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Introduction: Methicillin-resistant Staphylococcus aureus (MRSA) poses a serious
threat to public health worldwide. In December 2015, the Infectious Disease
Surveillance of Pediatrics (ISPED) program was organized to monitor bacterial
epidemiology and resistance trends in children.

Methods: This retrospective study was conducted from January 2016 —-December
2021 on patients at eleven ISPED-group hospitals.

Results: From 2016-2021, a total of 13024 MRSA isolates were obtained from
children. The most common age group for patients with MRSA infection was less
than 3 years old, and newborns were an important group affected by MRSA
infection. MRSA was most commonly isolated from the lower respiratory, an
abscess, a secretion, or blood in neonates and from the lower respiratory, an
abscess, or the upper respiratory in non-neonates. All isolates were susceptible to
vancomycin and linezolid and resistant to penicillin; additionally, 76.88%, 54.97%,
22.30%, 5.67%, 5.14%, 3.63%, and 1.42% were resistant to erythromycin,
clindamycin, tetracycline, levofloxacin, sulfamethoxazole-trimethoprim (TMP-
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SMX), gentamicin, and rifampin, respectively. Between 2016 and 2021, a significant
increase was seen in the levofloxacin- and TMP-SMX-resistance rates (from 5.45%
to 7.14% and from 4.67% to 6.50%, respectively) among MRSA isolates, along with a
significant decrease in the rates of resistance to erythromycin (from 82.61% to
68.08%), clindamycin (from 60.95% to 46.82%), tetracycline (from 25.37% to
17.13%), gentamicin (from 4.53% to 2.82%), and rifampin (from 1.89% to 0.41%).

Discussion: The antibiotic-resistance rates varied among MRSA isolated from
different sources. Because of the high antibiotic resistance rate to clindamycin,
this antibiotic is not recommended for empirical treatment of MRSA infections,

especially in osteomyelitis.

KEYWORDS

methicillin-resistant Staphylococcus aureus, antimicrobial resistance, children, infectious
disease surveillance of pediatrics (ISPED), neonates

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA), which was
first identified in 1961, poses a serious threat to public health
worldwide owing to its significant resistance to antibiotics. Among
community-associated S. aureus infections in children, 63.6% were
found to be due to MRSA (Wang et al., 2017). Previous studies in
children found that MRSA was responsible for 45.8%-75.6% of
S. aureus pneumonia cases (Doudoulakakis et al., 2017; Song et al.,
2017), 44% of S. aureus bacteraemia cases (Kumarachandran et al.,
2017), and 32.8% of cases with an S. aureus central nervous system
infection (Vallejo et al., 2017). Recently, in a study of bloodstream
infections in China, the percentage of cases due to MRSA in non-
intensive care unit (ICU) patients increased significantly from 8.4% in
1998-2002 to 68.3% in 2013-2017 (Tian et al., 2019).

MRSA can cause invasive, life-threatening systemic infections,
e.g., in severe sepsis and necrotizing pneumonia, which are
particularly problematic in children (Liu et al, 2011; Lim et al,
2014). The high antibiotic resistance of MRSA is very concerning
because it can lead to treatment failure in clinical practice. Currently,
MRSA infections remain prevalent and account for significant
morbidity and mortality worldwide. MRSA infections in children
have been associated with a longer duration of bacteraemia, longer
length of hospital stay, higher likelihood of complications, and greater
mortality rate compared with methicillin-sensitive S. aureus (MSSA)
infections (Burke et al., 2009; Hamdy et al., 2019).

Given the heavy burden associated with MRSA infections, there is
an urgent need to understand the distribution and antimicrobial
susceptibilities of MRSA. Here, to investigate the profiles of MRSA
infection and MRSA drug resistance in children, we compared the
distribution and antimicrobial susceptibilities of MRSA isolates in
cases from eleven hospitals within the Infectious Diseases Surveillance
of Pediatrics (ISPED) group of China over a six-year period
(2016-2021).

Frontiers in Cellular and Infection Microbiology

Patients and methods
Surveillance population

This retrospective study was conducted across eleven hospitals
within the ISPED group of China from January 2016 to December
2021. We reviewed the medical records of patients who were younger
than 18 years and had any clinical culture that yielded an isolate of
MRSA. We collected the following data from the patient medical
records: sex, age, infection site, and antibiotic resistance profile. Our
analysis included a total of 13024 MRSA clinical isolates obtained
from the following eleven hospitals: Children’s Hospital of
Chongging Medical University, Children’s Hospital of Fudan
University, Children’s Hospital of Zhejiang University School of
Medicine, Qilu Children’s Hospital of Shandong University,
Shenzhen Children’s Hospital, Shanghai Children’s Medical Center
of Shanghai Jiaotong University School of Medicine, Xi’an Children’s
Hospital, Second Affiliated Hospital & Yuying Children’s Hospital of
Wenzhou Medical University, Children’s Hospital of Shanghai
Jiaotong University School of Medicine, Bethune First Hospital of
Jilin University, and Kaifeng Children’s Hospital.

Antimicrobial susceptibility testing (AST)

The antibiotic susceptibility testing was performed in each
participating site. Antimicrobial susceptibility testing (AST) was
performed using the Kirby-Bauer method or automated systems.
AST was conducted for penicillin, oxacillin, erythromycin,
clindamycin, levofloxacin, sulfamethoxazole-trimethoprim (TMP-
SMX), gentamicin, rifampin, and minocycline. MRSA were
identified based on their resistance to oxacillin. The standard
strains ATCC 25922, ATCC 29213, and ATCC 29212 were used as
quality-control strains for the antimicrobial susceptibility tests. The
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AST breakpoint criteria of the Clinical and Laboratory Standards
Institute (CLSI) were adopted (Clinical and Laboratory Standards
Institute, 2019).

Statistical analysis

Statistical significance was calculated by applying the %> test, or
the Fisher’s exact test in the case of small sample sizes, using the SPSS
(Version 20) statistics program. Statistical significance in this study
was defined as a P-value of < 0.05.

Results

Distribution of MRSA

From 2016 to 2021, the yearly total number of S. aureus isolates
obtained ranged from 4231 to 8561. During these years, the respective
proportions of S. aureus isolates that were MRSA isolates were
31.50%, 36.80%, 34.10%, 34.41%, 35.00%, and 32.31%. A total of
13024 MRSA isolates, of which 6.10% (794) were collected from
outpatients and 93.90% (12230) were collected from inpatients, were
obtained from children in this study. The distribution of MRSA in
inpatients was distinct from that in outpatients; MRSA isolates were
detected much more commonly from inpatients than from
outpatients (34.85% vs. 25.56%, x2 =109.564, P = 0.000).

Among the included 13024 cases, 7763 (59.61%) of the patients were
male. The median patient age was 5 months (range: 1 day to 17 years),
and 2902 (22.73%) of the patients were newborn infants (aged <28 days).
MRSA cases were detected much more commonly during the months of
January, November, and December (Figure 1).

MRSA was most commonly isolated from the lower respiratory
(58.28%), followed by from an abscess (16.78%), a secretion (7.61%),
blood (4.64%), the upper respiratory (4.45%), urine (0.98%), a bone or
joint (0.27%), the central nervous system (0.24%), and other sources.
Notably, compared with those in non-neonates, the constituent
proportions of MRSA isolates obtained from blood, secretions, and
urine were higher, while those obtained from respiratory sites and
bone or joint sites were lower, in neonates (Table 1).

9.8%

10.3389/fcimb.2023.1102779

Bacterial identification and AST

The antimicrobial resistance profiles of the 13024 MRSA isolates
from this study are provided in Table 2 and Table 3. All study isolates
were susceptible to vancomycin and linezolid and were resistant to
penicillin; additionally, 76.88% of the study isolates were resistant to
erythromycin, 54.97% to clindamycin, 22.3% to tetracycline, 5.67%
to levofloxacin, 5.14% to TMP-SMX, 3.63% to gentamicin, and 1.42%
to rifampin. The rifampin-resistance rate of MRSA isolates derived
from inpatients was significantly higher than those of MRSA isolates
derived from outpatients (1.51% vs. 0.13%, ¥2 = 10.119, P = 0.001),
while tetracycline-resistance rate of inpatients-derived MRSA isolates
was lower than that of outpatients-derived strains (22.00% vs. 28.57%,
%2 = 11.111, P = 0.001). Changes in the antibiotic resistance rates
among the MRSA isolates from 2016 to 2021 were observed, with an
increase in the rates of resistance to levofloxacin (from 5.45% to
7.14%) and TMP-SMX (from 4.67% to 6.50%) and a decrease in the
rates of resistance to erythromycin (from 82.61% to 68.08%),
clindamycin (from 60.95% to 46.82%), tetracycline (from 25.37% to
17.13%), gentamicin (from 4.53% to 2.82%), and rifampin (from
1.89% to 0.41%) (Table 3, Figure 2).

The activity of the tested antimicrobials against the 13024 MRSA
isolates obtained from different infection sites is summarized in Table 4.
The erythromycin-resistance rates of blood-derived (79.62%) and
abscess-derived (79.29%) MRSA isolates were significantly higher than
that of urine-derived isolates (70.87%; XZ = 4.645 and 5.089, P = 0.031
and 0.024, respectively). The clindamycin-resistance rates of bone and
joint-derived (72.73%) and urine-derived (63.49%) MRSA isolates were
significantly higher than that of lower respiratory-derived isolates
(54.61%; xz = 4.351 and 3.942, P = 0.037 and 0.047, respectively). The
tetracycline-resistance rate of bone and joint-derived MRSA isolates was
significantly higher than those of MRSA isolates derived from other
sources (50.00% vs. 20.42%-31.82%, x> = 63.809, P = 0.000). The
levofloxacin-resistance rate of blood-derived MRSA isolates (8.07%)
was significantly higher than those of abscess-derived (4.48%) and
secretion-derived (5.15%) isolates (> = 11.548 and 5.098, P = 0.001
and 0.024, respectively). The TMP-SMX-resistance rates of secretion-
derived (6.15%) and blood-derived (6.12%) MRSA isolates were
significantly higher than that of upper respiratory-derived isolates
(3.50%; x2 = 5.144 and 4.352, P = 0.023 and 0.037, respectively).
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FIGURE 1
Demographics of patients with MRSA infections.
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TABLE 1 Distributions of MRSA in neonates and nonneonates in 2016 to 2021.

10.3389/fcimb.2023.1102779

Specimen type 0/Neo_nates Nonn_eonates

b (N=2960) % (n=10064)
Lower respiratory 48.55% 61.73% 160.180 0.000
Upper respiratory 1.97% 5.27% 56.281 0.000
Blood 6.19% 4.16% 20.888 0.000
Abscess 18.00% 16.53% 3.406 0.065
Secretion*® 13.56% 5.96% 174.783 0.000
Urine 1.49% 0.84% 9.493 0.002
bone and joint 0.07% 0.30% 4.047 0.032
Cerebrospinal fluid 0.10% 0.28% 2301 0.089
Other 10.07% 4.92% - -

*Secretion: Umbilical secretion, wound.

Discussion

We observed the antimicrobial resistance trends of MRSA isolates
obtained from children participating in ISPED over the six-year
period from 2016 to 2021. Despite the reduction in the proportion
of MRSA among S. aureus infections that was noted over the recent
10-year span (Kramer et al, 2019), the incidence of MRSA has
remained high in some areas (Takemura and Mochizuki, 2018),
and MRSA remains a predominant cause of infection. The
proportions of MRSA among S. aureus infections in adults,
according to the China Antimicrobial Surveillance Network
(CHINET) report, decreased from 69.94% in 2005 to 31.00% in
2020 (Hu et al.,, 2016; Hu et al., 2017; Hu et al.,, 2018; Hu et al.,,
2020a; Hu et al., 2020b; Hu et al,, 2021). In contrast, the proportions
of MRSA among paediatric S. aureus infections found in our study
remained in the range of 31.50%-36.80% over the past six years. Here,
MRSA cases were detected much more commonly in the months of
January, November, and December, during which the weather in
China becomes colder. The seasonal nature of MRSA infections

varied based on specimen source, with wound infections more
prevalent in warmer months, and respiratory infections more
prevalent during colder months (Delorme et al,, 2017; Marcelin
et al., 2017). The most common age group of patients with MRSA
infection is <5 years old (Perovic et al., 2015; Ilczyszyn et al,, 2016). In
the present study, the median patient age was only 5 months old. The
most common age stage of patients participating in our study was 28
d-1 year (39.8%), and 77.4% of study participants were aged less than
3 years old, which is younger compared with the participants studied
in other reports (Milstone et al., 2010). In addition, 22.73% of the
patients in our study were newborn infants, and newborns are also an
important group affected by MRSA infections.

MRSA is a particularly threatening pathogen in children because
it causes infections of multiple organ systems. Previous research has
found that the most common sites of MRSA infection are the
respiratory tract (36.3%-48.0%), followed by the blood (15%-—
35.7%), wound or intravenous sites (25.2%-44%), and the urinary
tract (2.8%-28%), while the least common source of MRSA isolates is
puncture fluid (containing hydrothorax, ascites, pericardial fluid,

TABLE 2 Antimicrobial resistance rates of MRSA strains in inpatients and outpatients.

Antibiotic Inpatients Outpatients (n=794) Total
(n=12230) (n=13024)

Penicillin 100.00 100.00 100.00 - -
Oxacillin 100.00 100.00 100.00 - -
Erythromycin 76.84 77.41 76.88 0.134 0.714
Clindamycin 54.97 54.87 54.97 0.003 0.954
Tetracycline 22.00 28.57 22.30 11.111 0.001
Levofloxacin 5.78 4.09 5.67 3.775 0.052
TMP-SMX 5.06 6.46 5.14 3.014 0.083
Gentamicin 3.63 3.65 3.63 0.001 0.977
Rifampin 1.51 0.13 1.42 10.119 0.001
Vancomycin 0.00 0.00 0.00 - -
Linezolid 0.00 0.00 0.00 - -
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TABLE 3 Antimicrobial resistance rates of MRSA strains in 2016 to 2021.

10.3389/fcimb.2023.1102779

Antibiotic 2016 2017 2018 2019 2020
% (n=2100) % (n=2258) % (n=2241) % (n=2946) % (n=1481)

Penicillin 100.00 100.00 100.00 100.00 100.00 100.00 - -
Oxacillin 100.00 100.00 100.00 100.00 100.00 100.00 - -
Erythromycin 82.61 79.03 78.98 77.01 74.44 68.08 135.964 0.000
Clindamycin 60.95 61.28 55.69 52.37 61.10 46.82 137.725 0.000
Tetracycline 25.37 23.39 24.33 22.11 20.94 17.13 30.224 0.000
Levofloxacin 5.45 4.98 4.66 5.71 6.74 7.14 16.114 0.007
TMP-SMX 4.67 4.51 4.87 4.96 5.97 6.50 12.242 0.032
Gentamicin 4.53 5.22 3.48 2.81 2.68 2.82 30.908 0000
Rifampin 1.89 1.94 1.21 1.73 1.29 0.41 21.895 0.000
Vancomycin 0.00 0.00 0.00 0.00 0.00 0.00 - -
Linezolid 0.00 0.00 0.00 0.00 0.00 0.00 - -

cerebrospinal fluid, or articular cavity fluid; 21.32%) (Rahimi and
Shokoohizadeh, 2016; Huang et al., 2019; Samadi et al., 2019). MRSA
is an important cause of bloodstream infections (BSI), and in 2009-
2017, the MRSA detection rate was 40%-50% among BSI-associated
S. aureus (Zhang et al., 2022). Additionally, S. aureus was reported to
be the main pathogen (67.5%) in paediatric osteomyelitis, and the
proportion of MRSA among the cases due to S. aureus was 44% (Chen
etal, 2021). In the present work, the most common clinical sources of
MRSA infection were the respiratory tract (62.73%), followed by an
abscess (16.78%), a secretion (7.61%), and blood (4.64%), and the
constituent proportions isolated from blood, secretions, and urine
were higher in neonates compared with those in non-neonates. An
increasing incidence of MRSA infections was observed among
neonates (Dolapo et al., 2014). Because immunologically immature
children are more susceptible to MRSA infection, neonates are more
likely to develop MRSA BSIs compared with non-neonates. In
neonates with MRSA infection, the proportion of umbilical
infection is high, and BSI may be associated with umbilical cord
infection. Therefore, it is important to monitor the MRSA
epidemiology and resistance trends in neonates.

MRSA antibiotic resistance has been reported in many countries.
The significant antibiotic resistance of MRSA is a particular concern
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FIGURE 2

Profile of resistance to ten main antimicrobials (%) of MRSA isolates
collected from 2016 to 2021.

Frontiers in Cellular and Infection Microbiology

because it can lead to treatment failure in clinical practice. Several
studies of MRSA antimicrobial susceptibility have revealed their high
rates of resistance to erythromycin, clindamycin, levofloxacin, and
ciprofloxacin (Decousser et al., 2018; Liang et al., 2019). Similarly,
among MRSA isolates from paediatric patients, the highest
percentage of isolates was resistant to erythromycin (62%), followed
by those resistant to clindamycin (14%-57%), TMP-SMX (3%-24%),
gentamicin (24%), rifampicin (12%), or minocycline (10%), while all
isolates were susceptible to both vancomycin and linezolid (Milstone
etal., 2010; Miguel et al., 2019). In the CHINET surveillance report of
MRSA resistance trends between 2005 and 2020, decreases were
observed in the percentages of isolates resistant to clindamycin
(from 90.1% to 58.6%), erythromycin (from 92.7% to 78.9%),
levofloxacin (from 83.3% to 32.6%), gentamicin (from 77.3% to
20.7%), rifampin (from 34.9% to 8.2%), and TMP-SMX (from
36.3% to 6.4%) (Hu et al, 2016; Hu et al., 2019; Hu et al., 2020; Hu
etal, 2021). In the present study, our MRSA isolates had high rates of
resistance to erythromycin and clindamycin but low rates of
resistance to levofloxacin, TMP-SMX, gentamicin, and rifampin,
and all these isolates were susceptible to vancomycin and linezolid.
Changes in the antibiotic-resistance profile of MRSA isolates from
2016 to 2021 were noted, with an increase in the levofloxacin- and
TMP-SMX-resistance rates (from 5.45% to 7.14% and from 4.67% to
6.50%, respectively), and a decrease in the erythromycin-,
tetracycline-, gentamicin-, and rifampin-resistance rates. The
decreased rates of resistance to these antibiotics may be related to
their decreased use in recent years. In our monitoring, the
clindamycin-resistance rate remained at 50%-60% from 2016 to
2020, and although this rate decreased to 47% in 2021, it remained
close to 50%.

MRSA isolates obtained from different clinical sources may
exhibit different levels of antimicrobial susceptibility. A study in
Chicago suggested that MRSA isolates obtained from the blood are
more likely to be drug resistant compared with MRSA skin and soft
tissue isolates (Acree et al.,, 2017). Liang et al. reported that the rates of
gentamicin and ciprofloxacin resistance were significantly higher in
MRSA isolates derived from the respiratory tract than in those
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TABLE 4 Antibiotic resistance rates of MRSA from different site of infection.

10.3389/fcimb.2023.1102779

Upper Lower Blood Abscess  Secretion Urine bone and  Cerebrospinal

Antibiotic respiratory respiratory % % % % joint fluid

% (n=579) % (n=7590) (n=604) (n=2185) (n=991) (n=128) %(n=35) %(n=31)
Penicillin 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 - -
Oxacillin 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 - -
Erythromycin 78.37 76.71 79.62 79.29 76.19 70.87 78.79 80.65 12231 0.093
Clindamycin 58.16 54.61 57.67 58.70 59.77 63.49 72.73 54.84 25464 | 0.001
Tetracycline 2243 20.42 28.61 28.13 2321 25.00 50.00 31.82 63.789 | 0.000
Levofloxacin 5.72 6.07 8.07 4.48 5.15 7.94 0.00 323 17.064 = 0.017
TMP-SMX 3.50 475 6.12 5.87 6.15 7.09 8.57 345 12961 0073
Gentamicin 4.63 3.79 3.70 3.06 311 3.94 2.86 0.00 6.154 | 0522
Rifampin 0.87 1.60 1.58 1.06 2.12 0.79 0.00 0.00 8.667 | 0277
Vancomycin 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - -
Linezolid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -

MRSA, methicillin-resistant Staphylococcus aureus; TMP-SMX, sulfamethoxazole-trimethoprim.

isolated from the skin and soft tissue or the blood (Liang et al., 2019).
Resistance to antibiotics was prevalent among MRSA isolates cultured
from patients with ocular infections at US centres, with 72.7% of
isolates resistant to fluoroquinolones and 92.9% resistant to
azithromycin (Asbell et al., 2020). We found that the erythromycin-
resistance rates of blood- and abscess-derived MRSA isolates were
higher than that of MRSA isolates obtained from other clinical
sources. Additionally, the rates of clindamycin and tetracycline
resistance among bone and joint-derived MRSA isolates were
significantly higher than those obtained from other clinical sources.

An understanding of the distribution and antimicrobial
susceptibilities of MRSA strains will be crucial for guiding antibiotic
treatment in MRSA cases. Presently, vancomycin, linezolid, and
tigecycline are the most active agents against MRSA. Based on our
monitoring results, erythromycin is not recommended for treating
respiratory infections, bacteraemia, or abscesses in children.
Intravenous vancomycin is recommended for the treatment of
children with invasive MRSA infections. It has been reported that
MRSA strains outside of China have retained high susceptibility to
clindamycin (Aglua et al., 2018). Greenberg evaluated the
effectiveness of clindamycin in infants. They found that 76% of the
infants who had MRSA bacteraemia cleared the infection after
clindamycin treatment (Greenberg et al., 2020). Clindamycin
should be considered for inclusion in the initial antibiotic regimen
for treating osteomyelitis and septic arthritis because patients whose
initial antibiotic regimens included vancomycin had a longer
hospitalization compared with those initiated on a treatment
regimen of clindamycin without vancomycin (Weiss et al., 2020).
However, we found a particularly high rate of clindamycin resistance
among bone and joint-derived MRSA isolates (72.73%), and
clindamycin is not suitable to be recommended for the empirical
treatment of osteomyelitis. Because of the low number of bone and
joint-derived isolates in our study, it needs for more studies. The use
of antibiotic treatment is a particular concern owing to the limitation
that some antibiotic classes are not suitable for use among neonates,
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e.g., TMP-SMX, rifampin, gentamicin. Vancomycin and linezolid are
recommended for use in treating MRSA infections in neonates, and
clindamycin may be considered for the treatment of patients with
susceptible isolates who have non-invasive MRSA infections.
Although the levofloxacin-resistance rate was low compared to
other antibiotics, levofloxacin is not recommended for use in
children due to serious side effect.

Conclusions

The most common age group of patients with MRSA infection is
less than 3 years old, and newborns are an important group affected
by MRSA infections. MRSA isolates had high rates of resistance to
erythromycin and clindamycin but low rates of resistance to
levofloxacin, TMP-SMX, gentamicin, and rifampin. No isolate was
found to be resistant to vancomycin or linezolid. Changes in the
antibiotic resistance rates among the MRSA isolates obtained from
2016 to 2021 were observed, with an increase in the levofloxacin- and
TMP-SMX-resistance rates and a decrease in the erythromycin-,
clindamycin-, tetracycline-, gentamicin-, and rifampin-resistance
rates. The clindamycin-resistance rate of bone and joint-derived
MRSA isolates was higher than that of isolates derived from other
clinical sources. In areas where clindamycin-resistant MRSA strains
are a concern, empirical vancomycin therapy is suggested for the
treatment of paediatric osteomyelitis, and clindamycin is not
recommended for the treatment of osteomyelitis.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be directed
to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1102779
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Wu et al.

Ethics statement

The study protocol was approved by the Ethics Committee of the
Children’s Hospital of Fudan University (No. (2020)321). The need for
Informed Consent was waived by the Ethics Committee of the Children’s
Hospital of Fudan University due to the retrospective nature of the study

Author contributions

All authors have contributed to the manuscript. XW designed and
wrote the draft. XW, CW, LH, HX, CJ, YinC, JD, AL, HD, HC, YipC,
JY, TZ, QC, JH and YH collected and analyzed the data, and helped
with the data interpretation. HY reviewed the manuscript for its
intellectual content and revised the entire work. All authors
contributed to the article and approved the submitted version.

Funding

This research was funded by the Key Development Program of
Children’s Hospital of Fudan University, grant number EK2022ZX05.

References

Acree, M. E,, Morgan, E., and David, M. Z. (2017). S. aureus infections in Chicago
2006-2014: Increase in CA MSSA and decrease in MRSA incidence. Infect. Control Hosp
Epidemiol. 38, 1226-1234. doi: 10.1017/ice.2017.177

Aglua, I, Jaworski, J., Drekore, J., Urakoko, B., Poka, H., Michael, A., et al. (2018).
Methicillin-resistant staphylococcus aureus in Melanesian children with haematogenous
osteomyelitis from the central highlands of Papua new Guinea. Int. J. Pediatr. 6, 8361
8370. doi: 10.22038/ijp.2018.31279.2763

Asbell, P. A., Sanfilippo, C. M., Sahm, D. F,, and Decory, H. H. (2020). Trends in
antibiotic resistance among ocular microorganisms in the united states from 2009 to 2018.
JAMA Ophthalmol. 138, 439-450. doi: 10.1001/jamaophthalmol.2020.0155

Burke, R. E., Halpern, M. S., Baron, E. J., and Gutierrez, K. (2009). Pediatric and
neonatal staphylococcus aureus bacteremia: Epidemiology, risk factors, and outcome.
Infect. Control Hosp Epidemiol. 30, 636-644. doi: 10.1086/597521

Chen, J., Lin, H., Wei, H., Hsu, Y. L., Lai, H. C, Low, Y. Y., et al. (2021). Clinical
characteristics and outcomes of culture-negative versus culture-positive osteomyelitis in
children treated at a tertiary hospital in central Taiwan. J. Microbiol. Immunol. 54, 1061-
1069. doi: 10.1016/j.jmii.2020.08.005

Clinical and Laboratory Standards Institute (2019). Performance standards for
antimicrobial susceptibility testing. CLSI document M100-S29, 29th informational
supplement. Available at: USA,www.clsi.org.

Decousser, J., Woerther, P., Soussy, C., Fines-Guyon, M., and Dowzicky, M. J. (2018).
The tigecycline evaluation and surveillance trial; assessment of the activity of tigecycline
and other selected antibiotics against gram-positive and gram-negative pathogens from
France collected between 2004 and 2016. Antimicrob Resist Infect Control. 7, 68.
doi: 10.1186/s13756-018-0360-y

Delorme, T., Garcia, A., and Nasr, P. (2017). A longitudinal analysis of methicillin-resistant and
sensitive staphylococcus aureus incidence in respect to specimen source, patient location, and
temperature variation. Int. J. Infect. Dis. 54, 50-57. doi: 10.1016/j.ijid.2016.11.405

Dolapo, O., Dhanireddy, R., and Talati, A. J. (2014). Trends of staphylococcus aureus
bloodstream infections in a neonatal intensive care unit from 2000-2009. BMC Pediatr.
14, 12. doi: 10.1186/1471-2431-14-121

Doudoulakakis, A. G., Bouras, D., Drougka, E., Kazantzi, M., Michos, A., Charisiadou,
A, et al. (2016). Community-associated staphylococcus aureus pneumonia among Greek
children: Epidemiology, molecular characteristics, treatment, and outcome. Eur. J. Clin.
Microbiol. Infect. Dis. 35, 1177-1785. doi: 10.1007/s10096-016-2651-7

Greenberg, R. G., Wu, H., Maharaj, A., Cohen-Wolkowiez, M., Tomashek, K. M., Osborn, B.
L, etal. (2020). A pharmacoepidemiologic study of the safety and effectiveness of clindamycin in
infants. Pediatr. Infect. Dis. J. 39, 204-210. doi: 10.1097/INF.0000000000002524

Hamdy, R. F,, Dona, D., Jacobs, M. B., and Gerber, J. S. (2019). Risk factors for
complications in children with staphylococcus aureus bacteremia. J. Pediatr. 208, 214
220. doi: 10.1016/j.jpeds.2018.12.002

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1102779

Acknowledgments

We would like to thank all investigators of the Group of Infectious
Diseases Surveillance of Paediatrics (ISPED) of China who have

participated in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Huang, L., Zhang, R, Hu, Y., Zhou, H. W,, Cao, J. M,, Lv, H. Y,, et al. (2019).
Epidemiology and risk factors of methicillin-resistant staphylococcus aureus and
vancomycin-resistant enterococci infections in zhejiang China from 2015 to 2017.
Antimicrob. Resist. Infect. Control. 8, 90. doi: 10.1186/s13756-019-0539-x

Hu, F,, Guo, Y., Zhu, D., Wang, F., Jiang, X. F., Xu, Y. C,, et al. (2016). Resistance trends
among clinical isolates in China reported from CHINET surveillance of bacterial
resistance 2005-2014. Clin. Microbiol. Infect. 22, S9-14. doi: 10.1016/j.cmi.2016.01.001

Hu, F, Guo, Y., Zhu, D., Wang, F,, Jiang, X. F, Xu, Y. C,, et al. (2017). CHINET
surveillance of bacterial resistance in China: 2016 report. Chin. J. Infect. Chemother. 17,
481-491. doi: 10.16718/j.1009-7708.2017.05.001

Hu, F., Guo, Y., Zhu, D., Wang, F,, Jiang, X. F,, Xu, Y. C,, et al. (2018). CHINET
surveillance of bacterial resistance in China: 2017 report. Chin. J. Infect. Chemother. 18,
241-251. doi: 10.16718/j.1009-7708.2018.03.001

Hu, F., Guo, Y., Zhu, D., Wang, F,, Jiang, X. F,, Xu, Y. C,, et al. (2020a). CHINET
surveillance of bacterial resistance in China: 2018 report. Chin. J. Infect. Chemother. 20, 1-
10. doi: 10.16718/j.1009-7708.2020.01.001

Hu, F., Guo, Y., Zhu, D., Wang, F,, Jiang, X. F,, Xu, Y. C, et al. (2020b). CHINET
surveillance of bacterial resistance in China: 2019 report. Chin. J. Infect. Chemother. 20,
233-243. doi: 10.16718/j.1009-7708.2020.03.001

Hu, F,, Guo, Y., Zhu, D., Wang, F,, Jiang, X. F, Xu, Y. C,, et al. (2021). CHINET
surveillance of bacterial resistance in China: 2020 report. Chin. J. Infect. Chemother. 21,
377-387. doi: 10.16718/j.1009-7708.2021.04.001

Ilczyszyn, W. M., Sabat, A. J., Akkerboom, V., Szkarlat, A., Klepacka, J., Sowa-Sierant,
L, et al. (2016). Clonal structure and characterization of staphylococcus aureus strains
from invasive infections in paediatric patients from south Poland: Association between
age, spa types, clonal complexes, and genetic markers. PloS One 11, e01519373.
doi: 10.1371/journal.pone.0151937

Kramer, T. S., Schroeder, C., Behnke, M., Aghdassi, S. J., Geffers, C., Gastmeier, R., et al.
(2019). Decrease of methicillin resistance in staphylococcus aureus in nosocomial
infections in Germany-a prospective analysis over 10 years. J. Infection. 78, 215-219.
doi: 10.1016/.jinf.2018.12.005

Kumarachandran, G., Johnson, J. K., Shirley, D. A., Graffunder, E., and Heil, E. L.
(2017). Predictors of adverse outcomes in children with staphylococcus aureus
bacteremia. J. Pediatr. Pharmacol. Ther. 22, 218-226. doi: 10.5863/1551-6776-22.3.218

Liang, Y., Tu, C,, Tan, C., Ahmed, M., Dai, M., Xia, Y., et al. (2019). Antimicrobial
resistance, virulence genes profiling and molecular relatedness of methicillin-resistant
staphylococcus aureus strains isolated from hospitalized patients in guangdong province,
China. Infect. Drug Resist. 12, 447-459. doi: 10.2147/IDR.S192611

Lim, W. H,, Lien, R,, Huang, Y., Lee, W., and Lai, J. (2014). Community-associated
methicillin-resistant staphylococcus aureus necrotizing pneumonia in a healthy neonate.
J. Microbiol. Immunol. Infect. 47, 555-557. doi: 10.1016/j.jmii.2012.07.001

frontiersin.org


https://doi.org/10.1017/ice.2017.177
https://doi.org/10.22038/ijp.2018.31279.2763
https://doi.org/10.1001/jamaophthalmol.2020.0155
https://doi.org/10.1086/597521
https://doi.org/10.1016/j.jmii.2020.08.005
USA,www.clsi.org
https://doi.org/10.1186/s13756-018-0360-y
https://doi.org/10.1016/j.ijid.2016.11.405
https://doi.org/10.1186/1471-2431-14-121
https://doi.org/10.1007/s10096-016-2651-7
https://doi.org/10.1097/INF.0000000000002524
https://doi.org/10.1016/j.jpeds.2018.12.002
https://doi.org/10.1186/s13756-019-0539-x
https://doi.org/10.1016/j.cmi.2016.01.001
https://doi.org/10.16718/j.1009-7708.2017.05.001
https://doi.org/10.16718/j.1009-7708.2018.03.001
https://doi.org/10.16718/j.1009-7708.2020.01.001
https://doi.org/10.16718/j.1009-7708.2020.03.001
https://doi.org/10.16718/j.1009-7708.2021.04.001
https://doi.org/10.1371/journal.pone.0151937
https://doi.org/10.1016/j.jinf.2018.12.005
https://doi.org/10.5863/1551-6776-22.3.218
https://doi.org/10.2147/IDR.S192611
https://doi.org/10.1016/j.jmii.2012.07.001
https://doi.org/10.3389/fcimb.2023.1102779
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Wu et al.

Liu, C, Bayer, A., Cosgrove, S. E., Daum, R. ., Fridkin, S. K., Gorwitz, R. ], etal. (2011). Clinical
practice guidelines by the infectious diseases society of America for the treatment of methicillin-
resistant staphylococcus aureus infections in adults and children. Clin. Infect. Dis. 52, 285-292.
doi: 10.1093/cid/cir034

Marcelin, J. R., Challener, D. W., Tan, E. M., Lahr, B. D., and Baddour, L. M. (2017).
Incidence and effects of seasonality on nonpurulent lower extremity cellulitis after the
emergence of community-acquired methicillin-resistant staphylococcus aureus. Mayo
Clin. Proc. 92, 1227-1233. doi: 10.1016/j.mayocp.2017.04.008

Miguel, C. P. V., Mejias, A., Leber, A., and Sanchez, P. (2019). A decade of
antimicrobial resistance in staphylococcus aureus: A single center experience. PloS One
14, €02120292. doi: 10.1371/journal.pone.0212029

Milstone, A. M., Carroll, K. C,, Ross, T., Shangraw, K. A., and Perl, T. M. (2010).
Community-associated methicillin-resistant staphylococcus aureus strains in pediatric
intensive care unit. Emerg. Infect. Dis. 16, 647-655. doi: 10.3201/eid1604.090107

Perovic, O, Iyaloo, S., Kularatne, R, Lowman, W., Bosman, N., Wadula, ., et al. (2015).
Prevalence and trends of staphylococcus aureus bacteraemia in hospitalized patients in south
Africa 2010 to 2012: Laboratory-based surveillance mapping of antimicrobial resistance and
molecular epidemiology. PloS One 10, €0145429. doi: 10.1371/journal.pone.0145429

Rahimi, F., and Shokoohizadeh, L. (2016). Characterization of methicillin resistant
staphylococcus aureus strains among inpatients and outpatients in a referral hospital in
Tehran, Iran. Microb. Pathog. 97, 89-93. doi: 10.1016/j.micpath.2016.06.006

Samadi, R., Ghalavand, Z., Mirnejad, R., Nikmanesh, B., and Eslami, G. (2019).
Antimicrobial resistance and molecular characteristics of methicillin-resistant

staphylococcus aureus isolates from children patients in Iran. Infect. Drug Resist. 12,
3849-3857. doi: 10.2147/IDR.S229394

Frontiers in Cellular and Infection Microbiology

08

10.3389/fcimb.2023.1102779

Song, Z., Gu, F.,, Guo, X,, Ni, Y., He, P,, and Han, L. (2017). Antimicrobial
resistance and molecular characterization of staphylococcus aureus causing
childhood pneumonia in shanghai. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.
00455

Takemura, H., and Mochizuki, T. (2018). Comparison between local and national
epidemiology of antimicrobial resistance using the JANIS data. J. Infect. Chemother. 24,
868-872. doi: 10.1016/j.jiac.2018.08.016

Tian, L., Zhang, Z., and Sun, Z. (2019). Antimicrobial resistance trends in
bloodstream infections at a large teaching hospital in China: A 20-year surveillance
study, (1998-2017). Antimicrob. Resist. Infect. Control. 8, 86. doi: 10.1186/s13756-019-
0545-z

Vallegjo, J. G., Cain, A. N., Mason, E. O., Kaplan, S. L., and Hulten, K. G. (2017).
Staphylococcus aureus central nervous system infections in children. Pediatr. Infect. Dis. J.
36, 947-951. doi: 10.1097/INF.0000000000001603

Wang, H., Huang, C., and Huang, Y. (2017). Clinical features and molecular
characteristics of childhood community-associated methicillin-resistant staphylococcus
aureus infection in a medical center in northern Taiwan 2012. BMC Infect. Dis. 17, 470.
doi: 10.1186/s12879-017-2560-0

Weiss, L., Lansell, A., Figueroa, J., Suchdev, P. S, and Kirpalani, A. (2020). Declining
prevalence of methicillin-resistant staphylococcus aureus septic arthritis and
osteomyelitis in children: Implications for treatment. Antibiotics-Basel. 9, 101.
doi: 10.3390/antibiotics9030101

Zhang, Z., Sun, Z., and Tian, L. (2022). Antimicrobial resistance among pathogens
causing bloodstream infections: A multicenter surveillance report over 20 years, (1998-
2017). Infect. Drug Resist. 15, 249-260. doi: 10.2147/IDR.S344875

frontiersin.org


https://doi.org/10.1093/cid/cir034
https://doi.org/10.1016/j.mayocp.2017.04.008
https://doi.org/10.1371/journal.pone.0212029
https://doi.org/10.3201/eid1604.090107
https://doi.org/10.1371/journal.pone.0145429
https://doi.org/10.1016/j.micpath.2016.06.006
https://doi.org/10.2147/IDR.S229394
https://doi.org/10.3389/fmicb.2017.00455
https://doi.org/10.3389/fmicb.2017.00455
https://doi.org/10.1016/j.jiac.2018.08.016
https://doi.org/10.1186/s13756-019-0545-z
https://doi.org/10.1186/s13756-019-0545-z
https://doi.org/10.1097/INF.0000000000001603
https://doi.org/10.1186/s12879-017-2560-0
https://doi.org/10.3390/antibiotics9030101
https://doi.org/10.2147/IDR.S344875
https://doi.org/10.3389/fcimb.2023.1102779
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Antimicrobial resistance profile of methicillin-resistant Staphylococcus aureus isolates in children reported from the ISPED surveillance of bacterial resistance, 2016–2021
	Introduction
	Patients and methods
	Surveillance population
	Antimicrobial susceptibility testing (AST)
	Statistical analysis

	Results
	Distribution of MRSA
	Bacterial identification and AST

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


