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1. Introduction

Hearing loss (HL) is the most common human 
neurosensory disorder, with a lifelong impact that may 
be ameliorated by early detection and intervention (1). 

The reported incidence of HL ranges from 1.33 to 1.86 
per 1,000 newborns; more than half of these newborns 
have a genetic etiology (2,3).
 In 2012, the Beijing Municipal Government launched 
a large-scale project for the genetic screening of 
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Genetic screening of newborns for deafness plays an important role in elucidating the etiology of 
deafness, diagnosing it early, and intervening in it. Genetic screening of newborns has been conducted 
for 11 years in Beijing. It started with a chip to screen for 9 variants of 4 genes in 2012; the chip 
screened for 15 variants of those genes in 2018, and it now screens for 23 variants of those genes. In 
the current study, a comparative analysis of three screening protocols and follow-up for infants with 
pathogenic variants was performed. The rates of detection and hearing test results of infants with 
pathogenic variants were analyzed. Subjects were 493,821 infants born at 122 maternal and child care 
centers in Beijing from April 2012 to August 2023. Positivity increased from 4.599% for the chip to 
screen for 9 variants to 4.971% for the chip to screen for 15 variants, and further to 11.489% for the 
chip to screen for 23 variants. The carrier frequency of the GJB2 gene increased from 2.489% for the 
chip to screen for 9 variants and 2.422% for the chip to screen for 15 variants to 9.055% for the chip 
to screen for 23 variants. The carrier frequency of the SLC26A4 gene increased from 1.621% for the 
chip to screen for 9 variants to 2.015% for the chip to screen for 15 variants and then to 2.151% for 
the chip to screen for 23 variants. According to the chip to screen for 9 variants and the chip to screen 
for 15 variants, the most frequent mutant allele was c.235delC. According to the chip to screen for 23 
variants, the most frequent mutant allele was c.109G>A. The chip to screen for 15 variants was used 
to screen 66.67% (14/21) of newborns with biallelic variants in the SLC26A4 gene for newly added 
mutations. The chip to screen for 23 variants was used to screen 92.98% (53/57) of newborns with 
biallelic variants in the GJB2 gene (52 cases were biallelic c.109G>A) and 25% (1/4) of newborns with 
biallelic variants in the SLC26A4 gene for newly added mutations. Among the infants with pathogenic 
variants (biallelic variants in GJB2 or SLC26A4), 20.66% (25/121) currently have normal hearing. In 
addition, 34.62% (9/26) of newborns who passed the hearing screening were diagnosed with hearing 
loss. Findings indicate that a growing number of newborns have benefited, and especially in the early 
identification of potential late-onset hearing loss, as the number of screening sites has increased. 
Conducting long-term audiological monitoring for biallelic variants in individuals with normal hearing 
is of paramount significance.
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newborns, which included 9 variants of 4 genes associated 
with deafness, including c.235delC (p.Leu79Cysfs*3), 
c.299_300delAT (p.His100Argfs*14), c.176_191del16 
(p.Gly59Alafs*18), and c.35delG (p.Gly12Valfs*2) of 
GJB2 (MIM: 121011); c.919-2A>G and c.2168A>G 
(p.His723Arg) of SLC26A4 (MIM: 605646); m.1555A>G 
and m.1494C>T of mtDNA 12SrRNA (MIM: 561000); 
c.538C>T (p.Arg180*) of GJB3 (MIM: 603324). 
Genetic screening of newborns can effectively increase 
the early rate of detection of hereditary HL, ototoxicity-
related deafness, and delayed-onset HL, providing an 
early warning and diagnosis of HL and facilitating early 
intervention. Dai et al. conducted a study on 180,469 
newborns born between 2013 and 2014 who underwent 
concurrent hearing and deafness genetic screening using 
the chip to screen for 9 variants (4). Results revealed 
that 25% of infants with pathogenic combinations of 
GJB2 or SLC26A4 variants and 99% of infants with an 
m.1555A>G or m.1494C>T variant passed the routine 
hearing screening for newborns. This highlights the 
importance of genetic screening in identifying infants 
at risk for HL, even when they may initially pass 
conventional hearing screening.
 In 2018, to further enhance the early detection of 
large vestibular aqueduct syndrome (LVAS), the Beijing 
Municipal Government used an enhanced genetic 
screening chip. Based on the chip to screen for 9 variants, 
6 additional variants of the SLC26A4 gene were added 
to provide a chip to screen for 15 variants of the 4 genes, 
including c.1975G>C (p.Val659Leu), c.1707+5G>A, 
c.1229C>T (p.Thr410Met), c.1226G>A (p.Arg409His), 
c . 2 0 2 7 T > A ( p . L e u 6 7 6 G l n ) ,  a n d  c . 11 7 4 A > T 
(p.Asn392Tyr). Wen et al. analyzed 76,460 newborns 
who underwent concurrent hearing and deafness genetic 
screening using the chip to screen for 15 variants in 2019 
and 2020 and found that 28.57% (2/7) of the newborns 
with the  SLC26A4 mutation causing deafness passed 
hearing screening (5).
 In  December  2022,  the  Bei j ing Municipal 
Government began using a chip to screen for 23 variants 
of the 4 genes. Based on the chip to screen for 15 
variants, 5 additional variants of the GJB2 gene and 3 
variants of the SLC26A4 gene were included: c.109G>A 
(p.Val37Ile), c.257C>G (p.Thr86Arg), c.512insAACG, 
c.427C>T (p.Arg143Trp) and c.35insG of GJB2; 
c.589G>A (p.Gly197Arg), c.917insG and c.281C>T 
(p.Thr94Ile) of SLC26A4. This upgrade has significantly 
broadened the scope of the screening, allowing for the 
identification of a greater variety of deafness-causing 
mutations and contributing to more comprehensive and 
accurate diagnoses of hereditary HL in newborns. Few 
studies have evaluated the performance of the chip to 
screen for 23 variants and few have compared the rate of 
detection with other protocols within the same category.
 Since April 2012, the genetic screening of newborns 
in Beijing has been in clinical practice for more than a 
decade, with the screening protocols being continually 

updated. It started with a chip to screen for 9 variants 
of 4 genes in 2012; the chip screened for 15 variants of 
those genes in 2018, and the current chip now screens 
for 23 variants of those genes. This study involved 
an analysis of 493,821 newborns from Beijing born 
from April 2012 to August 2023. This study compared 
positivity, rates of detection of various genotypes, 
carrier frequencies, allele frequencies, and pathogenic 
genotypes according to three distinct screening 
protocols. In addition, the hearing phenotypes of 
individuals with pathogenic variants were analyzed. 
The aim of this study was to analyze the results of three 
screening protocols and hearing testing of infants with 
pathogenic variants in order to optimize protocols for 
current genetic screening and to improve interventions 
and management strategies for HL.

2. Materials and Methods

2.1. Clinical data

Subjects were 493,821 infants born at 122 maternal and 
child care centers in Beijing who underwent concurrent 
hearing and genetic screening from April 2012 to August 
2023. Both hearing screening and genetic screening for 
newborns were conducted within 72 h after birth for all 
neonates at no charge.
 A chip was used to screen 273,647 of those newborns 
born from April 2012 to December 2017 for 9 variants of 
4 genes, which is referred to here as the chip to screen for 
9 variants. A chip was used to screen 195,767 newborns 
born from January 2018 to November 2022 for 15 
variants of those genes, which is referred to here as the 
chip to screen for 15 variants. A chip was used to screen 
24,407 newborns born from December 2022 to August 
2023 for 23 variants of those genes, which is referred to 
here as the chip to screen for 23 variants. The newborns 
who were screened for pathogenic variants were 
followed up systematically to obtain hearing screening 
and hearing test results. Figure 1 shows the study flow. 
Hearing screening was conducted using the otoacoustic 
emissions (OAEs) or automated auditory brainstem 
response (AABR) test.

2.2. Genetic screening

Dried blood spots  were col lected for  genet ic 
testing of genes associated with deafness: GJB2, 
SLC26A4 ,  mtDNA 12SrRNA ,  and  GJB3 .  The 
Deafness  Gene  Var ian t  De tec t ion  Ar ray  Ki t 
(CapitalBio) was used to identify 9 variants of 4 
genes in newborns born from April 2012 to December 
2017, including c.235delC (p.Leu79Cysfs*3), 
c.299_300delAT (p.His100Argfs*14), c.176_191del16 
(p.Gly59Alafs*18), and c.35delG (p.Gly12Valfs*2) of 
GJB2 (MIM: 121011); c.919-2A>G and c.2168A>G 
(p.His723Arg) of SLC26A4 (MIM: 605646); c.538C>T 
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 Genotypes with homozygous and compound 
heterozygous variants in GJB2 or SLC26A4 were 
diagnosed as deafness-causing genotypes, and those 
with mtDNA 12SrRNA variants were diagnosed as 
drug-susceptible. Each subject was categorized into 
only one group based on genetic results. When a 
subject's results fell into more than one category, the 
subject was assigned to a group in the following order 
of priority: pathogenic variants, mitochondrial variants, 
carriers, and wild.

2.3. Hearing testing

Audiological evaluations of infants with pathogenic 
variants were performed at the Pediatric Hearing 
Diagnostic Center at Beijing Tongren Hospital. 
These assessments included objective and subjective 
hearing tests to ensure a thorough analysis of auditory 
function. Objective audiological tests consisted of the 
auditory brainstem response (ABR), distortion product 
otoacoustic emissions (DPOAEs), auditory steady state 
response (ASSR), and acoustic immittance. Subjective 
audiological tests included pediatric behavioral 
audiometry and pure tone audiometry.
 According to the WHO 1997 criteria, the degree 
of HL was classified based on the average hearing 
thresholds of pediatric behavioral audiometry at 500 
Hz, 1,000 Hz, 2,000 Hz, and 4,000 Hz for the better ear: 
normal (≤ 25 dB HL), mild (26-40 dB HL), moderate 
(41-60 dB HL), severe (61-80 dB HL), and profound 
(>80dB HL).

(p.Arg180*) of GJB3 (MIM: 603324); and m.1555A>G 
and m.1494C>T of mtDNA 12SrRNA (MIM: 561000). 
The Deafness Gene Variant Detection Array Kit 
(CapitalBio) was used to identify 15 variants of 4 genes 
in newborns born from January 2018 to November 
2022. Based on the chip to screen for 9 variants, 
6 variants of the SLC26A4 gene have been added: 
c.1975G>C (p.Val659Leu), c.1707+5G>A, c.1229C>T 
(p.Thr410Met), c.1226G>A (p.Arg409His), c.2027T>A 
(p.Leu676Gln), and c.1174A>T (p.Asn392Tyr). The 
Deafness Gene Variant Detection Array Kit (CapitalBio) 
was used to identify 23 variants of 4 genes in newborns 
born from December 2022 to August 2023. Based on 
the chip to screen for 15 variants, 5 variants of the GJB2 
gene and 3 variants of the SLC26A4 gene have been 
added: c.109G>A(p.Val37Ile), c.257C>G(p.Thr86Arg), 
c.512insAACG, c.427C>T(p.Arg143Trp), c.35insG 
of GJB2; c.589G>A (p.Gly197Arg), c.917insG, 
c.281C>T (p.Thr94Ile) of SLC26A4. Genetic screening 
was conducted at Beijing Tongren Hospital, where 
genetic screening laboratories were authorized by the 
Beijing Municipal Health Commission (4). Results 
were recorded on a report card as wild or positive. 
Positive included carriers (heterozygous for GJB2 
or SLC26A4 and heterozygous or homozygous for 
GJB3), pathogenic variants (homozygous or compound 
heterozygous for GJB2 or SLC26A4) and mitochondrial 
variants (any mtDNA 12SrRNA variant). Positive 
infants in genetic screening were referred to Beijing 
TongRen Hospital for diagnostic audiological testing, 
genetic counseling, and genetic diagnosis.

Figure 1. Participation in genetic screening and outcomes for 493,821 newborns. Genetic screening results were classified as follows: pathogenic 
variants (homozygote or compound heterozygote for GJB2 or SLC26A4), carriers (heterozygote for GJB2 or SLC26A4 and heterozygote or 
homozygote for GJB3), mitochondrial variants (any mtDNA12SrRNA variant), and wild (no variant). Newborns with pathogenic variants were 
followed up.
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2.4. Statistical analysis

The software SPSS 27.0 was used to perform chi-square 
tests to compare positivity, rates of detection of various 
genotypes, carrier frequencies, and allele frequencies 
among the three screening protocols.

2.5. Ethics statement

This study was approved by the Ethics Committee of 
the Beijing Institute of Otolaryngology. Fully informed 
written consent was obtained from parents before 
screening.

3. Results

3.1. Comparison of positivity according to three genetic 
screening protocols

As shown in Table 1, total positivity was 5.087% 
(25,121/493,821). Positivity with the protocol for the chip 
to screen for 9 variants was 4.599% (12,586/273,647), 
and positivity with the protocol for the chip to screen for 
15 variants was 4.971% (9,731/195,767), and positivity 
with the protocol for the chip to screen for 23 variants 

was 11.489% (2,804/24,407). Positivity according to the 
three screening protocols increased significantly (P < 
0.001).

3.2. Comparison of the rates of detection of various 
genotypes according to three genetic screening protocols

As shown in Table 2, the rates of detection of pathogenic 
variants among three screening protocols, from highest 
to lowest, were as follows: the chip to screen for 23 
variants (0.250%, 61/24,407), the chip to screen for 9 
variants (0.021%, 57/273,647), and the chip to screen 
for 15 variants (0.020%, 39/195,767). The rates differed 
significantly (P < 0.001).
 The rates of detection of mitochondrial variants, from 
highest to lowest, were as follows: the chip to screen for 
15 variants (0.279%, 545/195,767), the chip to screen for 
9 variants (0.232%, 635/273,647), and the chip to screen 
for 23 variants (0.176%, 42/24,407). The rates differed 
significantly (P < 0.001).
 The rates of detection of carriers, from highest to 
lowest, were as follows: the chip to screen for 23 variants 
(11.066%, 2,701/24,407), the chip to screen for 15 
variants (4.672%, 9,147/195,767), and the chip to screen 
for 9 variants (4.346%, 11,894/273,647). The rates 

Table 1. Positivity according to three genetic screening protocols

Genotypes

Positive
Wild type
Total

Chip to screen for 9 variants
n (%)

12,586 (4.599)
261,061 (95.401)

  273,647 (100.000)

n: number of newborns.

Chip to screen for 15 variants
n (%)

  9,731 (4.971)
186,036 (95.029)

  195,767 (100.000)

Chip to screen for 23 variants
n (%)

  2,804 (11.489)
21,603 (88.511)

  24,407 (100.000)

Total number (%)

25,121 (5.087)
468,700 (94.913)

  493,821 (100.000)

P value

< 0.001

Table 2. Rates of detection of various genotypes according to three genetic screening protocols

Genotypes

Pathogenic variants
     GJB2 homozygote/compound heterozygote
     SLC26A4 homozygote/compound heterozygote
     total
Mitochondrial variants
Carrier
     GJB2 heterozygote
     SLC26A4 heterozygote
     GJB3 heterozygote/homozygote
     Multiple gene heterozygote
     total
Total for all screened

Chip to screen for 9 
variants
n (%)

       48 (0.018)
         9 (0.003)
       57 (0.021)
     635 (0.232)

  6,615 (2.417)
  4,287 (1.567)
    846 (0.309)
    146 (0.053)
11,894 (4.346)
12,586 (4.599)

n: number of newborns. According to the protocol for the chip to screen for 9 variants, there were 25 cases of mitochondrial variants heterozygous 
for GJB2 or SLC26A4 or GJB3, and 146 cases of multiple gene heterozygotes who were heterozygous for GJB2 and SLC26A4 or heterozygous for 
GJB2 and GJB3 or heterozygous for SLC26A4 and GJB3. According to the protocol for the chip to screen for 15 variants, there was 1 case of a GJB2 
homozygote with mitochondrial variants, 1 case of an SLC26A4 homozygote heterozygous for GJB2, 29 cases of mitochondrial variants heterozygous 
for GJB2 or SLC26A4 or GJB3, and 1 case of a multiple gene heterozygote who was heterozygous for GJB2 and SLC26A4 and GJB3. According to 
the protocol for the chip to screen for 23 variants, there was 1 case of a GJB2 homozygote with mitochondrial variants, 1 case of a GJB2 compound 
heterozygote heterozygous for GJB3, 1 case of a GJB2 compound heterozygote heterozygous for SLC26A4, and 5 cases of mitochondrial variants 
who were heterozygous for GJB2 or SLC26A4.

Chip to screen for 15 
variants
n (%)

     18 (0.009)
     21 (0.011)
     39 (0.020)
   545 (0.279)

4,597 (2.348)
3,783 (1.932)
   632 (0.323)
   135 (0.069)
9,147 (4.672)
9,731 (4.971)

Chip to screen for 23 
variants
n (%)

     57 (0.234)
       4 (0.016)
     61 (0.250)
     42 (0.176)

2,096 (8.588)
   471 (1.930)
     80 (0.328)
     54 (0.221)

  2,701 (11.066)
  2,804 (11.489)

P value

< 0.001
< 0.001

< 0.001
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differed significantly (P < 0.001).

3.3. Comparison of carrier frequency according to three 
genetic screening protocols

As shown in Table 3, the carrier frequency for the 4 
screened genes, from highest to lowest, was the GJB2 
gene, SLC26A4 gene, GJB3 gene, and mtDNA 12SrRNA 
gene. The carrier frequency for the GJB2 gene was 
highest according to the chip to screen for 23 variants 
(9.055%, 2,210/24,407), followed by the chip to screen 
for 9 variants (2.489%, 6,811/273,647), and then the chip 
to screen for 15 variants (2.422%, 4,742/195,767). The 
differences were significant (P < 0.001).
 The carrier frequency for the SLC26A4 gene was 
highest according to the chip to screen for 23 variants 
(2.151%, 525/24,407), followed by the chip to screen for 
15 variants (2.015%, 3,944/195,767), and then the chip 
to screen for 9 variants (1.621%, 4,435/273,647). The 

differences were significant (P < 0.001).
 The carrier frequency of the GJB3 gene was 0.320% 
(876/273,647) according to the chip to screen for 9 
variants, 0.340% (666/195,767) according to the chip 
to screen for 15 variants, and  0.361% (88/24,407) 
according to the chip to screen for 23 variants. The 
differences were not significant (P = 0.346).
 The carrier frequency of the mtDNA 12SrRNA 
gene was highest according to the chip to screen for 15 
variants (0.279%, 546/195,767), followed by the chip to 
screen for 9 variants (0.232%, 635/273,647), and then 
the chip to screen for 23 variants (0.176%, 43/24,407). 
The differences were significant (P < 0.001).

3.4. Comparison of allele frequency according to three 
genetic screening protocols

The allele frequencies according to three screening 
protocols are shown in Table 4. According to the 

Table 3. Carrier frequencies according to three genetic screening protocols

Gene

GJB2
SLC26A4
GJB3
mtDNA 12S rRNA
Total

Chip to screen for 9 variants
n (%)

  6,811 (2.489)
  4,435 (1.621)
     876 (0.320)
     635 (0.232)
12,586 (4.599)

n: number of newborns. According to the protocol for the chip to screen for 9 variants, there were 171 cases of digenic gene variants. According to 
the protocol for the chip to screen for 15 variants, there were 165 cases of digenic gene variants and 1 case of trigenic gene variants. According to 
the protocol for the chip to screen for 23 variants, there were 62 cases of digenic gene variants. Therefore, the sum of the carrier frequencies for each 
gene is greater than the overall positivity according to genetic screening.

Chip to screen for 15 variants
n (%)

4,742 (2.422)
3,944 (2.015)
   666 (0.340)
   546 (0.279)
9,731 (4.971)

Chip to screen for 23 variants
n (%)

2,210 (9.055)
   525 (2.151)
     88 (0.361)
     43 (0.176)

  2,804 (11.489)

P value

< 0.001
< 0.001
   0.346
< 0.001

Table 4. Allele frequencies according to three genetic screening protocols

Variants

GJB2 c.235delC
GJB2 c.299_300delAT
GJB2 c.176_191del16
GJB2 c.35delG
GJB2 c.109G>A
GJB2 c.257C>G
GJB2 c.512insAACG
GJB2 c.427C>T
GJB2 c.35insG
SLC26A4 c.919-2A>G
SLC26A4 c.2168A>G
SLC26A4 c.1174A>T
SLC26A4 c.1226G>A
SLC26A4 c.1229C>T
SLC26A4 c.1975G>C
SLC26A4 c.2027T>A
SLC26A4 c.1707+5G>A
SLC26A4 c.589G>A
SLC26A4 c.917insG
SLC26A4 c.281C>T
GJB3 c.538C>T

Het (n)

4,998
1,378
   381
     42

/
/
/
/
/

3,719
   709

/
/
/
/
/
/
/
/
/

   875

n: number of newborns, Het: heterozygote, Hom: homozygote, AF: allele frequency.

P value

0.425
0.591
0.014
0.519

0.243
0.710
0.480
0.281
0.061
0.069
0.993
0.994

0.357

Hom (n)

27
  2
  1
  0
  /
  /
  /
  /
  /
  7
  1
  /
  /
  /
  /
  /
  /
  /
  /
  /
  1

AF (%)

0.923
0.253
0.070
0.008

/
/
/
/
/

0.682
0.130

/
/
/
/
/
/
/
/
/

0.160

Het (n)

3,537
   945
   217
     37

/
/
/
/
/

2,597
   513
   165
   133
   125
   244
   110
     64

/
/
/

   666

Hom (n)

11
  1
  0
  0
  /
  /
  /
  /
  /
  6
  0
  0
  0
  0
  0
  1
  0
  /
  /
  /
  0

AF (%)

0.909
0.242
0.055
0.009

/
/
/
/
/

0.666
0.131
0.042
0.034
0.032
0.062
0.029
0.016

/
/
/

0.170

Het (n)

   424
   120
     37
       5
1,579
       6
     15
       8
     11
   350
     57
     24
     12
     24
     20
     14
       8
       7
       1
       6
     88

Hom (n)

  0
  1
  0
  0
30
  0
  0
  0
  0
  3
  0
  0
  0
  0
  0
  0
  0
  0
  0
  0
  0

AF (%)

0.869
0.250
0.076
0.010
3.358
0.012
0.031
0.016
0.023
0.729
0.117
0.049
0.025
0.049
0.041
0.029
0.016
0.014
0.002
0.012
0.180

Chip to screen for 9 variants Chip to screen for 15 variants Chip to screen for 23 variants
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protocol for the chip to screen for 9 variants, the most 
frequent mutant alleles were c.235delC (0.923%, 
5,052/547,294), c.919-2A>G (0.682%, 3,733/547,294), 
and c.299_300delAT (0.253%, 1,382/547,294), in 
descending order. According to the protocol for the chip 
to screen for 15 variants, the most frequent mutant alleles 
were c.235delC (0.909%, 3,559/391,534), c.919-2A>G 
(0.666%, 2,609/391,534), and c.299_300delAT (0.242%, 
947/391,534). According to the protocol for the chip to 
screen for 23 variants, the most frequent mutant alleles 
were c.109G>A (3.358%, 1,639/48,814), c.235delC 
(0.869%, 424/48,814), and c.919-2A>G (0.729%, 
356/48,814).
 The allele frequencies of 7 sites (No.1-4, 10-11 and 
21 in Table 4) according to three screening protocols 
were compared. The allele frequency of c.176_191del16 
according to the chip to screen for 23 variants (0.076%, 
37/48,814) was higher than that according to the chip 
to screen for 9 variants (0.070%, 383/547,294) and that 
according to the chip to screen for 15 variants (0.055%, 
217/391,534); the difference was significant (P = 0.014). 
There were no differences in the other 6 sites among the 
three genetic screening protocols.
 The allele frequencies for the 6 sites (No.12-17 in 
Table 3) according to the chip to screen for 15 variants 
and the chip to screen for 23 variants were compared, 
and no significant differences were found.

3.5. Comparison of pathogenic genotype according to 
three genetic screening protocols

The comparison of pathogenic genotypes according to 
three genetic screening protocols is shown in Table 5. 
According to the protocol for the chip to screen for 9 
variants, the rate of detection of the c.235delC/c.235delC 
genotype was the highest (47.37%, 27/57), followed by 
c.235delC/c.299_300delAT (17.54%, 10/57). According 
to the protocol for the chip to screen for 15 variants, the 
rate of detection of the c.235delC/c.235delC genotype 
was the highest (28.21%, 11/39), followed by c.919-
2A>G/c.919-2A>G (15.38%, 6/39). According to the 
protocol for the chip to screen for 23 variants, the rate 
of detection of the c.109G>A/c.109G>A genotype was 
the highest (49.18%, 30/61), followed by c.235delC/
c.109G>A (24.59%, 15/61).
 A point worth noting is that according to the protocol 
for the chip to screen for 15 variants, 66.67% (14/21) of 
newborns with biallelic variants in the SLC26A4 gene 
were detected with newly added mutations based on the 
chip to screen for 9 variants. According to the protocol 
for the chip to screen for 23 variants, 92.98% (53/57) 
of newborns with biallelic variants in the GJB2 gene 
were detected with the newly added mutations based on 
the protocol for the chip to screen for 15 variants, 52 of 
whom were biallelic c.109G>A variant. In addition, 25% 

Table 5. Pathogenic genotypes according to three genetic screening protocols

Genotypes

c.235delC/c.235delC
c.235delC/c.299_300delAT
c.235delC/c.176_191del16
c.299_300delAT/c.176_191del16
c.299_300delAT/c.35delG
c.299_300delAT/c.299_300delAT
c.176_191del16/c.176_191del16
c.235delC/c.35delG
c.919-2A>G/c.919-2A>G
c.2168A>G/c.2168A>G
c.919-2A>G/c.2168A>G
c.2027T>A/c.2027T>A
c.919-2A>G/c.1229C>T
c.1229C>T/c.1975G>C
c.2168A>G/c.2027T>A
c.2168A>G/c.1975G>C
c.919-2A>G/c.1226G>A
c.919-2A>G/c.1975G>C
c.109G>A/c.109G>A
c.235delC/c.109G>A
c.299_300delAT/c.109G>A
c.109G>A/c.35insG
c.235delC/c.35insG
c.919-2A>G/c.281C>T
Total

Chip to screen for 9 variants
n (%)

27
10
  5
  2
  1
  2
  1
  0
  7
  1
  1
  /
  /
  /
  /
  /
  /
  /
  /
  /
  /
  /
  /
  /
57

n: number of newborns. According to the protocol for the chip to screen for 15 variants, there was 1 case of a c.299_300delAT homozygote with 
m.1555A>G homoplasmy and 1 case of a c.2027T>A homozygote with a c.235delC heterozygote. According to the protocol for the chip to screen 
for 23 variants, there was 1 case of a c.109G>A homozygote with m.1555A>G homoplasmy, 1 case of c.235delC/c.109G>A with a c.538C>T 
heterozygote, and 1 case of c.235delC/c.109G>A with a c.919-2A>G heterozygote.

Chip to screen for 15 variants
n (%)

11
  5
  1
  0
  0
  1
  0
  0
  6
  0
  1
  1
  5
  3
  2
  1
  1
  1
  /
  /
  /
  /
  /
  /
39

Chip to screen for 23 variants
n (%)

  0
  0
  2
  0
  0
  1
  0
  1
  3
  0
  0
  0
  0
  0
  0
  0
  0
  0
30
15
  6
  1
  1
  1
61
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(1/4) of newborns with biallelic variants in the SLC26A4 
gene were detected with newly added mutations based 
on the protocol for the chip to screen for 15 variants.

3.6. Hearing testing of individuals with pathogenic 
variants

Among 121 newborns with pathogenic variants, 43 were 
identified by the protocol for the chip to screen for 9 
variants, 31 were identified by the protocol for the chip 
to screen for 15 variants, and 47 were identified by the 
protocol for the chip to screen for 23 variants (Figure 
2). Of the 121 newborns, 95 (78.51%, 95/121) failed the 
hearing screening, while 26 (21.49%, 26/121) passed.
 All 95 newborns who failed the hearing screening 
underwent hearing testing, and the age at hearing 
testing ranged from 2 to 8 months. Results revealed 
that 87 newborns (91.58%, 87/95) were diagnosed with 
HL and 8 (8.42%, 8/95) were diagnosed with normal 
hearing. Among those with HL, 77 (88.51%, 77/87) 
had bilateral HL and 10 (11.49%, 10/87) had unilateral 
HL. All 8 newborns with normal hearing were detected 
by the protocol for the chip to screen for 23 variants, 
with the following genotypes: c.109G>A/c.109G>A 
in 4 newborns, c.235delC/c.109G>A in 1, c.235delC/
c.109G>A/c.919-2A>G in 1, c.299_300delAT/c.109G>A 
in 1, and c.109G>A/c.35insG in 1.

 As shown in Table 6, all 26 newborns who passed the 
hearing screening underwent hearing testing, and the age 
at hearing testing ranged from 2 to 12 months. Results 
revealed that 9 newborns (34.62%, 9/26) were diagnosed 
with HL and 17 (65.38%, 17/26) were diagnosed with 
normal hearing. Among those with HL, 8 (88.89%, 8/9) 
had bilateral HL and 1 (11.11%, 1/9) had unilateral HL. 
Among the 17 newborns with normal hearing, 3 were 
detected by the protocol for the chip to screen for 15 
variants and 14 were detected by the protocol for the chip 
to screen for 23 variants, with the following genotypes: 
c.2027T>A/c.2027T>A/c.235delC in 1 newborn, 
c.1229C>T/c.1975G>C in 1, c.919-2A>G/c.1229C>T in 
1, c.919-2A>G/c.919-2A>G in 1, c.109G>A/c.109G>A 
in 4, c.235delC/c.109G>A in 6, c.235delC/c.109G>A/
c.538C>T in 1, c.299_300delAT/c.109G>A in 2.

4. Discussion

This study analyzed the genetic screening of 493,821 
newborns for deafness in Beijing according to three 
different screening protocols over 11 years since the 
initiation of a project for the genetic screening of 
newborns in 2012. Here, positivity, rates of detection 
of various genotypes, carrier frequencies and allele 
frequencies, pathogenic genotypes of genetic screening, 
and hearing testing of infants with pathogenic variants 

Figure 2. Auditory performance of infants with pathogenic variants.
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are discussed.

4.1. Positivity according to genetic screening

Positivity with the protocol for the chip to screen for 
9 variants was reported to be 4.508% (8,136/180,469) 
according to Dai et al. (4). The current authors' research 
team reported that 4.510% (3,412/75,649) of infants 
carried at least one mutant allele according to genetic 
screening with the chip to screen for 9 variants (6). 
Gao et al. (7) analyzed 10 years of data from genetic 
screening of newborns at Peking Union Medical 
College Hospital and found that positivity with the 
protocol for the chip to screen for 9 variants was 
4.629% (4,262/92,080). The results of the current study 
indicated that positivity with the protocol for the chip to 
screen for 9 variants was 4.599%, which was consistent 
with the findings of the aforementioned studies.
 Positivity with the screening protocol for the chip 
to screen for 15 variants was reported to be 4.922% 
(3,763/76,460) from 2019 to 2020 according to Wen et 
al. (5). Gao et al. (7) reported on the genetic screening 
of 73,733 newborns at Peking Union Medical College 
Hospital using the chip to screen for 15 variants, and 
positivity was 5.095%. The current study noted that 
the positivity with the screening protocol for the chip 
to screen for 15 variants was 4.971%, which was 
consistent with the findings of the aforementioned 
studies.

 There are only few studies on positivity with the 
screening protocol for the chip to screen for 23 variants. 
The current study found that positivity with the 
screening protocol for the chip to screen for 23 variants 
was 11.489%, which was higher than that with the 
chip to screen for 9 variants (4.599%) and that with the 
chip to screen for 15 variants (4.971%). The increase 
could be attributed to the addition of c.109G>A in the 
GJB2 gene, which had a higher carrier frequency in the 
Chinese population, ranging from 6.930% to 12.500% 
(8).
 In summary, the current study reported increasing 
positivity in genetic screening for deafness using a more 
powerful microfluidic chip to screen for 23 variants 
than the chip to screen for 15 variants and the chip to 
screen for 9 variants. These findings may provide a 
reference for the development of genetic screening for 
deafness in the Chinese population in other regions.

4.2. Rate of detection of various genotypes of genetic 
screening

The results of the current study indicated that screening 
protocol for the chip to screen for 23 variants had a 
higher rate of detection of carriers (11.066%) compared 
to that with the chip to screen for 15 variants (4.672%) 
and the chip to screen for 9 variants (4.346%). 
Therefore, an increasing number of individuals 
with deafness-associated variants were identified by 

Table 6. Hearing test results for 26 infants with pathogenic variants who passed hearing screening

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Genetic screening protocol

Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 9 variants
Chip to screen for 15 variants
Chip to screen for 15 variants
Chip to screen for 15 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants
Chip to screen for 23 variants

Genotypes

c.235delC/c.176_191del16
c.235delC/c.176_191del16
c.235delC/c.235delC
c.919-2A>G/c.919-2A>G
c.299_300delAT/c.299_300delAT
c.919-2A>G/c.2168A>G
c.176_191del16/c.176_191del16
c.235delC/c.235delC
c.2027T>A/c.2027T>A/c.235delC
c.1229C>T/c.1975G>C
c.919-2A>G/c.1229C>T
c.919-2A>G/c.919-2A>G
c.109G>A/c.109G>A
c.235delC/c.109G>A
c.299_300delAT/c.109G>A
c.299_300delAT/c.109G>A
c.109G>A/c.109G>A
c.235delC/c.109G>A/ c.538C>T
c.109G>A/c.109G>A
c.299_300delAT/c.109G>A
c.235delC/c.109G>A
c.235delC/c.109G>A
c.235delC/c.109G>A
c.235delC/c.109G>A
c.109G>A/c.109G>A
c.235delC/c.109G>A

Age at diagnosis
(months)

unavailable
unavailable

  2
  3
  3
22
  3
  3
12
10
  3
  2
  4
  6
  2
  4
  3
  4
  6
  6
  3
  3
  3
  4
  3
  4

Sex

F
F
F
M
F
F
M
M
M
F
F
F
M
F
F
F
F
M
F
M
M
F
M
M
F
F

Year

2013
2013
2014
2015
2016
2016
2016
2017
2020
2020
2022
2022
2022
2022
2023
2023
2023
2023
2023
2023
2023
2023
2023
2023
2023
2023

R

Severe
Severe

Moderate
Normal
Severe

Profound
Profound

Severe
Normal
Normal
Normal
Normal
Normal
Normal

Mild
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

L

Severe
Moderate
Moderate
Moderate
Profound

Severe
Profound

Mild
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

Hearing test results
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microfluidics technology. These individuals are at risk 
for HL. Through reproductive counseling and avoidance 
of potential triggers (e.g., noise exposure, slapping, 
and head injury) in individuals with such variants, the 
incidence of HL could be significantly reduced.
 According to the three screening protocols, the 
rates of detection of GJB2 heterozygotes were 2.417%, 
2.348%, and 8.588%, respectively, in the current study. 
Recent research on hereditary deafness has indicated 
that GJB2 hetero-mutation carriers exhibit heightened 
auditory sensitivity, potentially attributable to enhanced 
cochlear amplification (9). The increase in cochlear 
amplification heightens sensitivity to noise. Exposure to 
daily-level noise can cause permanent hearing threshold 
shifts in Cx26+/− mice, leading to HL. GJB2 hetero-
mutation carriers are vulnerable to noise and should 
avoid exposure to noise in daily life. Consequently, 
offering targeted guidance on strategies to avoid daily 
exposure to noise to GJB2 heterozygous carriers could 
be instrumental in preserving their hearing health.
 According to the three screening protocols, the rates 
of detection of SLC26A4 heterozygotes were 1.567%, 
1.932%, and 1.930%, respectively, in the current study. 
SLC26A4 gene mutations are closely related to LVAS 
(10), with 67-90% of patients with enlarged vestibular 
aqueduct (EVA) having biallelic SLC26A4 mutations 
(11-16). According to previous studies, however, 7.4-
36% of patients with EVA had a monoallelic SLC26A4 
mutation (17-23). Proactive counseling needs to be 
provided to SLC26A4 hetero-mutation carriers, who 
are predisposed to EVA. This guidance should address 
the potential hazards associated with external stimuli, 
notably strenuous physical activities, to ensure their 
auditory well-being. Hence, implementing genetic 
screening can facilitate the early identification of at-
risk individuals. This allows for the provision of timely 
and proactive guidance to mitigate potential hearing 
impairments.
 In addition, all three screening protocols in the 
current study included the most common mtDNA 
12SrRNA var iants  in  the  Chinese  popula t ion 
(m.1555A>G and m.1494C>T). Individuals with 
mtDNA 12SrRNA variants were susceptible to drug-
induced HL. By extending pharmacological counseling 
to individuals and their maternal lineage, coupled with 
vigilant avoidance of aminoglycoside antibiotics, the 
risk of HL could be significantly mitigated.

4.3. Carrier frequency and allele frequency according to 
genetic screening

According to the three screening protocols, the 
carrier frequency of the GJB2 gene was the highest. 
Specifically, the carrier frequency of the GJB2 gene 
according to the screening protocol for the chip to 
screen for 23 variants (9.055%) was significantly 
higher than that with the protocols for the chip to 

screen for 15 variants (2.422%) and that with the chip 
to screen for 9 variants (2.489%). The GJB2 gene was 
reported to be the most common gene associated with 
over 50% of non-syndromic HL cases (24). The current 
research indicated that the screening protocol for the 
chip to screen for 23 variants significantly enhances the 
detection of GJB2 gene mutations and has an advantage 
in early identification of newborns with mutations in 
the GJB2 gene.
 The SLC26A4 gene was found to be the second 
most common gene in the screened population. The 
carrier frequency of the SLC26A4 gene in the current 
study was highest according to the chip to screen for 23 
variants (2.151%), followed by the chip to screen for 
15 variants (2.015%), and then the chip to screen for 
9 variants (1.621%). This suggested that the screening 
protocol for the chip to screen for 23 variants could 
identify more newborns at risk for EVA.
 In the current study, the most frequent variant was 
GJB2 c.109G>A, with an allele frequency of 3.358%. 
Another prevalent variant, c.235delC, was the second 
most common variant in GJB2, with an allele frequency 
of 0.869%-0.923%. The c.919-2A>G variant was the 
most prevalent in SLC26A4, with an allele frequency of 
0.666%-0.729%. Wu et al. (25) conducted a longitudinal 
study on genetic screening in 5,173 newborns in Taiwan 
and found that the allele frequencies, from highest to 
lowest, were c.109G>A (8.535%), c.235delC (0.638%), 
and c.919-2A>G (0.580%). Li et al. (26) reported allele 
frequencies of c.109G>A and c.235delC in newborns 
in Shanghai, with 6.168% (187/3,032) and 0.759% 
(23/3,032), respectively. Zhang et al. (27) investigated 
the spectrum of deafness-associated variants in 
3,555,336 newborns across 32 provinces nationwide 
and found that c.235delC and c.919-2A>G were the 
most common variants in the Chinese population, with 
allele frequencies of 0.990% and 0.667%, respectively. 
Our previous study (5) on concurrent hearing and 
genetic screening of newborns in Beijing found that 
the most frequent mutations were c.235delC and c.919-
2A>G, with allele frequencies of 0.920% (767/83,380) 
and 0.680% (567/83,380), respectively. The allele 
frequencies of c.235delC and c.919-2A>G in the 
current study were close to those of the aforementioned 
studies. The allele frequency of c.109G>A in the current 
study was lower than those reported by Wu et al. and 
Li et al., possibly due to regional differences between 
Taiwan, Shanghai, and the Beijing area.

4.4. Pathogenic genotypes according to genetic 
screening

The current study found that screening protocol for the 
chip to screen for 15 variants detected 66.67% (14/21) 
more newborns with SLC26A4 deafness-causing 
mutations than the protocol with the chip to screen for 9 
variants, which was close to the 71.43% (5/7) reported 
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by Wen et al. (5).
 The screening protocol for the chip to screen for 23 
variants detected 92.98% (53/57) more newborns with 
GJB2 deafness-causing mutations than the protocol for 
the chip to screen for 15 variants, 52 of whom had the 
biallelic c.109G>A variant. A study has reported that 
the biallelic c.109G>A variant was associated with an 
increasing incidence of HL with age (28). Therefore, 
more biallelic c.109G>A individuals could benefit from 
early diagnosis and intervention through the screening 
protocol for the chip to screen for 23 variants. In 
addition, the screening protocol for the chip to screen 
for 23 variants detected 25% (1/4) more newborns with 
SLC26A4 deafness-causing mutations than the protocol 
for the chip to screen for 15 variants, suggesting that 
the protocol for the chip to screen for 23 variants also 
had advantages in screening newborns with EVA.
 These findings highlighted the significant advantage 
of utilizing enhanced genetic screening chips, which 
are crucial to the identification of a broader spectrum of 
individuals with mutations associated with deafness.

4.5. Hearing testing of children with pathogenic 
variants

Of the 121 individuals with pathogenic variants in the 
current study, 21.49% (26/121) of newborns passed 
hearing screening, 34.62% (9/26) of whom were 
diagnosed with HL. Dai et al. (4) reported that 25% 
(10/40) of newborns with pathogenic variants passed 
hearing screening. The current results are consistent 
with the findings reported by Dai et al. The data 
underscores the pivotal role of genetic screening in the 
early identification of individuals with potential HL, 
including those who may be missed by conventional 
hearing screening for newborns. By preemptively 
identifying such individuals, genetic screening enables 
timely intervention and management strategies to be 
implemented.
 Among the 121 individuals with pathogenic 
variants, 96 (79.34%) were diagnosed with HL. 
Zhu et al. (29) conducted a concurrent hearing and 
genetic screening of 32,512 individuals in Nantong 
and found that 86.36% (19/22) of individuals with 
biallelic variants in the GJB2 or SLC26A4 gene had 
HL. The results of the current study are similar to those 
reported by Zhu et al. Among the 121 individuals with 
pathogenic variants, 25 were diagnosed with normal 
hearing, with the age at diagnosis ranging from 2 to 12 
months. Four of the individuals had biallelic variants 
in the SLC26A4 gene and 21 had a biallelic c.109G>A 
variant in the GJB2 gene. The occurrence of delayed 
HL in these 25 children remains a significant concern. 
Fang et al. emphasized the importance of incorporating 
long-term follow-up in the detection of and interventions 
for children with delayed HL (30).
 Among the 4 infants with confirmed normal hearing 

and biallelic variants in the SLC26A4 gene listed in 
Table 6 (No. 9-12), 3 underwent computed tomography 
of the temporal bone. In one, there was no enlargement 
of the vestibular aqueduct bilaterally and poor medial 
parietal morphology of the cochlea bilaterally. In 
another, there was no enlargement of the vestibular 
aqueduct bilaterally and no obvious abnormalities in the 
bilateral inner, middle, or outer ear. A subsequent MRI 
scan of the inner ear was recommended for these two 
infants. In the third infant, prominent enlargement of 
the vestibular aqueduct was noted bilaterally. Moreover, 
continuous and close clinical follow-up is required for 
all 4 of these infants.
 Chai et al. (31) reported that among hearing 
impaired subjects with homozygous c.109G>A, the 
onset of hearing impairment was congenital in 65% 
(11/17) and delayed in 35% (6/17). Chen et al. (28) 
found that among biallelic c.109G>A newborns, 
43.91% (18/41) passed hearing screening for newborns 
or had normal hearing. The incidence of moderate 
or higher grades of HL in individuals with biallelic 
c.109G>A increases with age, with 9.52% at ages of 
7 to 15, 23.08% at ages of 20 to 40, 59.38% at ages of 
40 to 60, and 80.00% at ages of 60 to 85. Therefore, 
conducting long-term audiological monitoring and 
regular follow-up for newborns who are homozygous 
or compound heterozygous for c.109G>A in the GJB2 
gene is imperative.
 In conclusion, the key points and highlights of the 
current study lie in its comparative analysis of three 
protocols for genetic screening of newborns and follow-
up for infants with pathogenic variants. This study first 
analyzed the advantages of the chip to screen for 23 
variants compared to the chip to screen for 15 variants 
and the chip to screen for 9 variants. Findings suggest 
that a growing number of newborns have benefited, 
and especially in the early identification of potential 
late-onset HL, as the number of screening sites has 
increased. Individuals with biallelic variants could have 
normal hearing, indicating that long-term audiological 
monitoring is imperative. This is of significant clinical 
importance to improve interventions and management 
strategies for HL.
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