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Using Propensity Score Matching to Address
Clinical Questions: The Impact of Remote

Microphone Systems on Language Outcomes
in Children Who Are Hard of Hearing
Maura Curran,a Elizabeth A. Walker,b Patricia Roush,c and Meredith Spratfordd
Purpose: Children who are hard of hearing (CHH) have
restricted access to acoustic and linguistic information.
Increased audibility provided by hearing aids influences
language outcomes, but the benefits of hearing aids are
often limited by acoustic factors and distance. Remote
microphone (RM) systems further increase auditory access
by reducing the negative consequences of these factors.
The purpose of this article was to identify factors that
influence likelihood of RM system receipt and to investigate
the effects of RM systems in home settings on later language
outcomes. We used propensity score matching to compare
language outcomes between children with and without
access to personal RM systems in home settings. This
article provides a description of how and why to perform
propensity score–matching analyses with clinical populations.
Method: Participants were 132 CHH. Through parent report,
we identified children who received RM systems for home
use by 4 years of age. Logistic regression was used to
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determine factors that predict likelihood of RM system receipt
in home settings. Propensity score matching was conducted
on a subgroup of 104 participants. Performance on language
measures at age 5 years was compared across propensity-
matched children who did and did not receive RMs for
personal use.
Results: Likelihood of RM receipt was associated with
degree of hearing loss, maternal education, and location
(recruitment site). Comparisons between matched pairs of
children with and without RM systems in early childhood
indicated significantly better discourse skills for children
whose families owned RM systems, but no significant
differences for vocabulary or morphosyntax.
Conclusion: Results provide preliminary evidence that the
provision of personal RM systems for preschool-age CHH
enhances higher-level language skills. The propensity
score–matching technique enabled us to use an observational,
longitudinal data set to examine a question of clinical interest.
Children who are hard of hearing (CHH) acquire
spoken language while experiencing limited access
to auditory–linguistic input. Hearing aids (HAs)

are expected to provide increased access to acoustic–phonetic
components of spoken language. Thus, for individuals with
mild-to-severe hearing loss, HAs are a common form of audi-
ologic intervention. Unfortunately, HAs are limited in their
capacity to increase speech audibility in complex listening
situations, such as in noisy and reverberant environments.
Increased distance from the speaker may also limit auditory
access. An alternative type of hearing assistive technology
is remote microphone (RM) systems, which increase the
intensity of a signal relative to the background noise, due
to the proximity of the microphone to the speaker’s mouth.1

RM systems increase the signal-to-noise ratio, reducing the
1Additional forms of wireless connectivity include infrared and
Bluetooth technology (Atcherson, Childress, & Kennett, 2016). For
the purposes of this article, we will focus on the use of RM systems
that utilize frequency modulation or digital modulation to transmit
the signal to a listener.
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negative effects of noisy, reverberant room acoustics or dis-
tance between speakers and listeners (Anderson &Goldstein,
2004; Benoit, 1989; Crandell, 1993; Davies, Yellon, &
Purdy, 2001; Flexer, 1997; Moeller, Donaghy, Beauchaine,
Lewis, & Stelmachowicz, 1996; Schafer & Thibodeau, 2006).
Favorable signal-to-noise ratios are critical for CHH to
understand speech in complex listening situations (Finitzo-
Hieber & Tillman, 1978; Nábělek & Pickett, 1974), and
RM use in elementary and secondary schools improves speech
perception for CHH in those settings (Hawkins, 1984;
Larsen & Blair, 2008). However, there is a lack of evidence
regarding the effects of home RM system access on lan-
guage outcomes.

The goal of the current work was to compare lan-
guage outcomes of CHH with and without access to per-
sonal RM systems in home settings. To analyze the outcomes
of children in treatment and no-treatment conditions, we use
a statistical approach known as propensity score matching.
This approach is a useful technique for reducing selection
bias in nonrandomized observational studies, as it attempts
to mimic randomization by controlling for factors that pre-
dict the likelihood of group membership in an intervention
(C. J. Morgan, 2017; P. L. Morgan, Frisco, Farkas, &
Hibel, 2010). Thus, a secondary goal is to provide a tuto-
rial on how to use propensity score matching to conduct
rigorous and relatively unbiased comparisons between indi-
viduals who receive treatment versus those who do not.
This statistical procedure can help inform researchers and
clinicians about the effects of a specific intervention on
functional outcomes.

Propensity Score Matching to Support
Evidence-Based Practice

Clinically, there is a dearth of outcomes-based evidence
to support families and audiologists when deciding whether
to get an RM system in noneducational settings. Decisions
regarding treatment options should be motivated based on
the findings of high-quality research designs (Wake &
Carew, 2016), such as randomized controlled trials (RCTs).
RCTs are considered the gold standard approach for examin-
ing the effects of specific treatments on outcomes (Austin,
2011). Participants are assigned to random treatment groups,
which theoretically eliminates potential confounds associ-
ated with baseline characteristics of the participants. As a
result, researchers can compare the results in treated and
untreated groups without the concern that there are system-
atic differences between the groups prior to the onset of
intervention. The challenge with conducting RCTs in some
clinical settings is that it is difficult and possibly unethical
to withhold treatment from children who may potentially
benefit from the intervention.

Propensity score matching is an alternative approach
to RCTs (Austin, 2011; Shadish, Clark, & Steiner, 2008).
Propensity scores can be used in research designs when it is
not feasible to randomly assign participants to different inter-
ventions (e.g., examining how foster care impacts outcomes;
Berzin, 2010) or withhold an intervention (e.g., looking at
C

the effects of breastfeeding on cognitive outcomes; Jiang,
Foster, & Gibson-Davis, 2011). In propensity score match-
ing, the first step is to determine the probability of receiv-
ing a treatment (in the current context, RM receipt) based
on specific participant characteristics. Propensity scores
then match members of the control group (children who
did not receive RM systems) and members of the treatment
group (children who did receive RM systems) on the back-
ground variables that are associated with the likelihood
that an individual will receive an RM system and the vari-
ables that are associated with outcomes. Thus, the children
who received personal RM systems for use in home set-
tings can be compared on the outcome measures of inter-
est (i.e., language scores) to a group of children who did
not receive RM systems but are similar in their likelihood
of RM receipt. In effect, the propensity score–matching
approach mimics an RCT analysis by directly comparing
outcomes for a treatment group and a control group that
do not differ on relevant pretreatment factors. Propen-
sity score matching has rarely been used to evaluate
treatment outcomes in the communication sciences and
disorders literature. The need for longitudinal data from a
large number of children may be one reason propensity
score matching has not been widely used in the field,
despite the potential for this method to provide insight
into the effect of treatment in typical clinical practice
settings.

Lack of Evidence for Benefits of Personal RMs
in Preschool-Age CHH

In recent years, service providers have recommended
personal RM systems for infants, toddlers, and preschoolers
in the home setting to overcome some of the limitations of
HAs. Gabbard (2004) recommended that families use RM
systems in the home once children begin walking or crawl-
ing. Increased distance between the child and caregiver
decreases access to the speech signal, which could lead to
fewer opportunities to be exposed to and engage in con-
versational interactions. However, there is limited informa-
tion regarding the benefits of personal RM use in the home
for young children. Moeller et al. (1996) examined the effi-
cacy of RM system use in home settings in 10 preschool-
age children with mild-to-severe hearing loss (2–6 years of
age). They were divided into two groups of children: (a) an
RM group, which was composed of children who were
instructed to use a personal RM system in lieu of their
personal bilateral HAs as often as possible (n = 6), and
(b) an HA group, which is composed of children who wore
bilateral HAs without RM systems (n = 4). Examiners
assessed grammatical skills using conversational language
samples at a baseline test visit, followed by assessments at
6-month intervals over a 2-year time span. Results indi-
cated that there were no significant differences between the
RM group and the HA group on grammatical measures
obtained from the language samples. Given the small num-
ber of participants, the authors noted it was difficult to
achieve between-groups differences that were statistically
urran et al.: Propensity Score Matching With Personal RMs 565



significant. At an individual level, Moeller et al. observed
that two of the six RM users made better-than-expected
gains in complex grammar usage over time (gains of 49 and
51 months of change in a 24-month period). These gains
were more substantial than any of the gains shown by
children in the HA group, and Moeller and her colleagues
concluded that RM systems may have contributed to
steep growth in grammatical learning for these particular
subjects.

One limitation of the Moeller et al. (1996) study was
that they only examined morphosyntax (e.g., grammatical
complexity, mean sentence length). Amplification may have
differential effects on various aspects of language, such as
form (morphosyntax), content (vocabulary), or use (dis-
course). Our research team (Outcomes of Children With
Hearing Loss [OCHL] study) has shown that content skills
in preschool-age CHH may be less vulnerable to delay
compared with form and use, which rely more heavily on
a clear signal to access subtle acoustic characteristics in
language input and conversational interactions (Moeller &
Tomblin, 2015; Moeller, Tomblin, & OCHL Collabora-
tion, 2015). We have published evidence to support this
“inconsistent access hypothesis” with regard to the effects
of HAs on language acquisition (Tomblin, Harrison, et al.,
2015; Walker, Holte, et al., 2015). To the best of our
knowledge, no researchers have compared the potential
relation between RM systems in combination with HAs
and different language constructs. This article addresses
this gap in the literature.

The article by Moeller and colleagues is the only
peer-reviewed publication, to date, to conduct between-
group comparisons of language outcomes of children who
used RM systems in nonacademic settings to children
who only wore HAs. It is difficult to generalize these find-
ings from the 1990s to the current generation of CHH, as
hearing assistive technology is vastly different now com-
pared with 20 years ago. The population of children is dif-
ferent as well because of earlier age of identification and
more consistent family-centered intervention practices.
Children with mild-to-severe hearing loss who were born
in the last two decades are far more likely to be identified
at birth and fit with HAs during infancy compared with
children born in the 1990s or earlier (Dalzell et al., 2000;
Harrison, Roush, & Wallace, 2003; Holte et al., 2012;
Spivak, Sokol, Auerbach, & Gershkovich, 2009). Con-
temporary practices for CHH are firmly grounded in
the assumption that providing children with early, con-
sistent auditory access through amplification will have
positive long-term implications for academic, language,
and psychosocial achievement (Moeller & Tomblin,
2015). However, there is still a need to conduct research
to support aspects of service delivery for this popula-
tion, including early provision of RM systems in home
environments.

Prospective, longitudinal research is needed to deter-
mine the effectiveness of RMs for CHH. Mulla and
McCracken (2014) published one such study, in which
they prospectively evaluated the benefits of RM systems
566 Journal of Speech, Language, and Hearing Research • Vol. 62 • 5
in seven preschool-age CHH over a period of up to 8 months.
Five of the seven children established consistent daily RM
use (defined by the authors as average use of 2 hr or
more per day) based on parent report measures. The re-
searchers assessed trends in language skills via a parent re-
port developmental survey. Three out of the seven children
showed substantial increases in their standard scores on
the parent report measure and a decreased gap over time
between their developmental age scores and their chrono-
logical ages. Mulla and McCracken concluded that the use
of the RM system led to improved global language skills
in those three children. However, they acknowledged that
improvements could have been due to developmental mat-
uration and not only the result of RM use. The lack of a
comparison group of children who did not have access to
RM systems makes it impossible to determine if the children’s
gains were due to using the RM system, developmental
maturation, effectiveness of early intervention, or a combi-
nation of all three factors. The use of parent report mea-
sures and developmental age scores as the outcome measure
are also problematic. Parents may have had positive ex-
pectations regarding the benefit of the RM system, which
could have influenced parent report outcomes. Further-
more, developmental age scores are not psychometrically
valid as outcome measures for a number of reasons. Un-
like standard scores from norm-referenced standardized
tests, developmental age scores do not account for variance
around the mean, cannot be represented on an equal inter-
val scale, and are less sensitive to differences in ability
levels (Hishinuma & Tadaki, 1997; Sullivan, Winter, Sass,
& Svenkerud, 2014).

In summary, there are numerous gaps in our knowl-
edge regarding whether children benefit from receipt of
RM systems in the home. Such information could inform
public health and educational policy, given that RM sys-
tems are costly and often covered through state or local
public health or educational funding (Walker, Curran,
Spratford, & Roush, in press). Evidence-based research is
needed to guide the allocation of such resources.

This article addresses the following research questions:

1. What factors predict receipt of a personal RM system
for home use?

2. Do CHH who have access to personal RM systems
for home use have better language outcomes (i.e.,
vocabulary, morphosyntax, and discourse) than
CHH without personal RM systems?

Because the OCHL project consisted of observational
data with CHH, we were unable to randomly assign children
to treatment versus no-treatment conditions. Therefore,
propensity score matching was used to document whether
differences in language outcomes at age 5 years existed be-
tween groups of children who did or did not receive RM
systems for home use by 4 years of age. This article will de-
scribe the advantages and disadvantages of using propen-
sity score matching to answer clinical research questions
when an RCT is not an option.
64–576 • March 2019



Method
Participants

Participants were a cohort of 132 children who com-
pleted language assessments at the 5-year-old test visit as
part of the OCHL study. Of these, 55 of 132 (41.7%) re-
ceived an RM for home use for a minimum of 1 year prior
to data collection. Children were recruited from three pri-
mary sites: University of Iowa, Boys Town National Research
Hospital, and University of North Carolina at Chapel
Hill (see Tomblin, Walker, et al., 2015, for additional infor-
mation about recruitment). Children who participated in the
OCHL study met the following criteria: (a) a permanent
bilateral hearing loss, with better-ear pure-tone average
(BEPTA) in the mild-to-severe hearing loss range; (b) at
least one primary caregiver who spoke English in the home;
(c) use of a spoken language communication approach;
and (d) no significant delays in cognitive, visual, or motor
domains. Children had to be within 1.5 SDs of the norm-
referenced mean on at least one of the two nonverbal sub-
tests, Block Design and Matrix Reasoning, of the Wechsler
Preschool and Primary Scale of Intelligence–Third Edition
(Wechsler, 2002) to qualify for participation. Vision had to
be within normal or corrected-to-normal limits. Children
who had motor impairments that precluded completing vi-
sual reinforcement audiometry, conditioned play audiometry,
or pointing to items on standardized tests were excluded.

The mean BEPTA was 48.44 dB HL (SD = 13.01).
Ninety-six children did not pass their newborn hearing
screen. The mean age at confirmation of hearing loss was
5.36 months (median = 2.75, SD = 8.67), and the mean
age at HA fitting was 8.88 months (median = 5, SD = 10.64)
for children who were referred based on the newborn hear-
ing screen. Thirty-six children were identified with hearing
loss after the newborn period due to passing the newborn
hearing screen, not being screened, or lack of follow-up
following the newborn hearing screen referral. Of those
36 later-identified participants, the mean age at confirma-
tion of hearing loss was 25.92 months (median = 27.5, SD =
13.49), and the mean age at HA fitting was 27.03 months
(median = 28, SD = 13.89).
Data Collection
All study procedures were approved by the institu-

tional review boards of each institution. As previously de-
scribed in other articles (e.g., Tomblin, Walker, et al., 2015),
children participated in two visits a year for children under
the age of 2 years and one visit a year for children older
than 2 years. At the initial visit, parents completed an intake
interview with an examiner who documented demographic
characteristics (e.g., maternal education level, sex, age at
HA fitting, whether the child owned an RM system, and, if
so, age at RM receipt). Starting in the second year of data
collection for the study, parents completed a questionnaire
regarding RM systems. In this questionnaire, parents re-
ported whether their child had a personal RM system for
home settings (home settings included any situation that
C

did not involve day care or preschool). If so, parents esti-
mated the average amount of time the child wore the per-
sonal RM system per day outside the day care or preschool
setting. A separate questionnaire asked about RM receipt
in preschool settings. The RM questionnaire can be found
online (http://ochlstudy.org/assessment-tools.html).

Audiologic Assessment
A certified audiologist with pediatric experience com-

pleted all hearing assessments. A test assistant participated
in assessments as needed. The audiologist obtained air-
conduction and bone-conduction thresholds at 500, 1000,
2000, and 4000 Hz at a minimum, using visual reinforce-
ment audiometry, conditioned play audiometry, or conven-
tional audiometry depending on the age of the child. All
attempts were made to obtain ear-specific thresholds utiliz-
ing insert earphones, supra-aural headphones, or the child’s
own earmolds paired with insert earphones. Audiologists
obtained sound-field thresholds if the child would not tol-
erate the testing with earphones or headphones. The four-
frequency BEPTA was calculated for subsequent analyses.

Language Assessments
Trained examiners completed all language assess-

ments with children within 3 months of the children’s fifth
birthdays, whenever possible. In two cases, children were
tested 4 months after their fifth birthday. Children wore
HAs during the language assessments but did not use
RM systems (if they were available) because of the prox-
imity between the examiner and the child and optimal
acoustic environments for testing. HAs were checked by
audiologists prior to all speech-language assessments
(Tomblin, Walker, et al., 2015), and participants had full
access to visual cues during testing. We included results
from measures selected to tap different skills within the
broader domain of language: vocabulary, morphosyntax,
and discourse.

Vocabulary. The Peabody Picture Vocabulary Test–
Fourth Edition (PPVT-4; Dunn & Dunn, 2007) is a norm-
referenced, standardized measure of receptive vocabulary.
Standard scores were derived from the raw score total based
on the chronological age of the child.

Morphosyntax. The Clinical Evaluation of Language
Fundamentals–Fourth Edition (CELF-4; Semel, Wiig, &
Secord, 2004) Word Structure is a subtest that assesses ex-
pressive morphological development using picture stimuli.
Scaled scores were derived from the raw score total based
on the chronological age of the child.

Discourse. The Preschool Language Assessment
Instrument–Second Edition (PLAI-2; Blank, Rose, & Berlin,
2003) is a norm-referenced, standardized assessment of
children’s discourse abilities. Assessment items are catego-
rized into four levels of abstraction, increasing in difficulty.
The first level, Matching, contains language that is highly
contextualized (e.g., the examiner points to a picture of a
cup and asks, “What is this called?”). The second level,
Selective Analysis, asks the child to integrate multiple con-
cepts (e.g., “What shape is the bowl?”). The third level,
urran et al.: Propensity Score Matching With Personal RMs 567
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Reordering, assesses the child’s ability to respond to ques-
tions or commands that are subtle or linguistically con-
strained (e.g., “Tell me what we put in the bowl before we
added the egg.”). The fourth level, Reasoning, represents
the highest level of abstraction. Children must predict out-
comes or provide justifications for responses, similar to
the decontextualized language that may be used in a class-
room setting (e.g., “What will happen to the cookies when
we put them in the oven?”). Receptive and expressive
scaled scores were utilized in the analysis.

Statistical Analysis
Likelihood of RM Receipt

To address the question of what factors were associ-
ated with likelihood of RM receipt in home settings, we
utilized logistic regression models. In other words, given
that we knew which children in our data set had received
RMs for home use, we were able to identify individual
differences that were associated with RM receipt. The di-
chotomous dependent variable was RM receipt in home
settings (i.e., owning an RM vs. not owning an RM). The
independent variables were sex, testing site (University of
Iowa, Boys Town National Research Hospital, and Uni-
versity of North Carolina at Chapel Hill), maternal educa-
tion level, BEPTA, race/ethnicity (i.e., White, Black, Hispanic,
Latino or other Spanish origin, American Indian or Alaskan
native, Asian, or Native Hawaiian or Pacific Islander), and
family history of hearing loss. Family history was operation-
alized in two ways: parent report of hearing loss in a parent
or older sibling and parent report of hearing loss in an older
sibling only. The two variations on the family history vari-
able were tested in separate models. Because of the large
number of maternal education categories collected, arbi-
trary ordinal levels were introduced in the data analysis.
These levels consisted of high school, some college, college,
and graduate school/postgraduate. Dummy variables rep-
resented categorical variables in the statistical models.

Propensity Score Matching
The results from the logistic regressions predicting

home RM receipt, as described above, were then used to
analyze the effect of home RM receipt on child language
outcomes via propensity score matching. First, the logistic
regression model was implemented in Statistical Analysis
System (SAS) software. Each participant was assigned a
single score reflecting the participant’s probability of receiv-
ing an RM. This score consisted of a weighted composite,
taking into account all variables that affected RM receipt,
based on the logistic regression analysis. Variables included
in the weighted propensity score calculation were BEPTA,
maternal education, and testing site. Any participant with
missing data for any of the predictors included in the final
model was omitted from the model. A propensity-matching
SAS Macro (Fraeman, 2010) was then implemented to
identify pairs of participants who did and did not receive
RM systems for personal use. We then examined the distri-
bution of baseline predictors included in the final model in
568 Journal of Speech, Language, and Hearing Research • Vol. 62 • 5
both groups to ensure that our groups were well matched
prior to RM receipt. The RM and non-RM groups were
similar in the distribution of all baseline characteristics
used for matching, including BEPTA, maternal education,
and testing site. Thus, we matched pairs according to the
overall likelihood of RM receipt and ensured that groups
were matched according to the full distribution of baseline
predictors. After determining that groups exhibited similar
baseline profiles, paired t tests were carried out to compare
language performance at the age of 5 years on receptive
vocabulary (PPVT-4; Dunn & Dunn, 2007), expressive
morphosyntax (CELF-4 Word Structure; Semel et al.,
2004), and receptive and expressive discourse (PLAI-2;
Blank et al., 2003).

With respect to selection of predictors to include in
the propensity-matching procedure, it should be noted that
the inclusion of a wide array of predictors is intended to
mimic the effects of random assignment in an RCT: Chil-
dren in both groups should be similar enough that treat-
ment status is not confounded with any other baseline
difference between treated and untreated children. That
is, groups must present with similar characteristics prior to
intervention. For example, a model that resulted in groups
differing in BEPTA would have been discarded, even if
participant groups were matched on overall propensity score,
because we would not be able to assume that any between-
groups difference in outcomes arose from RM receipt rather
than BEPTA differences. Thus, we ensured that models
resulted in RM and non-RM groups that were similar at
baseline on all characteristics of interest. As is recommended
in the propensity score literature (e.g., Austin, 2011), we did
not require that predictors of RM receipt reach traditional
levels of significance, but rather retained predictors that
resulted in more closely matched pairs of participants, even
when p > .05 in the logistic regression. For example, if omis-
sion of one predictor resulted in groups that differed at
baseline, we retained that predictor in the model. In this way,
we could strengthen the inference that postintervention differ-
ences in language skill were not caused by preintervention
differences across our two groups of participants.

In addition to the need to include predictors that fall
short of traditional levels of significance, propensity score
matching requires that all predictors of treatment receipt
relate to participant status prior to any participant receiv-
ing the treatment of interest. Inclusion of variables that
may present after initiation of treatment for a portion of
the participant group may result in use of predictors that
were affected by the treatment itself or that are confounded
with outcomes measures, rather than predictors that lead
to receipt or nonreceipt of an intervention. For example,
use of an RM system at school was not included as a pre-
dictor because participants may have been more likely to
use an RM system in the school setting due to prior pos-
session of an RM system for home use or may have re-
ceived an RM system for home use following initiation of
use in the school setting. In order to align with best prac-
tices for using propensity score techniques, we did not
include any variables that may have occurred following
64–576 • March 2019



RM receipt by any child in the sample, including family
involvement measures, provision of intervention services,
child language performance prior to the age of 5 years, and
whether children also had an RM system in the preschool
setting. We acknowledge that these variables, particularly
use of an RM in the preschool setting, may have affected
the outcomes for children who owned RM systems in home
settings. Forty-three percent of preschool-age children who
had a school RM system also had a home RM system, but
we were not able to control for this potential confound
when using propensity score–matching techniques. We chose
to focus on predictors evident at birth and outcomes at
5 years of age largely to maximize our sample size: Limit-
ing the sample to children who received an RM after a
certain age or to outcomes prior to 5 years would both re-
duce the number of participants we were able to include in
the analysis.
Exclusion of North Carolina Residents
Participants who were residents of North Carolina

exhibited a 100% probability of RM receipt in this sample.
Thus, inclusion of North Carolina residents in the logistic
analysis and propensity score matching led to two problems.
First, the model did not reflect the effect of predictors other
than state of residence for participants outside North Carolina.
That is, inclusion of this subgroup leads “location” to be
weighted extremely heavily in the final model, which, in
turn, obscures the predictive power of other variables for
children who resided outside North Carolina. Removal of
the North Carolina residents reveals that, although signifi-
cant, location of testing does not predict RM receipt as
strongly as would be expected on the basis of the full sample.

The second problem lies in the requirements of pro-
pensity score matching. All treated–untreated pairs must
have similar overall propensity scores. All children tested
in North Carolina had scores above 0.80, with most over
0.90. The only untreated children with scores in this range
were participants tested at North Carolina but residing in
other states. This meant that the North Carolina residents
were mostly unmatched. In addition, inclusion of this sub-
group led to difficulties in matching children from other
states. That is, the fact that location was weighted so heavily
made it challenging to identify groups matched on factors
such as BEPTA, because these predictors did not alter the
overall score that strongly.

The extremely high rate of RM receipt for this sub-
group of North Carolina residents likely reflects a combi-
nation of the local practice of recommendation of RM receipt
from the audiology clinic at the University of North Carolina
Hospital in Chapel Hill, where the majority of participants re-
ceived clinical services, and RM funding patterns in the state.
Because of these concerns, we excluded North Carolina resi-
dents from both analyses: the logistic regression to predict
likelihood of RM receipt and the propensity score match-
ing. Participants who were tested at the North Carolina site
but who resided in other states did not exhibit a 100% proba-
bility of RM receipt and, thus, remained in the analysis.
C

Following exclusion of North Carolina residents, 104 par-
ticipants remained in the sample.

Outcome Measures
With respect to outcome measures, not all partici-

pants completed all outcome measures, with missing data
being greatest for the CELF-4 (Semel et al., 2004). To
obtain the maximum possible number of pairs that could
be compared on each outcome measure, we restricted can-
didate pair members to include only those participants
who had completed the target measure. Because compari-
sons are conducted across pairs, any pair in which one par-
ticipant exhibited missing data would be dropped entirely
from the comparison. This means that a participant who
did have complete data for an outcome measure may not
be included in the final comparison because the matched
participant did not complete the target measure. All partic-
ipants with complete data for predictors of RM receipt
were used to calculate probability of treatment through use
of the logistic regression procedures, regardless of which
outcome measures each participant had completed. How-
ever, when we implemented the SAS Macro to identify
matched pairs of participants, we restricted the procedure
such that the program could only select participants who
were not missing CELF-4 data. That is, when evaluating
CELF-4 results, no participant who had CELF-4 data could
be paired with any participant who was missing CELF-4
results. Thus, each pair consisted of two participants with
complete CELF-4 data. This was repeated for the PPVT-4
(Dunn & Dunn, 2007) and the PLAI-2 (Blank et al., 2003),
as different participants had missing data for the three
outcomes.

Identification of Matched Pairs
With respect to the identification of matched pairs, a

perfect match between treated and untreated participants
would present as a sequence of pairs with a caliper distance
of 0.00. The caliper distance is the absolute value of the
difference between the propensity score of the untreated
participant and the treated participant in a matched pair.
Because perfect matching is not possible, we must select
a maximum difference that is allowable. The matching
program will then select matches from within the target
range. Differences from 0.08 to 0.25 have been used within
propensity-matching schemes in order to best identify partic-
ipants similar enough for comparison while accounting for
the natural variability within a sample. In our sample, we
used a maximum caliper difference of 0.10 in propensity
scores between members of a matched pair. This distance
allowed us to identify a maximum number of pairs for anal-
ysis while ensuring that we were not overly restricting
variability in baseline measures and that our groups were
similar on all baseline measures. Thus, we permitted a child
in the RM group with a propensity score of 0.71 to be
matched with a child in the non-RM group with a score of
anywhere from 0.61 to 0.81. A child in the RM group with
a propensity score of 0.71 could not be matched with a child
in the non-RM group with a score of 0.60. Participants
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without a candidate match in an acceptable caliper dis-
tance were dropped from the analysis, as is typical in pro-
pensity score–matching techniques. This procedure does
not require participants to be matched on each variable of
interest but rather focuses on overall probability of RM
receipt, given the child’s profile.
Results
Factors That Predict Personal RM Receipt
for Home Settings

In order to match participants, we first completed our
logistic regression to determine factors that predicted likeli-
hood of RM receipt. Results from this stage of the analysis
feed into the later matching procedures. Table 1 displays
the final model of likelihood of RM receipt in home settings
for the 104 participants included in the final analysis. BEPTA
was a significant predictor of RM receipt, with higher prob-
ability of RM receipt for children with greater hearing loss
(odds ratio [OR] = 1.06, p = .004). Primary testing site also
emerged as a predictor; children tested by Boys Town
National Research Hospital were significantly less likely to
receive an RM system than children tested by the Univer-
sity of North Carolina at Chapel Hill (OR = 0.09, p = .03).
This analysis included children who were tested at the Uni-
versity of North Carolina at Chapel Hill but were not North
Carolina residents (n = 6). The same pattern was noted for
the University of Iowa compared with the University of
North Carolina at Chapel Hill, but this difference was not
significant (OR = 0.13, p = .18). Neither sex, race, nor
family history of hearing loss emerged as significant pre-
dictors of RM receipt. Maternal education level was not
significantly associated with RM receipt when included in
the full model (OR = 0.62, p = .69), although it did predict
receipt in a univariate analysis (p = .02). As shown in
Table 1, mothers with a college education presented with
lower probability of RM receipt than children whose mothers
had a high school education. We are unsure why the esti-
mates presented in this direction. It may have been due to
availability of funds to purchase an RM (e.g., Medicaid) or
an interaction between education level and other factors
Table 1. Model of likelihood of personal remote microphone

Fixed effects Estimate

Intercept −3.19
Test site (Boys Town)a −0.91
Test site (Iowa)a −0.57
Better ear PTA 0.06
Maternal education (high school)b 0.14
Maternal education (college)b −0.19
Maternal education (graduate school)b 0.05

Note. Pr = probability; Boys Town = Boys Town National Re
pure-tone average; OR = odds ratio.
aReference group: University of North Carolina at Chapel Hil
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such as testing site or BEPTA. However, no interaction
between maternal education and other predictors emerged
as significant in our testing. It is possible that a larger sam-
ple would allow for further exploration of the effect of ma-
ternal education on RM receipt.
Effect of RM Receipt on Language Outcomes
As stated in the Method section, predictors that do

not reach significance are included in propensity score
models if there is an indication that omitting such predic-
tors results in a confound between baseline characteristics
and treatment assignment. This was the case with maternal
education; omitting this predictor resulted in mismatched
treated and untreated groups. More specifically, omission
of maternal education resulted in a higher rate of partici-
pants with maternal education at the high school level in
the group that did not receive RM systems than in the
group that did receive RM systems. Thus, omission of
maternal education resulted in a confound where groups
were dissimilar on both treatment status and maternal edu-
cation at baseline, even though maternal education was
not significant in the logistic regression itself. Of note, omis-
sion of sex, race, and family history from the propensity
score–matching model did not result in groups that were
unbalanced on any of these variables of interest. As a result,
maternal education was retained in the model predicting RM
receipt, whereas sex, race, and family history were omitted.

The propensity score–matching procedures for par-
ticipants with PPVT-4 (Dunn & Dunn, 2007) data resulted
in identification of 27 matched pairs of treated (children
with a personal RM for home use) and untreated (chil-
dren without a personal RM) participants, for a total of
54 participants. Procedures restricted to participants with
CELF-4 Word Structure (Semel et al., 2004) data resulted
in identification of 13 matched pairs of treated and untreated
participants, for a total of 26 participants. Procedures re-
stricted to participants with PLAI-2 (Blank et al., 2003)
data resulted in identification of 14 pairs of treated and un-
treated participants, for a total of 28 participants. Partici-
pant descriptions for each comparison (PPVT-4, CELF-4,
PLAI-2) may be seen in Tables 2, 3, and 4. Figure 1 shows
receipt in home settings.

SE χ2 Pr(> |z|) OR

1.02 9.85 .002
0.41 4.96 .03 0.09
0.43 1.77 .18 0.13
0.02 8.31 .004 1.06
0.49 0.09 .77 0.65
0.48 0.16 .69 0.62
0.40 0.01 .90 0.79

search Hospital; Iowa = University of Iowa; PTA =

l. bReference group: some college.

64–576 • March 2019



Table 2. Matched PPVT-4 pairs included in propensity score–matching analysis.

Group Total n
Mothers with high
school education Testing site

Mean better
ear PTA (SD)

Mean propensity
score (SD)

Mean PPVT-4 standard
score (SD)

Home RM group 27 4 IA: 10
BT: 15
NC: 2

50.12 (11.23) 0.34 (0.16) 101.46 (12.11)

No-RM group 27 4 IA: 9
BT: 17
NC: 1

52.88 (13.52) 0.36 (0.16) 94.44 (15.88)

Note. PPVT-4 = Peabody Picture Vocabulary Test (normative mean = 100, SD = 15); PTA = pure-tone average; RM = remote microphone;
IA = University of Iowa; BT = Boys Town National Research Hospital; NC = University of North Carolina at Chapel Hill.
individual data for the matched pairs on each of the outcome
measures. Note that, as may be expected, there is some
overlap across outcome measures in terms of the specific
RM–non-RM participant pairs included. For example, the
CELF-4 and PLAI-2 analyses contained four identical
treated–untreated pairs. However, the majority of pairs
differ across outcome measures. This is to be expected as
missing data differed for each outcome measure, and we
restricted matching to those participants with data for each
measure of interest.

Vocabulary
Twenty-seven pairs of participants completed the

PPVT-4 (Dunn & Dunn, 2007; see Table 2). No significant
difference between groups emerged on the paired t test for
PPVT-4 standard scores (t = 0.55, p = .59, d = .22). Of
note, performance fell well within the typical range for this
measure, with mean standard scores of 101.46 (SD = 12.11)
and 94.44 (SD = 15.88) for pairs of participants who did
and did not receive RM systems, respectively. Results did
not support a statistically significant effect of home RM
system receipt on receptive vocabulary.

Morphosyntax
Thirteen pairs of participants completed the CELF-4

Word Structure subtest (Semel et al., 2004; see Table 3).
No significant difference between groups emerged on the
paired t test for Word Structure scaled scores (t = 0.55,
Table 3. Matched CELF-4 WS pairs included in propensity score–matchin

Group Total n
Mothers with high
school education Testing site

Home RM group 13 3 IA: 7
BT: 6
NC: 0

No-RM group 13 1 IA: 6
BT: 7
NC: 0

Note. CELF-4 WS = Clinical Evaluation of Language Fundamentals–Four
PTA = pure-tone average; RM = remote microphone; IA = University of Iow
North Carolina at Chapel Hill.

C

p = .61, d = −.21). Results did not support a statistically
significant effect of home RM system receipt on expressive
morphology.

Discourse
Fourteen pairs of participants completed the PLAI-2

(Blank et al., 2003; see Table 4 and Figure 2 for PLAI-2
matched pair description and outcomes). The results of the
t test for PLAI-2 Receptive Discourse scaled scores were
significant (t = 2.32, p = .03, d = .95). Children who received
a personal RM system had significantly higher scores on
Receptive Discourse ability, with a large effect size. The d of
.95 indicates that participants who received a personal
RM outperformed participants who did not receive a per-
sonal RM by close to 1 SD on the Receptive Discourse
measure. There was no significant difference in performance
between groups on PLAI-2 Expressive Discourse scaled
scores (t = 1.76, p = .07), although the difference trended in
the same direction as the receptive scaled scores and the ef-
fect size was medium (d = .57).
Discussion
The primary objective of this study was to explore the

association between personal RM receipt in home set-
tings and later language outcomes. Findings related to the
impact of RM systems in the home on language outcomes
were mixed, with a significant positive effect of RM receipt
g analysis.

Mean better
ear PTA (SD)

Mean propensity
score (SD)

Mean CELF-4 WS
scaled score (SD)

55.96 (11.24) 0.36 (0.15) 8.62 (4.41)

56.38 (11.97) 0.38 (0.15) 9.54 (4.29)

th Edition Word Structure subtest (normative mean = 10, SD = 3);
a; BT = Boys Town National Research Hospital; NC = University of
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Table 4. Matched PLAI-2 pairs included in propensity score–matching analysis.

Group Total n
Mothers with high
school education Testing site

Mean better
ear PTA (SD)

Mean propensity
score (SD)

Mean PLAI-2 Exp
scaled score (SD)

Mean PLAI-2 Rec
scaled score (SD)

Home RM group 14 3 IA: 6
BT: 7
NC: 1

52.96 (7.10) 0.35 (0.15) 10.71 (4.12) 10.50* (2.50)

No-RM group 14 1 IA: 6
BT: 7
NC: 1

55.46 (12.14) 0.39 (0.12) 8.21 (3.58) 8.21* (2.72)

Note. PLAI-2 Exp = Preschool Language Assessment Instrument–Second Edition Expressive Language (normative mean = 10, SD = 3);
PLAI-2 Rec = Preschool Language Assessment Instrument–Second Edition Receptive Language (normative mean = 10, SD = 3); PTA = pure-tone
average; RM = remote microphone; IA = University of Iowa; BT = Boys Town National Research Hospital; NC = University of North Carolina at
Chapel Hill.

*p = .03.
on discourse measures and nonsignificant findings on
measures of vocabulary and morphosyntax.

Factors That Predict Personal RM Receipt
for Home Settings

We currently lack evidence regarding the effects of
personal RM receipt for preschool-age CHH on language
Figure 1. Individual data for propensity score–matched pairs for the Presc
Receptive Discourse (top left), PLAI-2 Expressive Discourse (top right), Cli
Word Structure (bottom left), and Peabody Picture Vocabulary Test–Fourth
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outcomes and do not yet know whether specific factors are
associated with more or less benefit from personal RMs.
Thus, results from this analysis reflect the current state of
clinical practice in the absence of clear evidence to guide
decision making regarding RM receipt.

The results from the logistic regression indicate that
children with milder hearing loss receive personal RM sys-
tems less frequently than children with greater degrees of
hool Language Assessment Instrument–Second Edition (PLAI-2)
nical Evaluation of Language Fundamentals–Fourth Edition (CELF-4)
Edition (PPVT-4; bottom right). RM = remote microphone.
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Figure 2. Performance of matched pairs on Preschool Language Assessment Instrument–Second Edition (PLAI-2)
Expressive and Receptive Discourse scores. RM = remote microphone.
hearing loss. We did not specifically investigate why degree
of hearing loss is an influential factor in RM receipt. We
speculate that, because of the child’s poor hearing thresholds,
parents and professionals may understand that children
with moderately severe hearing loss benefit from the increased
intelligibility and audibility of speech provided with use of
RM systems compared with their HAs. Children with milder
hearing loss, in contrast, may not be considered to have
sufficient lack of auditory access to warrant the need or ex-
pense of RM systems, especially when the benefit from
HAs may not be clear to parents or professionals (Walker
et al., 2017). However, children with mild–moderate degrees
of hearing loss also remain at a disadvantage compared
with peers with typical hearing when listening in background
noise or to speech originating from a distance. During sen-
sitive periods of development, children with mild–moderate
hearing loss may be able to benefit from the use of RM
technology in multiple areas such as language, social skills,
or behavioral management. Additional research is needed
to understand the advantages and disadvantages of using
RM systems in children with milder degrees of hearing
loss. These results provide evidence that a variety of fac-
tors lead children to be more or less likely to receive RM
systems for personal use and may provide guidance to re-
searchers, audiologists, and individuals training audiolo-
gists to make clinical decisions about RM provision.

New technology and equipment may support utiliza-
tion of RM systems for populations that may have been
overlooked for candidacy previously. It should be noted
that the data in the current study were collected between
2009 and 2013 and that the RM technology worn by these
participants may already be considered outdated. For ex-
ample, microphone/transmitters can now be packaged into
one piece instead of two, eliminating the connecting wire
and making the technology even smaller and more conve-
nient to use. In addition, when the questionnaires for this
study were administered, it was assumed that the children
were using analog frequency modulation (FM) radio trans-
mission to deliver the signal from the transmitter to the
receiver. We did not query parents regarding the type of
C

RM transmission being used. In recent years, digital modu-
lation (DM) technology has been introduced as an alter-
native to FM systems. DM systems offer concrete advantages
in speech recognition over FM technology. The audio
bandwidth in DM systems is wider than in FM systems,
thus providing more access to high-frequency information
(Wolfe, Morais, Schafer, Agrawal, & Koch, 2015), although
the HA may still impose bandwidth restrictions as the
transducer (Kimlinger, McCreery, & Lewis, 2015). Digital
signal processing also provides better speech recognition in
moderate-to-high noise levels compared with FM systems
because of the adaptive gain capacities that are available in
DM (Thibodeau, 2014; Wolfe et al., 2013). These improve-
ments may make RM technology even more beneficial to
use in home and community settings, allowing greater utili-
zation with children who have mild-to-severe hearing loss.
Unfortunately, the current results do not capture the use
of FM versus DM technology in the home and community
setting; future research is needed to investigate the fre-
quency of use and utility of DM systems in the home and
community.
Effect of Home RM Receipt on Language Outcomes
A strength of this study is that propensity score–

matching techniques enabled us to examine the effect of
RM systems on child language outcomes at the age of 5 years
using a rigorous, unbiased statistical technique. This repre-
sents an expansion upon past research, as we were able
to examine larger sample sizes, narrower age ranges, and
multiple aspects of language compared with previous stud-
ies (Moeller et al., 1996). The use of propensity score
matching allowed us to leverage the rich OCHL data set
for analysis and to compare outcomes of children who
had received an RM system with children who did not
have an RM system at home, after controlling for factors
that predict likelihood of RM receipt. Previous research
indicated potential advantages in parent report measures
but lacked the inclusion of a no-RM control group (Mulla &
McCracken, 2014). In the current data, we found no evidence
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of an effect of personal RM receipt on receptive vocabulary.
In fact, both children who did and did not receive personal
RM systems exhibited performance well within typical
limits on the PPVT-4 (Dunn & Dunn, 2007). These results
are consistent with previous findings in the OCHL study,
which indicates that vocabulary is a relative strength for CHH
(Tomblin, Harrison, et al., 2015). There was also no evi-
dence of an effect of RM on production of morphosyntactic
markers on the CELF-4 Word Structure (Semel et al., 2004).
Based on the finding that morphological development appears
to be a vulnerable domain of language for CHH (Moeller
et al., 2015), we might predict that enhanced auditory ac-
cess via RM systems would support expressive morphol-
ogy, but that was not observed in the current findings.

In contrast to the lack of significant differences for
vocabulary and grammar, we saw a large effect of RM re-
ceipt for Receptive Discourse and a medium-sized effect for
Expressive Discourse. This may indicate that RM systems
support development of higher-level language skills. Recent
research by Benitez-Barrera, Angley, and Tharpe (2018)
may provide some explanation for how RM systems sup-
port language discourse skills. Benitez-Barrera et al. exam-
ined the impact of RM systems in the home on caregiver
talk to young children with hearing loss. They found that
caregivers tend to talk more frequently at a distance when
using an RM system compared with using HAs alone with
preschool-age children with moderate-to-profound hearing
loss. Greater access to distant speech may enhance discourse
skills because it will increase the frequency of exposure to
communicative contexts. Additional investigation in a pro-
spective study would be required to strongly state that there
is a causal relationship between RM systems and language
discourse.

Given our need to exclude predictors of RM receipt,
which occurred after children in the sample began receiving
RM systems, the current findings should be regarded as
tentative. These findings support inclusion of higher-level
discourse measures in future investigations of the effect of
RM systems on child outcomes in order to more completely
test the relationship between RM systems and language
outcomes. If discourse skills truly are an area particularly
affected by RM systems, future studies that focus solely on
vocabulary or morphosyntax may not capture the effect
of RM systems for young CHH.

Limitations and Future Directions
As we have described in previous articles (Tomblin,

Walker, et al., 2015), the OCHL cohort consists of an eco-
nomically advantaged cohort of children compared with
the U.S. population as a whole. In addition, children from
specific states (i.e., North Carolina) showed a higher likeli-
hood of receiving RM systems compared with children
from other states. As a result, the results of the current
study may not be generalized to all children with hearing
loss, which would include children from more diverse so-
cioeconomic backgrounds and from states that did not par-
ticipate in the multicenter study.
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Another limitation of the current study is that we
could not examine whether higher amounts of RM use led
to better language outcomes. Because RM systems may be
covered by public funds (Walker et al., in press), consider-
ation of the effect of RM receipt is highly relevant for pub-
lic policy concerns. However, examination of RM use may
be a stronger test of the effect of RMs on outcomes. Un-
fortunately, we were unable to confirm that all children
who owned an RM system actually used it. Seventeen par-
ents of the 29 children who were included in the RM re-
ceipt group completed the RM interview at least once by
the time their child was 4 years old. We were able to docu-
ment that 16 of 17 parents used the RM system in specific
contexts and one of 17 reported never using the RM sys-
tem at the time of the RM interview. Unfortunately, we
did not begin documenting RM usage until a couple of
years after the longitudinal study had begun, in part be-
cause we did not initially anticipate that so many children
would have personal RM systems. Because of time con-
straints during testing visits, 12 of the children never re-
ceived the RM interview even after it was included in the
test battery. Because of uncertainties of how often the RM
system was being utilized by individual children and the
fact that this is a preliminary report on the effects of RM
systems, we chose not to examine how the amount of RM
use influenced outcomes. Instead, we compared children
who received an RM system for home use with children
who did not have an RM system. We acknowledge that it
is possible that the null findings and low effect sizes for the
PPVT-4 (Dunn & Dunn, 2007) and CELF-4 (Semel et al.,
2004) comparisons between the RM and non-RM groups
may have been due to limited usage in the RM group.
Future studies should carefully track average hours of daily
use to establish how often the RM system is being used
(Benitez-Barrera et al., 2018) and whether amount of use
influences language outcomes, as it does with HAs (Tomblin,
Harrison, et al., 2015).

The current study was also restricted by the experi-
mental design of the larger longitudinal study. As stated in
the Introduction, a common problem in trying to investi-
gate the treatment effects of RM systems on language out-
comes is the difficulty in conducting RCTs. Because the
OCHL project consisted of observational data of CHH,
we did not randomly assign children to treatment versus
no-treatment conditions. The advantage of the propensity
score–matching analysis was that it allowed us to control
for baseline differences in the treatment versus no-treatment
groups. Unfortunately, we were also constrained by the
requirements for calculating the propensity scores. First,
any participants with missing data for the predictors had
to be omitted from the analysis. Second, we excluded resi-
dents of North Carolina from the analysis because of their
high probability of receiving an RM system, which made
it unfeasible to find children in the no-treatment group
who matched on the other predictors. Third, best practices
in propensity score matching requires that the predictors
in the analysis occur prior to initiation of the treatment.
Thus, we could neither control for nor examine the roles
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of a number of possibly influential factors, including whether
the children received and/or used an RM system in preschool,
quality and quantity of early intervention, or level of family
involvement in intervention. It is possible that children who
had an RM system in preschool had improved access to
speech in a specialized learning environment that may have
influenced language outcomes at 5 years. Research on the
impact of preschool RM systems, intervention services, and
family involvement is greatly needed.

Conclusions
The current results supporting the provision of per-

sonal RM systems for preschool-age CHH were mixed.
There is a need to further examine practices and attitudes
surrounding fitting and using RM in the home setting from
an intervention perspective. Many families of young children,
especially those with mild hearing loss, may be underserved
in terms of having access to personal RM systems. Additional
high-quality research is needed to determine how RM systems
used at home and preschool benefit auditory–linguistic ac-
cess and spoken language outcomes of young CHH.

Propensity score–matching techniques provided a
valuable avenue to test the relationship between personal
RM receipt and language outcomes in CHH. This approach
enabled us to leverage an observational, longitudinal data
set to examine a question of clinical interest. However,
propensity score matching has its own inherent limitations.
Our ability to select a measure of intervention, predictors
of intervention receipt, and outcomes of interest were all
restricted by the requirements to limit our question to vari-
ables present prior to receipt of intervention by any single
child and our need to maximize sample size. Overall, this
type of analysis provides key evidence regarding the types
of outcomes that may be useful to include in future pro-
spective work.
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