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Abstract

Background: Auditory environments can influence the communication function of individuals with hear-

ing loss and the effects of hearing aids. Therefore, a tool that can objectively characterize a patient’s real-
world auditory environments is needed.

Purpose: To use the Language Environment Analysis (LENA) system to quantify the auditory environ-
ments of adults with hearing loss, to examine if the use of hearing aids changes a user’s auditory en-

vironment, and to determine the association between LENA variables and self-report hearing aid
outcome measures.

Research Design: This study used a crossover design.

Study Sample: Participants included 22 adults with mild-to-moderate hearing loss, age 64–82 yr.

Intervention: Participants were fitted with bilateral behind-the-ear hearing aids from a major manufac-
turer.

Data Collection and Analysis: The LENA system consists of a digital language processor (DLP) that is
worn by an individual and records up to 16 hr of the individual’s auditory environment. The recording is

then automatically categorized according to time spent in different types of auditory environments (e.g.,
meaningful speech and TV/electronic sound) by the LENA algorithms. The LENA system also charac-

terizes the user’s auditory environment by providing the sound levels of different auditory categories.
Participants in the present study wore a LENA DLP in an unaided condition and aided condition, which

each lasted six to eight days. Participants wore bilateral hearing aids in the aided condition. Percentage of
time spent in each auditory environment, as well as median levels of TV/electronic sounds and speech,

were compared between subjects’ unaided and aided conditions using paired sample t tests. LENA data
were also compared to self-report measures of hearing disability and hearing aid benefit using Pearson

correlations.

Results: Overall, participants spent the greatest percentage of time in silence (z40%), relative to other

auditory environments. Participants spent z12% and 26% of their time in meaningful speech and TV/
electronic sound environments, respectively. No significant differences were found between mean per-

centage of time spent in each auditory environment in the unaided and aided conditions. Median TV/
electronic sound levels were on average 2.4 dB lower in the aided condition than in the unaided condition;

speech levels were not significantly different between the two conditions. TV/electronic sound and
speech levels did not significantly correlate with self-report data.
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Conclusions: The LENA system can provide rich data to characterize the everyday auditory environ-
ments of older adults with hearing loss. Although TV/electronic sound level was significantly lower in the

aided than unaided condition, the use of hearing aids seemed not to substantially change users’ auditory
environments. Because there is no significant association between objective LENA variables and self-

report questionnaire outcomes, these two types of measures may assess different aspects of commu-
nication function. The feasibility of using LENA in clinical settings is discussed.

Key Words: auditory environment, hearing aids, hearing loss, patient outcome assessment

Abbreviations: ADEX 5 Advanced Data Extractor; APHAB 5 Abbreviated Profile of Hearing Aid
Benefit; AWC 5 adult word count; DLP 5 digital language processor; HHIE 5 Hearing Handicap

Inventory for the Elderly; LENA 5 Language Environment Analysis; SD 5 standard deviation; SSQ 5

Speech, Spatial, and Qualities of Hearing Scale

INTRODUCTION

U
nderstanding adults’ experiences with hearing

aids is essential to optimizing hearing aid out-

comes. Without understanding the effect of

hearing aids on patients’ lives, it is difficult to know

whether a patient’s communication needs are being

met and, if they are not, how to improve these outcomes.

Specifically, to fully meet the communication needs of a

particular patient, the clinician must have information
about the characteristics of auditory environments in

which the patient is likely to be using the hearing aids

(note that other terms that have been used to describe

auditory environments include listening environments,

auditory lifestyle, and auditory ecology; Cox et al, 2000).

The subsequent change in the experienced auditory en-

vironment of the patient following hearing aid use can

then provide information on the effect of hearing aid use
on the way a patient interacts with his or her environ-

ment. For example, Gatehouse et al (2003) showed that

speech understanding benefit provided by hearing aids

differs depending on the type of listening environment.

They found that hearing aid users obtained increased

benefit from their hearing aids when the noise was at

a low level and included temporal modulations.

Traditionally, users’ experiences with hearing aids in
different listening environments have been assessed in

the clinic/laboratory using behavioral measures such as

speech perception tests, or in the real world using self-

report measures such as standardized questionnaires

(Saunders et al, 2005). Specifically, speech perception

measured in the clinic is a commonly used hearing aid

outcome within the field of audiology. Some speech per-

ception tasks include competing background noise (e.g.,
Kalikow et al, 1977; Nilsson et al, 1994; Killion et al,

2004), varying amounts of semantic context (e.g.,Kalikow

et al, 1977), visual cues (e.g., Cox et al, 1989), or fluctu-

ating stimulus presentation levels (Boyle et al, 2013) to

better approximate real-world listening environments.

However, it is not feasible in a clinical setting to repre-

sent the broad range of complex listening environments

encountered on a daily basis outside the clinic. The con-
trived nature of speech recognition tasks performed in a

clinical setting has been criticized for poor ecological val-

idity (Rønne et al, 2013) and inconsistent relationship
with hearing aid use and self-report measures of benefit

(Cox and Alexander, 1992; Bentler et al, 1993; Saunders

et al, 2005).

In contrast with clinical speech perception measures,

standardized questionnaires directly reflect real-world

environments. While these self-report measures pro-

vide information about patients’ experiences with hear-

ing aids and listening environments in their everyday
lives, the information afforded by self-report measures

is limited. Questionnaire responses can be affected by

factors such as personality (Cox et al, 1999; 2007), mem-

ory (Bradburn et al, 1987; Shiffman et al, 2008), ques-

tionnaire structure (Yamada et al, 2012), patient

expectations (Vestergaard, 2006), and patient and clini-

cian biases (Bentler et al, 2003). Although standardized

self-report measures offer valuable information about
patients’ perceptions of their experiences, they often

provide little information about the types of auditory

environments patients experience or the acoustic char-

acteristics of these environments. Additionally, patients

often cannot accurately recall actual environments and

levels of communication difficulty encountered at the

time of completing the questionnaire (see Bradburn

et al, 1987).
Although both in-clinic measures and standardized

questionnaires provide valuable and distinct perspec-

tives on users’ experiences with hearing aids, neither

provides large amounts of detailed, quantitative infor-

mation about the patient’s everyday auditory environ-

ments or the effect of hearing aids on these auditory

environments. Understanding the characteristics of au-

ditory environments encountered by the patient and the
amount of time spent in varying noise levels, for exam-

ple, could be important for the audiologist trying to

optimize hearing aid programming and aural rehabili-

tation planning for the specific needs of the patient. Un-

derstanding the effects of hearing aids on auditory

environments could also be useful, as this information

could help to demonstrate the potential real-world ben-

efit of hearing aids to both patients and audiologists.
Therefore, a tool that can objectively and automatically
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quantify a patient’s real-world listening environments

and detect the effect of hearing aids on these environ-

ments could provide valuable information in the clinic.

One such tool is the data logging feature of modern
hearing aids. Data logging can provide information about

users’ listening environments by presenting average

amount of device use, percentage of time spent in different

auditory environments, time spent using different hear-

ing aid programs, and overall distribution of sound levels

in the environment. Although such information can be

useful for hearing aid fine tuning and patient consulta-

tion, data logging has several limitations. First, it cannot
assess unaided listening environments, unless the hear-

ing aids are programmed to be acoustically transparent

and fit to patients. Second, its assessment of auditory cat-

egories has not been validated in peer-reviewed research,

and thus the accuracy with which auditory environments

are identified remains unclear. Third, and most impor-

tantly, current data logging only provides summary data

of sound levels and time spent in different auditory envi-
ronments. It does not provide fine-grained, time-stamped

data with which clinicians and researchers could conduct

more in-depth analysis of patients’ environments.

Another tool that may hold the potential to objectively

quantify real-world auditory environments and the effects

of hearingaids on these environments is theLanguageEn-

vironment Analysis (LENA) system. The LENA system

consists of a digital language processor (DLP) that records
up to 16hr of the auditory environment of theDLPwearer.

The LENA algorithms then automatically label recording

segments offline according to different auditory categories:

meaningful speech, distant speech, TV/electronic sound,

noise, and silence. TheLENAsystem can provide informa-

tion about auditory characteristics such as percentage of

time spent indifferent types of listening environments and

average sound levels of speech and electronic media.More
importantly, the LENA system provides access to detailed

second-by-second data of sound levels and auditory envi-

ronment classification, which allows for in-depth data

mining. LENAwas designed for and has been used exten-

sively to study the language-learning environments of

children (e.g., VanDam et al, 2012; Thiemann-Bourque

et al, 2014; Gilkerson et al, 2015; Sosa, 2016), but it has

also been used with adults (Li et al, 2014). Specifically,
Li et al asked 37 older adults (aged 64–91 yr) residing

in a retirement community to wear a LENA DLP for

one day. The results showed that time spent in speech

and TV environments varied widely between individuals

and indicated that it is feasible to use the LENA system to

quantify the auditory and social environments of adults.

However, because Li et al did not specify if their research

participantshadhearing loss, it is unknown if their results
can generalize to hearing-impaired adults,with orwithout

hearing aids. Furthermore, it is unknown if hearing aids

can change the characteristics of auditory environments

and if LENA can detect these changes.

The first goal of the present study was to characterize

the auditory environment of older adults with hearing

impairment, with and without hearing aids, using the

LENA system.The second goalwas to examine if hearing
aids can change the characteristics of users’ auditory en-

vironments measured by the LENA system, such as per-

centage of time spent in different auditory environments,

average TV levels, and average speech levels. We hypoth-

esized that participants’ auditory environments would be

different in the unaided and aided conditions. Specifically,

we predicted that participants would spend a higher per-

centage of time in meaningful speech environments and
be exposed to a higher number of words while in the aided

listening condition relative to the unaided listening condi-

tion, as hearing aid use is associatedwith increases in per-

ceived social participation (Malinoff and Weinstein, 1989;

Abrams et al, 1992; Humes et al, 2001; Chisolm et al,

2007; Pronk et al, 2013). Along this line, we hypothesized

that participants would show a lower percentage of time

in silence in the aided condition, to reflect decreased social
isolation. We also hypothesized that average levels of TV/

electronic sounds and other adults’ speech would be lower

in the aided condition than the unaided condition, as in-

creased audibility in the aided condition may provide

users with access to TV audio at lower sound levels and

allow other adults to speak at a lower level and still be un-

derstood by the user. The third goal was to examine the

relationship between the data from the LENA system
and self-reported data obtained from several commonly

used hearing-related questionnaires. We hypothesized

that the differences in TV and speech levels between

the unaided and aided conditions would show significant

correlations with hearing aid benefit measured by estab-

lished self-report questionnaires, since both the LENA

and self-report methodologies gather data relating to

the real-world auditory environment. However, the corre-
lationwould beweak because the LENAdata are objective

in nature while questionnaires provide self-reported data.

To achieve these goals, adults with hearing impairment

were recruited and fitted with hearing aids. The partici-

pants wore a LENA DLP in two conditions: without hear-

ing aids (unaided condition) and while wearing hearing

aids (aided condition). Participants’ experienceswith hear-

ing in the unaided and aided conditions were measured
using several standardized questionnaires.

METHODS

Participants

Participants included 22 adults (9 females and 13ma-

les) aged 64–82 yr (M5 72.4, standard deviation [SD]5
5.3) with bilateral sensorineural hearing loss. Individu-

als were eligible to participate if their hearing loss met

the following criteria: (a) postlingual, bilateral, sensori-

neural hearing loss (air–bone gap,10 dB); (b) pure-tone
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average across 0.5, 1, 2, and 4 kHz between 25 and 60 dB

HL (ANSI, 2010); and (c) hearing symmetry within

20 dB for all test frequencies. The study focused on

mild-to-moderate hearing loss because of the high prev-
alence of this hearing loss (Lin et al, 2011). Pure-tone

thresholds averaged across both ears and across partic-

ipants at 0.5, 1, 2, 4, and 8 kHz were 25.8 (SD 5 10.3),

31.4 (11.3), 45.2 (12.6), 53.6 (12.7), and 60.9 (16.9) dBHL,

respectively. At the start of the study, 5 participants had

previous experience wearing hearing aids (M 5 2.7 yr,

SD5 1.5), and the other 17 participants had no previous

hearing aid experience. A participant was considered an
experienced user if he or she had $1 yr of prior hearing

aid experience. Experienced users expressed under-

standing that they would be asked not to use their hear-

ing aids for a period of four weeks during the study.

Although motivation for participating in the study

was not recorded, it is possible that some of these ex-

perienced users were dissatisfied with the fit or func-

tioning of their previous hearing aids. It is also
possible that some were interested in how they would

manage without the use of hearing aids, or simply

wished to contribute to the pursuit of scientific knowl-

edge. All participants were compensated for their in-

volvement in the study.

Hearing Aids and Fitting

All participants were fit with a pair of commercially

available entry-level behind-the-ear hearing aids. The

instrument features included wide dynamic range

compression/automatic gain control, volume control,

automatic directional microphones, noise reduction, adap-

tive feedback suppression, and low-level expansion. The

devices were fitted on participants bilaterally using slim

tubes coupled to canal earmoldswith clinically appropriate
vent sizes. The manufacturer’s software was used to pro-

gram the hearing instruments to meet targets specified

by the National Acoustic Laboratory-nonlinear 2 prescrip-

tive formula. In situ responses were measured using a

probemicrophone hearing aid analyzer (Audioscan Verifit,

Dorchester, ON, Canada) with a 65 dB SPL speech signal

(the ‘‘carrot passage’’) presented from the listener’s 0� azi-
muth.Thehearingaid outputwasadjusted toproduce real-
ear aided responses equivalent (63 dB) to the National

Acoustic Laboratory-nonlinear 2 (NAL-NL2) targets. Gain

adjustmentsweremade to the hearing aidswithin the first

two weeks after fitting, in accordance with common hear-

ing aid follow-up procedures. All features remained active

at default settings. All hearing aids included one automat-

ically switching program and one manual program for use

in noisy environments. Participants were encouraged to
wear the hearing aids $4 hr per day, and compliance

was measured via self-report. The data logging feature

of the hearing aids was turned on, but the logged informa-

tion was not recorded in the study.

LENA

The LENA system consists of the DLP and LENA

Pro computer software. The DLP records and stores

up to 16 hr of the wearer’s auditory environment.

The LENA Pro software (Boulder, CO) automatically

categorizes each recording segment offline according

to the type of auditory environment: meaningful speech,

distant speech, TV/electronic sound, noise, and silence.

LENA categorizations are based on statistical models

for each category that were derived from human tran-

scription and categorization through machine learning

during LENA software development (Ford et al, 2008;

Xu, Yapanel, Gray, and Baer, 2009). Xu et al (2008)

and Oller et al (2010) provide information about the

exact acoustic features on which these categorizations

are based. Meaningful speech is defined as speech

sounds originating within a 6-ft radius of the DLP

wearer that match well with the expected statistical

model for speech. Distant speech includes speech orig-

inating from .6 ft from the DLP wearer, speech that

does not match closely with the LENA model for

speech, and overlapping sounds. The category of TV/

electronic sound encompasses media from a variety

of electronic sources, such as the TV, radio, or com-

puter. Furthermore, the adult word count (AWC) in

the wearer’s environment is estimated based on the

acoustic features of speech segments (Xu, Yapanel,

Gray, and Baer, 2009). LENA algorithms have been

shown to have good accuracy in segment categoriza-

tion and AWC estimation relative to human raters

in recordings of children’s language environments

(Xu, Yapanel, and Gray, 2009). An additional aspect

of the LENA Pro software, the Advanced Data Extrac-

tor (ADEX), allows for more in-depth data mining.

With ADEX, it is possible to view the average sound

level for each segment of the recording. A segment

can range in length from 0.6 sec to several minutes

and is defined as a length of time in the recording dur-

ing which only one type of auditory environment is

identified by the LENA algorithms.

In both the unaided and aided conditions, participants

wore the DLP around their neck in a pouch, so that the

DLPrested at chest height (Figure 1). Thepouchhadahole

over the DLP microphone that was covered with acousti-

cally transparent mesh. Because each DLP could store a

maximum of 16 hr of audio information, participants used

adifferentDLP for eachdayof recording.Participantswere

instructed to turn the DLP on when they got up in the

morning and to turn it off when theywent to bed. Although

participants were told not to turn the DLP off during the

day, they were allowed to take the DLP off whenever they

did not want to be recorded. Each participant kept a log of

the times he or she was not wearing the DLP, and these

time spans were excluded from data analysis.
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Self-Report Measures

In order to compare the LENA data to self-reported

data, three standardized questionnaires were used.
The Hearing Handicap Inventory for the Elderly

(HHIE; Ventry andWeinstein, 1982) is a 25-item inven-

tory designed to assess the extent to which the social

and emotional well-being of a patient is affected by

hearing problems, such as frustration and embarrass-

ment during conversations and difficulty communicat-

ing at other social events. The patient responds to each

question with either ‘‘Yes,’’ ‘‘Sometimes,’’ or ‘‘No.’’ These
responses correspond to scores of 4, 2, and 0, respec-

tively. The Total Score is the sum of the scores on all

25 items; a lower score indicates a lower degree of hand-

icap.

The Speech, Spatial, and Qualities of Hearing Scale

(SSQ; Gatehouse and Noble, 2004) version 5.6 includes

49 items that measure listening or auditory abilities.

Each item is answered on a continuum from 0 to 10.
Larger scores represent better listening and auditory

abilities and smaller scores represent poorer listening

and auditory abilities. Although the SSQ provides three

subscale scores (Speech, Spatial, and Qualities), only

the Speech subscale was examined in the present study

due to its predicted association with speech levels. The

Speech subscale assesses the patient’s ability to under-

stand speech in a variety of listening contexts, such as
when communicating with one person in a quiet room,

one person in the presence of background noise, and five

people in a busy restaurant, without the use of visual

cues. Additionally, two items in the SSQ—Speech sub-

scale items 1 and 10—specifically inquire about the pa-

tient’s communication abilities while a TV is on in the

same room. Scores on these two items were summed to

create a TV Composite score in the present study.
The Abbreviated Profile of Hearing Aid Benefit

(APHAB; Cox and Alexander, 1995) is a 24-item ques-

tionnaire that quantifies disability due to hearing loss

and the benefit associated with hearing aid use. The

APHAB includes four subscales consisting of six items

each: the Ease of Communication subscalemeasures com-

munication effort in relatively easy listening environ-
ments, the Background Noise subscale measures speech

understanding in the presence of competing noise, the Re-

verberation subscale measures speech understanding in

reverberant rooms, and the Aversiveness subscale mea-

sures negative reactions to environmental sounds. Scores

on the three communication subscales (Ease of Communi-

cation, Background Noise, and Reverberation) can be

summed to produce a Global Score. Patients rate the fre-
quency with which they experience a range of listening

situations ona scale fromNever (1%of the time) toAlways

(99% of the time). Higher subscale scores represent a

greater degree of communication difficulty.

The above three questionnaires were used in the pre-

sent study for two reasons. First, they are sensitive to

the effects of hearingaidamplification (CoxandAlexander,

1995; Perez et al, 2014; Dawes et al, 2015). Second, they
contain questions that were expected to be relevant

to the LENA results. For example, the SSQ includes ques-

tions related to communication while the TV is on,

which could be related to change in TV levels. Similarly,

the HHIE measures participation restriction, which may

be reflected in the relative amount of time spent in silence

and speech environments. Thus, these questionnaires

provide a valid source of comparison for the LENA-
collected objective measures of the effects of hearing aids

in everyday life.

Procedures

The study was approved by the institutional review

board of the University of Iowa. After agreeing to par-

ticipate in the study and signing the consent form, par-
ticipants’ pure-tone thresholds were measured. If the

participantmet all of the inclusion criteria, hearing aids

were fitted. A training session about the LENA DLP

was then provided. Specifically, the DLP and carrying

bag were demonstrated to participants. Special empha-

sis was made regarding the orientation of the carrying

bag (e.g., always keep the side with the microphone fac-

ing outward and do not wear the carrying bag under
clothing). After participants confirmed that they had

fully understood all the related tasks, participants were

sent home with three DLPs and underwent a practice

session while wearing a DLP before the actual study be-

gan. The purpose of this practice session was to famil-

iarize the participants with wearing a DLP and the

process of turning it on and off. Data from this practice

week were recorded but not analyzed.
After the practice session, participants returned the

three DLPs to the laboratory and the two experimental

conditions (unaided and aided) began. The order of the

two conditions was counterbalanced. Each condition

Figure 1. A LENADLPwith its carrying bag. The mesh opening
of the carrying bag allowed environmental sounds to reach the mi-
crophone port of the DLP.
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lasted for five weeks. In the unaided condition, subjects

did not wear hearing aids; the experienced hearing aid

users did not wear their hearing aids for the four weeks

preceding the unaided recording week. In the first four
weeks of each condition, the participants did not wear a

DLP. This duration was chosen because standardized

questionnaires show a significant effect of hearing aids

on social participation after four weeks of hearing aid

use (Malinoff and Weinstein, 1989; Humes et al, 2001).

The participants returned to the laboratory at the end

of week 4. At this time participants were provided with

seven DLPs, and the week of LENA recording began.
Each DLP was labeled with a different day of the week

to ensure that participants used a different DLP each

day. The participants were asked to maintain their regu-

lar daily activities and schedules.At the conclusion of each

of the unaided and aided recording weeks, participants

returned the seven DLPs to the laboratory and the ques-

tionnaires were administered.

Data Analysis

Benefit scores for the questionnaires were calculated

by subtracting the aided score from the unaided score

(HHIE, APHAB) or the unaided score from the aided

score (SSQ). For all the questionnaires, a higher benefit

score indicates a greater degree of improvement from

the unaided to the aided condition.
The percentage of time each subject spent in each of

the five LENA-labeled auditory environments (mean-

ingful speech, distant speech, TV/electronic sound, noise,

and silence)was calculated by dividing each participant’s

total amount of time spent in each of these environments

by the participant’s total length of LENA recordings.

These percentages were calculated separately for the

unaided and aided conditions. Percentage of time spent
in the five auditory environments was compared be-

tween the unaided and aided conditions using paired

two-tailed t tests. The AWC was also obtained from

the LENA software for each participant’s unaided and

aided condition. In order to control for differences in total

recording times between participants’ unaided and aided

conditions, the mean AWC per hour was used during

data analysis instead of the raw AWC. Paired two-tailed
t tests were used to compare AWC per hour in the

unaided and aided condition.

Sound levels for specific types of auditory environ-

ments were obtained using the ADEX data mining tool

of the LENAPro software. In each condition, themedian

levels of sound segments categorized as ‘‘TV/electronic’’

(‘‘TVN’’ [‘‘Television-Near’’] in ADEX) and ‘‘meaningful

speech’’ (‘‘FAN’’ [‘‘Female Adult-Near’’] or ‘‘MAN’’
[‘‘Male Adult-Near’’] in ADEX) were calculated. ADEX

also provides ‘‘Far’’ versions of each of these categories,

which are similar to the ‘‘Near’’ versions but statisti-

cally are highly similar to the category of Silence (Xu,

Yapanel, Gray, and Baer, 2009). ‘‘Near’’ labels, on the

other hand, match well with the statistical model for

the specified category. Due to the relatively low likeli-

hood that segments labeled as ‘‘Far’’ actually contain
TV/electronic or speech sounds, these segmentswere ex-

cluded from analysis. For each segment analyzed in this

study, the mean sound level was obtained from ADEX.

For a given subject and a given type of segment, the me-

dian of these mean segment sound levels was calcu-

lated; each segment mean was weighted by the

duration of the segment. Speech segments labeled as

originating from male adult and female adult speakers
were calculated separately. This is because we were pri-

marily interested in measuring the potential change be-

tween conditions in speech levels of adults in the

DLP wearer’s environment, rather than the change in

speech levels of the DLP wearer him- or herself. When

an adult rather than a child is wearing the DLP, the

LENA algorithms do not distinguish between the speech

of the adult DLP wearer and other adults in the environ-
ment. In order to tease apart the speech of the DLP

wearer and other adults, we used the speech of adults

of the opposite sex of the DLP wearer (hereafter referred

to as ‘‘opposite sex speech’’) as a proxy for the speech of all

other adults in the environment. In this way, we could be

confident that the speech we analyzed excluded the

speech of theDLPwearer. In otherwords, for female par-

ticipants, we compared the speech levels in the unaided
and aided conditions of segments that were labeled as

coming from male speakers, and vice versa for male par-

ticipants. By focusing only on the opposite sex speech, we

excluded from analysis the speech of other adults in the

environment of the same sex as the DLP wearer (here-

after referred to as ‘‘same sex speech’’). While not an op-

timal approach to examining the variable in question,

this method ensured that the data we did analyze were
valid. Paired two-tailed t tests were used to compare the

TV/electronic and speech levels in the unaided and aided

conditions.

Pearson product-moment correlations were calcu-

lated to compare participants’ change in TV and oppo-

site sex speech levels from the unaided to aided condition

with scores on self-report assessments of hearing aid out-

comes. The specific self-report scores examined in the
correlation analyses were HHIE Total Score benefit,

SSQSpeech subscale benefit, SSQTVComposite benefit,

and APHAB Global Score benefit. For the SSQ TV Com-

posite benefit, only the correlationwith change inTV lev-

els was examined. For the other three scores, the

correlations with change in both TV and opposite sex

speech levels were examined.

RESULTS AND DISCUSSION

Hearing aid compliance in the aided condition

was generally good. The majority of participants
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(13/22) reported 8–16 hr of daily hearing aid use, and

seven participants reported 4–8 hr of daily use. Two

participants reported 1–4 hr of daily use. These two par-

ticipants had mild hearing losses (better-ear pure-tone
averages of 25 and 31.7 dB HL), and thus the reported

amount of hearing aid use may have been appropriate

for their lifestyles and degrees of hearing loss.

The number of days recorded by the DLP in each con-

dition for each participant ranged from six to eight; the

mean number of days recorded was 6.91 in the unaided

condition (SD 5 0.53) and 7.09 in the aided condition

(SD 5 0.53). The mean daily recording time was
11.48 hr in the unaided condition (SD 5 1.23) and

11.08 hr in the aided condition (SD 5 1.51). The per-

centage of time that participants reported not wearing

the DLP did not differ significantly between the

unaided (M 5 2.3%, SD 5 5.9) and aided (M 5 2.6%,

SD 5 4.8) conditions (p . 0.05).

In total, 3,461.2 hr of recording were analyzed.

Percentage of Time in Each Auditory

Environment

The amount of time spent in each auditory environ-

ment is shown in Figure 2. In both the unaided and aided

conditions, the greatest amount of time was spent in si-

lence compared to the other auditory environments

(unaided M 5 38.1%, SD 5 12.4; aided M 5 42.5%,
SD 5 15.7). On average, approximately one-quarter of

participants’ time was spent in TV/electronic auditory

environments (unaided M 5 25.7%, SD 5 15.4; aided

M 5 25.6%, SD 5 18.0). Note that the time spent in si-

lence and TV/electronic sound environments varied

substantially between individuals. In general, partici-

pants spent slightlymore time in distant speech environ-

ments (unaided M5 17.7%, SD5 6.7; aided M5 15.6%,

SD5 6.4) thanmeaningful speech environments (unaided

M5 12.5%, SD5 4.8; aided M5 11.1%, SD5 5.0). Over-

all, participants spent the least amount of time in

noise, which also showed the least individual variation
(unaided M 5 6.0%, SD 5 2.4; aided M 5 5.2%, SD 5

1.8). Paired two-tailed t tests were used to compare the

mean percentage of time spent in the five LENA-labeled

auditory environments in the unaided and aided condi-

tions. No significant differences between the unaided

and aided conditionswere found for the percentage of time

spent in any of the auditory environments (p . 0.05).

Effect size (d) and observed power for the comparisons
for each of the auditory environments were as follows:

meaningful speech: d 5 0.35, power 5 0.35; distant

speech: d 5 0.32, power 5 0.30; TV/electronic sound:

d 5 0.01, power 5 0.05; noise: d 5 0.28, power 5 0.24;

and silence: d 5 0.38, power 5 0.39.

The percentage of time participants spent in different

auditory environments was comparable to the findings

of previous studies of the auditory environments of par-
ticipants with hearing loss. Our finding that partici-

pants spent z26% of their time in TV/electronic sound

environments agrees well with previous studies, which

showed that older adults spent 24% (Wu and Bentler,

2012) and 26.7% (Li et al, 2014) of their time listening

to TV and other media. With regard to time spent in

speech environments, Wu and Bentler (2012) reported

that participants spent 61.2% of their time in speech en-
vironments, whileWagener et al (2008) found that 50.7%

of recordings from participants contained speech, includ-

ing speech produced by the TV and other electronic me-

dia. By summing the percentage of time spent in

meaningful speech, distant speech, and TV/electronic

noise in the present study, we find percentages that

are comparable to previous reports of percentage of time

spent in speech environments: 55.9% in the unaided

Figure 2. Percentage of time spent in each of the LENA auditory environments in unaided and aided conditions. Horizontal bars rep-
resent median values. Vertical bars represent values within the first and third quartiles 6 the interquartile range3 1.5. Dots represent
outliers.
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condition and 52.3% in the aided condition. Although

the methodology and specific categories of auditory envi-

ronments differed between the present study, Wu and

Bentler (2012), and Wagener et al (2008), the similarity
of the estimates of time spent in speech environments in

the three studies supports the validity of the present

findings. Using the LENADLP, Li et al (2014) found that

average percentage of time spent in meaningful speech

and distant speech environments were 19.3% and 22.4%,

respectively, which are somewhat higher than the find-

ings of the present study. Li et al also reported that the

average percentage of time spent in silence was 26.9%,
which is lower than thez40% of the time spent in silence

found in the present study. The differences observed be-

tween the present study and Li et al may be attributed to

the different lengths of recording times in the two studies

(one day versus twoweeks) and the differing demograph-

ics of the study participants—Li et al included mostly

low-income African American women living in a retire-

ment community. The social nature of the community
living environment of the participants in the study of

Li et al may explain the relatively high percentage of

speech time and low percentage of silence observed in

that study.

AWC per Hour

The AWC per hour for the two conditions is shown in
Figure 3. Mean AWC per hour was 1,660 in the unaided

condition (SD 5 667) and 1,467 in the aided condition

(SD 5 679); these values did not differ significantly be-

tween the unaided and aided conditions (p . 0.05, d 5

0.34, observed power 5 0.33). Note that variation was

high between individuals: AWC per hour ranged from

339 for one participant to 2,927 for another participant

in the unaided condition. Themean AWC per hour found

in the unaided and aided conditions of the present study

was substantially lower than the mean AWC per hour

found byLi et al (2014),whichwas 2,508words (note that
because Li et al only reported AWC for the total length of

participants’ recordings, average AWC per hour was cal-

culated by dividing themeanAWCof 33,141 by themean

total recording time, 13 hr and 13 min).

TV/Electronic Sound and Speech Levels

Paired two-tailed t testswere used to compare the TV/
electronic level, opposite sex speech level, and same sex

speech level between the unaided and aided conditions.

TV/electronic sound level across all participants in the

unaided condition (M 5 59.7 dB SPL, SD 5 4.21) was

significantly higher than that in the aided condition

(M 5 57.3 dB SPL, SD 5 4.80; t(21) 5 2.42, p 5 0.024,

d 5 0.52, observed power 5 0.64; Figure 4). Note that

these levels are very similar to those reported by Smeds
et al (2015), who reported mean TV/radio sound levels of

57.5 and58.4 dBSPLat earswith better andworse signal-

to-noise ratios, respectively, with experienced bilateral

hearing aid users. No significant differences were found

between the unaided and aided conditions for opposite

sex speech level (unaided M 5 66.8 dB SPL, SD 5

2.45; aided M 5 67.2 dB SPL, SD 5 2.31; d 5 0.19, ob-

served power 5 0.14) or same sex speech level (unaided
M 5 71.5 dB SPL, SD 5 2.31; aided M 5 71.8 dB SPL,

SD 5 2.55; d 5 0.17, observed power 5 0.12; Figure 4).

These speech levels fall within the range of speech levels

(z60–77 dB SPL) found in different conversation situa-

tions by Jensen and Nielsen (2005). The fact that the

LENA-measured levels of both TV/electronic sound and

speechwere similar to the levels found by previous studies

in comparable auditory environments supports the valid-
ity of using the LENA system tomeasure the sound levels

of specific auditory environments.

In order to validate the expectation that the close

proximity of theDLP to thewearer’smouth caused same

sex speech levels to be artificially elevated, same sex

speech levels were compared to opposite sex speech lev-

els for each participant’s unaided and aided condition. If

same sex speech levels are consistently higher than op-
posite sex speech levels, it is likely that analyzing only

opposite sex speech levels effectively removes the effects

of the DLP wearer’s own voice. A paired t test indicated

that this is the case (p , 0.0001; Figure 4). For all 13 of

the male participants and 8 of the 9 female participants

(i.e., 95.5% of participants), same sex speech level was

higher than opposite sex speech level in both the

unaided and aided conditions. This result supports
the notion that the DLP wearer’s own voice only affects

same sex speech, and it validates the approach of selec-

tively analyzing opposite sex speech levels to remove the

effects of the DLP wearer’s own voice.

Figure 3. Average AWC per hour in unaided and aided condi-
tions. Horizontal bars represent median values. Vertical bars
represent values within the first and third quartiles 6 the
interquartile range 3 1.5.
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It was predicted that because decreased TV and oppo-

site sex speech levels may reflect improved listening and

communication abilities in the aided condition, changes

between unaided and aided median TV and opposite sex

speech levels would correlate with self-report measures

of hearing aid benefit. Contrary to our prediction, none of

themeasured correlations between change inmedian TV

and opposite sex speech levels and self-report measures
of hearing aid benefitwere significant (p. 0.05; Table 1).

This indicates that individual changes in the auditory

environment due to hearing aid use may not have a di-

rect relationshipwith self-perceived benefit fromhearing

aids. Note that correlations with HHIE Total Score in-

cluded only 21 participants because one participant

omitted responses to several items on this questionnaire.

GENERAL DISCUSSION

The goals of the present study were to use the LENA

system to quantify the auditory environments of

adults with hearing loss, examine if hearing aid use

changes users’ auditory environments, and determine

the association between LENA variables and self-report

hearing aid outcome measures. The results of the cur-
rent study are similar, but not identical to those of Li

et al (2014), as discussed earlier. The results show that

participants did not spend a significantly different per-

centage of time in any of the five auditory environments

(meaningful speech, distant speech, noise, TV/electronic,

and silence) between the unaided and aided conditions.

This finding goes against our prediction that participants

would spend a greater percentage of time in meaningful

speech environments and a lower percentage of time in

silence in the aided condition.Additionally, TV/electronic
sound levels were on average 2.4 dB lower in the aided

condition than the unaided condition, but speech levels

did not differ between conditions. These findings only

partially support our prediction that both TV/electronic

sound and speech levels would be lower in the aided con-

dition. Finally, no significant correlations were found be-

tween the change in TV/electronic sound and opposite

sex speech levels between conditions and benefit mea-
sured by the specified questionnaires. We did not predict

a strong association between these measures, but we

expected to see weak correlations between the LENA-

collected data and the self-report measures of benefit.

Speech Environments and Social Participation

The finding that participants did not spendmore time
in speech environments in the aided condition was some-

what surprising, given that past studies have shown that

Figure 4. TV/electronic sound, same sex speech, and opposite sex speech levels in unaided and aided conditions. Horizontal bars rep-
resent median values. Vertical bars represent values within the first and third quartiles 6 the interquartile range3 1.5. Dots represent
outliers.

Table 1. Pearson Correlations between LENA-Measured Changes in Sound Levels and Questionnaire Benefit Scores

HHIE Benefit (n 5 21)
SSQ Benefit (n 5 22)

APHAB Benefit (n 5 22)

Total Score Speech Subscale TV Composite Global Score

Change in median TV level 20.034 (0.887) 0.052 (0.812) 20.001 (0.994) 0.079 (0.714)

Change in median opposite sex speech 0.129 (0.570) 0.288 (0.197) 0.118 (0.593)

Note: Values are shown as correlation coefficient (p value).
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hearing aid use is associated with increases in perceived

social participation (Malinoff and Weinstein, 1989;

Abrams et al, 1992; Humes et al, 2001; Chisolm et al,

2007; Pronk et al, 2013). These studies relied on self-
report questionnaires measuring perceived social partic-

ipation and restrictions. On the other hand, Dawes et al

(2015) measured social engagement via self-estimated

number of hours per week spent in solitary activities

and found that hearing aid use did not affect social en-

gagement. Similarly, Vestergaard (2006) found that the

self-reported auditory lifestyles of older adults did not

differ when measured before and three months after
hearing aid fitting. It is possible that hearing aids cause

older adults to perceive themselves as more capable of

effective social interactions, but this does not lead older

adults to change the amount of time they spend in social

environments. A potential explanation for this finding

lies in the socio-emotional selectivity theory (Carstensen

et al, 1999). This theory states that individuals who per-

ceive that they are nearing the ends of their lives tend to
focus more energy on maximizing the emotional content

of present social interactions, rather than creating new

social bonds that might be beneficial in the future. El-

derly adults may reflect this tendency by preferring to

engage in a limited number of social routines, rather

than frequently trying out new social environments or

building new relationships. The finding in the present

study that hearing aids did not affect patterns of time
spent in different auditory environmentsmay be a reflec-

tion of the tendency for older adults to be satisfied with

established patterns of social engagement, even if hear-

ing aids could provide benefit in new social environ-

ments. It is also possible that older adults are unlikely

to change their established routines due to mobility lim-

itations and other impairments to activities of daily liv-

ing (Gopinath et al, 2012). Alternatively, four weeks of
hearing aid use may not have been enough time for par-

ticipants to adjust to wearing hearing aids and subse-

quently change their lifestyles.

TV/Electronic Sound Levels

TV/electronic sound levelswere significantly lower in the

aided condition than the unaided condition. Patients—
or their partners or family members—seen in audiology

clinics commonly complain of needing to set the TV at

an excessively loud volume due to the patient’s hearing

loss (Ranganathan et al, 2011). A straightforward method

of assessing the extent to which hearing aids address

this concern is to measure whether the patient sets the

TV at a lower volume while wearing hearing aids.

The LENA data in this study showed that TV/electronic
sound levels were in fact lower when participants were

wearing hearing aids, thus adding face validity to

using LENA TV levels as a measure of the positive ef-

fect of hearing aids. A decrease in TV levels offers objective

evidence to patients of the effectiveness of their hearing

aids, as well as useful feedback for audiologists regarding

the real-world effects of intervention. It should be noted

that in this study, many participants likely had the
TV onwhile other people, such as a spouse, were present

and also watching the TV. It is thus impossible to deter-

mine whether the measured TV/electronic sound levels

reflected the DLP wearer’s preferred volume settings,

or if the measured levels were affected by the listening

preferences of other TV watchers. It is possible that

the presence of other people may have limited the ob-

served difference in TV/electronic sound levels between
the unaided and aided conditions, leading to an under-

estimation of the actual effect of hearing aids on pre-

ferred TV levels. Furthermore, it is likely that many

participants had the TV on while completing other

household tasks, without actively watching the TV. This

may account for the somewhat low TV/electronic sound

levels measured in both unaided and aided conditions,

and these passive listening levels may be differentially
affected by hearing aid use compared to active listening

levels. Although the change in TV/electronic sound levels

observed in the present study was small (2.4 dB) and

thus holds potentially little clinical significance by itself,

the fact that a difference was observed supports a more

nuanced investigation of TV levels in relation to individ-

ual listeners’ TV habits, whichmay provide a clearer un-

derstanding of the effects of hearing aids on individuals’
home listening environments.

Speech Levels

No change in opposite sex speech levels were found be-

tween the unaided and aided conditions. This may sug-

gest that the LENA data have limited sensitivity to the

changes in speaking patterns of the DLP wearer’s con-
versation partners, who presumably lower their speak-

ing levels in response to the improved audibility of the

hearing aid user. However, opposite sex speech levels

are an imperfect proxy for the speech levels of other

adults in the DLP wearer’s environment because this

measure does not include those people who are of the

same sex as the DLP wearer. The LENA algorithms

are able to distinguish between the speech of a child
DLP wearer and that of other children in the environ-

ment, but currently the LENA algorithms do not isolate

the speech of an adult DLP wearer. Singling out the

speech of the adult DLPwearer from other adults’ speech

would provide more complete data about the DLP wear-

er’s communication environment. This would also allow

for the measurement of the number of conversational

turns between the DLP wearer and other adults and
the amount of speech produced by the DLP wearer and

other adults in a conversation, which would help to assess

relative social participation. These variables have pro-

vided important insights into children’s patterns of verbal
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behavior in natural settings (e.g., VanDam et al, 2012;

Thiemann-Bourque et al, 2014; Gilkerson et al, 2015;

Sosa, 2016). Optimizing the LENA algorithms for use

with adult DLP wearers could provide researchers and
clinicians with a better understanding of the auditory en-

vironments and communication patterns of adults, as

well as the real-world effects of intervention on the lives

of adults.

The lack of any correlations between change in the

LENA-collected variables (i.e., TV/electronic sound lev-

els and opposite sex speech levels) and questionnaire

benefit scores was somewhat unexpected. Both LENA
and the examined questionnaires assess changes that

take place in the hearing aid user’s real-world environ-

ments, so it was predicted that the change measured by

these two approaches would show an association. It is

possible that the lack of association between these mea-

surement approaches is the result of the substantially

different methodologies used to collect the information.

Self-report data can be strongly biased by imperfect re-
call of past events (Bradburn et al, 1987; Shiffman et al,

2008) and are based primarily on the patient’s recall of

particularly emotionally salient events, rather than

a careful consideration of all relevant experiences

(Shiffman et al, 2008). Thus, the questionnaire data re-

ported in this study may better serve as a reflection of

the patient’s perceptions of a limited number of experi-

ences than as a summary of the patient’s total aggre-
gate experiences. In contrast, directly quantifying the

patient’s auditory environments removes any recall bi-

as and provides an accurate picture of the characteris-

tics of the patient’s environments within a specified

time frame. It is possible, however, that hearing aid

benefit in more specific listening situations would corre-

late with changes in amount of time spent in these

specific environments. For example, a user who shows
self-report hearing aid benefit in noisy environments

might spend more time in noise, as measured by LENA.

Future research should examine the possible association

between change in LENA variables and self-report ben-

efit in specific listening situations.

Limitations

The present study was affected by a number of limita-

tions. The first limiting factor was that the study only

included older adults, who may be less likely to change

their lifestyles than younger adults. Researchwith youn-

ger adults who receive hearing aids may reveal a greater

effect of hearing aids on auditory environments because

younger patients may be more likely to seek out new en-

vironments and social situations when the opportunities
arise (Carstensen et al, 1999).

Another potential limitation of the present study is

that the amount of time between hearing aid fitting

and assessment of the aided environment may have

been too short for participants to adjust their auditory

environments according to the capabilities of the hear-

ing aids. Measurement of a hearing aid user’s aided au-

ditory environments after several months or years of
hearing aid use may provide a better understanding

of the long-term effects of hearing aids on a patient’s in-

teractions with different auditory environments.

Additionally, because the DLP was positioned at

chest height rather than at the wearer’s ears, the sound

levels recorded by the DLP likely differed from the lev-

els that reached the wearer’s ears. This discrepancy

may be compounded by the fact that the DLP does
not account for hearing aid features, such as directional

microphones and noise reduction, that may increase or

decrease the sound output experienced by the wearer.

Thus, the DLP may only provide a gross estimate of

the overall sound levels in the environment, rather than

information that is specific to the sound levels in the

user’s ear canals.

Another limitation of this study was that only state
measure questionnaires were included, rather than

change measures. State measures assess hearing aid

benefit by comparing the patient’s aided responses to

unaided responses. Conversely, change measures di-

rectly assess hearing aid benefit and require only one

questionnaire administration. Change measures have

been shown to be more sensitive than state measures

(Gatehouse, 1999). Thus, the observed resultsmay have
been different if change measures had been used.

The sample size of the present study may also be con-

sidered a limitation because although it provided suffi-

cient power to detect medium effect sizes, it was too

small to detect small effects. However, small effects of

hearing aids on the auditory environment likely would

hold little clinical significance, so the sample size of this

study was deemed appropriate based on the research
questions.

It is possible that the auditory environments of new

and experienced hearing aid users are affected by hear-

ing aids differently. Because we did not aim to explicitly

compare these two groups, relatively few experienced

users participated in this study, and thus a statistical

comparison of the auditory environments of these two

groups was not appropriate. An examination of the
trends in the percentage of time the five experienced

users spent in the five LENA environments, however,

did not show a markedly different pattern from the

new hearing aid users.

Finally, characterizing a DLPwearer’s environments

based on average levels and average percentage of time

spent in different environments may not take full

advantage of the great amount of detailed data provided
by the LENA system. Instead of analyzing changes in

median TV level, for example, it may be more informa-

tive to examine the amount of time the TV produces a

range of levels. Figure 5 shows the distribution of TV
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levels for a single participant’s unaided and aided con-

ditions; it is clear that the two conditions show different
patterns of TV level distribution, in addition to different

median TV levels. This type of pattern-based approach

to analyzing LENA data may help account for addi-

tional factors in the DLP wearer’s environment and

may make better use of the LENA system’s vast capa-

bilities.

Clinical Implications

The current study demonstrated the feasibility of us-

ing the LENA system to objectively characterize the

real-world auditory environments and the effect of

hearing aids for older adults with hearing loss. The rich

data provided by the LENA system could be clinically
informative and could be used as a counseling tool with

patients. For example, audiologists may find patient

data from unaided listening environments to be valu-

able when planning which specific hearing aids and

hearing aid features to recommend to patients. Fur-

thermore, if patients are presented with quantitative

and complete information about their own listening en-

vironments, it may be easier to identify how exactly
hearing aids can be integrated into their auditory lives.

Finally, audiologists may employ LENA data alongside

standard methods of assessment in order to gain amore

complete understanding of individual auditory needs

and experiences in everyday life.
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