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Abstract. Hearing loss is the most prevalent neurosensory 
disorder in humans, with significant implications for language, 
social and cognitive development if not diagnosed and treated 
early. The present systematic review and meta‑analysis aimed 
to determine the rate of hearing screening pass and genetic 
screening failure [universal newborn hearing screening 
(UNHS) pass/genetic failure] and to investigate the advan‑
tages of combining newborn hearing and genetic screening 
for newborn hearing impairment. The PubMed, Embase 
and Cochrane databases were searched from inception to 
September 2023 to identify studies reporting the combination 
of neonatal hearing screening with genetic screening. Duplicate 
literature, unpublished literature, studies with incomplete data, 
animal experiments, literature reviews and systematic studies 
were excluded. All the data were processed by STATA15.1 
statistical software. A total of nine cross‑sectional studies were 
included in this meta‑analysis. The sample sizes ranged from 
1,716 to 180,469, and there were a total of 377,688 participants. 
The pooled results revealed that the prevalence of passing the 
UNHS while failing genetic screening was 0.31% (95% CI, 
0.22‑0.41%). The prevalence of UNHS pass and gap junction 
protein beta 2 and solute carrier family 26 member 4 variant 
screen failure was 0.01% (95% CI, 0.00‑0.02%) and 0.00% (95% 
CI, 0.00%), respectively, while the prevalence of mitochondri‑
ally encoded 12S RRNA variant screening failure and UNHS 
pass was 0.21% (95% CI, 0.18‑0.26%). Combined screening has 
a significant advantage over pure hearing screening, especially 
in terms of identifying newborns with mitochondrial gene 
mutations that render them sensitive to certain medications. 

In clinical practice, decision‑makers can consider practical 
circumstances and leverage the benefits of combined newborn 
hearing and genetic screening for early diagnosis, early coun‑
seling, and early intervention in patients with hearing loss.

Introduction

Hearing loss is the most prevalent neurosensory disorder in 
humans. The World Health Organization stated in its World 
Report on Hearing that >1.5 billion individuals presently 
experience various levels of hearing impairment. Alarmingly, 
this number is projected to increase to 2.5 billion by the 
year 2050 (1). The reported incidence of hearing loss in 
newborns ranges from 1 to 2 per 1,000 births, with a genetic 
cause identified in more than half of these cases (2,3). Early 
detection and intervention are crucial for hearing loss in 
newborns. Hearing loss is one of the most common congenital 
anomalies among newborns, and if it is not diagnosed and 
treated in a timely manner, it can severely impact the language, 
social and cognitive development of a child (4). Since the 
1990s, the implementation of universal newborn hearing 
screening (UNHS) programs has played a crucial role in the 
early detection, diagnosis, and intervention of hearing loss, 
leading to significant social benefits (4,5). The UNHS program 
is globally acknowledged as a highly successful public health 
initiative. However, this  program has limitations. Traditional 
UNHS may not identify children with late‑onset or progressive 
sensorineural hearing loss, potentially negating the benefits of 
early intervention and improved outcomes (6).

In 2006, Morton and Nance (7) pioneered the integration of 
molecular‑level genetic screening into standard newborn hearing 
assessments. This innovative approach entails the collection of 
umbilical cord blood or heel‑stick blood samples from newborns 
shortly after birth, typically within the first 3 days, to identify 
both their susceptibility to deafness and common genetic factors 
contributing to it (7). Several studies have demonstrated that 
combining newborn hearing and genetic screening significantly 
enhances early detection rates of hearing impairments in 
newborns (8‑10), thereby facilitating earlier personalized and 
targeted counseling and intervention measures.

The ‘combined screening’ approach has demonstrated clear 
advantages in clinical practice, but it has yet to be fully eluci‑
dated in the context of evidence‑based medicine. Therefore, 
this systematic review and meta‑analysis aimed to determine 
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the rate of hearing screening pass and genetic screening failure 
(UNHS pass/genetic failure) for hearing impairment in China. 
Furthermore, the present study aimed to explore the benefits of 
combined newborn hearing and genetic screening, particularly 
for the early diagnosis and intervention of hearing loss patients 
at genetic risk. Although previous research has revealed 
the potential of combined screening, further exploration is 
required to determine how to implement this strategy most 
effectively to maximize its clinical benefits (11). Specifically, 
it remains unclear which genetic mutations should be priori‑
tized in standard screening protocols and how to implement 
these screenings in resource‑limited settings. Additionally, 
further research is needed on the specific impact of combined 
screening on the success rate of early interventions and how it 
may improve outcomes for hearing and language development 
in the long term. By addressing these questions, the present 
study seeks not only to improve the rate of early identification 
of newborn hearing loss but also to explore how early diagnosis 
and timely interventions can provide the best developmental 
prospects for affected children.

Materials and methods

Protocol registration. The present systematic review and 
meta‑analysis protocol was registered at the International Platform 
of Registered Systematic Review and Meta‑analysis Protocols 
(INPLASY; registration no. INPLASY202440035; https://inplasy.
com/?s=INPLASY202440035), DOI:10.37766/inplasy2024.4.0035.

Literature inclusion and exclusion criteria. The inclusion 
criteria were as follows: i) Original research; ii) the subjects 
were newborns; iii) the research detection technology was a 
combination of neonatal hearing and genetic screening; iv) no 
<3 genes were screened; v) the original data were complete, 
and relevant data could be extracted directly or indirectly for 
statistical analysis; and vi) the study was published in English.

The exclusion criteria were as follows: i) Duplicate 
published studies; ii) incomplete data or unavailable data; 
iii) animal experiments; iv) case reports, reviews and system‑
atic reviews; v) non‑universal neonatal hearing and genetic 
screening; and vi) fewer than 3 genes were screened.

Search strategy. In the present meta‑analysis, the 
PubMed (https://pubmed.ncbi.nlm.nih.gov/), Embase 
(https://www.embase.com/) and Cochrane Library databases 
(https://www.cochranelibrary.com/) were searched from 
inception to September 2023. The search terms used were 
‘newborn’ ‘neonate’ AND ‘hearing loss’ ‘deaf’ AND ‘hearing 
screening’ AND ‘genetic screening’.

Literature screening and data extraction. Specifically, two 
researchers conducted the literature search, data screening 
and data extraction processes. Any disagreements were 
resolved by consulting a third party. The following data were 
extracted from the included studies: Basic information from 
the literature, the sample size of the study, the sex and weight 
of the study population, and the number of individuals who 
passed the hearing screening but failed the genetic screening, 
including gap junction protein beta 2 (GJB2), solute carrier 
family 26 member 4 (SLC26A4) and mitochondrially encoded 

12S RRNA (MT‑RNR1). The basic information of the docu‑
ment included the title of the document, the first author, and 
the year of publication.

Literature quality assessment. The 11‑item, cross‑sectional 
Research Quality Evaluation Scale recommended by the 
Agency for Health Research and Quality (AHRQ) in the 
United States was used to evaluate the quality of the included 
studies. Responses of ‘yes’, ‘no’ and ‘not clear’ were scored as 
‘1’, ‘0’ and ‘0’, respectively. The total score ranges from 0 to 11 
points. Scores from 0 to 3 are classified as low quality, scores 
from 4 to 7 are classified as medium quality, and scores from 
8 to 11 are classified as high quality (12). The meta‑analysis 
was performed in accordance with the Preferred Reporting 
Items for Systematic Reviews and Meta‑Analyses (PRISMA) 
guidelines (13).

Data synthesis and statistical analysis. All the data were 
processed with the statistical software STATA 15.1 (StataCorp 
LP). For the synthesis analysis of the primary outcomes, the 
weighted mean effect size and its 95% confidence interval 
(CI) for each study were calculated to estimate the overall 
impact of combined screening on the detection rate of 
newborn hearing loss. When multiple studies reported the 
same outcome measures, forest plots were utilized to visually 
display the effect sizes and their CIs for each study, as well as 
the total effect size after combining all studies. A heteroge‑
neity test result of P>0.1 and I2<50% indicated homogeneity 
across; P<0.1 and I2>50% indicated heterogeneity. In cases of 
heterogeneity, sensitivity analysis was performed to identify 
the sources of heterogeneity, and a random effects model was 
applied. This meta‑analysis used a random effects model to 
summarize the effects. The funnel plot method and Egger's 
test were used to investigate publication bias (14).

Results

Literature search results. A total of 106 articles were initially 
retrieved from the literature search. After excluding duplicate 
trials, 55 trials remained for screening. After reading the titles 
and abstracts, a total of 45 articles were included for full‑text 
screening. Ultimately, nine studies were included in the 
meta‑analysis (Fig. 1).

Baseline characteristics and quality assessment of the included 
studies. A total of nine cross‑sectional studies were included 
in this meta‑analysis (15‑23). The sample sizes ranged from 
1,716 to 180,469, and there were a total of 377,688 participants. 
Among the studies describing the sex distribution, there were 
89,701 male and 81,188 female participants, indicating that 
the sex distribution was even. The mean body weight ranged 
from 3,145.9 to 3,294.6 g (Table I). The AHRQ scores used for 
quality assessment were all above eight (Table II).

Results of meta‑analysis
Prevalence of UNHS pass/genetic screening failure in neonates. 
A total of ten studies were included in this analysis. The random 
effects model was used for analysis. The pooled results revealed 
that the prevalence of passing the UNHS while failing genetic 
screening was 0.0031 (95% CI, 0.0022‑0.0041) (Fig. 2).
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Prevalence of UNHS pass/GJB2 variant screening failure in 
neonates. A total of nine studies were included in the present 
meta analysis. The random effects model was used for analysis. 
The pooled results revealed that the prevalence of passing the 
UNHS and failing the GJB2 variant screening was 0.0001 
(95% CI, 0.0000‑0.0002) (Fig. 3).

Prevalence of NHS pass/SLC26A4 variant screening failure in 
neonates. A total of nine studies were included in this analysis. 
The random effects model was used for analysis. The pooled 
results revealed that the prevalence of passing the UNHS and 
failing the SLC26A4 variant screening was 0.0000 (95% CI, 
0.0000‑0.0000) (Fig. 4).

Prevalence of NHS pass/MT‑RNR1 variant screening failure 
in neonates. A total of nine studies were included in this 
analysis. The random effects model was used for analysis. 
The pooled results revealed that the prevalence of passing 
the UNHS and failing the MT‑RNR1 variant screening was 
0.0021 (95% CI, 0.0018‑0.0026) (Fig. 5).

Sensitivity analysis. A sensitivity analysis was performed 
to exclude each of these trials one by one and then a pooled 
analysis of the remaining trials was performed. The results 
revealed that no individual study had a significant effect 
on the pooled outcomes, indicating that the results of the 
meta‑analysis were stable and reliable.

Figure 1. Flow diagram for the selection of studies.

https://www.spandidos-publications.com/10.3892/etm.2024.12654
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Publication bias. The funnel plot for the included studies is 
basically symmetrical. The P‑value of Egger's test was 0.267, 
indicating that no significant publication bias was found in the 
present study (Fig. 6).

Discussion

In 2007, Wang et al (24) initially outlined the protocol and 
strategy for concurrent screening of hearing and genetic factors 
of newborns. They recommended a combined approach for 

prelingual hearing loss, high‑risk children with delayed‑onset 
hearing issues, and carriers of genes associated with deafness. 
Additionally, they emphasized the importance of incorporating 
regular follow‑up and monitoring. This approach has since 
evolved into a robust and effective screening strategy (24). 
The present meta‑analysis included a total of nine articles and 
investigated 377,688 newborns. The authors calculated the 
rate of passing the hearing screening while failing the genetic 
screening and explored the advantages of combined newborn 
hearing and genetic screening.

Figure 3. Forest plot for the pooled prevalence of newborn hearing screening pass/gap junction protein beta 2 variant screening failure in neonates.

Figure 2. Forest plot for the pooled prevalence of newborn hearing screening pass/genetic screening failure in neonates.

https://www.spandidos-publications.com/10.3892/etm.2024.12654
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The present study took the perspective of evidence‑based 
medicine to explore the advantages of combined newborn 
hearing and genetic screening. The results of the meta‑analysis 
revealed that the rate of passing the hearing screening while 
failing the genetic screening was 0.31%. Among these cases, 
the rate of passing the hearing screening while failing the 
mitochondrial gene screening was 0.21%, while it was 0.01% 

for the GJB2 gene screening, and 0.00% for the SLC26A4 
gene screening. In 2019, researchers analyzed 16 studies on 
neonatal hearing and genetic screening and discovered that 
the weighted average of the failure rate of hearing screening 
and genetic screening was 1.4% (25), which was higher 
than the combined rate of 0.22% obtained from the random 
effects model meta‑analysis in the present study. These 

Figure 5. Forest plot of the pooled prevalence of newborn hearing screening pass/mitochondrially encoded 12S RRNA variant screening failure in neonates.

Figure 4. Forest plot of the pooled prevalence of newborn hearing screening pass/solute carrier family 26‑member 4 variant screening failure in neonates.
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main differences can be summarized in the following three 
points. i) Scope of genetic screening: The previous studies 
did not limit the scope of genetic screening and included a 
wide range of studies with varying qualities. The studies 
included in their research included screening strategies 
ranging from single‑gene single‑locus studies to studies 
involving multiple genes and 20 loci. ii) Diverse study popu‑
lations: Previous studies did not have uniform requirements 
for study subjects, including various screening populations. 
Some of the studies in the literature focused only on pediatric 
patients with confirmed diagnoses of sensorineural hearing 
loss. iii) Meta‑analysis methodology: Previous studies did 
not use a standardized meta‑analysis method. They directly 
merged the effect rates of each independent sample, simply 
calculating their arithmetic averages, without considering the 
weight of each original study. By contrast, the present study 
strictly established inclusion and exclusion criteria, including 
data from universally conducted newborn hearing and genetic 
screening, rather than a specific population. A rigorous evalu‑
ation of literature heterogeneity and publication bias was also 
conducted, ensuring greater stability of the results. Due to the 
different genetic screening strategies used in different studies, 
the rates of hearing screening and genetic screening failure 
varied somewhat between these groups, ranging from 0 to 
0.67% (26). Currently, a variety of genetic screening strategies 
have been adopted both domestically and internationally. These 
included single‑gene single‑locus screening, screening of three 
genes and four loci, screening of three genes with multiple 
loci, screening of four genes with nine loci, and screening of 
four genes with 20 loci, among others. To meet the statistical 
requirements and reduce heterogeneity, the present study 
included only studies in which at least three deafness‑related 
genes were screened during the meta‑analysis process. This 
approach enhances the credibility of the meta‑analysis results 
and increases the clinical reference value of the present study.

The present study revealed that the rate of passing the 
hearing screening, while failing the genetic screening was 
0.31%. This suggests that combined screening can additionally 
detect 0.31% of newborns carrying mutations in genes asso‑
ciated with hearing loss, which cannot be detected through 
physical screening alone. Among these patients, 0.21% 
passed the hearing screening, while failing the mitochondrial 

gene screening. This indicates that combined screening can 
additionally detect 0.21% of newborns carrying pathogenic 
variations in mitochondrial genes. This approach is equivalent 
to detecting 1 newborn carrying a pathogenic mitochondrial 
gene variation for every 500 newborns screened through the 
combined approach. Notably, newborns with mitochondrial 
gene mutations are missed by pure hearing screening, and they 
are at significant risk of irreversible hearing loss when exposed 
to aminoglycoside medications. Therefore, the application 
of a combined screening strategy, along with knowledge of 
genetic screening results and associated risks, allows for the 
effective avoidance of exposure to specific medications, thus 
preserving excellent hearing and preventing tragic outcomes 
such as ‘ototoxicity from a single dose’. This approach serves 
as a preventive measure against adverse events. Combining 
screening with regular follow‑up and monitoring is a potent 
strategy for the early detection of prelingual hearing loss, 
identifying individuals sensitive to medications, identifying 
late‑onset high‑risk children, or identifying carriers of 
genes associated with deafness. It also guides appropriate 
intervention plans, enabling early personalized targeted 
interventions (27,28). Furthermore, the simplicity and 
cost‑effectiveness of this method make it a viable option in 
both resource‑rich and resource‑limited settings, ensuring a 
broader implementation potential. Additionally, its non‑inva‑
sive nature and rapid feedback of results enhance patient 
compliance and facilitate early diagnosis, which are crucial 
for effective intervention.

Therefore, the concurrent newborn hearing and genetic 
screening offer the following advantages over traditional 
newborn‑hearing screening methods: i) Early identification 
of genetic hearing loss: By integrating genetic screening, 
it is possible to identify genetic hearing loss early on, that 
external hearing tests may not detect. This is because some 
genetic hearing losses may not manifest at birth or may 
appear as late‑onset hearing loss. ii) Targeted intervention: 
Understanding the specific causes of newborn genetic hearing 
loss can help doctors and parents develop more personalized 
and targeted intervention measures, such as treatment strate‑
gies for specific gene mutations. iii) Avoiding environmental 
risks: For hearing loss caused by certain genetic variations, 
specific environmental factors (such as certain medications) 
may exacerbate hearing loss. Early discovery of these genetic 
risks through genetic screening can prevent exposure to these 
environmental risks, thus protecting hearing. iv) Reducing 
unnecessary re‑screening and anxiety: Traditional 
hearing screening may require multiple tests to determine 
hearing status, especially for newborns who fail the initial 
screening but pass subsequent tests. Completing hearing and 
genetic screening all at once can reduce parental anxiety and 
the repetitive consumption of medical resources. v) Long‑term 
monitoring and intervention planning: For genetic hearing loss, 
even if the initial screening results are normal, hearing loss 
may develop over time. Genetic screening results can provide 
a basis for long‑term monitoring and timely intervention for 
these children.

Of note, the present study also has several limitations: 
i) Despite incorporating multiple studies in this meta‑analysis, 
the small sample sizes of some studies might have impacted 
the reliability and generalizability of the results. Studies with 

Figure 6. Funnel plot for evaluating the publication bias of this meta‑analysis.
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small sample sizes are often more susceptible to random errors, 
which could lead to biased outcomes. Identifying such biases 
is crucial for interpreting the overall results of a meta‑analysis. 
Therefore, a random effects model was used to pool the results 
of various studies, considering the heterogeneity among 
studies to mitigate the impact of biases that might arise from 
small study groups on the overall conclusions. Additionally, a 
sensitivity analysis was conducted by systematically excluding 
small‑sample studies to observe their impact on the overall 
conclusions; however, the results of the sensitivity analysis 
revealed that the conclusions of this meta‑analysis are robust. 
Future research should consider recruiting larger sample sizes 
to enhance the reliability of the findings and reduce the risk of 
bias. ii) The present study aimed to conduct a comprehensive 
analysis of the effectiveness of combined newborn hearing 
and genetic screening. However, the limitations in the data 
of the present study must be acknowledged and considered as 
a preventive reason for the authors not conducting subgroup 
analyses. Future research should endeavor to collect more 
comprehensive data, including but not limited to the gesta‑
tional age at birth and different types of genetic mutations in 
newborns. This would enable researchers to carry out more 
detailed subgroup analyses, thereby enhancing the under‑
standing of how the benefits of combined screening may vary 
among different populations and how screening strategies could 
be optimized based on the specific needs of certain subgroups. 
iii) The present study, focused on the initial results of newborn 
hearing and genetic screening rather than long‑term follow‑up 
data. Considering that the subjects were newborns, screenings 
are usually conducted shortly after birth, aiming to promptly 
identify potential hearing impairments and genetic risks. 
Therefore, the traditional concept of ‘follow‑up rates’ does 
not apply to the present study; the present study concentrated 
on the analysis of the data at the time of screening. Among 
newborns with positive initial screening results, the proportion 
who underwent further diagnostic tests may be low. This is 
indeed a matter of concern, as it could affect the accuracy of 
the estimates of the prevalence of hearing loss or genetic muta‑
tions. In future work, ensuring comprehensive follow‑up and 
assessment for individuals with positive initial screenings will 
be crucial to improving the quality of research. Additionally, 
due to the studies included not focusing on the types of hearing 
loss, this research was unable to further analyze the differences 
among various types of hearing loss. Future work necessitates 
the conduct of large‑scale cross‑sectional studies to delve into 
the variations in genetic screening results across different 
types of hearing loss. Such investigations will contribute to 
a deeper understanding of the underlying mechanisms and 
guide more precise intervention measures.

In summary, the results of the present study indicated that 
the rate of passing the hearing screening while failing the 
genetic screening is 0.31%. Specifically, the rate of passing the 
hearing screening while failing the MT‑RNR1 screening was 
0.21%, and for the GJB2 screening, it was 0.01%. Combined 
screening has a significant advantage over pure hearing 
screening, especially in terms of identifying newborns with 
mitochondrial gene mutations, which increases the sensitivity 
of these patients to certain medications. Given these findings, 
the integration of genetic screening into newborn hearing 
screening programs is recommended, especially for infants 

with a family history of genetic hearing loss. Additionally, 
future research should focus on evaluating the effectiveness 
of combined screening across diverse populations, exploring 
new genetic markers to enhance screening accuracy, and 
further investigating the long‑term impact of this strategy on 
the hearing development and language abilities of children, 
and overall quality of life for them and their families. Through 
these efforts, the aim in the present study was to improve early 
diagnosis and intervention measures for newborn hearing 
loss, thereby improving the health and well‑being of affected 
children.
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