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A B S T R A C T

Purpose: This study sought to (a) characterize the demographic, audiological,
and intervention variability in a population of Deaf and Hard of Hearing (DHH)
children receiving state services for hearing loss; (b) identify predictors of
vocabulary delays; and (c) evaluate factors influencing the success and timing
of early identification and intervention efforts at a state level.
Method: One hundred DHH infants and toddlers (aged 4–36 months) enrolled in
early intervention completed the MacArthur–Bates Communicative Development
Inventories, and detailed information about their audiological and clinical history
was collected. We examined the influence of demographic, clinical, and audio-
logical factors on vocabulary outcomes and early intervention efforts.
Results: We found that this sample showed spoken language vocabulary
delays (production) relative to hearing peers and showed room for improvement
in rates of early diagnosis and intervention. These delays in vocabulary and
early support services were predicted by an overlapping subset of hearing-,
health-, and home-related variables.
Conclusions: In a diverse sample of DHH children receiving early intervention,
we identify variables that predict delays in vocabulary and early support ser-
vices, which reflected both dimensions that are immutable, and those that clini-
cians and caretakers can potentially alter. We provide a discussion on the impli-
cations for clinical practice.
Supplemental Material: https://doi.org/10.23641/asha.19449839
In the United States, one to two children are born
with hearing loss, per 1,000 births (Centers for Disease
Control and Prevention, 2018), of which ~90% will be born
to hearing parents (Mitchell & Karchmer, 2004), in a home
where spoken language is likely the dominant communica-
tion method. Depending on the type and degree of hearing
loss, whether the child uses amplification and whether there
is any access to sign language, linguistic input may be par-
tially or totally inaccessible. Despite growing and converging
evidence for benefits of early sign language exposure (e.g.,
Clark et al., 2016; Davidson et al., 2014; Hrastinski & Wilbur,
2016; Magnuson, 2000; Schick et al., 2007; Spencer, 1993), the
majority of Deaf and Hard of Hearing (DHH) children (and
duke.edu. Disclo-
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particularly those in our North Carolina–based sample) in the
United States are not raised in a sign language environ-
ment. While some of these children will develop spoken lan-
guage proficiency within the range of their hearing peers
(Geers et al., 2017; Verhaert et al., 2008), many will face
persistent language deficits (Eisenberg, 2007; Luckner &
Cooke, 2010; Moeller et al., 2007), which may later affect
reading ability and academic achievement (Karchmer &
Mitchell, 2003; Qi & Mitchell, 2012). Given this, we focus
primarily on spoken language development.

Although the literature points toward spoken lan-
guage delays and deficits for DHH children, this is a
highly variable population with highly variable language
outcomes (Pisoni et al., 2018). For instance, previous
research indicates that gender (Ching et al., 2013; Kiese-
Himmel & Ohlwein, 2002), additional disability (Ching
et al., 2013; Verhaert et al., 2008; Yoshinaga-Itano et al.,
y 2022 • Copyright © 2022 American Speech-Language-Hearing Association
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2017), degree and configuration of hearing loss (Ching
et al., 2013; de Diego-Lázaro et al., 2018; Vohr et al.,
2011; Yoshinaga-Itano et al., 2017), amplification (Walker
et al., 2015), communication (Geers et al., 2017), and
early diagnosis/intervention (Yoshinaga-Itano et al., 2017,
2018) influence language outcomes in DHH children.
Although many of these variables reflect immutable char-
acteristics of the child, such as comorbid diagnoses or con-
figuration of hearing loss, some represent opportunities
for clinicians and policy makers to intervene and poten-
tially improve language outcomes for DHH children.

More specifically, early identification (Apuzzo &
Yoshinaga-Itano, 1995; Kennedy et al., 2006; Robinshaw,
1995; White & White, 1987; Yoshinaga-Itano et al., 1998,
2018) and timely enrollment in early intervention programs
(Ching et al., 2013; Holzinger et al., 2011; Vohr et al.,
2008, 2011; Watkin et al., 2007) are associated with better
language proficiency. Indeed, DHH children who receive
prompt diagnosis and early access to services have been
found to meet age-appropriate developmental outcomes,
including language (Stika et al., 2015). In line with these
findings, the American Academy of Pediatricians has set an
initiative for Early Hearing Detection and Intervention
(EHDI). These EHDI guidelines recommend that DHH
children are screened by the time they turn 1 month old,
diagnosed by 3 months old, and enter early intervention
services by 6 months old. We refer to this guideline as 1–3–
6. Meeting this standard appears to improve spoken lan-
guage outcomes for children with hearing loss, and the ben-
efits appear consistent across a range of demographic char-
acteristics (Yoshinaga-Itano et al., 2017, 2018); hence, it
remains an important research goal to identify children at
risk of receiving delayed clinical support in order to help
all children achieve prompt diagnosis and intervention.

Notably, the aforementioned variables do not occur in
a vacuum, yet previous work has largely attempted to mea-
sure their effects as if they were independent. For instance,
many studies focus on vocabulary development in specific
subgroups (e.g., children under age X with Y level of hearing
loss and Z amplification approach; Vohr et al., 2008;
Yoshinaga-Itano et al., 2018), which are not representative
of the broader population of DHH children. We take a dif-
ferent tack, asking instead how these factors co-occur and
interact in the context of the broad diversity of the DHH
community, how they are linked to early vocabulary, and
how this connects with intervention and policy guidelines,
within a single state in the United States.
1Because the data we received were already deidentified, this study
was exempt from the Duke University institutional review board.
Goals, Predictions, and Key Contributions

We present an empirical analysis of early vocabulary
in a wide range of young DHH children receiving state
services in North Carolina. This study aims to (a) characterize
Cam
the demographic, audiological, and intervention variability in
the population of DHH children receiving state services for
hearing loss; (b) identify predictors of vocabulary delays;
and (c) evaluate the success of early identification and inter-
vention efforts at a state level. We include three subgroups
of DHH children traditionally excluded from studies of lan-
guage development: children with additional disabilities,
children with unilateral hearing loss, and children from bilin-
gual or non–English-speaking households (e.g., Yoshinaga-
Itano et al., 2018).

For the first goal, we expected that many of these
variables would be linked due to known causal relations
(e.g., cochlear implants recommended for severe hearing loss
but not for mild hearing loss). For the second goal, we
hypothesized that male (vs. female) gender, more severe
degree of hearing loss, bilateral (vs. unilateral) hearing loss,
no amplification (vs. hearing aids and cochlear implants),
premature birth, not meeting 1–3–6 guidelines, and presence
of additional disabilities would predict larger spoken vocabu-
lary delay. This study builds on prior work (e.g., Ching
et al., 2013; Lund, 2016; Yoshinaga-Itano et al., 2017) by
taking a new modeling approach for quantifying vocabulary
delay across these variables. For the third goal, we hypothe-
sized that children with less residual hearing (i.e., bilateral
and more severe) and no co-occurring conditions would be
earlier diagnosed and earlier to begin language services and
that, in turn, earlier diagnosis would predict earlier interven-
tion. This study helps assess compliance with EHDI guide-
lines and considers pathways for improvement.
Method

Clinical evaluations were obtained through an ongoing
collaboration with the North Carolina Early Language Sen-
sory Support Program (ELSSP), an early intervention pro-
gram serving children with sensory impairments from birth
to 36 months. ELSSP sent de-identified evaluations to our
team after obtaining consent to do so from each family.1

While this collaboration is ongoing, we opted to pause for
this analysis upon receiving data from 100 children (collected
between 2010 and 2020, before the COVID-19 epidemic
reached North Carolina in Spring 2020). Given our goal of
characterizing the full range of DHH children with hearing
loss in North Carolina, no eligibility criteria beyond hearing
loss and receiving an ELSSP evaluation were imposed.

The clinical evaluations included demographic and
audiological information and MacArthur–Bates Commu-
nicative Development Inventories (CDI; Fenson et al.,
1994) vocabulary scores. For some children, evaluations
from multiple timepoints or other instruments were available
pbell & Bergelson: Vocabulary, Diagnosis, and Intervention 1895
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Table 1. Variables list: detailed information about the variables
studied.

Variable Range

Age 4–36 months (M [SD]: 21 [9])
Age at amplification 2–30 months (M [SD]: 9 [7])
Age at diagnosis 0–30 months (M [SD]: 5 [7])
Age at implantation 7–32 months (M [SD]: 14 [7])
Age at intervention 1–33 months (M [SD]: 11 [9])
Amplification Hearing aid (53)/cochlear implant

(17)/none (28)
Communication Spoken (79)/total communication

(18)/cued speech (1)
Degree hearing loss

(worse ear)
18–100 dB HL (M [SD]: 64 [23])

Developmental delay Yes (16)/no (82)
Gender Female (43)/male (57)
Health issues Yes (36)/no (62)
Language in home English (84)/other (16)
Laterality Unilateral (26)/bilateral (72)
1–3–6 Yes (34)/no (61)
Premature birth Full-term (16)/premature (82)
Services per month 0–43 services per month (M [SD]:

5 [6])
Etiology Sensorineural (62)/conductive (19)/

mixed (8)
Words and Gestures CDI:

words produced
0–259 words (M [SD]: 33 [53])

Words and Sentences CDI:
words produced

7–635 words (M [SD]: 148 [184])

Note. For categorical variables, levels are described. Some par-
ticipants had missing information for some variables; thus, totals
may not sum to 100. For continuous variables, range, mean, and
standard deviation are provided. For Communicative Development
Inventory (CDI), participants were administered either Words and
Gestures or Words and Sentences.
(e.g., Peabody Picture Vocabulary Test). We limit the scope
of this study to only the CDI (as this was available for all
children) and only the first evaluation (due to concerns
regarding within-subject variance for statistical analysis).

The CDI is a parent-report instrument measuring
children’s vocabulary. On the Words and Gestures (WG)
version of the form (normed for 8- to 18-month-olds), par-
ents indicate whether their child understands and/or pro-
duces each of the 398 vocabulary items. On the Words and
Sentences (WS) version (normed for 16- to 30-month-olds),
parents indicate whether their child produces each of the
680 vocabulary items. Normative data for this instrument
(Frank et al., 2017; Jackson-Maldonado et al., 2003) are
available from Wordbank, an open database of CDI data.
The CDI has also been validated for DHH children with
cochlear implants (Thal et al., 2007) in 32- to 66-month-
olds. We build on prior literature using the CDI to measure
vocabulary in DHH children (e.g., de Diego-Lázaro et al.,
2018; Vohr et al., 2008, 2011; Yoshinaga-Itano et al., 2017,
2018) with a new analytic approach below.

For this analysis, 100 children (56 male/44 female)
ages 4.10–35.70 months (M = 21.20, SD = 9.10) contrib-
uted data. Race and socioeconomic information were not
available. Families were administered either the WG or the
WS version of the CDI based on clinician judgment of lin-
guistic ability. Children who were too old for WG, but
who were not producing many words at the time of assess-
ment, were often given WG (n = 37). Families whose pri-
mary language was Spanish (n = 15) completed the Spanish
language version of the CDI (Jackson-Maldonado et al.,
2003). Both spoken words and signs counted as word pro-
ductions. A summary of all the variables we examined is
available in Table 1, and more detailed information can be
found in Supplemental Materials S1–S3.
Results

The results are organized mirroring the goals out-
lined above. First, we explore relationships among child
demographic, audiological, and clinical variables. Second,
we use these variables to predict vocabulary development.
Finally, we describe the implementation of the EHDI
1–3–6 guidelines and predictors of early diagnosis and
intervention in this sample. All analyses were conducted
in R (R Core Team, 2020; Wickham, 2019), and all code
to generate this manuscript in RStudio (RStudio Team,
2020) is available via Open Science Framework (OSF).

Relationships Among Demographic,
Audiological, and Clinical Variables

Before testing how these variables relate to vocabu-
lary and clinical milestones, we describe their relationships
1896 Journal of Speech, Language, and Hearing Research • Vol. 65 •
to each other. To quantify this statistically, we used
Bonferroni-corrected chi-square tests between each of our
variables. Because the chi-square statistic assumes that n > 5
is expected in the majority of the cells for each test (prefera-
bly ≥ 80%; McHugh, 2013), we excluded mixed hearing loss
(n = 8) and cued speech (n = 1) from this analysis. Strictly
speaking, some variables are not expected to be randomly
distributed relative to each other (e.g., premature birth and
health issues; degree and amplification), but quantifying the
differences via chi-square using a conservative significance
threshold lets us highlight the strongest relationships within
this data set.

Of the 66 combinations of variables, p < .05 for 26,
and nine survived Bonferroni correction (p < .0007). We
limit discussion to the latter below but depict the full set
in Figure 1.

As expected, health issues, developmental delays,
and premature birth were highly interrelated in our sam-
ple, such that children born premature were more likely
to also experience health issues, X2 (1, N = 98) = 23.9,
p < .0001, and developmental delays, X2 (1, N = 98) =
13.06, p = .0003, and children with developmental
delays were more likely to also experience health issues,
1894–1905 • May 2022
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Figure 1. Results of chi-square tests between variables. x- and y-axes show the variables compared. Color of the square represents signifi-
cance of the corresponding chi-square test. For tests that survived Bonferroni correction (p < .0007), effect size (Cramér’s V) is given. (For
the chi-square test, services received per month was binned into 0–2, 3–6, and ≥ 7 services/month to create maximally evenly sized bins.)
X2 (1, N = 98) = 18.67, p < .0001. Children with devel-
opmental delays received more services per month than typ-
ically developing children, X2 (2, N = 95) = 23.99, p <
.0001, and were more likely to use total communication,
X2 (2, N = 98) = 24.88, p < .0001. Likewise, children who
used total communication received more services per month
than children using spoken language, X2 (4, N = 95) =
21.53, p = .0002.

We also confirmed expected relationships among
many of the audiological characteristics. There was a sig-
nificant relationship between laterality and etiology, X2 (2,
N = 89) = 18.72, p = .0001, such that children with con-
ductive hearing loss were more likely to have unilateral
hearing loss and that children with sensorineural hearing
loss were more likely to have a bilateral loss. All children
with mixed hearing loss (n = 8), though excluded from
statistical analysis due to low N, had bilateral hearing
loss. The chi-square tests further showed that amplifica-
tion was related to laterality, X2 (2, N = 98) = 17.55, p =
.0002, and degree of hearing loss, X2 (4, N = 88) = 28.76,
p < .0001. Specifically, children with bilateral hearing loss
were more likely than children with unilateral hearing loss
to use a hearing aid or cochlear implant; no child with
unilateral hearing loss used a cochlear implant, and many
children with unilateral hearing loss used no amplification.
Regarding the degree of hearing loss, children with severe-
to-profound hearing loss were more likely to use a
Cam
cochlear implant than children with mild or moderate
hearing loss.

Taken together, the results in this set of analyses
highlight the notable interconnectedness among early
health and development (i.e., health issues, prematurity,
and developmental delays) and audiological characteristics
(i.e., links among laterality, etiology, amplification, and
degree of hearing loss).

Predictors of Vocabulary Delay

We next turn to the relationship between these vari-
ables and children’s productive vocabulary, as measured
by the CDI. Figure 2 shows the vocabulary scores of chil-
dren in our sample relative to norms for hearing children
for each CDI form. Descriptively, we found widespread
vocabulary delays, with the majority of DHH children
testing around or below the 25th percentile for hearing
children (based on Wordbank norms; Frank et al., 2017).

As previously noted, the two CDI forms differ in
how many vocabulary items they contain. To take this
into account, we establish the difference (in months)
between the child’s chronological age and their predicted
age based on their productive vocabulary, derived from
the Wordbank norms (Frank et al., 2017), rather than
using the raw vocabulary scores. We call this derived vari-
able vocabulary delay.
pbell & Bergelson: Vocabulary, Diagnosis, and Intervention 1897
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Figure 2. Lines show the growth curves created from Wordbank 50th percentile data. Left panels show Words and Gestures (WG); right
panels show Words and Sentences (WS). The top row shows American English data; the bottom row shows Mexican Spanish data. Dots
represent vocabulary scores of individual Deaf and Hard of Hearing children in the sample. CDI = Communicative Development Inventory.
More specifically, to compute a child’s predicted age
from their vocabulary score, we used the 50th percentile
for productive vocabulary from Wordbank data for typi-
cally developing infants (Frank et al., 2017) to create
binary logistic growth curves separately for the WG and
WS versions of the CDI for American English and Mexi-
can Spanish.2 For each child, we took the number of
words they produced (spoken and/or signed, though the
latter was only provided for children using Total Commu-
nication [n = 18] as all others were reported to exclusively
use spoken language). We then divided this production
score by the number of words on the instrument to give
2Number of hearing children in a normative sample for each growth
curve: WG English = 1,071, WG Spanish = 760; WS English =
1,461, WS Spanish = 1,092.

1898 Journal of Speech, Language, and Hearing Research • Vol. 65 •
us the proportion of words produced. We used this pro-
portion in an inverse prediction from the binary logistic
regression curves to generate a predicted age. That is, for
each possible CDI score, the growth curve provided the
age that the score would be achieved for the 50th percen-
tile trajectory. Finally, we subtracted the predicted age
from each child’s chronological age to calculate their
vocabulary delay. However, for children producing zero
words, this approach was not appropriate due to the long
tails on the growth curves. Thus, for this subset of chil-
dren, we took the x-intercept from Wordbank (8 months
for English and 9 months for Spanish) and subtracted that
value from the child’s chronological age to get their
vocabulary delay.

To look at the relationship between our predictor
variables and CDI scores, we next conducted multiple
1894–1905 • May 2022
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Figure 3. Age at diagnosis, intervention, amplification, and cochlear
implantation across participants. Each dot represents the age that
one child received the clinical service; violin width reflects data dis-
tribution. Black dots and whiskers show means and standard errors.
Not all children received amplification (hearing aids) or implantation
(cochlear implants).
linear regression using vocabulary delay as our outcome
variable. Children who were too young for the CDI ver-
sion they were administered (n = 7) were excluded from
this portion of the analysis, as was the adopted child due
to concerns about comparing their score to the American
English CDI norms.

Our full regression model included all variables:
Vocabulary Delay ~ Gender + Developmental Delay +
Health Issues + Premature Birth + Laterality + Degree +
Amplification + Communication + Meets 1–3–6 + Ser-
vices Received Per Month + Language Background.

This model accounted for significant variance in
vocabulary delay (adjusted R2 = .59, p < .001). We next
performed stepwise model comparison using stepAIC
(MASS) to pare down the model. This process selects only
the predictors that incrementally improved model fit, mea-
sured by Akaike information criterion (AIC). We started
model selection with the full model, as described above.
We then filtered out data from children for whom Meets
1–3–6 (n = 5) or Degree (n = 12) was unknown, as this
stepwise AIC approach does not permit missing values
across predictors. Since this initial filtered analysis found
that Degree and 1–3–6 did not improve model fit, we
manually removed the Degree and 1–3–6 terms from the
model selection so that the 14 participants with missing
cases for these variables could be retained.3

Based on this iterative process, we arrived at the fol-
lowing final model: Vocabulary Delay ~ Age + Laterality +
Amplification. No other variables from the full model
above significantly improved model fit and are thus not dis-
cussed further. Our final model accounted for significant
variance in children’s vocabulary delay to a nearly identical
degree as the full model (adjusted R2 = .58, p < .001; see
Supplemental Material S4 and Figure 5A). We found sig-
nificant main effects for Age, Laterality, and Amplifica-
tion, such that older age, bilateral hearing loss, and no
amplification predicted greater vocabulary delays. Com-
pared to children with no amplification, children with
cochlear implants had a 3.58-month smaller spoken vocab-
ulary delay (p = .019), and similarly, children with hearing
aids had a 3.89-month smaller delay (p = .001). Children
with unilateral hearing loss had a 3.03-month smaller delay
(p = .009) than children with bilateral hearing loss. For
Age, the model predicted a 0.55-month larger vocabulary
delay (p < .001) for each additional month of age.

Given our first set of results regarding relationships
among several of these variables (e.g., laterality and
3Three participants had missing values for both 1–3–6 and Degree.
For transparency, we note that the model fitted with only complete
cases of Degree did include a nonsignificant main effect of Develop-
mental Delay. However, analysis of variance revealed that including
a Developmental Delay term did not significantly improve model fit
when including the 14 participants without Degree information.

Cam
amplification), we tested for collinearity by computing the
model’s variance inflation factor (VIF). This revealed low
levels of collinearity among predictors in our final model
(all VIF < 1.23; James et al., 2013). In summary, the anal-
yses in this section revealed that over half of the variance
in DHH children’s vocabulary scores was explained by
their age, whether they receive amplification and whether
their hearing loss was unilateral or bilateral.

Success in Meeting 1–3–6 Guidelines

Perhaps of greatest importance to clinicians and pol-
icy makers is the implementation and effect of existing
policies. Although 1–3–6 status was not included in our
final model predicting vocabulary delay through our
model selection process, its demonstrated importance for
language outcomes (e.g., Yoshinaga-Itano et al., 2018)
merits further discussion. To this end, we provide a brief
description of the implementation of 1–3–6 in our sample,
examine its effect on vocabulary delay, and describe the
results of exploratory linear regression models for age at
diagnosis and age at intervention.

Overall, 36% of our sample met 1–3–6 guidelines for
early diagnosis and intervention. Breaking this down fur-
ther, among the children for whom screening information
was available (n = 68), 100% were screened at birth or dur-
ing neonatal intensive care unit stay. In our sample, 69% of
children received diagnosis by 3 months of age and 38%
began early intervention by 6 months of age (see Figure 3).

We first tested the link between 1–3–6 and vocabu-
lary directly. An independent-samples t test showed that
children who did not meet 1–3–6 guidelines had signifi-
cantly larger vocabulary delays than children who met
1–3–6 guidelines, t(66.29) = 2.66, p = .01 (see Figure 4).
On average, the group that did not meet 1–3–6 guidelines
was 3.71 months more delayed with regard to vocabulary
pbell & Bergelson: Vocabulary, Diagnosis, and Intervention 1899
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Figure 4. Estimated vocabulary delay for children who meet 1–3–6
guidelines for diagnosis/intervention (top) and children who do not
(bottom). Each dot represents one child in the sample; violin width
reflects data distribution. Black dots and whiskers show means
and standard error.
(relative to the same 50th percentile benchmark previously
described).

To better understand implementation of 1–3–6
guidelines, we next turned our focus to factors influencing
the timing of diagnosis and intervention. We conducted
two linear regressions: one for predicting age at diagnosis
and one for age at intervention. Model selection followed
the same stepwise AIC-based process as described in the
preceding section.

For age at diagnosis, we included the set of child-
specific factors that would be relevant before diagnosis of
hearing loss (e.g., we excluded amplification type because
children did not receive amplification prior to hearing loss
diagnosis). We began with gender, degree, developmental
delay, health issues, prematurity, laterality, language back-
ground, and etiology.

The best fitting model was Age at Diagnosis ~
Health Issues + Language Background + Laterality, with
Figure 5. Unstandardized coefficients (measured in months) with 95% co
criterion for (A) vocabulary delay, (B) age at diagnosis, and (C) age at inte

1900 Journal of Speech, Language, and Hearing Research • Vol. 65 •
significant main effects of Health Issues and Language Back-
ground (see Supplemental Material S5 and Figure 5B). This
model accounted for 15.34% of the variance in age at diag-
nosis (p = .002). Average age at diagnosis was 4.60 (7.19)
months. Relative to English-speaking families, children from
Spanish-speaking families were diagnosed 6.18 months later
(p = .002). Children with health issues were diagnosed
3.65 months later than children without health issues (p =
.01). One possibility for this last predictor is that the health
issues caused hearing loss later in infancy; in our sample, 16
of the 36 children with health issues reported conditions that
can, in some cases, cause acquired hearing loss (i.e., meningi-
tis, sepsis, jaundice, seizures, hydrocephalus, Methicillin-
resistant Staphylococcus aureus, anemia, frequent fevers,
and cytomegalovirus).

We repeated this model selection process for age at
intervention. In addition to the variables used to fit the
diagnosis model, we included age at diagnosis. The best fit
model was Age at Intervention ~ Premature Birth +
Degree + Age at Diagnosis + Language Background,
R2 = .43, p < .001 (see Supplemental Material S6 and
Figure 5C), with significant main effects of degree and age
at diagnosis. Prematurity (ß = 3.79, p = .06) and language
background (ß = −1.37, p = .51) were not significant pre-
dictors on their own, but their inclusion improved model
fit. Average age at intervention was 11.29 (8.63) months.
More severe hearing loss predicted earlier intervention,
such that for every additional 10 dB HL, predicted age at
intervention was 1 month earlier (p < .01). With regard to
age at diagnosis, for every month diagnosis was delayed,
intervention was delayed by 2.80 weeks (p < .01). Taken
together, these analyses reveal that children’s audiological
characteristics, comorbid diagnoses, and language back-
ground contribute to delays in both diagnoses and inter-
vention. We return to this point in the discussion.
nfidence intervals for the models selected by Akaike’s information
rvention.

1894–1905 • May 2022



Complimentary Author PDF: Not for Broad Dissemination
Discussion

In this study, we examined the demographic, audio-
logical, and clinical characteristics of 100 young DHH
children in North Carolina. We documented the distribu-
tion of these characteristics and explored the relationships
between these variables, vocabulary, diagnosis, and inter-
vention. In prior work with tightly controlled samples, the
variables studied here have been shown to be relevant for
language development, but their effects have rarely been
examined in the full heterogeneity they naturally occur
within. We took this big-tent approach by including any
children receiving services for hearing loss.

Returning to our original three questions, we asked
first: How are child-level variables intertwined? We found
significant structure across many of the variables, suggest-
ing that in a real-world sample of children with hearing
loss, many factors are intrinsically not dissociable. This
was particularly true for many of the auditory characteris-
tics and comorbid diagnoses. To our knowledge, this arti-
cle provides the first population-based documentation of
this distribution. We next asked whether these characteris-
tics can predict vocabulary outcomes for DHH children.
We found that a model including only children’s age,
laterality of hearing loss, and amplification type best
accounted for the variability in vocabulary outcomes.
Finally, we asked how successful the 1–3–6 guidelines
were for early detection and intervention, both in terms
of improving child outcomes and ensuring timely diagno-
sis and intervention. Here, we found that children who
met 1–3–6 guidelines indeed had a smaller vocabulary
delay than those who did not. However, only 36% of
children met these guidelines. Our results highlight
family- and health-related variables that accounted for
significant variability when children received diagnosis
and/or intervention.

We believe that the inherent complexity in these
results is an important piece of understanding vocabulary
outcomes within the diverse population of DHH children.
We next highlight some implications of this study for
future research and clinical practice.

How Are Child-Level Variables Intertwined?

This study contributes to the literature by quantify-
ing the distribution and co-occurrence of demographic,
audiological, and intervention characteristics in our broad
sample, which includes many children often excluded from
research. In our sample, we found significant overlap
among demographic, audiological, and clinical variables.
To highlight a few of these findings, prematurity, health
issues, and developmental delay frequently co-occurred,
such that children with one of these factors were more
likely to have the others, consistent with prior research
Cam
(Luu et al., 2016; Pierrat et al., 2017). Given that the con-
stellation of comorbid conditions is very varied (76 unique
conditions in our sample of 100 children; see Supplemen-
tal Material S1), an important direction for future
research is whether cognitive and social abilities, as well
as families’ treatment resources, are predictive of language
outcomes across conditions.

We also found that children with developmental
delays (e.g., Down syndrome) were much more likely to
use a total communication approach than DHH children
without developmental delays (i.e., total communication
used by 62.50% of DHH children with developmental
delay vs. 9.76% of those without). That is, use of total
communication was more likely for children already at
greater risk for verbal delays. Quantifying this confound is
an important contribution of this work, as it calls for tem-
pering the interpretation of correlational studies finding
links between total communication and language delays
(e.g., Geers et al., 2017).

The relationships we found among variables were
more confirmatory than surprising, particularly those
reflecting known causal links (e.g., increased health issues
in children born premature). Nevertheless, they should
caution us to think critically about how we construct sam-
ples for controlled laboratory experiments. For example,
if an eye-tracking experiment has a sample of typically
developing pediatric cochlear implant users with bilateral,
severe-to-profound hearing loss, such a subsample may
only represent roughly 14% of the DHH population. Such
considerations are important for properly representing and
supporting DHH children and their families. This becomes
doubly important in the context of interpreting language
outcomes like vocabulary.

Predicting Vocabulary Outcomes

In our sample, 87.78% of DHH children fell below
the 50th percentile for vocabulary, indicating that a large
majority of this sample is behind a normative sample of
their hearing peers in word learning. This disadvantage
can have lasting consequences in the lives of DHH chil-
dren (Karchmer & Mitchell, 2003; Qi & Mitchell, 2012),
highlighting the importance of understanding what factors
contribute to it.

In contrast to our predictions, the best model pre-
dicting vocabulary delay had just a few variables: age,
amplification, and laterality. We did not find that gender,
developmental delay, health issues, premature birth,
degree of hearing loss, communication modality, 1–3–6
status, number of services per month, or language back-
ground significantly improved model fit. Notably, we see
that the spoken vocabulary delay widens with age, indicat-
ing that the rate of spoken vocabulary acquisition is
slower for DHH children. Given that none of the children
pbell & Bergelson: Vocabulary, Diagnosis, and Intervention 1901
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here use sign language (which can ensure earlier language
access), this vocabulary delay is likely to have knock-on
effects for language development more broadly, alongside
implications for public policy.

Predicting Early Diagnosis and Intervention

Our exploration of the implementation of 1–3–6
guidelines revealed that only 35.79% of children met the
EHDI guidance for diagnosis by 3 months and interven-
tion by 6 months. Our results were consistent with prior
work (e.g., Ching et al., 2013; Yoshinaga-Itano et al.,
1998), finding that children who met the guidelines were
3.71 months less delayed in spoken vocabulary than chil-
dren who were late to receive diagnosis and/or services.
By dint of accepting all children receiving early interven-
tion services in one state, our data set let us delve deeper
into who received on-time diagnosis and intervention.

Diagnosis
Having health issues or a non-English language

background predicted later diagnosis. Children with health
issues were diagnosed 3.65 months later than infants with-
out health issues. For a small fraction of cases, this may
have been because health issues caused acquired hearing
loss, delaying its identification. Of course, some situations
may require families and medical providers to prioritize
treatment for certain health issues (e.g., surgery for con-
genital heart defect) over diagnostic audiology services.
That said, clinician awareness of increased delays in lan-
guage linked to the prevalence of health issues may facili-
tate improvements in timely diagnosis.

Language background also predicted age at diagno-
sis, such that infants from Spanish-speaking families were
diagnosed 3.79 months later than infants from English-
speaking families. This may be due to cultural differences
in attitudes toward deafness (Caballero et al., 2018;
Rodriguez & Allen, 2020; Steinberg et al., 2003) or a lack
of linguistically accessible and culturally appropriate
audiology services. Only 5.6% of American audiologists
identify as bilingual service providers (American Speech-
Language-Hearing Association, 2019), and services from
a monolingual provider may be insufficient, particularly
in obtaining the child’s case history and providing rec-
ommendations for follow-up services (Abreu et al.,
2011).

Intervention
As expected, more severe hearing loss predicted ear-

lier intervention. This may be due to parents and clini-
cians adopting a wait-and-see approach to intervention for
children with some residual hearing, despite associations
between mild-to-moderate hearing loss, and language
delays and academic challenges (Blair, 1985; Delage &
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Tuller, 2007). Early intervention may help offset these
associations.

Age at start of services was also associated with age
at diagnosis: For each month diagnosis was delayed, inter-
vention was delayed by 2.80 weeks. Ching et al. (2013)
found that age at intervention predicted better outcomes
for DHH children, above and beyond age at diagnosis. Of
course, these two variables are related, underscoring the
importance of early diagnosis for putting children in the
pipeline toward earlier intervention.

Finally, it is important to note that this sample is
composed of children receiving birth-to-3 services. Less
than 38% of our sample of children in early intervention
meet the 6-month EHDI benchmark. Given that only
about 67% of children with hearing loss enroll in early
intervention services (Centers for Disease Control and
Prevention, 2018), our data suggest that the actual propor-
tion of DHH children who receive intervention by the
EHDI-recommended 6 months may be closer to 25%.
These children may not receive clinical support until
school-age or later, exacerbating concerns for language
development, which lays an important foundation for lit-
eracy and academic success (Hemphill & Tivnan, 2008;
Stæhr, 2008).

Educational and Clinical Implications

Despite high rates of newborn hearing screening in
North Carolina and even relatively high rates of diagnosis
by 3 months (66/100 children in our sample), most chil-
dren did not meet the 1–3–6 guidelines. Based on our
analyses, we have the following recommendations for
increasing attainment of 1–3–6 guidelines:

1. frequent hearing screenings for children receiving
medical or therapeutic care for health issues;

2. service coordination for families balancing multiple
co-occurring conditions;

3. expansion of bilingual clinicians both in person and
for teletherapy to provide therapy and service coor-
dination to non–English-speaking families; and

4. provision and encouragement of early intervention
services for children with mild to moderate hearing
loss.

Additionally, the vast majority of children in our
sample experienced vocabulary delays (relative to hearing
peers), and studies of spoken vocabulary development in
older DHH children suggest that they may not catch up
(Lund, 2016). This should set clinicians and educators on
high alert. As early intervention predicts vocabulary out-
comes across multiple studies (including this study and,
e.g., Ching et al., 2018; Vohr et al., 2008), ensuring
intervention by 6 months for all DHH children may be
1894–1905 • May 2022
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one way to address spoken vocabulary deficits. Another
option may be the provision of structured, accessible lan-
guage input (i.e., sign language) even prior to intervention
or amplification, potentially mitigating negative effects of
auditory deprivation on language skills (Davidson et al.,
2014; Hassanzadeh, 2012). While learning sign language
may pose a challenge for some families for myriad reasons
(as underscored by its absence as a communication modal-
ity within our sample), we nevertheless highlight its poten-
tial as an important language support for DHH children
and their families.
Limitations and Opportunities for
Future Work

This study represents an important first step in
quantifying variability in demographic characteristics,
language outcomes, and 1–3–6 attainment. At the same
time, it is exploratory, has limited geographic scope, and
analyzed data from a (deliberately) high-variability
sample.

Given our exploratory analyses, there were many
possible analytic routes. We encourage interested readers
to explore further analyses using the data and/or code pro-
vided on our OSF page.

This sample is composed only of children in North
Carolina. While certain factors vary by country and by state
(e.g., diagnosis and early intervention practices; National
Association of the Deaf, 2011), our sample largely resembles
the national DHH population in terms of degree of hearing
loss, percentage of children with additional disabilities,
cochlear implant and hearing aid use, language background,
and gender (Blackorby & Knokey, 2006; Gallaudet
Research Institute, 2014). It did diverge from the
national sample in communication modality: Our sample
had no signers, whereas 20% of DHH children have sign
as their primary modality (Gallaudet Research Institute,
2014). A similar naturalistic study in regions where sign lan-
guage access for DHH children is more common (e.g.,
Washington, DC) would be a welcome addition to this work,
in illuminating the effects of different clinical and demo-
graphic factors in a signing population. One further limita-
tion to our analyses and to assessing representativeness of
the sample is that race and socioeconomic status information
were not available.

Finally, the considerable variability in the sample
did not allow us to easily isolate effects of different factors
(e.g., degree vs. amplification). This reflects real-world
variability and would be best addressed by larger sample
sizes. As researchers continue to study influences on
vocabulary in DHH children, a meta-analytic approach
too may be able to better estimate effect sizes within the
varied outcomes of this heterogeneous population.
Cam
Conclusions

This study explored interrelations among demographic
and audiological characteristics, vocabulary outcomes, and
clinical milestones within a diverse sample of 100 DHH chil-
dren enrolled in early intervention services in North Carolina.
Our population-based description underscores heavily inter-
locking demographic, audiological, and clinical characteris-
tics (e.g., communication approach and presence of develop-
mental delays). Our models highlight the outsized roles of
age, amplification, and laterality relative to other predictors,
together accounting for over half of variance in productive
vocabulary. We also explicitly examined the roles of prompt
achievement of early intervention milestones on vocabulary.
We found that, overall, this sample showed vocabulary
delays relative to hearing peers and showed room for
improvement in rates of early diagnosis and intervention in
particular. This, in turn, highlights potential paths forward
in ensuring that regardless of hearing status, we are able to
provide language access and early childhood support to help
children attain their potential.
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