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Abstract. Introduction: Chronic osteomyelitis is a challenging condition in the orthopedic practice and traditionally treated using local and systemic antibiotics in a two-stage surgical procedure. With the introduction
of the antimicrobial biomaterial S53P4 bioactive glass (Bonalive® ), chronic osteomyelitis can be treated in a
one-stage procedure. This study evaluated the mid-term clinical results of patients treated with S53P4 bioactive
glass for long bone chronic osteomyelitis. Methods: In this prospective multi-center study, patients from two
different university medical centers in the Netherlands were included. One-stage treatment consisted of debridement surgery, implantation of S53P4 bioactive glass, and treatment with culture-based systemic antibiotics. If
required, wound closure by a plastic surgeon was performed. The primary outcome was the eradication of infection, and a secondary statistical analysis was performed on probable risk factors for treatment failure. Results: In
total, 78 patients with chronic cavitary long bone osteomyelitis were included. Follow-up was at least 12 months
(mean 46; standard deviation, SD, 20), and 69 patients were treated in a one-stage procedure. Overall infection
eradication was 85 %, and 1-year infection-free survival was 89 %. Primary closure versus local/muscular flap
coverage is the only risk factor for treatment failure. Conclusion: With 85 % eradication of infection, S53P4
bioactive glass is an effective biomaterial in the treatment of chronic osteomyelitis in a one-stage procedure. A
major risk factor for treatment failure is the necessity for local/free muscle flap coverage. These results confirm
earlier published data, and together with the fundamentally different antimicrobial pathways without antibiotic
resistance, S53P4 bioactive glass is a recommendable biomaterial for chronic osteomyelitis treatment and might
be beneficial over other biomaterials.

1

Introduction

Chronic osteomyelitis is a bacterial infection of the bone and
bone marrow and is one of the biggest clinical challenges
in current orthopedic practice. It is predominantly posttraumatic and is often seen after orthopedic (open) fracture
surgery but can also be caused by a hematogenous spread or
direct postoperative colonization (Lazzarini et al., 2004; Lew

and Waldvogel, 2004). Treatment of these infections is difficult because the infected bone and the surrounding tissues
are often devitalized (i.e., dead bone sequesters) and poorly
vascularized due to the (mostly) long-term present infection.
In combination with risk factors as smoking, peripheral vascular disease, diabetes or malnutrition, patients often need
multiple surgical procedures where the risks of reinfection

Published by Copernicus Publications on behalf of EBJIS and MSIS.

Original full-length article

JBJI

J. Bone Joint Infect., 6, 413–421, 2021
https://doi.org/10.5194/jbji-6-413-2021
© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

414

T. A. G. Van Vugt et al.: Mid-term clinical results of chronic cavitary long bone osteomyelitis treatment

(up to 20 %–30 %) remain relatively high (Garcia Del Pozo
et al., 2018; Tice et al., 2003).
Treatment of chronic osteomyelitis is based on extensive
surgical debridement, culture based local and systemic antibacterial/antibiotic therapy, proper dead space management
and good soft tissue coverage (Walter et al., 2012). Traditionally this was performed in a two-stage procedure with temporary placement of antibiotic-loaded polymethylmethacrylate (PMMA) beads or spacers. During the second stage,
these temporary fillers were removed, and the bone defect
is filled with autograft, allograft, or a bone graft substitute
(Blaha et al., 1993; Shih et al., 2005). Disadvantages of this
treatment algorithm are the need for a second surgery, possible inoculation/biofilm formation of the antibiotic-loaded
PMMA implants, and the possibility of thermal damage to
the surrounding tissues. In the past few years, multiple antibacterial biodegradable bone graft substitutes have been
developed and tested to address these disadvantages (Ferguson et al., 2017; Geurts et al., 2020). Examples of these
different biomaterials are antibiotic-loaded calcium sulfates,
antibiotic-loaded calcium phosphates, and antibiotic-loaded
collagen fleeces/sponges (van Vugt et al., 2016, 2018).
S53P4 bioactive glass (BAG) is a biomaterial with antimicrobial properties that can be used as a bone graft substitute. This S53P4 BAG has been used for the past few years
within the fields of oncological, spinal, and traumatic orthopedic surgery but is also used within the field of craniomaxillofacial and otorhinolaryngological surgery (van Gestel et
al., 2015). S53P4 BAG is suitable as a bone defect filler
after debridement surgery because of its antimicrobial and
osteoconductive properties (Fig. 1). After implantation of
S53P4 BAG, the ion release causes the formation of a hydroxyapatite layer resulting in osseointegration. After osseointegration, osteogenic cells are activated, resulting in further bone formation, and this activation might be associated
with angiogenesis. On the other hand, the immediate ion
release after implantation is the basis of the antimicrobial
mechanism of S53P4 BAG. The ion release causes a vast increase in local pH and osmotic pressure, leading to bacterial
growth inhibition and the destruction of bacteria (Drago et
al., 2015; Zhang et al., 2010). Thus, different studies showed
that there is no inoculation of S53P4 BAG or biofilm formation on the surface (Coraca-Huber et al., 2014; Bortolin et al.,
2016). The antibacterial mechanisms of S53P4 BAG, therefore, are fundamentally different from the regularly known
antibacterial mechanisms of the antibiotic-loaded bone graft
substitutes.
Several in vitro studies showed that S53P4 BAG can kill a
multitude of both gram-positive and gram-negative strains of
planktonic bacteria and even bacteria living in biofilms (Lepparanta et al., 2008; Munukka et al., 2008). In addition, there
was no sign of antimicrobial resistance against S53P4 BAG
in these studies. This is a major benefit over antibiotic-loaded
bone graft substitutes and the global increasing problem of
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antimicrobial resistance (AMR) of bacterial strains (Bortolin
et al., 2016; Drago et al., 2014).
This study aims to further substantiate the clinical efficacy
regarding treatment of long bone chronic osteomyelitis using
S53P4 bioactive glass in a one-stage treatment. In addition to
the published literature, secondary analysis on possible risk
factors for the treatment failure of infection eradication or
treatment related complications was performed.
2

Methods

This prospective multi-center cohort study was performed
between September 2011 and June 2020. During this period, patients with a confirmed chronic (cavitary) osteomyelitis of the long bones were included from two different university medical centers in the Netherlands, i.e., Maastricht
University Medical Centre (MUMC+) and University Medical Centre Groningen (UMCG). The majority of all patients
were treated in a one-stage procedure, with extensive surgical debridement, followed by implantation of S53P4 bioactive glass (Bonalive® , Bonalive Biomaterials Ltd, Turku,
Finland). Both medical centers had a comparable diagnostic process, treatment algorithm, and follow-up schedule.
This study was approved by the Medical Ethical Committee of MUMC+ (METC 174084; Maastricht University,
26 May 2017), and all patients signed informed consent.
The primary endpoint of this study was eradication of infection based on a combination of the absence of clinical,
radiographic, and/or laboratory parameters of chronic osteomyelitis. Secondary endpoints were the identification of
possible parameters related to treatment failure or complications regarding this treatment algorithm.
2.1

Patients

Inclusion criteria for enrollment in this study were patients
with a clinical, radiological, and/or laboratory test that confirmed the chronic osteomyelitis of a long bone, calcaneal,
or pubic bone. The treatment had to require debridement
surgery combined with the filling of a bony defect and systemic antimicrobial therapy. Exclusion criteria were chronic
osteomyelitis related to diabetic ulcer disease, infected nonunions, or patients who were unable to undergo surgery or
long-term antibiotic treatment.
Chronic osteomyelitis was defined as the presence of clinical symptoms for at least 6 weeks (e.g., local signs of infection, fever, and draining sinus tracts), positive preoperative
cultures or blood tests (C-reactive protein, leukocyte counts,
and erythrocyte sedimentation rate) combined with radiographic imaging (fluorodeoxyglucose (FDG) positron emission tomography (PET)–computed tomography (CT) imaging, magnetic resonance imaging (MRI), or CT-guided bone
biopsies). FDG PET-CT imaging was not solely used as a
diagnostic imaging modality, but it was also used to evaluhttps://doi.org/10.5194/jbji-6-413-2021
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Figure 1. Illustration of the osteostimulative and antimicrobial pathways of S53P4 bioactive glass (Bonalive® ).

ate the extend of the infection of the bone and surrounding
tissues for preoperative planning (Wang et al., 2011).
Preoperative data were collected based on different patient characteristics, e.g., demographics, medical history,
causative mechanism and pathogen, previous surgeries, location, Cierny–Mader classification (Cierny et al., 2003), soft
tissue status, and the presence of a sinus tract.

formed by a plastic surgeon during (the first) surgery, if necessary. After surgery, all patients were treated with systemic
culture specific antibiotics for 6 weeks, of which at least
10–14 d was parenteral. During postoperative follow-up, patients underwent laboratory blood tests, X-ray, and (PET) CT imaging to assess eradication of infection at set moments

2.2

2.3

Treatment algorithm

All included patients underwent a one-stage or two-stage
treatment algorithm. At the beginning of this study, within
the first patients, nine patients with a severe infection were
treated in a more conservative way following a two-stage
protocol in both centers. After a 1-year clinical follow-up
with good preliminary results, this resulted in an adjustment
of the treatment protocol to solely one-stage procedures.
The one-stage procedure consisted of extensive debridement of infected and necrotic bone and soft tissues, combined with the implantation of S53P4 BAG and systemicpathogen-specific antibiotics for a total of 6 weeks (2 weeks
intravenous and 4 weeks oral). Patients treated with a twostage surgical procedure underwent extensive debridement
of all infected and necrotic bone and soft tissues, combined
with implantation of gentamicin-loaded PMMA beads during the first procedure, where, during a second surgery, these
beads were removed, and the bone defect was filled with
S53P4 BAG. Subsequently, all patients received systemicpathogen-specific antibiotics comparable to the one-stage
treatment group. In both treatment algorithms, soft tissue
coverage with a vascularized (free) muscle flap was perhttps://doi.org/10.5194/jbji-6-413-2021

Statistics

All data were collected and analyzed using SPSS Statistics v25 (SPSS Inc., Chicago, Illinois, USA). The collected
data are considered to be non-parametric, and therefore, a
univariate analysis of continuous variables is performed using the Mann–Whitney U test. Associations between different categorical variables was performed using the Fisher’s
exact test. Data were considered statistically significant if
the p value was < 0.05. In the case of missing values, values were replaced by a mean parameter value. In addition, a
Kaplan–Meier survival analysis was plotted to visualize the
recurrence of chronic osteomyelitis over time, and there were
several subgroup analyses performed to analyze the possible influences of variables as one-stage treatment, two-stage
treatment, and the necessity for a secondary closure on the
effectiveness of S53P4 BAG.
3

Results

During the inclusion period, a total of 78 patients
with chronic osteomyelitis were treated at both hospitals
(50 MUMC+; 28 UMCG). Baseline demographics of the paJ. Bone Joint Infect., 6, 413–421, 2021
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Figure 2. Case description of a 50-year-old female at our outpatient clinic with a painful upper leg and a draining fistula 20 years after an
open femoral fracture. Preoperative X-ray and PET-MR imaging showing a chronic intramedullary osteomyelitis of the femur with a fistula
and a sequester. Postoperative X-ray imaging after one-stage debridement surgery and implantation of S53P5 bioactive glass show bone
defect filling and partial degradation of the S53P5 bioactive glass particles is shown.

tient cohorts in both hospitals were comparable (Table 1).
All patients were followed for at least 1 year, and the average follow-up time was 46 months (SD 20 months). The
clear majority of infections was located at the tibia (48 %)
and the femur (33 %); other locations were calcaneus (9 %),
pubic bones (5 %), distal radius (2.5 %), and iliac crest bone
(2.5 %). Chronic osteomyelitis was 69 % of all cases of
a post-traumatic origin, where 18 % was due direct postoperative inoculation, 12 % was infected due a hematogenous spread of bacteria, and 1 % remained of unknown origin. Cultured pathogens and a Cierny–Mader classification
of all included patients are displayed in Tables 2 and 3. The
most common causative pathogen was staphylococcus aureus, with 36 % of all cases, where 18 % had a polymicrobial intraoperative cultures, and regardless of the collection
of multiple peri-operative tissue samples, 19 % of all cultures
were negative. Of all 78 treated patients, 69 patients received
a one-stage treatment and 9 patients were treated in a twostage fashion. In total, 16 of 78 patients required secondary
wound (a rotational or free muscle flap) closure by a plastic
surgeon.
3.1

Primary results

A total of 66 patients out of 78 (85 %) showed complete eradication of infection during total clinical follow-up based on
clinical presentation, hematological analysis, and additional
radiographic and/or nuclear imaging. In total, 68 out of 76
(89 %) of all patients were infection free at the 1-year followup, with a loss to follow-up of two patients within the first
year. Moreover, 59 out of 70 (84 %) patients were infection
free at the 2-year follow-up (Table 4). During follow-up, clinJ. Bone Joint Infect., 6, 413–421, 2021

Table 1. Baseline patient demographics.

Age; year (SD)
Gender; M/F
BMI (SD)
Smokers (%)
Fistula (%)
Total

Combined

MUMC

UMCG

p value

54 (18)
55/23
26 (6)
27 (35)
37 (47)

53 (17)
38/12
26 (6)
16 (32)
26 (52)

55 (19)
17/11
26 (6)
11 (39)
11 (39)

0.511
0.198
0.621
0.722
0.347

78

50 (64 %)

28 (36 %)

SD – standard deviation.

Table 2. Causative pathogens.

Frequency

%

S. aureus
S. epidermidis
Staphylococcus sp.
Streptococcus sp.
Other
Polymicrobial
Culture negative

28
3
5
5
8
14
15

35.9
3.8
6.4
6.4
10.3
17.9
19.2

Total

78

100

ical radiographic images the outpatient clinic showed bone
defect healing and partial degradation of S53P4 bioactive
glass particles over time (Fig. 2). These radiographic controls
did not show any signs of reinfection, although there were
12 patients with a reinfection confirmed by clinical symptoms or PET-CT imaging. The average time until reinfechttps://doi.org/10.5194/jbji-6-413-2021
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Table 3. Cierny–Mader classification.

Frequency

%

Intra-medullary
Superficial
Localized
Generalized

23
3
44
8

29.5
3.8
56.4
10.3

Total

78

100

tion was 9 months (8.8 months; SD 8 months; Table 4 and
Fig. 3). There were four patients who had a major complication (three fractures through the bone window and one failure of osteosynthesis without reinfection), and six patients
had a minor complication. All minor complications were persisting wound problems, and five of these six patients had a
persisting/early recurrent infection. As mentioned before, a
total of two patients (one in each medical center) were lost
to follow-up during the first year because they died. One
death was related to treatment; this patient died due to massive pulmonary embolisms after a femoral fracture through
the bony defect. The other patient died due to multi-organ
failure based on pre-existing poor health status, which was
not related to infection or treatment. In order to assess and
identify the possible influences and confounding effects of
two-stage procedures and the necessity for a flap coverage,
two subgroup analyses were performed (Tables 4–6). In the
first subgroup analysis, we excluded all patients treated in a
two-stage fashion. This showed a success rate of 83 % at the
end of follow-up, and besides the expected (non-clinically
relevant but significant) difference in follow-up time and infection free-period, the analysis did not show any significant
changes in our outcomes. In the second subgroup analysis,
we excluded all patients who received a soft tissue coverage
by a plastic surgeon. This did not change the outcomes.

https://doi.org/10.5194/jbji-6-413-2021

Secondary results

A secondary analysis of all preoperative baseline characteristics did not show a difference between studied variables regarding the risks of recurrence of infection (Table 5). The
presence of a preoperative fistula was higher in the reinfection group, but no statistical significance was seen (p =
0.058). An analysis of surgery-related variables showed that
wound closure, primary closure vs. skin graft, or muscular
flap coverage is a major risk factor for the recurrence of infection (12 % vs. 67 % recurrence; p < 0.001; see Table 5).
One-stage treatment vs. two-stage treatment, monobacterial
or polybacterial, and culture negative intraoperative cultures
are not related to the recurrence of infection in this study. The
additional subgroup analysis, as performed for the primary
outcomes, did not show any significantly different outcomes
in the identification for risk factors for failure and complications (Table 6).
4

Figure 3. Kaplan–Meier survival curve displaying the infectionfree period after initial treatment of all 78 included patients.
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Discussion

The results of this study show a total osteomyelitis eradication in 66 of 78 (85 %) included patients after treatment with
S53P4 bioactive glass on a combined assessment of clinical
presentation, radiographic imaging, and laboratory tests after a mean follow-up of almost 4 years (46 months). During treatment and clinical follow-up, low rates of complications related to S53P4 bioactive glass use were observed.
The majority of patients in this cohort study was treated in
a one-stage fashion, using S53P4 bioactive glass as a local
antimicrobial biomaterial supplemented with systemic antibiotic after surgical debridement. This treatment algorithm
is a proven and clinically effective strategy in chronic osteomyelitis treatment.
In addition to these excellent eradication results, this study
showed that the necessity for local soft tissue coverage is related to a significant increase in the recurrence of infection.
This might be because more severe cases need secondary
soft tissue coverage and/or due to local compromised vascular status. Although this is a risk factor for failure, proper
soft tissue coverage, with a full thickness skin graft or muscle
flap, is necessary since poor postoperative soft tissue status is
associated with even higher failure risks (Sanders and Mauffrey, 2013). We would like to point out that an in-depth analysis of the Cierny–Mader classification did not show any correlation between this severity classification and recurrence of
infection. This might be due to a relatively high number of
patients graded Cierny–Mader class 3 (44 out of 78 patients)
in relation to the relatively low number of reinfections within
this study population.
The major complication related to treatment was a femoral
fracture that was seen in three cases; these occurred due to
the combination of postoperative weight bearing and a large
cortical bone window. These three complications occurred
in both medical centers and were within the first treated
J. Bone Joint Infect., 6, 413–421, 2021
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Table 4. Treatment/postoperative results.

Combined

MUMC

UMCG

p value

One stage

Two stage

69/9
62/16
89 %
84 %
85 %
46 (20)
41 (25)
13 %
8.8 (8)

44/6
40/10
90 %
84 %
84 %
46 (24)
42 (27)
12 %
9.6 (9)

25/3
22/6
88 %
84 %
86 %
46 (14)
39 (22)
12 %
7.0 (7)

1.000
1.000
0.836
0.961
0.841
0.880
0.836
0.740
0.864

–
54/15
88 %
82 %
83 %
43 (19)
37.5 (23)
13 %
9 (8)

–
8/1
100 %
100 %
100 %
86 (21)
68 (21)
11 %
n/a

One vs. two stage
Closure (Prim/PCH)
Inf. free at 1 year
Inf. free at 2 years
Inf. free last FU
Follow-up time; mo (SD)
Inf. free period; mo (SD)
Complications
Time to reinfection; mo (SD)

p value
–
0.676
0.689
0.340
0.340
0.002
0.001
1.000
n/a

n/a – not applicable; SD – standard deviation.

Table 5. Analysis on possible risk factors for recurrence of infec-

tion.

Age; year (SD)
Gender (M/F)
BMI (SD)
Smokers (%)
Cierny–Mader (1/2/3/4)
Fistula (%)
Mono-/polybacterial
One vs. two stage
Closure (Prim/PCH)
Complications∗

Infection free

Reinfection

53 (19)
47/19
26 (5)
33
21/3/35/7
42
41/11
57/9
58/8
10 %

60 (13)
8/4
29 (8)
42
2/0/9/1
75
7/4
12/0
4/8
25 %

66

12

Total

p value
0.210
0.741
0.272
0.743
0.644
0.058
0.435
0.340
0.001
0.178

∗ There were three × femoral fractures, one × failure of osteosynthesis, and six × persisting

wound problems (five resulting in reinfection).

cases. After studying these fractures, we have learned that,
despite non-weight-bearing mobilization instructions, fractures can occur due to decreased bone strength caused by
the defect size. Reducing the width and, if required, increasing the length of the cortical window results in a reduced
circumferential defect, which leads to an increase in bone
strength. After the adjustment of this surgical step, no additional fractures occurred. Bone healing or bone defect filling after implantation of S53P4 BAG was not studied since
the bone defect sizes and location were too heterogeneous,
and the follow-up might be not long enough to draw conclusions from these data in this cohort study. The prolonged
wound problems described in six patients with a minor complication were not directly related to local toxic effects of the
S53P4 BAG, since these patients did not have any exudate
formation or other local toxic signs after surgery. These patients either had a persisting fistula due to prolonged serosanguinolent leakage related to a persistent infection, or they had
wound problems due to failed primary closure and the necessity for secondary closure by a plastic surgeon. In addition to
the results of this study, there are no complications related to
local (toxic) adverse events described in clinical and preclinJ. Bone Joint Infect., 6, 413–421, 2021

ical studies so far (Detsch et al., 2014; Vallittu et al., 2020;
van Gestel et al., 2015).
This study has some limitations. Although the mean clinical follow-up time of 46 months is significantly longer than
most comparable studies, it is still relatively short (Ferrando
et al., 2017; Lindfors et al., 2010; McKee et al., 2010; Oosthuysen et al., 2020). Most cases of reinfection occur within
the first 2 years after treatment, but it is known that recurrence of chronic osteomyelitis is also reported up to even
50 years after initial treatment (Korovessis et al., 1991). Another limitation of this study is the study design and the
lack of a control group to compare the one-stage treatment
algorithm using S53P4 BAG with the two-stage treatment
algorithm using antibiotic-loaded PMMA and a bone graft.
However, this was previously studied in a cost-effectiveness
study, which showed good clinical and cost-effectiveness in
the treatment of chronic osteomyelitis with S53P4 BAG in a
one-stage fashion compared to a two-stage procedure using
antibiotic-loaded PMMA beads (Geurts et al., 2019).
When comparing the clinical results to previously published results regarding treatment of chronic osteomyelitis with S53P4 BAG, we can conclude that these conform with data from previously published short-term studies.
These studies followed their patients from 12 months up to
24 months, with eradication rates varying from 80 % up to
100 % (Ferrando et al., 2017; Lindfors et al., 2010; McKee
et al., 2010; Oosthuysen et al., 2020). Chronic osteomyelitis was treated in a similar one-stage treatment protocol
and included patients with comparable baseline characteristics (e.g., Cierny–Mader classification, location, causative
pathogens, etc.). The complication rates and type of complications of this study were comparable to the larger cohort study of Lindfors et al. (2017). They also looked into
possible risk factors related to the failure of treatment and
found that the necessity for a soft tissue coverage by a plastic
surgeon was the only major risk factor which was associated with higher reinfection rates, which is again confirmed
in this study. Another potential risk factor for recurrence of
infection was the combination of pseudomonas aeruginosa

https://doi.org/10.5194/jbji-6-413-2021
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Table 6. Subgroup analysis on possible risk factors for recurrence of infection.

Only patients not needing
secondary closure

Age; year (SD)
Gender (M/F)
BMI (SD)
Smokers (%)
Cierny–Mader (1/2/3/4)

Free

Reinfection

51 (18)
42/16
26 (5)
38/20
21/3/27/7

50 (9)
4/0
31 (9)
2/2
0/0/4/0

38/20
36/9
45/13
–
52/6

2/2
3/1
4/0
–
3/1

58

4

Only patients receiving
one-stage treatment

p value

Free

Reinfection

p value

0.814
0.565
0.213
0.610
0.233

52 (19)
39/18
25 (5)
38/19
17/3/31/6

60 (13)
8/4
29 (8)
7/5
2/0/9/1

0.234
1.000
0.330
0.740
0.567

0.610
1.000
0.571
–
0.389

31/26
34/10
44/13
50/7
51/6

3/9
7/4
11/1
4/8
9/3

0.110
0.443
0.436
0.001
0.183

57

12

Primary treatment
Fistula (%)
Mono-/polybacterial
Culture negative
Closure (Prim/PCH)
Complications
Total

and staphylococcus aureus as causative pathogens, although
these data are not substantiated in the present study, since this
specific combination of pathogens is not seen in this study
population.
There are two smaller cohort studies with minimal, 1year follow-up results which have compared the treatment
of chronic osteomyelitis with S53P4 BAG with different ceramic antibacterial bone graft substitutes (Ferrando et al.,
2017; Romano et al., 2014). Results of these studies show
similar eradication and complication rates, but the rates of
prolonged wound leakage due to seroma might be reduced
when using S53P4 BAG although this is never being studied directly. When comparing this study results to other studies solely considering different antibiotic-loaded bone graft
substitutes (e.g., calcium sulfates and calcium phosphates),
eradication rates remain comparable. These eradication rates
varied from 85 %–96 %, in larger studies, to 100%, in smaller
studies (Ferguson et al., 2014; McNally et al., 2016; Visani
et al., 2018). When comparing complications, fracture and
other major complication rates are similar, but the tendency
for prolonged wound leakage due to seroma is also reported
in these studies (Ferguson et al., 2014; Humm et al., 2014;
McNally et al., 2016).
Although a one-stage treatment of chronic osteomyelitis
with S53P4 BAG has comparable success and complication
rates compared to other antibiotic-loaded bone graft substitutes, a major benefit of the application of S53P4 BAG is
its antibacterial working mechanism. In the era of increasing
antimicrobial resistance (AMR) of microbes, alternative antibacterial treatments like S53P4 BAG implantation are necessary. Also, in cases of the recurrence of infection, AMR
is a challenging complication. In contrast to the recurrence
of infection after treatment with S53P4 BAG and recurrence
after treatment with antibiotic-loaded bone graft substitutes,

https://doi.org/10.5194/jbji-6-413-2021

using AMR might lead to treatment difficulties and less antibiotic susceptibility and/or antibiotic options. In addition to
this major advantage, a one-stage treatment algorithm with
S53P4 bioactive glass also gives a financial/health economics
advantages, since the duration hospital of stay and the concomitant treatment related costs are significantly reduced in
comparison to a two-stage treatment with antibiotic-loaded
PMMA beads (Geurts et al., 2019).
5

Conclusion

The introduction of S53P4 bioactive glass enabled the treatment of chronic osteomyelitis in a one-stage fashion. This
study presents good results in the eradication of infection
and shows low complication rates in a large study population after an average 46-month clinical follow-up period. A
major risk factor for the failure of treatment is a poor soft
tissue status necessitating a full thickness skin graft or vascularized (free) muscle flap. Despite these satisfying data,
future research should be performed in order to decrease recurrence of infection rates in the short-term and long-term
and also by addressing major importance soft tissue problems
within these chronic multimodal infections. The findings in
this prospective study further substantiate previously published short-term data on the one-stage treatment of chronic
osteomyelitis using S53P4 bioactive glass.
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during the current study are available from the corresponding author
on reasonable request.

J. Bone Joint Infect., 6, 413–421, 2021

420

T. A. G. Van Vugt et al.: Mid-term clinical results of chronic cavitary long bone osteomyelitis treatment

Ethical statement. This is a prospective study with the approval

of the local ethical committee of the Maastricht University Medical Centre (MUMC+; METC 174084, Maastricht University,
26 May 2017). The purpose of this study was to optimize current
treatment at our institution by the follow-up of medical records. All
individual patients gave their informed consent for inclusion in this
study, analysis, and publication of the study results. The included
patients cannot be identified from the data presented in this paper.

Author contributions. TvV conceptualized the study, developed

the methods, collected and analyzed the data, and is the main author of the paper. JH collected and analyzed the data and is the secondary author of the paper. JA conceptualized the study, developed
the methods, and reviewed and edited the paper. JP collected the
resources, developed the methods, and reviewed and edited the paper. PJ conceptualized the study, developed the methods, collected
the resources, and revised the paper. JG conceptualized the study,
developed the methods, collected the resources, and reviewed and
edited the paper.

Competing interests. The contact author has declared that nei-

ther they nor their co-authors have any competing interests, with
the exception of Jan A. P. Geurts and Jacobus J. J. Arts, who are
members of the clinical advisory board of Bonalive Ltd., Turku,
Finland.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations. This research has not been funded or sponsored (financially or in kind) by Bonalive Ltd.

Review statement. This paper was edited by Bryan Springer and

reviewed by two anonymous referees.

References
Blaha, J. D., Calhoun, J. H., Nelson, C. L., Henry, S. L., Seligson,
D., Esterhai, J. L., Jr., Heppenstall, R. B., Mader, J., Evans, R. P.,
and Wilkins, J.: Comparison of the clinical efficacy and tolerance
of gentamicin PMMA beads on surgical wire versus combined
and systemic therapy for osteomyelitis, Clin. Orthop. Relat. Res.,
295, 8–12, 1993.
Bortolin, M., De Vecchi, E., Romano, C. L., Toscano, M.,
Mattina, R., and Drago, L.: Antibiofilm agents against
MDR bacterial strains: is bioactive glass BAG-S53P4
also effective?, J. Antimicrob. Chemother., 71, 123–127,
https://doi.org/10.1093/jac/dkv327, 2016.
Cierny III, G., Mader, J. T., and Penninck, J. J.: A clinical staging
system for adult osteomyelitis, Clin. Orthop. Relat. Res., 414, 7–
24, https://doi.org/10.1097/01.blo.0000088564.81746.62, 2003.
Coraca-Huber, D. C., Fille, M., Hausdorfer, J., Putzer, D., and
Nogler, M.: Efficacy of antibacterial bioactive glass S53P4
against S. aureus biofilms grown on titanium discs in vitro, J. Orthop. Res., 32, 175–177, https://doi.org/10.1002/jor.22463, 2014.

J. Bone Joint Infect., 6, 413–421, 2021

Detsch, R., Stoor, P., Grunewald, A., Roether, J. A., Lindfors, N.
C., and Boccaccini, A. R.: Increase in VEGF secretion from human fibroblast cells by bioactive glass S53P4 to stimulate angiogenesis in bone, J. Biomed. Mater. Res. A, 102, 4055–4061,
https://doi.org/10.1002/jbm.a.35069, 2014.
Drago, L., Vassena, C., Fenu, S., De Vecchi, E., Signori, V.,
De Francesco, R., and Romano, C. L.: In vitro antibiofilm activity of bioactive glass S53P4, Future Microbiol., 9, 593–601,
https://doi.org/10.2217/fmb.14.20, 2014.
Drago, L., De Vecchi, E., Bortolin, M., Toscano, M., Mattina, R., and Romano, C. L.: Antimicrobial activity and resistance selection of different bioglass S53P4 formulations against
multidrug resistant strains, Future Microbiol., 10, 1293–1299,
https://doi.org/10.2217/FMB.15.57, 2015.
Ferguson, J., Diefenbeck, M., and McNally, M.: Ceramic Biocomposites as Biodegradable Antibiotic Carriers in the Treatment of Bone Infections, J. Bone Joint Infect., 2, 38–51,
https://doi.org/10.7150/jbji.17234, 2017.
Ferguson, J. Y., Dudareva, M., Riley, N. D., Stubbs, D., Atkins,
B. L., and McNally, M. A.: The use of a biodegradable
antibiotic-loaded calcium sulphate carrier containing tobramycin
for the treatment of chronic osteomyelitis: a series of 195 cases,
Bone Joint J., 96B, 829–836, https://doi.org/10.1302/0301620X.96B6.32756, 2014.
Ferrando, A., Part, J., and Baeza, J.: Treatment of Cavitary
Bone Defects in Chronic Osteomyelitis: Biogactive glass S53P4
vs. Calcium Sulphate Antibiotic Beads, J. Bone Joint Infect., 2,
194–201, https://doi.org/10.7150/jbji.20404, 2017.
Garcia Del Pozo, E., Collazos, J., Carton, J. A., Camporro, D.,
and Asensi, V.: Factors predictive of relapse in adult bacterial osteomyelitis of long bones, BMC Infect. Dis., 18, 635,
https://doi.org/10.1186/s12879-018-3550-6, 2018.
Geurts, J., van Vugt, T., Thijssen, E., and Arts, J. J.: CostEffectiveness Study of One-Stage Treatment of Chronic Osteomyelitis with Bioactive Glass S53P4, Materials (Basel), 12,
3209, https://doi.org/10.3390/ma12193209, 2019.
Geurts, J. A. P., van Vugt, T. A. G., and Arts, J. J. C.: Use of contemporary biomaterials in chronic osteomyelitis treatment: Clinical
lessons learned and literature review, J. Orthop. Res., 39, 258–
264, https://doi.org/10.1002/jor.24896, 2020.
Humm, G., Noor, S., Bridgeman, P., David, M., and Bose, D.: Adjuvant treatment of chronic osteomyelitis of the tibia following
exogenous trauma using OSTEOSET((R))-T: a review of 21 patients in a regional trauma centre, Strateg. Trauma Limb. Reconstr., 9, 157–161, https://doi.org/10.1007/s11751-014-0206-y,
2014.
Korovessis, P., Fortis, A. P., Spastris, P., and Droutsas, P.: Acute
osteomyelitis of the patella 50 years after a knee fusion for septic
arthritis. A case report, Clin. Orthop. Relat. Res., 272, 205–207,
1991.
Lazzarini, L., Mader, J. T., and Calhoun, J. H.: Osteomyelitis in long bones, J Bone Joint Surg Am, 86, 2305-2318,
10.2106/00004623-200410000-00028, 2004.
Lepparanta, O., Vaahtio, M., Peltola, T., Zhang, D., Hupa, L., Hupa,
M., Ylanen, H., Salonen, J. I., Viljanen, M. K., and Eerola, E.:
Antibacterial effect of bioactive glasses on clinically important
anaerobic bacteria in vitro, J. Mater. Sci. Mater. Med., 19, 547–
551, https://doi.org/10.1007/s10856-007-3018-5, 2008.

https://doi.org/10.5194/jbji-6-413-2021

T. A. G. Van Vugt et al.: Mid-term clinical results of chronic cavitary long bone osteomyelitis treatment
Lew, D. P. and Waldvogel, F. A.: Osteomyelitis, Lancet, 364, 369–
379, https://doi.org/10.1016/S0140-6736(04)16727-5, 2004.
Lindfors, N. C., Hyvonen, P., Nyyssonen, M., Kirjavainen, M.,
Kankare, J., Gullichsen, E., and Salo, J.: Bioactive glass S53P4
as bone graft substitute in treatment of osteomyelitis, Bone, 47,
212–218, https://doi.org/10.1016/j.bone.2010.05.030, 2010.
Lindfors, N., Geurts, J., Drago, L., Arts, J. J., Juutilainen, V.,
Hyvonen, P., Suda, A. J., Domenico, A., Artiaco, S., Alizadeh,
C., Brychcy, A., Bialecki, J., and Romano, C. L.: Antibacterial Bioactive Glass, S53P4, for Chronic Bone Infections –
A Multinational Study, Adv. Exp. Med. Biol., 971, 81–92,
https://doi.org/10.1007/5584_2016_156, 2017.
McKee, M. D., Li-Bland, E. A., Wild, L. M., and Schemitsch,
E. H.: A prospective, randomized clinical trial comparing an
antibiotic-impregnated bioabsorbable bone substitute with standard antibiotic-impregnated cement beads in the treatment of
chronic osteomyelitis and infected nonunion, J. Orthop. Trauma,
24, 483–490, https://doi.org/10.1097/BOT.0b013e3181df91d9,
2010.
McNally, M. A., Ferguson, J. Y., Lau, A. C., Diefenbeck, M.,
Scarborough, M., Ramsden, A. J., and Atkins, B. L.: Singlestage treatment of chronic osteomyelitis with a new absorbable,
gentamicin-loaded, calcium sulphate/hydroxyapatite biocomposite: a prospective series of 100 cases, Bone Joint J., 98B, 1289–
1296, https://doi.org/10.1302/0301-620X.98B9.38057, 2016.
Munukka, E., Lepparanta, O., Korkeamaki, M., Vaahtio, M., Peltola, T., Zhang, D., Hupa, L., Ylanen, H., Salonen, J. I., Viljanen,
M. K., and Eerola, E.: Bactericidal effects of bioactive glasses on
clinically important aerobic bacteria, J. Mater. Sci. Mater. Med.,
19, 27–32, https://doi.org/10.1007/s10856-007-3143-1, 2008.
Oosthuysen, W., Venter, R., Tanwar, Y., and Ferreira, N.: Bioactive glass as dead space management following debridement
of type 3 chronic osteomyelitis, Int. Orthop., 44, 421–428,
https://doi.org/10.1007/s00264-019-04442-7, 2020.
Romano, C. L., Logoluso, N., Meani, E., Romano, D., De Vecchi, E., Vassena, C., and Drago, L.: A comparative study of
the use of bioactive glass S53P4 and antibiotic-loaded calciumbased bone substitutes in the treatment of chronic osteomyelitis:
a retrospective comparative study, Bone Joint J., 96B, 845–850,
https://doi.org/10.1302/0301-620X.96B6.33014, 2014.
Sanders, J. and Mauffrey, C.: Long bone osteomyelitis in adults:
fundamental concepts and current techniques, Orthopedics,
36, 368–375, https://doi.org/10.3928/01477447-20130426-07,
2013.

https://doi.org/10.5194/jbji-6-413-2021

421

Shih, H. N., Shih, L. Y., and Wong, Y. C.: Diagnosis and
treatment of subacute osteomyelitis, J. Trauma, 58, 83–87,
https://doi.org/10.1097/01.ta.0000114065.25023.85, 2005.
Tice, A. D., Hoaglund, P. A., and Shoultz, D. A.: Outcomes
of osteomyelitis among patients treated with outpatient parenteral antimicrobial therapy, Am. J. Med., 114, 723–728,
https://doi.org/10.1016/s0002-9343(03)00231-6, 2003.
Vallittu, P. K., Posti, J. P., Piitulainen, J. M., Serlo, W., Maatta,
J. A., Heino, T. J., Pagliari, S., Syrjanen, S. M., and Forte,
G.: Biomaterial and implant induced ossification: in vitro and
in vivo findings, J. Tissue Eng. Regen. Med., 14, 1157–1168,
https://doi.org/10.1002/term.3056, 2020.
van Gestel, N. A., Geurts, J., Hulsen, D. J., van Rietbergen, B.,
Hofmann, S., and Arts, J. J.: Clinical Applications of S53P4
Bioactive Glass in Bone Healing and Osteomyelitic Treatment: A Literature Review, Biomed. Res. Int., 2015, 684826,
https://doi.org/10.1155/2015/684826, 2015.
van Vugt, T. A., Geurts, J., and Arts, J. J.: Clinical Application of
Antimicrobial Bone Graft Substitute in Osteomyelitis Treatment:
A Systematic Review of Different Bone Graft Substitutes Available in Clinical Treatment of Osteomyelitis, Biomed. Res. Int.,
2016, 6984656, https://doi.org/10.1155/2016/6984656, 2016.
van Vugt, T. A. G., Walraven, J. M. B., Geurts, J. A. P.,
and Arts, J. J. C.: Antibiotic-Loaded Collagen Sponges in
Clinical Treatment of Chronic Osteomyelitis: A Systematic Review, J. Bone Joint Surg. Am., 100, 2153–2161,
https://doi.org/10.2106/JBJS.17.01140, 2018.
Visani, J., Staals, E. L., and Donati, D.: Treatment of chronic osteomyelitis with antibiotic-loaded bone void filler systems: an
experience with hydroxyapatites calcium-sulfate biomaterials,
Acta Orthop. Belg., 84, 25–29, 2018.
Walter, G., Kemmerer, M., Kappler, C., and Hoffmann, R.: Treatment algorithms for chronic osteomyelitis, Dtsch. Arztebl. Int.,
109, 257–264, https://doi.org/10.3238/arztebl.2012.0257, 2012.
Wang, G. L., Zhao, K., Liu, Z. F., Dong, M. J., and Yang,
S. Y.: A meta-analysis of fluorodeoxyglucose-positron emission tomography versus scintigraphy in the evaluation of suspected osteomyelitis, Nucl. Med. Commun., 32, 1134–1142,
https://doi.org/10.1097/MNM.0b013e32834b455c, 2011.
Zhang, D., Lepparanta, O., Munukka, E., Ylanen, H., Viljanen, M.
K., Eerola, E., Hupa, M., and Hupa, L.: Antibacterial effects and
dissolution behavior of six bioactive glasses, J. Biomed. Mater.
Res. A, 93, 475–483, https://doi.org/10.1002/jbm.a.32564, 2010.

J. Bone Joint Infect., 6, 413–421, 2021

