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Abstract
Background: Clinical use of linezolid for the treatment of methicillin-resistant staphylococcus aureus
(MRSA) acute hematogenous osteomyelitis (AHO) is still limited by lacking data about clinical outcomes
and adverse effects of long-term usage in children. This study aimed to compare the e�cacy and safety
of linezolid and vancomycin for the treatment of MRSA AHO in children.

Methods: This retrospective study was conducted between January 2011 and December 2018 at the
Xijing Hospital, Air Force Military Medical University, China, and compared the clinical e�cacy and safety
of linezolid and vancomycin in children with MRSA AHO. Demographics, clinical features, laboratory
tests, susceptibilities of isolates, treatment outcomes, and adverse events were collected. Variables were
analyzed by Fisher’s exact test or Mann-Whitney U-test.

Results: 17 patients with MRSA AHO were included in this study (6 children received linezolid and 11
children received vancomycin). Statistically signi�cant differenc was observed in the minimum
hemoglobin during the treatment between 2 groups [71.0 (IQR 65.0-91.0) vs 102.0 (IQR 91.0-114.0) g/L,
P=0.009], and patients in the linezolid group presented higher anemia rate [5 (83.3%) vs 3 (27.3%),
P=0.049] than those in the vancomycin group.

Conclusions: Although linezolid and vancomycin have no signi�cant difference in e�cacy and safety in
the treatment of children with MRSA AHO, the incidence rate of anemia was higher during therapy.
Children seemed to be more sensitive to the transient bone marrow suppression effect of linezolid in the
prolonged use for MRSA AHO.

1. Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) has become the predominant cause of acute
hematogenous osteomyelitis (AHO) [1], which can lead to severe consequences due to producing
enterotoxin B, phenol-soluble modulins, and Panton-Valentine leukocidin[2, 3]. 

Vancomycin is the �rst-line treatment and demonstrates positive clinical outcomes[4, 5]. However, its use
has been related to some defects, such as potential nephrotoxicity and slow bactericidal activity[6]. 

Linezolid, as the �rst member of the oxazolidinone class approved for clinical use, has a broad spectrum
of activity against nearly all Gram-positive pathogens including MRSA. Although it was recommended by
the MRSA Infectious Diseases Society of America (IDSA) guidelines for pediatric AHO[7], its clinical use is
still limited by sparse MRSA AHO data about clinical outcomes and adverse effects of long-term usage in
children[8-11]. 

Given the increasing incidence of MRSA AHO and the lack of data comparing linezolid’s clinical
outcomes with other treatments on this disease, the aim of this study was to analyze the effectiveness
and safety of linezolid and vancomycin for the treatment of MRSA AHO in children.
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2. Materials And Methods
2.1 Study design

We retrospectively reviewed all medical records of children (<18 years old) who were carried a discharge
diagnosis of AHO caused by MRSA and treated with at least one dose of linezolid or vancomycin from
Xijing Hospital, Air Force Military Medical University (Xi’an, China) between January 2011 and December
2018. This retrospective study was approved by the Ethics Committee of Xijing Hospital. Two cohorts
were de�ned, the MRSA AHO children patients admitted treated with either linezolid or vancomycin were
labeled linezolid group and vancomycin group, respectively. All methods were carried out in accordance
with relevant guidelines and regulations.

2.2 Treatment

Children in Linezolid group received doses of 10 mg/kg/dose every 8 hours in children ≤ 11 years old,
and 600 mg/d q12h in children ≥12 years old, which were recommended and likely to be su�cient to
reach pharmacodynamics targets for MRSA strains[7, 12]. For linezolid, both oral and intravenous (IV)
therapy were considered appropriate. Children in vancomycin group received vancomycin 15mg/kg/dose
IV every 6 hours, which was in accordance with the MRSA IDSA treatment guidelines[7].

2.3 Patients and variables

All children patients who were enrolled in this study were identi�ed by reviewing all medical records.
Patients with acute osteomyelitis occurring after open wound, bone fracture, or surgery and patients with
mixed culture results were excluded. Informed consent was obtained, as participants were under 18, from
parent and/or legal guardian. If the patient was hospitalized multiple times, we only analyzed his �rst
medical record. After discharge, we followed patients for at least six months.

All data, which includes epidemiological, microbiological and clinical data, were collected by using pre-
designed forms. Age, sex, and race were included in epidemiological data. Duration of symptoms and
previous therapy before admission, admission temperature, bone involvement, adjacent arthritis,
susceptibilities of MRSA isolates and laboratory �ndings were included in clinical data. Treatment and
outcome analyses included duration of antibiotic therapy, surgical procedures, duration of fever, clinical
cure at the end of treatment (EOT) and at 28 days, and outcome. 

We also recorded length of stay (LOS) and treatment-related adverse events. Special attention was paid
to the manifestations of nausea, vomiting, diarrhea, skin rash, headache, peripheral neuropathy, red man
syndrome (RMS), and visual impairment. The laboratory data of each case at the beginning of and
throughout the duration of linezolid or vancomycin treatment, including routine hematology and serum
chemistry assays and hepatorenal function test, were also collected to evaluate the extent of bone
marrow suppression and hepatorenal impairment. We also analyzed in�ammatory markers, such as
Leukocyte, erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP). 
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We used microbiological tests to identify MRSA, including testing isolated MRSA for antibiotic sensitivity
(oxacillin, linezolid, vancomycin, and clindamycin). Minimal inhibitory concentrations (MICs) of antibiotic
were performed in sterile, �at-bottomed 96-well microplate according to the broth microdilution guidelines
of Clinical and Laboratory Standards Institute (CLSI).[13]

2.4 De�nitions

The diagnosis of MRSA AHO was based on the following criteria: presence of localized pain or
tenderness and other typical features of osteomyelitis of no more than 15 days’ duration, typical imaging
manifestations, and bacteriologic evidence of MRSA infection (positive blood, tissue, or pyogenic �uid
culture). Adjacent septic arthritis was considered when MRSA was isolated from synovial �uid from
adjacent joint.

The de�nition of clinical cure was that no clinical and laboratory evidence of infection was detected after
treatment of linezolid or vancomycin was discontinued. The de�nition of treatment failure was that
treatment was stopped or changed before clinical cure can be achieved, which was usually due to
persistent or progressive clinical or laboratory evidence of infection, or severe adverse events. An adverse
reaction was de�ned as an adverse event that occurred after the use of linezolid or vancomycin and was
suspected or proven to be associated with the use of the drug [1, 7, 10, 11, 14-16]. Relapse was de�ned as
the isolation of a positive culture after clinical cure within 2 months. The criteria for the presence of drug-
induced liver injury (DILI) include any of the following[17, 18]: ≥5-fold elevation above the upper limit of
normal (ULN) for alanine aminotransferase (ALT) , ≥2-fold elevation above the ULN for alkaline
phosphatase (ALP), and ≥3-fold elevation in ALT with simultaneous elevation of bilirubin exceeding two
times the ULN. Normal baseline serum creatinine (SCr) value was de�ned as ≤ 53 μmol/L for patients ≤
1month old and ≤ 72 μmol/L for those > 1 month old. Nephrotoxicity was de�ned as SCr increase
of ≥ 44 μmol/L or a ≥50% increase in baseline SCr on at least two consecutive days[19]. RMS was
de�ned as a hypersensitivity reaction by intravenous administration of vancomycin, with symptoms
ranging from �ushing, erythematous rash, pruritus, mild to profound hypotension, and even cardiac
arrest[20, 21].Neutropenia was de�ned as an absolute neutrophil count of < 1.5×109/L.
Thrombocytopenia was de�ned as a platelet count of < 150×109/L. Anemia was de�ned as a hemoglobin
of < 90g/L.

2.5 Statistical analysis

Statistical analyses were performed using SPSS Statistics 23.0 (IBM Corp., Armonk, NY, USA). Percentage
was used to present categorical variables, and Fisher’s exact test was used to test whether there was
statistical difference. Median [interquartile range (IQR)] was used to present continuous variables, and
Mann-Whitney U-test was used to test the difference. 

3. Results
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A total of 49 children with discharge diagnosis of osteomyelitis and with MRSA-positive culture were
identi�ed during the 8-year study period. 29 patients whose time between symptom onset and admission
was longer than 15 days were excluded. 3 cases of acute osteomyelitis (bone fracture, 2, plastic surgery,
1) were excluded. 17 cases of MRSA AHO that met inclusion criteria were analyzed as they received either
linezolid or vancomycin. 6 patients received linezolid and 11 received vancomycin as de�nitive therapy
for MRSA based on the results of sensitivity test and criteria of responsible professors.

Baseline epidemiological and clinical characteristics between treatment groups are shown in Table 1. 

3.1 Demographics

Children with linezolid treatment had a median age of 8.5 (IQR 7.2-10.2) years, whereas those with
vancomycin treatment had a median age of 13 (IQR 6.0-14.0) years (P = 0.131). There were 10 male and
7 female patients (male to female ratio: 1.4:1) with no signi�cant gender differences observed between
the 2 groups. The proportion of Han Chinese children in linezolid group did not differ signi�cantly from
that in vancomycin group. 

3.2 Clinical Features

The duration between the onset of symptoms and admission in linezolid groups were 11.0 (IQR 6.5-14.5)
days, and 4 (66.7%) children received antibiotics before admission. these �ndings were similar to those
from patients in vancomycin group. A recent illness presenting within 2 weeks before admission as an
upper respiratory tract infection was reported in 1 (16.7%) of the 6 patients with linezolid therapy. Two
(33.3%) children in linezolid group had history of preceding minor trauma. these �ndings were not
signi�cantly different from those of patients with vancomycin therapy. The admission temperature did
not differ between treatment groups [37.5 (IQR 37.4-38.2) vs 37.8 (IQR 37.5-38.1)℃, P=1.000]. The most
common sites of infection in MRSA AHO were femur (52.9%) and tibia (29.4%). One child had
involvement of >1 bone. The frequency of occurrence of infection of different bones was similar between
2 groups. Concurrent adjoining septic arthritis was present in 33.3% and 27.3% of children treated with
linezolid and vancomycin (P=1.000), respectively.

3.3 Laboratory �ndings

Laboratory �ndings and in�ammatory markers between treatment groups are shown in Table 2.

On admission, the median hemoglobin was 113.0 (IQR 97.3-124.7) and 118.0 (IQR 104.0-142.0) g/L for
patients with linezolid and vancomycin, (P=1.000), respectively. However, statistically signi�cant
difference was observed in minimum hemoglobin during the treatment between 2 groups [71.0 (IQR 65.0-
91.0) vs 102.0 (IQR 91.0-114.0) g/L, P=0.009]. While at the end of treatment, hemoglobin did not differ
between 2 groups [107.0 (IQR 100.0-112.7) vs 106.0 (IQR 95.0-109.0). No statistically signi�cant
differences were observed in the count of platelet, neutrophil, and leukocyte, apart from higher neutrophil
count on admission in the linezolid group (P=0.049). No statistically signi�cant differences were
observed in ALT on admission [32.0 (IQR 12.7-62.7) vs 21.0 (IQR 7.0-42.0), P=1.000], during the treatment
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[15.5 (IQR 10.5-34.2) vs 19.0 (IQR 17.0-23.0), P=1.000], or at the EOT [12.0 (IQR 7.7-22.5) vs 22.0 (17.0-
27.0), P=0.304]. At the EOT, the peripheral creatinine for patients in vancomycin group was signi�cantly
higher than that in linezolid group [64.0 (IQR 52.0-68.0) vs 37.0 (IQR 30.0-48.0), P=0.009]. However,
signi�cant difference was also observed in baseline creatinine between groups [61.0 (IQR 53.0-71.0) vs
40.5(IQR 33.2-51.2), P=0.009]. The ESR and CRP did not differ between treatment groups on admission or
at the EOT.

3.4 Treatment and outcomes

Both groups showed similar clinical and microbiological e�cacy, as shown in Table 3. 

There was no signi�cant difference between the linezolid group and the vancomycin group in surgical
frequency [2.0 (IQR 0.75-3.25) vs 2.0 (IQR 0.0-3.0), P=1.000]. In patients treated with linezolid, the median
duration of antibiotic therapy, the median duration of fever after admission, and the length of
hospitalization were 32.0 (IQR 25.7-57), 3.5 (IQR 2.0-7.0), and 30.0 (IQR 23.2-52.0) days, respectively.
These �ndings were similar to those of patients treated with vancomycin. There were no differences
concerning transfusion [2 (33.3%) vs 1 (9.1%), P=0.515], cure at EOT [6 (100%) vs 9 (81.8%), P=0.515],
cure at 28 days [3 (50.0%) vs 4 (36.4%), P=0.644], and relapse [1 (16.7%) vs 2 (18.2%), P=1.000] in the
linezolid and vancomycin groups. 

Antibacterial susceptibilities for 17 isolated of MRSA are shown in Table 4.

3.5 Adverse events

The rate of adverse events compared by treatment is shown in Table 5. Although not signi�cant, the
treatment was discontinued in 2 children treated with vancomycin, because of severe adverse events
(renal impairment, 1 and neutropenia, 1), while all children in linezolid group were cured at the end of
treatment. No differences were found between different cohorts in terms of adverse events, nausea and
vomiting, diarrhea, skin rash, renal impairment, neutropenia, and thrombocytopenia. Patients in the
linezolid group presented higher anemia rate [5 (83.3%) vs 3 (27.3%), P=0.049] than those in the
vancomycin group. None of peripheral neuropathy, visual impairment, RMS, nor hepatic impairment was
observed in any of the patients.

4. Discussion
MRSA has become the most prevalent cause of AHO in pediatric patients[1]. Vancomycin therapy has
been well established in children patients and demonstrates positive clinical outcomes. However, there
are few options for children with renal impairment or intolerance to vancomycin. Linezolid could be an
alternative to vancomycin for MRSA AHO[7], but it has been only approved for the use in pneumonia,
bacteremia, skin infections, and periprosthetic joint infections caused by antibiotic-resistant Gram-
positive cocci[11, 22-24]. To date, no speci�c AHO study in children has been conducted[8, 10]. There is
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no literature comparing the clinical outcomes and adverse effects of linezolid and vancomycin for the
treatment of speci�c MRSA AHO

As far as we know, this is the �rst research comparing the e�cacy and safety of linezolid and
vancomycin in the treatment of MRSA AHO. In aspects of clinical cure rates, microbiological eradiation,
and hospital length of stay, linezolid and vancomycin have similar e�cacy. No signi�cantly differences
were observed in most of the adverse events, apart from anemia.

It is di�cult to compare our results with previous literature on MRSA AHO for the following reasons. First,
the data provided by some previous studies cannot be compared, because the prescribed dose
was unavailable or some other antibiotics were used with linezolid or vancomycin[4, 5]. Second, previous
studies on linezolid were limited by sparse AHO clinical outcome data coupled with concern over adverse
effects with long term usage[9, 10, 22, 24]. To date no speci�c study of linezolid in the treatment of AHO
has been conducted[8, 11, 24]. Thirdly, in other published articles with the treatment of linezolid or
vancomycin in children, clinical outcomes were not compared between different antibiotics[11, 15, 16,
19]. 

Although no signi�cant differences were observed in hemoglobin value at admission and EOT, the
incidence rate of anemia was higher in the linezolid group (5/6, 83.3%) than in the vancomycin group
(3/11, 27.3%, P=0.049), and the minimum value of hemoglobin in the ward also differed between
treatment groups (P=0.009). These �ndings seem to be inconsistent with previous studies that showed
the incidence of anemia of 7.1%-15.3% with the treatment of linezolid in children[8, 10]. However, the
treatment for MRSA AHO requires weeks of therapy[1] [30 (IQR 22-37) days in our study], and previous
adverse effect data in children were limited to those seen when pediatric patients received linezolid for
short duration (11.3±5.0 days)[9, 15]. What’s more, the total incidence rate of anemia previously was low,
but 2 patients with anemia received linezolid for 32 and 36 days respectively, which was longer than the
others’ [20 (IQR 15-28) days][8]. According to a previous study in adults, pretreatment hemoglobin value
of < 10.5 g/L was an independent risk factor in patients who received more than 4 weeks of linezolid
treatment[25]. However, in 3 patients with anemia (60%) in our study, hemoglobin values were higher than
10.5 g/L at admission. The prolonged use of linezolid was associated with an increased frequency of
anemia, and children seemed to be more sensitive to the transient bone marrow suppression effect of
linezolid. Additionally, in children with AHO, factors including surgical blood loss, lesion range, and
nutritional status may affect hemoglobin level, hence further prospective randomized controlled trials are
needed to certify this observation.

The most common sites of infection were femur (52.9%) and tibia (29.4%), which were consistent with
previous studies [26]. In�ammatory markers, including leukocyte, ESR, and CRP were compared at
admission and EOT between treatment groups. Both CRP and ESR were elevated at the time of admission
(17/17 >4mg/mL, 17/17 >20 mm/�rst h, respectively), and declined to normal within therapy (15/17
<4mg/mL, 9/17 <20 mm/�rst h, respectively). This observation was compatible with that in previous
articles [26-29]. According to a previous prospective study, leukocyte was an inappropriate predictor of
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response because only 35% of children demonstrated leukocytosis (leukocyte >12 ×109/L) [30]. In our
study, leukocytosis only occurred in 5/17 (29.4%) of children at admission, that is consistent with
previous study [30]. 

The clinical chemistry criteria for DILI we used was applicable to patients of all ages[17], and no DILI was
reported in this study. However, there is no independent diagnostic criteria for DILI in children[18], and the
increase of ALP in serum is more common in children in the period of vigorous bone growth and
development. Therefore, further studies are needed to explore potential DILI induced by linezolid or
vancomycin. RMS is a rare but serious adverse reaction during treatment with intravenous
antibiotics [20]. Although not observed in patients in this study, it occurred in one of our patients
diagnosed with subacute hematogenous osteomyelitis (data not shown), and it was supposedly
associated with rapid infusion of the �rst dose of the drug [21].

Discontinuation rate was higher in the vancomycin group (2/11, 18.2%) than in the linezolid group (0/6,
0.0%). This difference was not signi�cant and may be caused by the sample size. The two failed patients
underwent severe adverse events (renal impairment, 1, neutropenia, 1). Renal impairment caused by
vancomycin in children was reported in several studies[16, 19, 31-33], and neutropenia associated with
linezolid happened in 5 (7.57%) children in a previous study[11]. However, few articles reported
vancomycin related neutropenia in the treatment of AHO in children. Fortunately, the neutrophil level of
this child returned to normal level (> 1.5×109/L) at EOT.

Interestingly, although no racial differences were observed in treatment outcomes and adverse events,
ethnic minority children seemed to have a longer time between symptom onset and admission (P=0.102)
and a lower rate previous antimicrobial use before admission (P=0.053) than Han children. It was
suggested in previous studies that in cases of MRSA, patients should receive empirical antibiotic
treatment at an early stage[26, 34]. This manifests the importance and greatness of the health poverty
alleviation project proposed and carried out by our government, the aim of which is to provide basic
needs to those still disadvantaged and in poor health, including improving their accessibility to, and
affordability of, health services[35].

Therefore, with appropriate monitoring for signs of hematologic and toxicity, linezolid could be an
alternative to vancomycin for the treatment of MRSA AHO in children. Additionally, its use allows patients
to switch to the oral route more quickly, reducing the incidence of venous complications[8, 36, 37].

There are several limitations in this study. Although this study was non-randomized observational
research, the authors followed strict inclusion criteria to decrease the potential bias. Despite this study
used 8 years of data from our institution, only 17 MRSA AHO cases were included. Due to the small
sample size, some differences in clinical outcomes and adverse events between treatment groups may be
shadowed. However, to our knowledge, this study is the �rst to compare the clinical e�cacy and safety of
linezolid and vancomycin in the treatment of MRSA AHO in children.
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5. Conclusion
Although linezolid was considered an reliable alternative to vancomycin and has similar e�cacy in the
treatment of MRSA AHO. Children seemed to be more sensitive to the transient bone marrow suppression
effect of linezolid in the prolonged use for MRSA AHO. The incidence rate of anemia was higher during
long-term use of linezolid in children.

Abbreviations
MRSA, Methicillin-resistant Staphylococcus aureus; AHO, acute hematogenous osteomyelitis; IDSA,
Infectious Diseases Society of America; IV, intravenous; EOT, end of treatment; LOS, hospital length of
stay; RMS, red man syndrome; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; MICs, Minimal
inhibitory concentrations; CLSI, Clinical and Laboratory Standards Institute; DILI, drug-induced liver injury;
ULN, upper limit of normal; ALT, alanine aminotransferase; ALP, alkaline phosphatase; SCr, serum
creatinine; IQR, interquartile range.
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