two effects. Random effects 
included random intercepts for item and for participant, 
which was the maximal random effect structure specified 
by model comparisons. Effect sizes are interpreted from 
the beta estimates (see Baguley, 2009 for a description of 
why these effect sizes are preferred to standardized effect 
sizes). The specifications of the final model can be seen in 
Table 2.

We first investigated overall performance across noise 
types. It is clear from Fig. 4 that participants performed 
less well in the two noise conditions than in the quiet con-
dition, and that participants appear to perform less well 
in the hospital noise than speech-shaped noise. Indeed, 
this observation is supported by the statistical analysis, 
which shows that word recognition accuracy in the noise 
conditions is significantly worse than in the quiet condi-
tion (z = − 14.851, p < 0.001), and that performance in the 
hospital noise condition is significantly worse than in the 
speech-shaped noise condition (z = 2.968, p = 0.003).

We next investigated how accuracy changes across 
sentence category and listening condition, as shown in 
Fig.  3. As expected, with regard to sentence category, 
participants performed less well on the high-familiarity, 
low-frequency stimuli (z = − 4.307, p < 0.001) and on 

https://pavlovia.org/
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the low-familiarity, low-frequency stimuli (z = − 15.066, 
p < 0.001) than on the high-familiarity, high-frequency 
stimuli. Further, there were significant interactions 
between stimulus type and listening condition, as dem-
onstrated in Fig.  3. The listeners in our sample have an 

especially difficult time with sentences containing low-
familiarity and low-frequency items, as compared to the 
other two categories. It is important to note here that 
frequency and familiarity are often strongly correlated; 
however, significant previous work has demonstrated 

Table 2  Summary of logistic mixed model for Experiment 2

Significant effects are shown in bold

Predictors Accuracy

Estimate Odds ratio Standard error z p

(Intercept) 1.82 6.157803 0.15 12.07 <0 001
Quiet versus noise conditions − 4.53 0.010828 0.31 − 14.88 <0.001
Speech-shaped noise versus hospital noise 0.68 1.967355 0.23 2.97 0.003
HH versus HL sentence category − 0.72 0.4880878 0.17 − 4.31 < 0.001
HH versus LL sentence category − 2.49 0.0822074 0.17 − 15.06 < 0.001
Quiet versus noise conditions for HH versus HL sentence category 0.93 2.535498 0.19 5.04 < 0.001
Speech-shaped noise versus hospital noise for HH versus HL sentence category 0.09 1.093857 0.08 1.11 0.269

Quiet versus noise conditions for HH versus LL sentence category 2.51 12.344 0.17 14.71 < 0.001
Speech-shaped noise vs hospital noise for HH versus LL sentence category − 0.29 0.7509021 0.09 − 3.36 0.001

Fig. 3  Accuracy across three listening conditions and three sentence categories
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that these two factors can have separable effects on pro-
cessing (e.g., Connine et al., 1990). The statistical analy-
sis suggests that the specific challenge of low-familiarity, 
low-frequency stimuli is not equal across listening con-
ditions. When comparing the high-familiarity, high-
frequency items to the high-familiarity, low-frequency 
items across the quiet and noise conditions, we see a sig-
nificant result (z = 5.038, p < 0.001), suggesting that noise 
is more detrimental in cases of lower frequency. Simi-
larly, we see the increased difficulty for low-familiarity, 
low-frequency words when comparing the quiet condi-
tion to the two noise conditions (z = 14.691, p < 0.001). 
When comparing the high-familiarity, high-frequency 
items to the low-familiarity, low-frequency items, in the 
speech-shaped vs. hospital noise, the interaction is sig-
nificant (z = − 3.356, p < 0.001); however, this interaction 
is not significant when comparing the high-familiarity, 
high-frequency stimuli and the high-familiarity, low-fre-
quency stimuli (z = 1.105, p = 0.26). That is, although low-
familiarity, low-frequency items are more difficult than 
the high-familiarity, high-frequency items in both noise 
conditions, there is a larger difference between the two 
item types in speech-shaped noise than in hospital noise. 
The effect of frequency for the high-familiarity items 
(i.e., high-familiarity, high-frequency and high-famili-
arity, low-frequency items) does not differ across noise 

conditions. It is important to note that this interaction 
may be, in part, due to the apparent floor effect for the 
low-familiarity, low-frequency items in the hospital noise 
listening condition.

We also investigated whether the two familiarity meas-
ures (i.e., ratings from younger and older adults) may 
impact our results differently. Our analyses suggest that, 
because these two measures are so strongly correlated, 
they do not differentially impact performance. For exam-
ple, inclusion of familiarity ratings for older adults results 
in a model with an Akaike Information Criterion (AIC) 
of 26,928. Inclusion of familiarity ratings for younger 
adults results in a model with an AIC of 26,927.5. Bayes-
ian Information Criterion (BIC) is similarly not impacted 
by which ratings are included (26,994 for older adults’ 
familiarity vs. 26,993.5). The differences between these 
two models are not significantly different.

Taken together, these results suggest that older adult 
listeners demonstrate worse speech perception perfor-
mance in noise than quiet, especially in hospital noise 
compared to speech-shaped noise. Further, they dem-
onstrate reduced performance on sentences containing 
low-familiarity, low-frequency words compared to high-
familiarity, high-frequency words or high-familiarity, 
low-frequency words. These two listening challenges also 
interact, impacting older adult listeners’ performance on 

Fig. 4  Panel a shows the effect of age comparing younger and older listeners, Panel b shows the effect of noise type comparing quiet, 
speech-shaped noise, amplitude-modulated hospital noise, and hospital noise, and Panel c shows the effect of sentence type: high familiarity/high 
frequency, high familiarity/low frequency, and low familiarity/low frequency
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sentence recognition tasks. Specifically, it appears that 
low-frequency items impact performance in both noise 
conditions to a similar degree; however, the lack of dif-
ference between the two noise conditions may, rather, be 
a function of the apparent floor effect for low-familiarity, 
low-frequency items in hospital noise.

Discussion
The results of Experiment 2 highlight two challenges that 
older adults may face during interactions with healthcare 
providers in hospitals: noisy environments and words 
with low frequency and/or familiarity. In terms of the 
first challenge, the older adults in this study showed gen-
eral difficulty understanding speech in noise compared 
to the quiet condition. Although listeners of all ages tend 
to have more difficulty understanding speech in noise 
compared to quiet conditions, older adults tend to have 
greater difficulty understanding speech in noisy condi-
tions than young adults (Dubno et al., 1984). The reasons 
for these decrements frequently can be traced to hearing 
loss and the cognitive changes associated with the aging 
process (Füllgrabe et al., 2015; Moore et al., 2014; Plomp, 
1986; Tun et al., 2002).

Beyond general difficulties understanding speech in 
noise, the older adults showed lower word recognition 
accuracy when sentences were presented in hospital 
noise compared to speech-shaped noise. These results 
contrast with findings from Bent et  al. (2022) in which 
young adults showed similar performance for the same 
materials in the same speech-shaped noise and hospital 
noise conditions. There are several reasons why older 
listeners in particular may have difficulty understand-
ing speech when presented in hospital noise compared 
to speech-shaped noise. First, the hospital noise varied 
in amplitude over time compared to the speech-shaped 
noise that was more consistent in the amplitude domain. 
Prior work has demonstrated that older adults show 
reductions in the ability to take advantage of amplitude 
dips in the masking signal (Dubno et al., 2002; Helfer & 
Freyman, 2008) due to age-related declines in temporal 
auditory processing (Stuart & Phillips, 1996). Therefore, 
in a setting like a hospital in which sounds substantially 
vary in loudness over time, including some with very 
loud amplitudes (e.g., alarm sounds), older adults may 
show difficulty understanding speech from healthcare 
providers, even if there are intermittent periods in which 
the signal-to-noise ratio is more favorable. Younger lis-
teners, on the other hand, may better use the glimpses 
in which the target speech is more audible to accurately 
piece together the intended message.

A second potential cause of older listeners’ dif-
ficulty with hospital noise is problems with stream 

segregation, that is separating the target speech from 
other sounds in the environment. Stream segrega-
tion abilities of young and older adults are similar for 
speech-shaped noise, but older adults show more chal-
lenges in stream segregation with multitalker babble 
(Ben-David et  al., 2012). The hospital noise employed 
here shows some overlap in characteristics with mul-
titalker babble, including the amplitude variation 
described above, but includes a wide range of environ-
mental sounds rather than only speech. Furthermore, 
the voices included in our hospital noise were nearly all 
unintelligible speech whereas maskers with speech can 
include intelligible speech, depending on the number 
of talkers, thus leading to greater linguistic, informa-
tional masking than present in our masker. A different 
experimental paradigm would need to be employed to 
determine how much stream segregation contributed 
to older adults’ challenges with the hospital noise con-
dition, which would be a fruitful direction for future 
work.

A final contributor to the decrements in performance 
for hospital noise could be older adults’ reduced inhibi-
tory control (Christ et  al., 2001; Lustig et  al., 2001). If 
older adults were less able to ignore the irrelevant hos-
pital noise sounds, they would have fewer processing 
resources to allocate for interpreting the target speech. 
Reduced efficiency in attentional control has also been 
put further as an explanation for older adults’ diffi-
culties in recalling speech when there is competing 
speech in the background (Tun et  al., 2002). Since the 
speech-shaped noise used here was relatively constant 
over time and did not include any meaningful sounds, 
it may have been easier to ignore and captured less of 
the listeners’ attention. In contrast, there were clearly 
identifiable environmental sounds (e.g., alarm sounds, 
footsteps, phone ringing) and human non-speech 
vocalizations (e.g., laughter, coughing) present in the 
hospital noise. Thus, with meaningful, attention cap-
turing sounds that changed over time, it may have been 
difficult for older adults to inhibit them. Furthermore, 
some of these sounds, such as alarms and coughing, 
may trigger the neural pathways that process feelings 
of fear and safety, attracting substantial attention. How-
ever, most of these meaningful sounds were not lin-
guistic. Although the hospital noise used here included 
voices, the speech tended to be unintelligible. Thus, our 
hospital noise shares more in common with other real-
world maskers, such as traffic noise, classroom noise, or 
office noise (Bell & Buchner, 2007; Klatte et  al., 2010; 
Shukla et  al., 2018; Wong et  al., 2012), than the more 
commonly employed speech maskers, such as multital-
ker babble, which only includes speech content rather 
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than a mixture of environmental sounds with some 
speech.

Experiment 3: younger and older adults’ 
perception of medically related sentences 
across listening conditions
The results of Experiment 2 suggest that hospital noise 
may lead to more word recognition challenges for older 
adults than speech-shaped noise whereas younger adults 
in Bent et  al. (2022) showed no statistically significant 
difference between word recognition accuracy scores in 
the two noise conditions. However, both of these stud-
ies used a methodology in which noise condition was a 
between-subjects variable. Therefore, individual differ-
ences across listeners assigned to each condition may 
have influenced the results. Additionally, there are several 
reasons why hospital noise may lead to greater difficulty 
for older adults, which the design used in Experiment 
2 and in Bent et  al. (2022) could not disentangle. Two 
of the reasons older adults may have more difficulty 
in hospital noise compared to young adults is their less 
efficient use of listening in the dips (Dubno et al., 2002; 
Festen & Plomp, 1990) and their reduced inhibitory con-
trol (Christ et al., 2001; Lustig et al., 2001). Experiment 3 
aims to address these gaps by employing a mixed design 
where noise type is a within-subjects variable and tests 
new groups of younger and older adults. Additionally, 
we add a new noise condition: a fluctuating masker with-
out characteristics of the specific noise sources heard in 
hospital noise. This novel masker contains fluctuating 
speech-shaped noise, modulated in amplitude using the 
hospital noise envelope. Incorporating this additional 
noise condition will allow for the determination of how 
the fluctuations of the hospital noise contribute to possi-
ble differences across age groups without the influence of 
informational masking. In this experiment, we also inves-
tigate how long-term exposure to medical settings may 
provide perceptual advantages when listening to medi-
cally related speech in hospital noise.

Method
Participants
Participants were 177 monolingual, American English-
speaking adults including young adults between the ages 
of 18 to 35 (n = 87; average = 29.5  years; 33 women, 53 
men, 1 nonbinary) and older adults between the ages of 
60 to 79 (n = 90; average = 66.2 years; 55 women, 34 men, 
1 non-response). Two young adults and one older adult 
identified as Hispanic / Latinx, one older adult preferred 
not to respond; the remaining participants identified as 
not Hispanic or Latinx. Participants identified as Ameri-
can Indian or Alaska native (younger n = 1, older n = 1), 
Asian American (younger n = 2; older n = 1), Black or 

African American (younger n = 12; older n = 3), white 
American (younger n = 71; older = 84), other (older n = 1), 
or prefer not to say (older n = 1). Highest education level 
achieved included some high school (younger n = 3), 
high school diploma (younger n = 21; older n = 9), some 
college (younger n = 15; older n = 23), associates degree 
(younger n = 6; older n = 9), bachelor’s degree (younger 
n = 39; older = 32), master’s degree (younger n = 1; older 
n = 14), and doctoral degree (younger n = 1; older n = 4).

Inclusion criteria were the same as in Experiment 2. 
An additional 29 participants were tested but excluded 
from analysis due to not falling within the specified age 
ranges (n = 1), bilingual or multilingual status (n = 4), fre-
quent exposure to medical professionals (n = 6), cognitive 
impairment (n = 4), a rating of 8 on the 10-point scale of 
background noise in their current environment (n = 1), 
low-effort responses (n = 7), or multiple exclusion criteria 
(n = 6). Low-effort responses were defined as 20 or more 
trials with no response and accuracy of less than 20% for 
the medically related sentences. Following the procedure 
described in Experiment 2, we aimed to have 75 partici-
pants with usable data for both older and younger adults, 
but included all participants with usable data who com-
pleted the experiment during our online recruitment 
period on Prolific.

In addition to questions about participants’ language 
backgrounds and education levels, participants com-
pleted the speech spatial and qualities of hearing scale 
(15iSSQ) questionnaire (Moulin et  al., 2019). We also 
collected information about participants’ healthcare 
experience and created a composite measure, including 
the frequency of interaction with healthcare providers, 
time spent in hospitals in the past 12 months, and time 
spent in non-hospital healthcare facilities in the past 
12  months. Each response was converted to a scale of 
1–10 and then combined for a possible score of 30.

Stimuli
The target stimuli used in the experiment were the same 
160 sentences as used in Experiment 2. Only one speaker 
was used for this experiment: a female, monolingual 
American English speaker. Sentences were presented in 
four listening conditions. Three of the conditions were 
the same as in Experiment 2: quiet, hospital noise and 
speech-shaped noise. A fourth listening condition was 
added: a speech-shaped noise modulated by the hospital 
noise amplitude envelope. This noise condition had the 
sound level fluctuations matching the hospital noise, but 
information from the original hospital noise signal was 
removed and replaced with speech-shaped noise. As in 
Experiment 2, the sentences were mixed with a random 
portion of the noise file that was one second longer than 
the sentence with an SNR of − 1 dB.
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Procedure
Testing procedures followed those in Experiment 2 
except that the design included listening condition as a 
within-participants variable. The data were collected in 
2023. Thus, all participants were presented with 40 sen-
tences of each familiarity/frequency type; within each 
familiarity/frequency type participants, 10 sentences 
were presented for each listening condition. The combi-
nation of specific sentences with specific noise types was 
counterbalanced across listeners. Sentences were pre-
sented in a randomized order; there was no blocking for 
sentence type or noise type. Participants were presented 
with four practice trials prior to beginning the experi-
mental task, one for each listening condition. Similar to 
Experiment 2, participants were required to take at least 
three 10-s breaks during the experiment.

Analysis
To assess the accuracy between participants’ transcribed 
responses and the target sentences, a fuzzy string match-
ing metric—token sort ratio (TSR) from Bosker (2021)—
was calculated for each sentence. The TSR is a measure 
of similarity between two input strings (response and tar-
get) and returns a percentage of agreement between the 
two. A TSR of 0 indicates there is no match between the 
target and response strings, and a TSR of 100 represents 
a perfect match. As an example, for a response of “It is 
agravation the nasal passage” for the target sentence “it is 
aggravating the nasal cartilage,” the TSR score is 70. In a 
keyword accuracy score approach for this same scenario, 
the accuracy would be 33% (for keywords aggravating, 
nasal, and cartilage). We employed the keyword scoring 
approach in Experiment 2 because it was a conceptual 
replication of Bent et  al. (2022) who used that scoring 
method. We decided to shift our scoring method for 
this experiment because the TSR scores are highly cor-
related with keyword accuracy scores, but remove human 
decision making and potential biases when correcting 
for misspellings. Given the less familiar terminology 
employed, the number of judgment calls required may 
impact results more than typical word recognition stud-
ies. Therefore, we believe TSR scores are appropriate for 
comparing the accuracy of participants’ responses.

The TSR scores were fitted to a linear mixed-effects 
model. Listening condition was contrast-coded such 
that the three noise conditions were compared to the 
quiet condition, hospital noise was compared to the two 
speech-shaped noise conditions, and the AM speech-
shaped noise was compared to the standard speech-
shaped noise. Previous work has found that standardized 
speech sentences are not significantly different from 
high-familiarity/high-frequency (HH) sentences (Bent 

et al., 2022).2 Therefore, only word recognition accuracy 
of the medical sentences was analyzed. Sentence type 
was contrast-coded such that HH items were considered 
the baseline, and high-familiarity/low-frequency (HL) 
and low-familiarity/low-frequency (LL) items were com-
pared to the HH baseline. Additionally, contrast codes 
for sentence type were set to compare LL items to HL 
items. Self-rated knowledge of medical terminology and 
the scores on the 15iSSQ were investigated but neither 
improved model fit. Participants’ rating of background 
noise in their environment was also investigated but also 
showed no improvement to the model fit. These variables 
are not discussed further.

The final model included age group, listening condi-
tion, and sentence type, as well as pairwise interactions 
between their effects and their three-way interactions. 
Random intercepts for participant and test item were 
included as random effects. We conducted a separate 
analysis investigating the influence of the composite 
medical experience score. Effect sizes are interpreted 
from the beta estimates (see Baguley, 2009). A summary 
of the linear mixed-effects model can be found in Appen-
dix A.

Results
Figure 4 displays the main effects we explored first in the 
model.

Average TSR score (Accuracy) between the two age 
groups (younger and older adults) demonstrates that 
older adults had significantly lower word recognition 
accuracy overall compared to younger adults (t = 3.010, 
p = 0.003). Further, overall word recognition accuracy 
was significantly lower in any of the background noise 
conditions compared to the quiet condition (t = − 15.729, 
p < 0.001). Across both age groups, the accuracy in hos-
pital noise is also lower than in the two speech-shaped 
noise conditions (t = 1.970, p = 0.049). While this result 
does not demonstrate conclusively that hospital noise 
is “worse” than the other types of noise that have been 
studied in more detail, it does suggest that it is at least as 
bad as these types of noise. Word recognition accuracy 
was not significantly different in the AM speech-shaped 
noise compared to the standard speech-shaped noise 
(t = 0.118, p = 0.906).

Across sentence types, accuracy on HH stimuli was 
significantly higher than on the HL and LL stimuli 
(t = − 15.687, p < 0.001), and performance on HL stim-
uli was significantly more accurate than on LL stimuli 

2   An analysis of our current data demonstrates that there is not a significant 
difference between the standardized speech sentences and HH sentences; 
therefore, we proceed with the analysis of just the medical sentences here.
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(t = − 19.152, p < 0.001). These results align with previous 
findings from Bent et al. (2022), which demonstrated that 
listeners could better identify more frequent words than 
less frequent words and more familiar words than less 
familiar words.

Figure 5 displays the significant two-way interactions in 
the model.

The interaction between type of background noise and 
sentence type was such that the comparison between 
quiet conditions and the three noise types differentially 
affected the low-frequency and low-familiarity sentences. 
That is, the interaction between the quiet and noise 
conditions for the high-familiarity and high-frequency 
sentences compared to the other types of sentences is 
significant (t = − 3.577, p < 0.001), as is the interaction 
between quiet and noise conditions for the high-famili-
arity/low-frequency sentences compared to the low-fre-
quency/low-familiarity sentences (t = − 3.647, p < 0.001). 
None of the other contrast-coded comparisons between 
noise type and sentence type were significant (all ts < 1, 
all p > 0.35). These results suggest that the challenges of 
listening to sentences with lower frequency and lower 
familiarity words on word recognition accuracy was 
exacerbated in any presence of background noise com-
pared to in quiet and compared to high-frequency stimuli 
and high-familiarity stimuli; however, this effect was not 
dependent on the specific characteristics of background 
noise.

Older adults’ accuracy was significantly more affected 
by any type of background noise, relative to the quiet 
condition, compared to younger adults. That is, the inter-
action between age and the noise was significant for the 
quiet condition compared to all the noise conditions 
(t = 9.916, p < 0.001). No other contrast-coded compari-
sons were significant (all ts < 1, all p > 0.6).

Older and younger adults showed no significant differ-
ence in word recognition accuracy decrements between 
HH stimuli and HL and LL stimuli (t = 1.591, p = 0.112). 
There was, however, a significant difference in perfor-
mance decrements between HL stimuli and LL stimuli, 
with older adults showing a greater difference between 
the two sentence types than younger adults across all 
noise conditions (t = − 3.510, p < 0.001). This interaction 
indicates that older listeners were more affected by lower 
familiarity stimuli than younger listeners, but not neces-
sarily by lower frequency items.

The three-way interaction among age group, sentence 
type, and type of background noise condition is illus-
trated in Fig. 6. There is a significant three-way interac-
tion between sentence type, age group, and listening 
condition when investigating the quiet condition com-
pared to the noise conditions and when comparing the 
HH sentences to the HL and LL sentences (t = 2.312, 
p = 0.021). In other words, although all participants 
showed significantly worse accuracy on lower frequency 
or lower familiarity sentences compared to baseline 

Fig. 5  Panel a shows the interaction between age and noise type, Panel b shows the interaction between age and sentence type, and Panel c 
shows the interaction between age and noise type the interaction between noise type and sentence type
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(HH) and this effect was greater in noise than in quiet, 
this interaction had a stronger impact on older adults’ 
accuracy compared to younger adults. Additionally, older 
adults’ show a significantly greater decrease in accuracy 
from HL items to LL items compared to younger adults 
in the presence of hospital noise compared to both 
speech-shaped noise conditions (t = − 2.041, p = 0.04). 
This result suggests that relative to younger adults, older 
adults found it particularly difficult to accurately under-
stand sentences with low-familiarity and low-frequency 
medical words in the presence of hospital noise. The 
other three-way comparisons were not significant.

In summary, these results suggest that older adults 
had more difficulty correctly transcribing sentences that 
were heard in any type of background noise compared 
to younger adults. Older listeners had an especially dif-
ficult time on word recognition accuracy for sentences 
with low-frequency and low-familiarity words in noise. 
Although younger listeners also experienced difficulty, 
the decrements in accuracy from the HH stimuli were 
not as substantial for younger listeners as for the older 
group. Further, hospital noise seemed to more negatively 
impact older adults’ abilities to transcribe sentences with 
low-familiarity words than other types of noise, while 
younger listeners were equally affected by all types of 
noise on low-familiarity items and to a lesser extent than 
older listeners.

When investigating how recent medical experience 
relates to intelligibility performance, three findings 
emerged. Specifically, the interaction of noise type (hos-
pital noise vs. other noise types) and medical experience 
is a significant predictor of model fit (t = 2.308, p = 0.021). 

Further, the three-way interaction between noise type 
(hospital vs. other noise types) and low-frequency and 
low-familiarity words is also a significant predictor of 
model fit (t = 2.507, p = 0.0122), suggesting that medical 
experience can support perception of speech in hospital 
noise, especially for low-frequency and low-familiarity 
words.

General discussion
This study applied foundational concepts in hearing sci-
ence and speech perception to investigate two potential 
challenges for successful communication in hospital set-
tings between healthcare providers and patients: noise 
and less familiar/frequent terminology. Both younger and 
older adults had more difficulty understanding speech in 
a hospital noise condition compared to a speech-shaped 
noise condition or an amplitude-modulated speech-
shaped noise and showed particularly poor performance 
when any type of noise was combined with low-famili-
arity, low-frequency words. These are the precise condi-
tions in which important medical information may be 
conveyed and suggest that there is substantial opportu-
nity for miscommunication between healthcare providers 
and patients.

Although both older and younger adults had more 
difficulty in the noise conditions than quiet conditions, 
consistent with decades of speech-in-noise literature, 
older adults had more difficulty in noise than the younger 
adults in Experiment 3. Furthermore, the hospital noise 
condition appeared to be particularly detrimental for per-
ception. In Experiment 2, older adults had more difficulty 
with the hospital noise condition than the speech-shaped 

Fig. 6  Accuracy by younger adults (left) and older adults (right) is shown for the four listening conditions (noise types) and sentence types 
on the x-axis
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noise condition and in Experiment 3, considered 
together younger and older adults had more difficulty 
with the hospital noise condition compared to either of 
the speech-shaped noise conditions. The result deviates 
from the findings in Bent et  al. (2022) which suggested 
that speech-shaped noise and hospital noise caused simi-
lar levels of challenge for young adults. We offer cau-
tion in over-interpreting the result that hospital noise is 
worse than other types of noise, as the analysis includes 
multiple interactions, and this result could be a “false-
positive”. It is clear across the two experiments and our 
previous work that hospital noise is just as challenging 
as more well-studied types of noise. Further, the design 
of this study had noise as a within-participants variable 
compared to our previous study in which noise condition 
was an across-participants variable. Therefore, the result 
in our previous study of similar performance in hospital 
noise vs. speech-shaped noise may have been influenced 
by across participant group factors. Experiments 2 and 3 
also varied in the types of variability listeners had to con-
tend with. Listeners in Experiment 2 were handling vari-
ability across talkers, but noise type was constant, and 
those in Experiment 3 had the reverse, with variability in 
noise types, but a single talker. Although this work is a 
replication in some ways of older adults’ challenges with 
speech in noise, we have extended these findings to a new 
ecologically valid noise source.

Studies that compare the impacts of informational 
vs. energetic masking frequently use speech (single or 
multiple talkers) as the noise source that contributes 
to informational masking. Other types of soundscapes 
deserve attention as well, particularly because the sounds 
included in some of them may be highly attention grab-
bing (e.g., medical alarms in hospitals or sirens in traf-
fic noise) but would not introduce competing linguistic 
information. The results here suggest that communica-
tion challenges present in hospitals are not just about 
energetic masking, but that the informational compo-
nents are essential to consider for architectural engineers 
since it is not merely the presence of noise or the fluc-
tuations in the noise source, but the information pre-
sent in these signals that leads to challenges for speech 
communication.

We have begun here to disentangle how masker fluc-
tuations and information in hospital soundscapes con-
tribute to intelligibility. Specifically, the results from 
Experiment 3 suggest that masker fluctuations are not 
the primary contributor to differences across listening 
conditions, but rather identifiable information in hospi-
tal noise is the source of the listening challenge. Further 
work should be conducted with hospital noises that have 
different characteristics. It will be important to investi-
gate hospital noise sources with and without voices (with 

identifiable semantic content or not) as well as hospital 
noise in which the environmental sounds are more or 
less identifiable. These ecologically valid noise sources 
would not only provide new knowledge about how dif-
ferent types and sources of informational masking impact 
speech understanding at different points in the lifespan 
but would also provide important information about how 
different noises in hospital soundscapes impact speech 
understanding. This knowledge would be useful for 
acoustic engineers and healthcare professionals alike.

Although the hospital noise condition was the most 
challenging for listeners, participants with more exten-
sive experience with hospitals appeared to be better 
equipped to understand speech with these types of mask-
ers, suggesting that long-term, real world experience with 
the noise source may benefit speech perception. Our 
composite measure of listeners’ experiences in healthcare 
settings improved model fit and showed that healthcare 
experience was particularly beneficial for hospital noise 
and for sentences with low-frequency/familiarity medical 
terminology. This finding suggests that listeners may be 
able to adapt to specific types of noise to facilitate word 
recognition. These listeners may also have greater knowl-
edge of medical terminology gained through their real-
world experience in hospital settings that supports their 
speech-in-noise performance with sentences contain-
ing terminology that is less familiar/frequency for most 
listeners.

The finding of better performance in hospital noise for 
those with more experience in these settings builds on 
prior research showing that listeners can adapt to talker-
related signal differences after both short- and long-term 
exposure (e.g., second language accents; Bent & Baese-
Berk, 2021) and to noise after short term exposure (Bent 
et al., 2009; Felty et al., 2009). However, there is little evi-
dence regarding long-term adaptation to noise in terms 
of speech perception benefits. For example, in Pope 
et  al. (2013), the number of hospitalizations, a measure 
of experience with hospital noise, did not impact speech 
understanding or recall in hospital noise. Other impacts 
(e.g., tendency to focus attention) of long-term exposure 
to noise also suggest little long-term adaptation (Brown 
& van Kamp, 2009; Weinstein, 1982). Our findings sug-
gest that there may indeed be long-term adaptation to 
specific noise sources. Listener experience with hospi-
tal noise may not only arise only from hospital stays but 
also from other hospital experiences (e.g., visiting exten-
sively with a loved one who is hospitalized or working 
in a hospital). Our composite score for healthcare expe-
rience included not just the listeners’ hospital stays but 
more broadly their time spent in healthcare facilities as 
patients, caregivers, or visitors. Considering the rela-
tive dearth of work in this area, this question deserves 
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additional attention. The perceived challenges of com-
municating in hospital noises for patients may be under-
estimated by healthcare professionals because they have 
extensive experience in these soundscapes and have been 
able to adapt.

In addition to the noise characteristics, word recogni-
tion performance was impacted by both word familiar-
ity and frequency. In quiet, older adults had high word 
recognition accuracy for sentences with high-familiarity 
words that varied in frequency, but showed substantial 
accuracy decreases for sentences with low-familiarity 
words. The impact of word frequency for high-familiar-
ity words supports prior findings showing similar effects 
of lexical variables, such as word frequency, through-
out the lifespan (Taler et  al., 2010). Although the find-
ings for word frequency replicate prior literature, it is 
worth noting that it is extremely uncommon to include 
words in intelligibility tests that are lower in familiarity. 
For example, speech-in-noise testing in both research 
and clinical settings typically uses words that are high in 
familiarity although they may vary substantially in fre-
quency (Bell & Wilson, 2001; Gilbert et al., 2013; Nilsson 
et  al., 1994; Schafer et  al., 2012). Although a few of the 
words included in this set received very low-familiarity 
ratings from the older listener cohort in the word famili-
arity rating task (e.g., ototoxic = 1.88; kyphosis = 1.41; 
peccant = 1.61), the average rating from older adults for 
words in the low-familiarity, low-frequency condition 
was 5.12 (Standard Dev = 1.64). A rating of 5 corresponds 
to the descriptions of “You are certain that you have seen 
the word, but you only have a vague idea of its meaning.” 
on the familiarity rating scale. Words of this type are cer-
tainly encountered in medical settings during diagnoses 
and treatment plans. Further, patients are highly likely 
to encounter words that they would rate as a “1” (“You 
have never seen or heard this word before”), when, for 
instance, prescribed a medication with a completely 
unfamiliar name. Understanding how these words are 
perceived in different acoustic environments is important 
for medical contexts as well as other contexts in which 
listeners are presented with new words (e.g., educational 
settings). Furthermore, there is evidence that healthcare 
providers do not consistently use “everyday language” 
with patients (Bourhis et  al., 1989; Denton et  al., 2020) 
and that they overestimate how much of the information 
they provide is understood by patients (Byrne & Edeani, 
1984; Yoshida & Yoshida, 2014). Even words that are high 
in familiarity but lower in frequency are more difficult to 
recall (Balota & Neely, 1980), which could have implica-
tions for accurate adherence of discharge instructions or 
full understanding of a diagnosis.

Communication in hospitals provides an impor-
tant application of theoretical models of speech 

communication, such as the Ease of Language Under-
standing (ELU) model (Rönnberg et  al., 2013) or the 
Framework for Understanding Effortful Listening (FUEL) 
(Pichora-Fuller et al., 2016). The ELU, for example, sug-
gests that communication in hospitals is likely to require 
greater recruitment of working memory capacity, due 
to the environmental noise that will likely inhibit some 
speech from being processed rapidly and implicitly but 
will rather draw on explicit processing mechanisms. The 
decreases in working memory capacity found in older 
adults may thus further limit their ability to understand 
health information presented to them. In addition to the 
application of these concepts in the model, our results 
suggest that more consideration should be made regard-
ing the strength of encoding of the semantic information 
in long-term memory. That is, if explicit processing of 
auditory information is required due to adverse listening 
conditions, listeners will be required to explicitly draw 
upon semantic long-term memory. However, less familiar 
or frequently encountered words may have weaker pho-
nological-lexical representations further taxing the work-
ing memory system required to access the correct lexical 
entry. Even if the content of the message is accurately 
apprehended, these input related factors will require sub-
stantially greater cognitive resources and listening effort.

Older adults are not the only listeners who have greater 
challenges understanding speech in noisy environments. 
Listeners from other groups who have well-known chal-
lenges with speech in noise—such as bilinguals (Rog-
ers et  al., 2006), those interacting in a second language 
(e.g., Bent & Bradlow, 2003), and children (Fallon et  al., 
2000)—should also be tested in medical soundscapes. 
Likewise, perception of speech produced by talkers with 
other characteristics, including those who have less 
familiar accents (both regional first language accents and 
second language accents) should also be assessed within 
medical noise conditions with sentences that have words 
that vary in familiarity and frequency. The combinations 
of multiple factors related to both the characteristics of 
the listener and the talker could lead to even greater dec-
rements for understanding healthcare providers’ speech.

In addition to investigating other populations of listen-
ers and talkers, future work should focus on methods 
for ameliorating the effects of noise and unfamiliar ter-
minology on possible miscommunications in healthcare 
settings. The methods used to improve communication 
could come from several fronts. First, it is now well-estab-
lished that hospitals are noisy and acoustically challeng-
ing places. Thus, a focus on improving the soundscapes 
is warranted. Alarm noise has been particularly problem-
atic historically and can result in alarm fatigue for care 
providers (Albanowski et al., 2023; Oleksy & Schlesinger, 
2019); therefore, improving alarm environments could 
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be one critical approach. Other strategies may include 
administrative protocols (e.g., quiet time, education) and 
engineered solutions (e.g., sound absorption, adjusted 
layout, reduce noise sources) (Busch-Vishniac & Ryherd, 
2023). Second, medical providers could receive addi-
tional training and continuing education on the use of 
everyday language when communicating with patients. If 
there are specific medical terms that must be used (e.g., 
medication names, diagnostic terminology), there should 
be clear, thorough explanations provided for those terms 
including ensuring definition or explanation of terms are 
provided in writing following appointment or discharge. 
Third, healthcare providers should be aware that patients 
may have more difficulty understanding them in noisy 
environments if they have never met the patient before, 
but that adaptation to unfamiliar talkers and accents 
can happen relatively quickly (Bradlow & Bent, 2008). 
In addition to building rapport, some initial time speak-
ing with the patient about less critical health information 
could allow the patient to adapt to the healthcare provid-
er’s speech production patterns before critical informa-
tion is presented.

Limitations
There are several limitations to this study. First, because 
we completed the data collection online, it was not pos-
sible to assess participants’ hearing beyond the speech 
spatial and qualities of hearing scale (15iSSQ) question-
naire and inclusion of the headphone screening. The 
15iSSQ has been shown to relate to hearing loss as meas-
ured by pure-tone thresholds (Moulin et  al., 2019) and 
therefore was included as a measure of how hearing loss 
may contribute to performance in the intelligibility task. 
However, the inclusion of 15iSSQ scores did not improve 
model fit. In line with that result, only a few of our par-
ticipants indicated that they had hearing loss, but with-
out audiometric testing, we could not precisely measure 
hearing thresholds. Future studies should incorporate 
full audiograms to better characterize the participants’ 
hearing abilities and investigate how hearing thresholds 
influence performance across noise conditions; these 
measures would allow us to fully disentangle other age-
related changes from the potential presence of hearing 
loss. Measures of other cognitive and linguistic abilities 
known to influence performance in speech-in-noise tests 
(Füllgrabe et  al., 2015; Humes et  al., 2013; Moore et  al., 
2014) should also be incorporated in future studies. 
Explicit tests of medical terminology knowledge could 
be incorporated into the protocol, which may help to 
explain variance among the listeners.

Finally, this study only investigated word identifica-
tion without measures of comprehension or memory. 
Although recognizing words is an essential first step for 

successful communication without which higher level 
processing or retention of messages cannot take place, 
future work should incorporate comprehension meas-
ures, such as extracting main ideas from conversational 
exchanges with healthcare providers. Furthermore, 
memory measures should be investigated as it has been 
shown that perception of speech in noisy conditions 
impacts retention of information, even when the speech 
was accurately perceived (Rabbitt, 1968). Studies inves-
tigating these issues will be important for understanding 
how noisy environments may interfere with adherence 
to medical discharge instructions. Even if information 
presented in noisy hospital settings is understood ini-
tially, patients may have difficulty recalling instruction 
details at later points in time (e.g., remembering details 
about medication regimens when they are home from the 
hospital). The understanding and retention of important 
details of these interactions will provide a richer under-
standing of how the acoustic environment may impact 
communication success between providers and patients.

Conclusion
In surveys of patient–provider communication, older 
patients frequently report communication difficulties, 
including challenges resulting from background noise 
(A. Shukla et al., 2019). The signal-to-noise ratio used in 
this study approximates expected signal-to-noise ratios 
in hospitals when speech is produced at a typical conver-
sational level (Pope et al., 2013). These results provide a 
starting point for understanding how the hospital sound-
scape may impact healthcare provider–patient commu-
nication for older adults, which ultimately can influence 
health outcomes, particularly when interacting in noisy, 
high-stress environments like hospitals. This study high-
lights the challenges that older adults may face during 
interactions with healthcare providers, when adverse 
conditions are combined, as with noisy hospital settings 
and less familiar medical terminology.

Appendix
Summary of the linear mixed-effects model results in 
Experiment 3. HH refers to sentences with high-famili-
arity and high-frequency words; HL for sentences with 
high-familiarity and low-frequency words; LL for sen-
tences with low-familiarity and low-frequency words.

Predictors Accuracy

Estimates CI p

(Intercept) 0.81 0.79–0.82 < 0.001
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Predictors Accuracy

Estimates CI p

Older adults versus younger adults 
(OA vs. YA)

0.02 0.01–0.03 0.003

Quiet versus noise − 0.04 − 0.04–− 0.03 < 0.001
Hospital noise versus both speech-
shaped noises

0.01 0.00–0.01 0.049

Standard speech-shaped ver‑
sus AM speech-shaped

0.00 − 0.01–0.01 0.906

HH versus other − 0.05 − 0.05–− 0.04 < 0.001
HL versus LL − 0.10 − 0.11–− 0.09 < 0.001
OA versus YA × quiet versus noise 0.01 0.00–0.01 < 0.001
OA versus YA × hospital ver‑
sus both speech-shaped

0.00 − 0.00–0.00 0.765

OA versus YA × speech-shaped 
versus AM speech-shaped

− 0.00 − 0.00–0.00 0.992

OA versus YA × HH versus other 0.00 − 0.00–0.00 0.112

OA versus YA × HL versus LL − 0.00 − 0.01–− 0.00 < 0.001
Quiet versus noise × HH ver‑
sus other

− 0.01 − 0.01–− 0.00 < 0.001

Hospital versus both speech-
shaped × HH versus other

− 0.00 − 0.01–0.00 0.364

Speech-shaped versus AM speech-
shaped × HH versus other

0.00 − 0.01–0.01 0.723

Quiet versus noise × HL versus LL − 0.01 − 0.02–− 0.01 < 0.001
Hospital versus both speech-
shaped × HL versus LL

0.00 − 0.01–0.01 0.682

Speech-shaped versus AM speech-
shaped × HL versus LL

0.00 − 0.01–0.02 0.828

OA versus YA × quiet ver‑
sus noise × HH versus other

0.00 0.00–0.00 0.021

OA versus YA × hospital ver‑
sus both speech-shaped × HH 
versus other

− 0.00 − 0.00–0.00 0.362

OA versus YA × speech-shaped 
versus AM speech-shaped × HH 
versus Other

0.00 − 0.00–0.00 0.385

OA versus YA × quiet ver‑
sus noise × HL versus LL

0.00 − 0.00–0.00 0.493

OA versus YA × hospital ver‑
sus both speech-shaped × HL 
versus LL

− 0.00 − 0.00–− 0.00 0.041

OA versus YA × speech-shaped 
versus AM speech-shaped × HL 
versus LL

− 0.00 − 0.01–0.00 0.137

Significant effects are shown in bold
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