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Abstract: Background: This systematic review examined the outcomes (age of identification and
intervention, developmental outcomes, cost-effectiveness, and adverse effects on parents) of uni-
versal newborn hearing screening (UNHS) for children with permanent congenital hearing loss
(PCHL). Materials and methods: Multiple electronic databases were interrogated in March and
April 2020 with further reports identified from article citations and unpublished literature. UNHS
reports in English with comparisons of outcomes of infants who were not screened, and infants
identified through other hearing screening programs. Results: 30 eligible reports from 14 popula-
tions with 7,325,138 infants screened through UNHS from 1616 non-duplicate references were in-
cluded. UNHS results in a lower age of identification, amplification, and the initiation of early in-
tervention services and better language/literacy development. Better speech perception/production
were shown in younger, but not in older, children with early identification after UNHS. No signif-
icant findings were found for behavior problems and quality of life. UNHS was found to be cost-
effective in terms of savings to society. In addition, no significant parental harm was noted as a
result of UNHS. Conclusions: In highly developed countries, significantly better outcomes were
found for children identified early through UNHS programs. Early language development predicts
later literacy and language development.

Keywords: childhood hearing loss; permanent childhood hearing loss; newborn hearing screening;

universal hearing screening; early identification; early intervention; intervention outcomes

1. Introduction

Studies from high-income countries (HICs) estimate that 1 in 1000 children are born
with permanent childhood hearing loss (PCHL). However, children who are born in
low/middle income countries (LMIC), as well as those children who were admitted to
neonatal intensive care unit (NICU), have a much higher prevalence [1,2]. Despite the low
prevalence, the PCHL could have severe negative consequences both at familial as well
as societal levels.

Prior to establishing Universal Newborn Hearing Screening (UNHS) programs, the
average language, literacy, social-emotional, and speech development of children with
permanent childhood hearing loss (PCHL) was significantly lower than their peers with
normal hearing. Eighteen-year-old children with hearing loss in the United States who
were in the 12th grade between 19742003, had average literacy proficiency, between 3rd
and 4th grade levels, more than two standard deviations below the developmental func-
tioning of their hearing peers [3]. Wouters et al. [4] reported that deaf children in the
Netherlands had the mean reading levels of first grade hearing students [2].
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UNHS programs began to be implemented in the early 1990s, and by the end of the
1990s, there was evidence that these programs resulted in an earlier identification of hear-
ing loss, earlier amplification, and earlier enrollment into early intervention services and
that they significantly improved developmental outcomes in early childhood [5]. By 2007-
8, evidence was deemed sufficient to established UNHS programs throughout most HICs
and in some countries with fewer resources [6-9]. The quality benchmarks followed by
most countries are those recommended by the Joint Committee on Infant Hearing [10,11].
However, due to a lack of endorsement from an international association such as the
World Health Organization (WHO), countries make their own policy decisions.

The Guidelines Development Group (GDG) of the WHO is responsible for develop-
ing clinical guidelines based on evidence which is then endorsed by the WHO. Following
this, the WHO member countries are encouraged to adopt the recommendations in their
own country and/or context. The GDG has recently been considering endorsing UNHS
provided that there are positive outcomes reported by the academic literature examined
using a systematic review. Due to a lack of any recent reviews on wider outcomes for
UNHS, this review was commissioned.

This systematic review was aimed at examining the outcomes of UNHS for children
with PCHL. The key outcome indicators included: (a) early identification and intervention
(i.e., age at dentification, age at amplification, age at intervention start), (b) developmental
outcomes including receptive/expressive language, speech perception/production, liter-
acy, social development, behavioral problems, and quality of life, (c) cost-effectiveness,
and (d) adverse effects on parents of children with PCHL.

2. Materials and Methods

This systematic review was prospectively registered with the International Prospec-
tive Register of Systematic Reviews (PROSPERO 2020 CRD42020175451) [12]. The review
methods were guided by the Preferred Reporting Items for Systematic reviews and Meta-
analyses (PRISMA) guidelines [13]. The authors of the study wrote the review protocol
and performed all aspects of the review, although the WHO provided some input to the
review design in order to ensure that the review met the key questions needed to be an-
swered for the GDG to make a policy decision.

2.1. PCHL Definition

All children with a bilateral hearing loss of 20 dB or greater in their better ear were
included in the studies reviewed within this systematic review.

2.2. Search Strategy

To identify eligible studies in March/April 2020, two reviewers (CYI, CH) interro-
gated electronic databases (PubMed, Medline (OVIDSP), Cochrane library, Google
Scholar, Web of Science and One Search). Further reports were identified from citations
of included papers and published literature (April 2020). Text-word searches along with
MeSH terms or Subject Headings, were used to construct database searches (see Table 1).
There were no date restrictions. All published reports were considered for inclusion if the
abstract was in English. Searches of unpublished literature included relevant screening
program reports.

Table 1. Search strategy used.

Concept 1 Concept 2 Concept 3
(newborn hearin (hearing loss) OR (hear- (outcome) OR (speech out-
screening) OR (univgrsal AND ing impairment) OR AND come) OR (language out-
newborn hearine screen- (childhood hearing im- come) OR (literacy outcome)
8 pairment) OR (permanent OR (maternal anxiety) OR

ing) childhood hearing loss) (maternal stress)




J. Clin. Med. 2021, 10, 2784 3 of 20

2.3. Inclusion and Exclusion Criteria

We included reports of programs with children with PCHL identified as a result of
established UNHS programs with comparisons to children with PCHL identified as a re-
sult of targeted/risk screening, children with PCHL not identified through hearing screen-
ing programs, and children with PCHL identified as a result of distraction screening.
Studies that included developmental outcomes of language, auditory/speech produc-
tion/perception, literacy, social-emotional, cognitive, or quality of life were included. The
eligibility criteria were selected to address the research questions with reference to Partic-
ipants, Intervention, Comparators, Outcomes, Study designs, and Timings (PICOST)
[14,15] as shown in Table 2.

Table 2. Inclusion and exclusion criteria using the Population, Intervention, Control, Outcomes, Study design and
Timeframe (PICOST) criteria.

Inclusion Exclusion

Newborns (gestational age >37 weeks at birth without
complications) and children within the first year of life

Participants undergoing Newborn Hearing Screening (NHS)/ Only reporting screening of high-risk babies
Universal Newborn Hearing Screening (UNHS)
. . . . Target (or selective) screening with the UNHS with no
Interventions Universal newborn hearing screening .
comparison to UNHS
Comparators No screening or selected/targeted screen
. Outcomes of UNHS in terms of Early Hearing De-
tection and Intervention (EHDI): age of identification,
age of amplification, age of intervention start.
. Developmental outcomes including receptive and
expressive language, speech perception and speech pro-
Outcomes duction, literacy, social development, behavioral prob- Not reporting the key outcomes listed
lems, quality of life.
. Cost benefit or cost-effectiveness or cost estimates
for UNHS if available
. Adverse effects of UNHS on parents of children
with hearing loss.
. Studies regardless of design including those that
were observational, including cohorts, case-controls or ~ ® Reviews, comment pieces, letters or editorials
cross-sectional. . Study reporting on a selective sample at risk of hear-
. Studies that include comparisons with controlled com- ing loss without comparison with UNHS or healthy infants.
parisons or that have done universal screening without con- * Studies where the full spectrum of hearing loss was
trolled comparisons but have reported data for healthy and not represented.
. at-risk infants separately. . Studies where NHS/UNHS was not in place or being
Study designs . .
. Must have had NHS in place or being tested on the tested.
population. . Studies which did not specify the total number of
. Must report the total number of children screened and  children confirmed to have hearing loss at NHS/UNHS.
the number of children with confirmed permanent bilateral = Studies which did not specify the total number
hearing loss detected as a result of NHS or UNHS. of children undergoing NHS/UNHS or with numerator
. Must have reported the total number of children bias.
undergoing NHS or UNHS screening,.
Timings No restrictions No restrictions
Other criteria English language articles Non-English articles

2.4. Article Selection and Data Extraction

Two independent evaluators extracted articles that met the inclusion criteria. First,
articles were selected on the basis of titles and abstracts. Second, both independent eval-
uators read articles that appeared to have relevance to the systematic review questions
and selected articles that met the criteria. Third, two independent evaluators compared
selected articles and discussed articles that were not on both lists. A third reviewer (VM)
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evaluated all articles with a discrepancy between reviewers 1 and 2 for inclusion. After
discussion, a final list of final articles was chosen. Figure 1 presents the PRISMA flow
diagram of different phases through the systematic review.

—
& Records identified through Additional records identified
= database searching through other sources
3 (n=2,834) (n=54)
=
=4
[=1
[}
o
= v
Records after duplicates removed
— (n=1,568)
3 l
£
5 Records excluded after
1 R d. d 1
= ecords screene| title and abstract review
Ll (n=1,622) (n=1,402)
@ Full-text articles excluded,
Full-text articles assessed f
for eligibili with reasons
z (n=220) in=130)
= 47% no comparison group
?n 31% did not include UNHS
v 22% too narrow in
participant inclusion
Studies included in characteristics
L S
qualitative synthesis
— (n=30)
- l
[}
E] Studies included in
2 quantitative synthesis
= (meta-analysis)
(n=0)

-

Figure 1. PRISMA systematic review flow diagram.

2.5. Synthesis of Included Studies

Most articles report very different developmental outcomes using a range of outcome
measures. For this reason, a quantitative synthesis was not possible. A descriptive synthe-
sis of the included articles was performed as outlined and described by Campbell et al.
[15] and Popay et al. [16] to answer the specific questions.

2.6. Quality Analysis and Level of Evidence

The Critical Appraisal Skills Programme (CASP) checklist was used to evaluate the qual-
ity of included studies [17]. CASP provides a specific checklist for different study designs
(https://casp-uk.net/casp-tools-checklists/; accessed May 01, 2021) and a relevant version of the
checklist (cohort, case-control, and economic evaluation). The checklist contained questions
on several sections that enable a structured approach to finding evidence, determining a pos-
sible sources of bias, and evaluating the internal and external validity of each study.

Assessment of the level of evidence for each outcome was rated according to the
Grading of Recommendations Assessment, Development and Evaluation (GRADE) pro-
tocol [18]. The GRADE level of evidence includes four levels: (a) high quality, (b) moderate
quality, (c) low quality, or (d) very low quality. Higher scores are indicative of more con-
fidence in the cumulative evidence. The appraisal of studies was performed inde-
pendently by two researchers (CYI and VM) and any discrepancies were resolved by dis-
cussion with the third researcher (CH).

3. Results
3.1. Study Characteristics

Table 3 provides a summary of included studies as related to four key outcomes. Of
the 30 included studies, 7 studies were focused on early identification and intervention,
11 studies were focused on developmental outcomes, 4 studies included cost-effective-
ness, and 9 studies were focused on the adverse effects on parents of children with PCHL.
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Table 3. Types of outcomes of UNHS reported in the studies included (1 = 30).

Early Identification and Intervention Developmental Outcomes
\pe . Recep- Expres- Speech Speech . Behav- . Cost Adverse
Study Age of Identifi- . Intervention . . . Social . Quality of Analy-
cation Age at Amplify Start tive Lan- sive Lan- Pefcep- Pr(?duc- Literacy dev ioral Life sis Effects
guage guage tion tion Problems
Question 1: Early identifi-
cation and intervention (7
studies)
Kennedy et al. (2006) [19] v v v v v v
Uus and Bamford (2006)[20] v v v
Wood et al. (2015) [21] v v v
Wake et al. (2016) [22] v v v v v v
Sininger et al. (2009) [23] v v v
Dalzell et al. (2000) [24] v v v
Yoshinaga-Itano et al. (2001) v v v Y v
[25]
Question 2: Develope-
mental outcomes (11 stud-
ies, Kennedy et al., 2006
and Wake et al., 2016 listed
earlier)
McCann et al. (2008) [26] v v v
Worsfold et al. (2010) [27] v v
Stevenson et al. (2010) [28] v v v v
Stevenson et al. (2018) [29] v v v v v
Pimperton et al. (2016) [30] v v v
Korver et al. (2010) [31] v v v v
Sininger et al. (2010) [32] v v v
Yoshinaga-Itano et al. (2000) v Y
[33]
Yoshinaga-Itano et al. (2020) Y Y

(11]

Question 3: Cost effective-

ness
(4 studies)
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Schroeder et al. (2006) [34]
Chorozoglou et al. (2018)
[35]

Mehl and Thomson (2002)
[36]

Keren et al. (2002) [37]
Question 4: Adverse effects
(10 studies)
Kennedy et al. (1998) [38]
Weichbold and Welzl-
Mueller (2001) [39]
Tueller and White (2016)
[40]

Watkin et al. (1998) [41]
Crockett et al. (2006) [42]
Crockett et al. (2005) [43]
Vohr et al. (2001) [44]
Kolski et al. (2007) [45]
Khairi et al. (2011) [46]
Stuart et al. (2000) [47]

~

<elelele]als] «
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3.1.1. Question 1: Early identification and Intervention

Does UNHS Lower the Age of Identification and Increase the Number of Children Iden-
tified Early?

UNHS lowers the age of identification when compared to risk factor screen (RFS) and
no screen (NS) groups. The research across the globe did not report their statistics consist-
ently. Some research reported the proportion/percentage of the cohorts below and above
a specific benchmark, whereas others have reported a mean/median for the different co-
horts [19,22,23,25,38]. See Supplementary Tables S1 and S2.

Cohort Comparisons: A prospective cohort study from the United Kingdom (UK)
indicated that for children identified as a result of UNHS, the proportion of children for
whom the age of identification was less than 9 months was 5 times greater than for those
without UNHS [38]. The no-UNHS group had children identified through a distraction
screen implemented in the UK after the children were 7 months of age. In a United States
(US) study, Yoshinaga-Itano et al. [25] reported the results of the population of the state
of Colorado n = 274. A matched sample of screen (1 = 25) and NS (n = 25) groups had a
median age of identification of 5 weeks for UNHS and 24 months for the NS group; 84%
of the UNHS group were identified by 6 months while only 8% of the NS group were
identified by 6 months of age. More recently, in an Australian quasi-randomized cohort
study [22], a comparison was made between UNHS, RFS and NS screen and the results
showed that the mean age of identification for UNHS was 9 months, (comparable to Ken-
nedy et al. [38]) for RFS it was 18 months, and for NS it was 24 months. In a US cohort
study, Sininger et al. [23] in California investigated a group of 64 children with hearing
loss, 47 in the UNHS group and 17 in the NS group. The median age of identification for
the UNHS group was 3 months (2.4 months for the Fail group and 22.5 months for the
Pass group) and 27.8 months for the NS group.

Single Program Descriptions: UNHS population statistics from the established pro-
gram in the UK report that the median age of identification is significantly lower than the
1993-1996 UK birth cohort [38], as well as the no-screen cohort. Uus and Bamford [20]
reported that the median age of identification for their UK cohort was 10 weeks. In another
study, Weichbold and Wehlz-Mueller [39], a retrospective chart review of an Ear Nose
and Throat department in Austria, reported a mean of 9.7 months for UNHS and 46
months for NS. The median for UNHS was 4 months as compared to a median 37.4 months
for the NS group.

Population Description: Wood et al. [21] reported population statistics for the UK
UNHS program from 2006-2013. The median age of identification was 49 days.

Overall, the scientific evidence suggests that the UNHS lowers the age at which hear-
ing loss is identified (see Supplementary Table S3). Regardless of the way that the data
have been reported, all studies have found significantly lower ages of identification of
congenital hearing loss. Most comparison studies found the age of identification with
UNHS within the first few months of life possible, particularly with maturity of the UNHS
system, while NS populations were identified at a mean/median age of 24 months or
older. The systems across the world are quite different and the ages of identification vary
dramatically by the date of publication and the newness of the UNHS program.

Does UNHS Lower the Age of Amplification Fit?

Comparisons between three Australian cohorts were made by Wake et al. [22], who
found a lower age of amplification fit for UNHS 13.5 months when compared to 17.9
months in RES group and also 24 months in NS group. Korver et al. [31] found that chil-
dren in the Netherlands identified as a result of UNHS were fit, with an amplification at
15.7 months as compared to 29.2 months for children in the NS group. In the UK Wessex
study, Kennedy et al. [19] reported a median age at amplification fit of 15 months for a
1993-1996 birth cohort. The UK has made significant progress towards lowering the age
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at amplification since 1993. Uus and Bamford [20] reported that a median age at amplifi-
cation fit was 16 weeks. In a population study report for the UK for birth cohorts from
20062013, Wood et al. [21] reported a median age of amplification fit at 82 days. In a New
York state study in the US, Dalzell, et al. [24] reported a median age of amplification fit at
7.5 months. Age of amplification for both UNHS and NS groups was within 3 months
after the identification of hearing loss. Sininger et al. [23] reported a median age of ampli-
fication fit of 5.6 months for all UNHS and 4.9 months for the UNHS fails compared to a
median of 29.1 months for the NS group.

Overall, the studies that were reviewed included comparisons of cohorts of UNHS,
targeted screened, distraction screened, and NS or opportunistic identification (see Sup-
plementary Table S3). All studies regardless of the risk of bias or quality found that UNHS
lowers the age at which children are fit with amplification.

Does UNHS Lower the Age at Which Early Intervention Services are Initiated?

Kennedy et al. [38], from a prospective cohort study in the UK, found that the odds
of initiating education management had an 8 times greater chance of being initiated before
9 months with UNHS than without. Sininger et al. [23] reported a mean age of 10.58
months for early intervention service initiation, with a median of 8.9 months for UNHS
and median 30.5 months for NS. In the US, Yoshinaga-Itano et al. [25] reported that 87%
of all participants initiated early intervention within two months of the age of identifica-
tion, which would be a mean of 3.1 months for UNHS as compared to a mean of 24 months
for the NS groups. Dalzell et al. [24] reported a mean age of early intervention initiation
at 3 months. Uus and Bamford [20] reported a mean of early intervention service initiation
at 10 weeks (2.5 months) Wood et al. [21] reported a median age of referral to early inter-
vention services of 50 days.

All studies showed that UNHS lowers the age at which early intervention services
are initiated, whether they were cohort comparison studies, single cohorts after imple-
mentation of UNHS and population studies. In summary, as UNHS programs mature, the
age of identification, age at amplification and age at initiation of early intervention ser-
vices have dropped significantly. Refer to Supplementary Table S3 for further details.

3.1.2. Question 2: Developmental Outcomes

Does UNHS Improve Receptive and Expressive Language?

Kennedy et al. [38] reported higher adjusted mean z scores for language as compared
with non-verbal ability for both confirmation by nine months of age and birth during
UNHS, although z scores for expressive language were not significantly higher for chil-
dren 5.4-11.7 years of age. Worsfold et al. [27] found that earlier confirmed hearing loss
was associated with significantly more sentences and categories of high-pitched and mor-
phological markers at a mean age of 7 years 7 months. The odds ratio for higher perfor-
mance of early identified children was 3.03. No differences between early-identified and
late-identified children were found for the number of categories of low-pitched morpho-
logical markers, poorer logical simplifications and sentences with multiple clauses.

Wake et al. [22] compared the outcomes of UNHS with risk factor screen (RFS) at the
test age 5-6 years of age for both and no screen (NS) (test age 7-8 years) for receptive,
expressive language and receptive vocabulary. For children without intellectual disabil-
ity, significantly higher language quotients for UNHS were found with 88.9 (UNHS), 83
(RFS), 81.8 (NS) for receptive language, 89.3 (UNHS), 80.7 (RES), and 74.9 (NS) for expres-
sive language, and 91.5 (UNHS), 83.8 (RFS) and 79.4 (NS) for receptive vocabulary. Sig-
nificant differences were found between language levels and cognitive levels.

Korver et al. [31] reported that when comparing outcomes of children at the test age
3-5 years participating in UNHS and those participating in distraction screen, children
identified through UNHS did not show significantly better receptive and expressive lan-
guage quotients or significantly more words produced. The age of identification of
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children through UNHS was far from the Early Hearing Detection and Intervention
(EHDI) 1-3-6 (screen by 1 month, identify by 3 months and in early intervention by 6
months) guidelines.

Sininger et al. [32] found that age-of-fit predicted better receptive language at a test
age of 3-5 years. Each month lag accounted for a 0.17 months delay in receptive language
and a 0.30 months lag in expressive language.

Yoshinaga-Itano et al. [33] found that children between the age of 9 months to 5 years
who were screened had a receptive language quotient mean of 82.9 and an expressive
language quotient mean of 81.5 as compared to the NS group with a receptive language
quotient mean of 62.1 and an expressive language quotient mean of 66.8. Children born
before 1992 and UNHS had a total language quotient of 55.7. In addition, children who
were born during a period of UNHS had a 95.5 word produced mean as compared to 14.5
word produced mean for the no screen group. Children born during periods of screen had
a mean of 30 different words versus a mean of 7 different words for the NS group. Chil-
dren identified as deaf or hard of hearing born in hospitals that screened versus hospitals
that did not screen for hearing were 2.54 times more likely to have language quotients
within the normal range 80 or greater; 82.4% of the children born in hospitals that screened
had language quotients within the normal range compared to 68.4% of the children born
in hospitals that did not screen for hearing.

Overall, children identified through UNHS had better receptive/expressive language
and receptive/expressive vocabulary as long as the children were early-identified before
9 months of age. Refer to Supplementary Tables S4-6 for further details

Does UNHS Improve Speech Perception and Speech Production?

Sininger et al. [32] found that age of fit predicted better speech discrimination from 3
to 5 years of age. Sininger et al. [32] also found that age of fit predicted better speech in-
telligibility. Both degree of hearing loss and age of fit predicted better word and sentence
articulation from 3 to 5 years of age. Very few studies have demonstrated that UNHS
improves speech perception and speech production and those that have are studies of
children in the first five years of life. Overall, the literature indicates that the timeline for
speech production and speech perception may be longer than the sensitive period for the
development of language skills.

Speech scores did not differ significantly for either exposure to UNHS or early confir-
mation of hearing loss in the Kennedy et al. study for children tested at 5.4-11.7 years [19].

Yoshinaga-Itano et al. [33] reported that children aged 9 to 61 months of age who had
been screened had significantly more consonants, consonant blends and better speech intelli-
gibility than children who were not screened. See Supplementary Table S6 for further details.

Does UNHS Improve Literacy?

The prospective Wessex study reported literacy results of children between 13 and
19 years of age [32]. The primary predictors of literacy for this group of children were age
of identification, maternal level of education, cognitive level and degree of hearing loss.
EID children were slightly more than one half a standard deviation (SD) (0.63 SD) below
the mean of the normally hearing control. The LID children were almost 2 SDs below the
mean of the normal hearing control children (1.74 SD). Participation in UNHS was no
longer a predictor after age of identification was introduced as a predictor. In this cohort,
UNHS was effective only if children were early-identified. The EID group maintained the
same half SD gap found at the earlier age of 5.4-11.7 years [30]. EID in this study was
before 9 months versus after 9 months of age.

At the age of 6 to 10 years, McCann et al. [26] reported that UNHS participation pre-
dicted a higher aggregate reading (0.39 adjusted mean difference) and adaptive behavior
communication scores, (0.51 adjusted mean difference) vs no UNHS. The EID by 9 months
had significantly higher adjusted mean scores for aggregate reading (0.51), for basic read-
ing (0.55), for reading comprehension (0.48) and adjusted mean on the communication
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scale (0.56) than the later-detection group. Benefits to reading and communication were
partially mediated by better language ability (0.51) and communication (0.56) than the
later-detection group. Benefits to reading and communication were partially mediated by
better language ability. Overall, children identified through UNHS had significantly bet-
ter reading comprehension from early childhood through late adolescence, as long as the
children are EID at least before 9 months of age. Refer to Tables S4-6 for further details.

Does UNHS Improve Social Development?

Korver et al. [31] found that children, assessed between 3 to 5 years of age, identified
through UNHS, had social development quotients 8.8 quotient points higher than those
identified through distraction testing.

Stevenson et al. [28] found no significant differences in children with a mean age of
7 years and 11 months by age of confirmation before and after 9 months on daily living
skills and socialization, though children with hearing loss had significantly lower func-
tioning than children with typical hearing. Lower socialization scores for both children
with hearing loss and those with typical hearing were related to language development.
Stevenson et al. [29] examined the relationship between children 6 to 10 years at Time 1
and 13-20 years at Time 2 in children with hearing loss using spoken language and found
significant relationships between language at Time 1 and emotional behavioral problems
at Time 2. See Supplementary Table S6 for further details.

Does UNHS Reduce Behavior Problems?

Stevenson et al. [28] for the Wessex study found no significant differences in behavior
problems in children between 5 and 11 years of age, by age of identification less than 9
months of age versus greater than 9 months or participation in UNHS versus NS groups.
Lower behavior problems were related to higher language levels. Level of behavior prob-
lems of the children with hearing loss was significantly higher than the children with nor-
mal hearing. Higher language levels were related to fewer behavior problems. Wake et al.
[22] found no differences in behavior problems between children in the UNHS, RFS, and
NS groups. Overall, these studies provide mixed evidence for a connection between
UNHS and behavioral problems. See Supplementary Table S6 for further details.

Does UNHS Improve Quality of Life?

Wake et al. [22] found no differences in quality of life between children in the UNHS,
RFS and NS groups. In another study, Korver et al. [31] found that pediatric quality of life
was 5.3 times higher for children identified through UNHS than distraction screen. Age of
identification information was not provided. Age at amplification for UNHS was 15.7
months as compared to 29.2 months for distraction screen. No studies were found that com-
pared the quality of life of children who were screened and met EHDI 1-3-6 guidelines.
Those studies including children identified through UNHS had very late ages of identifica-
tion and differed in the results. Wake et al. [22] showed no significant differences, while
Korver et al. [31] showed better quality of life for children identified through UNHS than
distraction screening. However, it is likely that the quality of life is associated with language,
literacy, and vocational outcomes. See Supplementary Table S6 for further details.

3.1.3. Question 3: Cost Effectiveness

Is UNHS Cost Effective and Is There a Cost Benefit?

Mehl and Thomson [36] compared the cost of UNHS from 1992-1996. Costs of the
Colorado UNHS included prevalence of hearing loss, false-positive rate, positive predic-
tive value, and sensitivity of the screening. These UNHS costs were compared to the costs
of other newborn screening for congenital diseases. The costs of early intervention and
other educational costs were included. The cost of identifying each case of congenital
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hearing loss was approximately $9,600 per child. If only half of the children who are deaf
or hard of hearing realized some ultimate savings in school-based costs because of UNHS
and early amplification, the UNHS program would recover all screening costs after only
10 years through subsequent savings in avoided intervention. Recovery of all initial costs
(and subsequent cost savings) was independent of improved developmental outcomes.
Mehl and Thomson [36] projected a 50 percent reduction in education costs.

Keren et al. [37] worked from the assumption that education costs would be reduced
by 10 percent if 50-70% had language in the typical range due to UNHS compared to 28—
40% if children were later-identified and estimated a lifetime cost savings of $430,000 per
individual.

Schroeder et al. [34] conducted a study in the UK of the actual economic costs of con-
genital bilateral PCHL for children between 7 and 9 years of age. Unit costs were applied
to estimates of health, social, and broader resource use made by 120 children with PCHL
and 65 children in a normally hearing comparison. The mean annual societal cost was
£14,092 British pounds for children with PCHL compared with £4,206 British pounds for
children with normal hearing, a cost difference of £9,885 British pounds. After adjusting
for severity and other potential confounders in a linear regression model, mean societal
costs among children with PCHL were reduced by £2,553 British pounds for each unit
increase in the z score for receptive language. Exposure to UNHS was associated with a
smaller cost reduction of £2,213 British pounds. The best estimate of annual cost saving of
UNHS in middle childhood is 21% of the neonatal cost of UNHS per child with PCHL in
the United Kingdom. If such an annual cost saving were generalizable across other years
of the child’s school life, this would support an economic argument in favor of UNHS.

Chorozoglou et al. [35] in a UK study of adolescents, aged 13-20 years (1 = 110; 73
with PCHL and 37 with normal hearing), performed a follow-through of the Wessex study
of 157,000 births in Southern England in which half were exposed to UNHS. The study
found that the mean annual costs for PCHL were £15,914 British pounds as compared to
the £5,883 British pounds cost of children with normal hearing annually. The difference
was an annual cost of £10,031 British pounds. Costs for the education of children with
PCHL decreased by £1,616 British pounds each year with an increase of one unit in recep-
tive language z-score.

Overall, studies in the US and the UK have demonstrated the cost-effectiveness of
UNHS in terms of savings to society (see Supplementary Table S7).

3.1.4. Question 4: Adverse Effects

Does UNHS cause social and/or emotional harm (e.g., worry, stress, anxiety) to parents
(mothers)?

Tueller and White [40] and Tueller [48] conducted a study of 192 mothers whose ba-
bies were screened in 11 hospitals in Utah. Of these 192 mothers, at Time 1 (immediately
after UNHS), 83 had an initial pass, 34 had a Fail/Pass 24 screen, 9 had Fail/Fail 2nd screen
and 66 did not know the results of the screen. At Time 2 (within 6 weeks after the initial
screen), 95 of 192 responded; 60/83 had an initial pass, 18/34 had Fail/Pass, 7/9 had Fail/Fail
and 10/66 had an unknown result. Parental infant health concerns were assessed through
a survey. Maternal anxiety and vulnerability were measured. Mothers worried as much
about other aspects of the infant’s health as hearing concerns. Mothers of children who
initially failed UNHS were slightly more worried, but the worry disappeared by Time 2.
There was no significant difference in maternal anxiety between mothers whose infants
passed and mothers whose infants failed UNHS.

Watkins et al. [41] reported that 288 of 290 mothers enrolled in the study. Of these, 49
failed in both ears and 79 failed in one ear. In Stage 1, 288 surveyed within days of UNHS for
screen attitudes, satisfaction and anxiety. In Stage 2, 57 were assessed at 6 weeks, and in Stage
3, 61 were assessed at 9 months. There was no significant difference between responses of the
288 surveyed immediately after UNHS and those assessed at 9-months. About 1% of
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participants expressed worry. Crockett et al. [42] sent invitations to 722 mothers. They had a
53% (n = 344) response rate. In Group 1, 103 passed at either Screen 1 or Screen 2. In Group 2,
81 passed at Screen 3. In Group 3, 105 referred on one ear at Screen 3 to audiological assess-
ment. In Group 4, 55 referred at Screen 3 in both ears to audiological assessment. A measure
of anxiety was sent 3 weeks after the screen. The return rate was 65% for Group 1 and 57% for
Group 2. Mean anxiety levels were in the normal range. Anxiety and worry increased signifi-
cantly as the number of tests increased. There was a significant interaction between the
amount of worry and the mother’s belief that no clear response did not mean that the child
had a hearing loss. Anxiety of mothers in Group 4 was related to this belief.

Crockett et al. [43] compared UNHS and Health Visitor Distraction Testing (HVDT)
responses and found that there were no significant differences in mother’s anxiety and
worry. There was higher satisfaction from UNHS than from HVDT and higher positive
attitudes after satisfactory screen result from UNHS than HVDT. Vohr et al. [44] invited 307
parents, at the first screen 80% and at the second screen 90% agreed to participate. 88-89%
reported no maternal worry, whereas the remaining 9-10% reported being worried. Moth-
ers at greater risk of being worried were socially disadvantaged and less aware of UNHS.
Kolski et al. [45] compared maternal anxiety from a cohort of 3,202 children screened at birth
and 2,588 screened at 2 months of age in France. Screening at birth coverage was signifi-
cantly higher for the infant screened at birth (95.7%) compared to those screened at two
months of age (64.2%). The false positive rate was 0.29% for the first strategy compared to
2.65% for screening at 2 months of age. One hundred and forty three mother-infant pairs
participated in psychological assessment for maternal anxiety and quality of interaction. No
significant differences were found for the NS group as compared to either of the two screen-
ing strategies. Khairi et al. [46] reported a study of 78 mothers whose infants had a positive
finding for the first screen and 50 mothers prior to a second screen were assessed for mater-
nal anxiety. Ten percent of the mothers were found to have moderate anxiety and 8% were
found to have severe anxiety after the first screen which dropped to 4% before the 2 screen.
These findings were consistent with the study by Stuart et al. [47].

Opverall, these studies investigating whether or not UNHS caused parental harm have
found that very little stress, anxiety and worry have been identified whether utilizing cus-
tomized non-standardized questionnaires or standardized instruments of maternal anxi-
ety and stress (see Supplementary Table S8). The levels of parental stress and anxiety are
comparable to those reported by mothers of healthy newborns without hearing loss and
amount of concern about the hearing screening is of significantly less concern than con-
cerns about other health matters.

3.2. Quality Analysis and Level of Evidence
3.2.1. Quality Analysis of Included Studies

The quality assessment of individual studies was assessed using the CASP checklist
(see Table 4). All cohort studies addressed a clearly focused issue; however, the quality of
studies regarding other criteria in the checklist varied. In particular, in most studies it was
unclear if they identified and accounted for confounding factors (e.g., socioeconomic fac-
tors, parental education, support at home, learning environment). In addition, outcome
measurement bias was also noted in nearly half of the studies. Issues were also noted in
terms of not following the subjects completely and for a long-enough duration. Moreover,
nearly half of the studies’ results were not precise enough. The only case-control study
found to have a minimum bias with the only limitation being treating the experimental
group and control group equally. Overall, despite some issues identified, several high-
quality studies exist with minimum bias. The economic evaluation studies were found to
have several issues and a higher risk of bias. Four of the six studies did not fully account
for all important and relevant resources required for cost-benefit analysis. Most of the
studies fully adjusted the costs for different times, although such an adjustment was not
performed adequately in three of the included studies.
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Table 4. CASP ratings for included studies based on its design

a. CASP ratings for cohort studies (Y = Yes, C= Can’t tell, N = No, NA = Not applicable)

5. (b) Have 11. Do the
1.Did the 2.Wasthe 3.Was the 4. Was the - (a) Have they taken 6. (a) Was 6. (b) Was 10. Can the results of 2 Wh,at
the authors account of the follow 7. What are results be . are the im-

study ad- cohortre- exposure outcome e the follow 8. How pre- 9. Do you . this study . .

N identified the con- up of sub- the results . appliedto ., . plications

. dressa  cruited in accurately accurately . . . up of sub- . cise are the believe the fit with .
Article allim- founding jects com- of this the local . of this
clearly fo- an accepta- measured measured . jects long results?  results? other avail-

. .. . . portant  factors in plete study? popula- . study for
cused is- ble way? tomini- to mini- . enough? k able evi- .

. . . . confound- the design enough? tion? practice?

sue? mize bias? mize bias? , dence?
ing factors?  and/or
analysis?
Kennedy et al. (2006) [19] Y Y Y Y C C Y Y Y C Y Y Y Y
Uus and Bamford (2006) [20] Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Wood et al. (2015) [21] Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Wake et al. (2016) [22] Y Y Y Y Y Y Y C Y C Y Y Y Y
Sininger et al. (2010) [32] Y C C Y C C C Y C Y Y Y Y Y
Dalzell et al. (2000) [24] Y Y Y Y Y C C C Y Y Y Y Y Y
McCann et al. (2008) [26] Y Y Y Y C C Y Y Y Y Y Y Y Y
Worsfold et al. (2010) [27] Y Y Y Y C C Y Y Y C Y Y Y Y
Stevenson et al. (2010) [28] Y Y Y Y C C Y Y C C Y Y Y Y
Stevenson et al. (2018) [29] Y Y Y Y C C Y Y Y Y Y Y Y Y
Pimperton et al. (2016) [30] Y Y Y Y C C Y Y Y Y Y Y Y Y
Korver et al. (2010) [31] Y Y C C C C Y Y C C Y C C C
Sininger et al. (2009) [23] Y C C C C C C C Y C Y Y Y Y
Yoshinaga-Itano et al. (2020) [11] Y Y Y Y C C Y Y Y Y Y Y Y Y
Kennedy (1998) [38] Y Y Y Y C Y Y Y Y C Y Y Y Y
Weichbold and V[\;G;I]ZI-Mueller (2001) N Y Y c C c C N C c Y N Y N
Tueller and White (2016) [40] and
Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Tueller (2006) [48]

Watkin et al. (1998) [41] Y Y Y Y C Y Y Y Y Y Y Y Y Y
Crockett et al. (2006) [42] Y Y Y C Y Y C C Y Y Y Y Y Y
Crockett et al. (2005) [43] Y C Y Y C C Y Y Y C Y Y Y Y
Vobhr et al. (2001) [44] Y Y C C C C C C Y Y Y Y Y Y
Kolski et al. (2007) [45] Y Y Y Y C C Y C Y Y Y Y Y Y
Khairi et al. (2011) [46] Y Y Y C C C C C Y C Y Y Y Y
Stuart at al. (2000) [47] Y Y Y C C C Y C Y Y Y Y Y Y

b. CASP ratings case-control studies (Y = Yes, C= Can't tell, N = No, NA = Not applicable)




J. Clin. Med. 2021, 10, 2784

14 of 20

6. (b) Have
h h
6. (a) Aside tt:lfe‘: o
. 2. Did the au- 3. Were the 4. Were the from the ex- 8. How pre- 10. Can the 11. Do the re-
1. Did the 5. Was the ex- . count of the . .
thorsusean casesre-  controls se- perimental . 7. How large cise was the 9. Do you be- results be ap- sults of this
study ad- . P . posure accu- . potential . . . .
. appropriate cruited in an lected in an intervention, . was the treat- estimate of lieve there- plied to the study fit with
Article dress a rately meas- confounding .
method to  acceptable  acceptable . . were the . ment effect? the treatment  sults? local popula- other availa-
clearly fo- . ured to mini- factors in the . .
. answer their way? way? X . groups . effect? tion? ble evidence?
cused issue? . mize bias? design
question? treated .
equally? and/or in
AT their analy-
sis?
Yoshinaga-Itano et al. (2001) [25] Y Y Y Y Y C Y Y Y Y Y Y
Yoshinaga-Itano et al. (2000) [33] Y Y C C Y Y C Y Y Y Y Y
c. CASP ratings economic evaluation studies (Y = Yes, C= Can’t tell, N = No, NA = Not applicable)
5. Were all
3. Does the important
paper pro- and relevant
vide evi- 4. Were the resources re- 6. Were costs 8. Was an in-
. and conse- 10. Is the pro-
2.Was a com- dence that effects of the quired, and cremental
R . . quences ad- 7. What were . 9. Was an ad- gramme
prehensive the pro- intervention health out- ~, analysis of .. 11. Are the .
1. Was a .. . e justed for the results of equate sensi- likely to be 12. Is it worth
well-defined description  gramme identified,  come costs different  the evalua- the conse- tivity analy- equall effec—COStS tramlat-doin in your
Article . of the com- would be ef- measured for each al- . . quences and ty ¥ q .y able to your 8 . y
question . . . . times at tion? sis per- tive in your . setting?
peting alter- fective? (i.e,, and valued ternative . . cost of alter- setting?
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natives would the  appropri- identified, . . natives per- .
. . occurred (dis- sis? setting?
given? programme ately? measured in . formed?
X counting)?
do more appropriate
good than units and
harm?) valued credi-
bly?
Schroeder et al. (2006) [34] Y Y Y Y Y C Y C NA Y Y Y
Chorozoglou et al. (2018) [35] Y Y Y Y Y C Y C NA Y Y Y
Mehl and Thomson (2002) [36] Y Y Y C C C Y C N Y Y Y
Keren et al. (2002) [37] Y Y Y Y C N Y Y NA Y C Y
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3.2.2. Determination of Level of Cumulative Evidence

The quality of the evidence underpinning the recommendations was graded using
the GRADE (see Table 5). The GRADE rating for “developmental outcomes,” “cost bene-
fit,” and also “negative side effects” was very low. However, the GRADE rating for “early
identification and intervention” was low. Almost all studies included in the review were
observational in nature. Randomization and blinding were not possible given the nature
of the intervention. The ratings were not downgraded for lack of blinding because the
outcome was deemed to be less potentially influenced. In general, the studies for “devel-
opmental outcomes,” and “negative side effects” showed a limited bias and also showed
moderate association with consistent results across studies, although some inconsistencies
were noted for studies in the outcomes “early identification and intervention” and “soci-
etal cost-benefit.”

Table 5. GRADE level of evidence for UNHS outcomes.

Certainty Assessment No of Patients Effect
No
Abso-
Ne of Risk Indi- S i
20 Study 19 Incon- net Impre-  Other Con- CTeeN  Relative lute Certainty  Importance
Stud- . of . rect- . . . UNHS and/or
. Design . sistency cision siderations (95% CI)  (95%
ies Bias ness Targeted
Ccn
Screen
Early identification and intervention (follow up: median 3 years)
strong associa-
tion
observa- ot ot ot all outcomes in- ot o000
7 tional R serious R R dicate lower 5,882,275 596,874 K NA CRITICAL
. serious serious  serious estimable LOW
studies age ID, age
amp, and age
Rx
Developmental outcomes (follow up: median 3 years)
strong associa-
tion
observa all plausible re-
. T . not . sidual con- not OO0
11 1 72 7 1 737 A RITICAL
tlon.a serious  serious serious serious founding 5,03 ,556,73 estimable N VERY LOW C C
studies
would reduce
the demon-
strated effect
Cost-benefit (follow up: median 5 years)
observa-
. X . not not not 100
4 honf:ll serious  serious serious  serious none 68,714 88,019 estimable NA VERY LOW CRITICAL
studies
Negative side effects (follow up: median 3 months)
observa-
. . . not not not OO0
10 sttlli)giaels serious not serious serious  serious none 717,826 88,019 estimable NA VERY LOW IMPORTANT

4. Discussion

The implementation of UNHS was started nearly three decades ago. However, only
a few HICs provide UNHS universally. In most countries, especially LMIC, the newborn

hearing screening (NHS) is not universal and is only available to some populations, pri-
marily through private hospitals. This may be attributed to the lack of a strong policy to
implement the UNHS as well as issues related to cost to healthcare. This comprehensive

review provides an update on evidence related to outcomes of UNHS.
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Our review identified positive outcomes on all the four outcomes this review tar-
geted. UNHS results in lower age of identification [22,25,38] and lower age of amplifica-
tion, as well as lower age of initiation of early intervention services [22,25,38] when com-
pared to targeted/risk screen, distraction screen and no screen/opportunistic identifica-
tion. Developmental outcomes including speech perception/production, receptive/ex-
pressive language, literacy, social development, and quality of life were better in children
identified early through UNHS are higher than those identified later [21,26,30,33,38]. In
particular, children who are EID have significantly better literacy outcomes at both 5-11
years and 13-17 years of age than those that are LID [26,30]. Although the cost-effective-
ness studies were limited to those from the UK and the US, they demonstrated the cost-
effectiveness of UNHS in terms of savings to society [34-37]. Finally, the studies focusing
on adverse effects show that the UNHS does not result in any significant harm to the par-
ents of children who undergo UNHS [34,35,40,41,48]. Taken these studies together, there
is long-standing evidence to demonstrate the positive outcomes of UNHS.

It is noteworthy that the outcome studies that were included were predominantly
from very HIC countries. This is because the studies from LMIC did not meet the inclusion
criteria primarily because they were descriptions of a single cohort. However, descriptive
studies from lower resourced countries replicated many of the outcomes reported [49-53].
These studies have demonstrated that more recent UNHS programs that have been estab-
lished around the world, especially in LMIC, are making progress towards lowering the
age of identification, age of amplification, and age at intervention and meeting 1-3-6 goals,
despite the challenging socio-economic situations.

4.1. Comparison of UNHS Outcomes of Other Newborn Screening Programs

Most newborn screening programs, e.g., genetic/metabolic, involve a blood sample
with multiple tests run on the same sample. In these programs, intervention after identi-
fication is within the medical system and begins through the primary medical provider.
Visual screening and intervention are completed within the medical system. UNHS begins
with screening in the neonatal period followed by audiologic follow-through for diagno-
sis and fitting of amplification technology. However, the primary intervention is within
the educational system, initially involves parent education and is followed by direct child
intervention within the educational system through 18 years of age.

4.2. Limitations of Existing Evidence and the Review Process

Despite the large amount of literature on UNHS from all across the globe, there are
several limitations to the existing literature that limit applicability. First, there is a limited
number of controlled studies and the quality of the included studies varied widely as
identified by the quality analysis of CASP ratings. There are no randomized controlled
trials. This is because it is not ethical to deny the opportunity of early identification of
hearing impairment for newborns which will result in life-long consequences. Moreover,
the quality analysis identified that many studies did not consider the potential confound-
ers and the long-term outcomes were reported by only a few studies. Additionally, pedi-
atric hearing loss is a low-incidence disability and even with thousands of infants
screened, only about two per thousand are identified with hearing loss. Creative ways are
needed to perform more controlled studies (e.g., cluster randomization) to strengthen the
evidence base in this area. Second, the choice of outcome measure as well as the reporting
of outcomes varied widely across the studies. Expert consensus is needed to agree on key
outcomes that should be measured and reported when performing UNHS. In addition,
researchers should use a standard reporting format (e.g., EQUATOR network guidelines
[54]) to ensure that as many details about the study findings are provided when publish-
ing scientific findings in this area. Finally, most of the studies from LMIC countries did
not have a control group and hence did not meet the eligibility criteria for this review.
More work is needed to develop high quality studies from LMIC as the context could play
an important role in the outcomes of UNHS.
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The current review was much broader in focus compared to other reviews pertaining
to UNHS [1,2]. This was necessary to answer the questions raised by the GDG committee
of the WHO when making policy recommendations. However, this broad nature of re-
view did not allow us to do an in-depth analysis of the included studies. Moreover, the
heterogeneity of studies in terms of study design as well as outcomes reporting did not
allow us to perform a quantitative synthesis of included studjies.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/jcm10132784/s1: Table S1, Age of identification by type of screen; Table S2, Proportion
by age of identification at 12, 9, 6, and 3 months; Table S3, Early identification, age of amplification
and age at early intervention outcomes of UNHS; Table 54, Language/reading outcomes by UNHS
vs no UNHS; Table S5, Language/reading outcomes by age of identification; Table S6, Developmen-
tal outcomes of UNHS; Table S7, Societal cost-benefit of UNHS, Table S8, Negative side effects
(harm) of UNHS. References [55-80] are cited in the supplementary materials.
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