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Abstract

Introduction Surgical treatment using DAIR (debridement, systemic antibiotics, and implant retention) can lead to high rates of
treatment success in cases of early periprosthetic joint infection (PJI) but can fail in late-onset cases. Supplementary local
antibiotic therapy is not yet generally established and lacks evidence-based proof of efficacy. The aim of this study was to
analyze DAIR outcomes in recurrent PJI cases and patients who are not suitable for a two-stage exchange, using additional
degradable calcium-based antibiotics.

Methods All patients fulfilled the Infectious Diseases Society of America (IDSA) guidelines for chronic late-onset PJI but were not
suitable for a multistage procedure because of their individual operation risk. A total of 42 patients (mean age, 73 years) were treated
using a single-stage algorithm consisting of DAIR, followed by implantation of degradable antibiotics chosen in accordance with an
antibiogram. OSTEOSET® (admixed ceftriaxone/vancomycin/tobramycin) and Herafill-Gentamycin® were used as carrier sys-
tems. The follow-up period was 23 months (+ SD, 10.3). The study is based on institutional review board (IRB) approval.
Results The clinical entities were chronic PJI of the hip (45.2%), knee (28.6%), and knee arthrodesis (26.2%). The bacterial
spectrum was composed of Staphylococcus epidermidis (29%), Staphylococcus aureus (21%), and Enterococcus faecalis (21%).
21.4% showed a combination of two or more bacteria. In 73.8%, permanent remission was achieved, while 11.9% showed
chronic PJI under implant retention. Implant retention could be achieved in 85.7%.

Conclusion DAIR usually shows low levels of success in difficult-to-treat cases. However, we could demonstrate the successful
treatment of patients with recurrent PJI (typically considered DAIR-inappropriate) using degradable antibiogram-based topical
calcium-based antibiotics. Over 70% of the cases went to remission and over 85% of the implants could be retained.
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The number of endoprosthetic procedures is increasing annu-

ally and concomitantly; the number of revision surgeries is on
the rise [1-3]. The incidence of periprosthetic joint infection
(PJI) following THA procedures increased from 1.99 to
2.18%, and following total knee arthroplasty procedures, PJI
increased from 2.05 to 2.18%, in the period from 2001 to 2009
in the USA [4].

To date, there is no international gold standard for the treat-
ment of PJI. The outcome of two-stage revision surgery for
implant replacement versus single-stage procedures is being
investigated [5—8]. In addition, no definitive guidelines are
provided for the different procedures [8, 9]. While the two-
stage exchange is considered the most appropriate for chronic
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difficult-to-treat cases, the single-stage exchange has to fit the
hard criteria [10]. A two-stage procedure with long prosthesis-
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free intervals is a burden on both the resources of the medical
facility and the patient. In most cases average costs are
among 100.000USD per patient and treatment. By 2020, an
increase in the annual cost of treatment to $1.6 billion is
expected in the USA [11]. Complex interdisciplinary treat-
ment strategies with modular implants and treatment-
resistant pathogens represent not only a professional but also
a financial challenge. Therapy regimens with one- or two-
stage implant replacements are on average approximately
3.4-6 times more cost-intensive than the primary implantation
itself [11-14]. In the background of limited resources, an ap-
proach with shorter intervals and/or single-stage procedures
could be considered.

The DAIR procedure (debridement, antibiotics, and im-
plant retention) represents a possibility for early-onset PJI
[15, 16].

In addition, mortality increases with increasing numbers of
revisions, which can be a problem for multimorbid and elderly
patients [17]. Mortality rates for a two-stage revision in elderly
patients over 80 years old were shown to be 36.7% [17].

For this reason, strategies are needed to treat periprosthetic
infections in multimorbid and elderly people as effective as
possible, using a minimal number of operations. In fact, if the
patient fulfills the criteria of the Infectious Diseases Society of
America (IDSA) guidelines concerning a one-stage septic ex-
change of the prosthesis, a good outcome can be achieved
regarding this single-stage exchange procedure [18-20]
whereas treatment concepts for patients who are not suitable
for a prosthesis change because of their individual constitution
and multimorbidity are lacking. To date, no viable treatment
concepts have been developed for implant retention if ex-
change is not reasonable (multimorbidity, lack of bone stock,
lack of consent for exchange). Prompt surgical treatment using
DAIR, following strict diagnostic and therapeutic criteria, in
patients with suspected PJI, can lead to high rates of success in
eradicating the infection [16] but is not as effective in difficult-
to-treat cases [21].

Ultimately, an improved DAIR concept for chronic and
multimorbid cases is lacking.

Local antibiotic therapy

The DAIR procedure is an evidence-based strategy involving
debridement, irrigation, changing of mobile parts like inserts,
cups or ball heads, and systemic antibiotic therapy [15, 22,
23]. In addition to surgical debridement and systemic antibi-
otic treatment, the therapy is supplemented by local antibi-
otics, mostly guided by the personal experience of the sur-
geon, with no available formal evidence for efficacy [24,
25]. The local circulation deficit in infections prevents higher
antibiotic concentrations at the focus of the infection when
using only systemic antibiotics [26]. Used since the 1970s
[27, 28], polymethyl methacrylate (PMMA) is today the most
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widely used carrier system for local antibiotics [29, 30].
However, there are some disadvantages that limit the use of
PMMA: First is the need for its surgical removal in a subse-
quent procedure. Used in bone defects, the non-resorbable
PMMA prevents the desired bone from osteointegration
[31]. Despite the initial antibiotic potency, the surface of the
cement acts as an adhesive for bacteria and can itself lead to
bacterial colonization, as well as the development of bacterial
resistance and biofilm formation [32, 33]. Furthermore, its
unfavourable release and incomplete elution limit a regular
deployment [34, 35]. Depending on the used antibiotic,
PMMA spheres have release rates between 25 and 50% [36,
37]. In addition to the active substance, the size of the surface
participating in the diffusion is decisive. Therefore, the rate of
release when used as bone cement decreases to 6-12% [37].
Consequently, degradable antibiotic carriers are increasingly
attracting attention [38—40]. Because of their biological prop-
erties, removal in a secondary surgery is no longer required
and the active ingredient can be completely released.
Tobramycin-impregnated calcium sulfate can lead to high lo-
cal antibiotic concentrations in the therapeutic range up to
28 days after implantation. In vitro studies of the elution char-
acteristics of calcium sulfate showed a peak of release imme-
diately after implantation. From three days, a constant release
of active substance in the therapeutic range could be achieved
until 22 days [39].

Aim

The aim of the current study is to show the success rate of the
DAIR procedure combined with topical calcium-based de-
gradable antibiotics in elderly, multimorbid patients suffering
from chronic late-onset PJI, who are not suitable for exchange
arthroplasty.

Material and methods
Patient characteristics

Patients with chronic recurrent periprosthetic infection of the
hip or knee joint were included. None of the patients fulfilled
the criteria for a single-step exchange according to the IDSA
guidelines [20]. All patients fulfilled the criteria of a late-onset
chronic infection. Patients with early infections, or the possi-
bility of a one -or two-stage replacement, were not included.
All patients presented with an ASA 3 or ASA 4 classification
and a high operation risk, due to their coexisting disease. None
of the patients qualified for a multiple-stage procedure be-
cause of their individual operation risk or predictably
untreatable lack of bone stock after prosthesis removal. All
patients had previously undergone septic revisions or already
had septic prosthesis exchange and suffered recurrent PJI.
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Over 25% of the patients already had a knee arthrodesis be-
cause of recurrent infection. All infected arthrodesis existed of
a modular knee arthrodesis system including a tibial and a
femoral stem as well as a connecting module (KAM, Brehm,
Germany [41]). All patients of the arthrodesis group had at
least one infected knee prosthesis before. The study is based
on institutional review board (IRB) approval.

Diagnostics

PJI was diagnosed in all patients according to the IDSA guide-
lines [20]. Effective antibiotic therapy requires reliable bacte-
rial detection; we guaranteed this by taking three to five tissue
samples during the surgery and in advance using a sterile joint
puncture.

Local degradable antibiotics and surgical procedure

A single-stage procedure included arthrotomy, radical de-
bridement, irrigation, the exchange of mobile parts like in-
serts, cups, or ball heads (DAIR procedure), and application
of'local degradable antibiotics matched in accordance with an
antibiogram. A systemic antibiotic treatment was carried out
in accordance with an antibiogram for the duration of surgical
treatment and for six weeks [42] after intervention (Table 1).
Rifampicin was used if the bacteria were gram-positive and in
the absence of contraindications. The operation started using
the existing approach with excision of the old scar and possi-
ble fistula passages. This was followed by a renewed radical
debridement of the soft tissue and a sequestrectomy of the
bones, as well as the exchange of mobile parts. For

Table 1  Systemic antibiotic administration
n %o

Ampicillin + Sulbactam 11 26.2
Clindamycin 10 23.8
Doxycyclin 5 11.9
Levofloxacin 3 7.1
Meropenem 3 7.1
Ciprofloxacin 2 4.8
Vancomycin 2 4.8
Fosfomycin 2 4.8
Amoxicillin 2 4.8
Tigacyclin 1 24
Piperacillin + Tazobactam 1 24
All 42 100
Combination of two antibiotics

Clindamycin 1 2

Rifampicin 13 31
All 14 33

microbiological and histological diagnostics, three to five tis-
sue samples were taken and degradable antibiotics were ap-
plied. A secure closure of the fascia and skin was ensured, in
order to achieve the highest possible concentration of active
ingredients. The selection of the active antibiotic substance
depended on the sensitivity of the exciter or pathogen. If the
bacteria were susceptible to tobramycin or gentamycin,
OSTEOSET-T® (Wright Medical Technology Inc.,
Arlington, TN, USA) or Herafill-G40® (Heraeus Medical
GmbH, Wehrheim, Germany) was applied. In the case of van-
comycin-, ceftriaxone-, or colistin-sensitivity, OSTEOSET®
was self-made and mixed with the suitable antibiotic. The
current study was restricted to active substances with already
well-characterized pharmacokinetics with OSTEOSET® as a
carrier material [43, 44]. We previously showed sufficient and
safe release from these preparations [45, 46]. The antibiotic in
powder form is first dissolved in the fluid contained in the
OSTEOSET® kit. Subsequently, OSTEOSET® is admixed
and after 60 seconds of rest time, stirred into a paste. This is
spread into the silicone molds and is cured. The curing dura-
tion depends on the active substance and ranges from 20 to
60 minutes. The antibiotic-impregnated calcium sulfate beads
can then be pressed out of the mold and are implanted. Figure
1 shows the application of the mixed antibiotics. The local
antibiotics are intended to provide a continuous release of
the active substance over a period of four to six weeks, at a
sufficient dosage. The calcium sulfate carrier, in the form of
hemihydrate Ca[SO4]-%2H,0, shows these pharmacological
benefits and demonstrates encouraging results as a resorbable
carrier material for antibiotics [43, 44, 47]. As a possible side
effect, recent studies describe a possible increase in serum
calcium in renal insufficiency [48].

Characteristics of the local degradable antibiotics in detail

Tobramycin combined with calcium sulfate is offered under
the product name OSTEOSET-T® (Wright Medical
Technology Inc., Arlington, TN, USA). It contains medical
grade calcium sulfate, 4% tobramycin sulfate, and stearic acid
as a tableting aid in pellet form. The resorption time of the
calcium sulfate is about 30 to 60 days as indexed by the man-
ufacturer. Additionally, there is a calcium sulfate paste as a
free-mix kit (OSTEOSET®) for use with alternative water-
soluble antibiotics. The third carrier system used in this study
consists, apart from calcium sulfate dihydrate, of calcium car-
bonate, hydrogenated triglyceride, and 1% gentamycin sulfate
(Herafill®, Heracus Medical GmbH, Wehrheim, Germany).
The resorption time of the calcium carbonate is indexed as a
few months.

OSTEOSET-T® It consists of calcium sulfate hemihydrate and is

impregnated with 4% tobramycin. The beads are offered in
10- and 20-g packs containing 400 mg and 800 mg
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tobramycin /tobramycin sulfate, corresponding to 262 and
524 tobramycin (salt factor tobramycin/tobramycin sulfate,
0.655) [49].

OSTEOSET-bead kit It contains at least 98% medical grade
calcium sulfate dihydrate, as well as dolomite (0.5%), calcium
carbonate (0.3%), and mineral aggregates [50-52].
Commercially available packs contain 25 mL of powder and
8 mL of solvent, which are supplied with two silicone molds
for curing. The latter consist of two halves each having 30
hemispherical recesses with a diameter of 7 mm. With this
product, antibiotics can be added after the antibiogram itself.
Figure 1 shows the application. We used vancomycin
(4000 mg per bead kit) or ceftriaxone (2000 mg per bead
kit). It is also possible to use other antibiotics [45, 53].

Herafill® G40 The beads consist of calcium sulfate dihydrate,
calcium carbonate, hydrogenated triglyceride, and
gentamycin sulfate. They each weigh 250 mg and contain
1% (equivalent to 2.5 mg) gentamycin (as gentamycin sul-
fate). They are offered in sizes of 20 and 40 units, and the
pack corresponds to a volume of 5 or 10 mL [54].

Fig. 1 a Application of OSTEOSET-bead kit. Amount of antibiotic per
30 beads: vancomycin 4000 mg or ceftriaxone 2000 mg. Other antibiotic
beads were used prefabricated (OSTEOSET-Tobramycin, Herafill-
Gentamycin). b Surgical single-stage application of beads in
periprosthetic joint infection of total hip arthroplasty during DAIR
(debridement, systemic antibiotics, and implant retention) procedure. ¢
X-ray after 1-year follow-up shows degradation of the beads under
implant retention
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Systemic antibiotic therapy

A calculated systemic antibiotic therapy was initiated after
taking the microbiological samples intra-operatively during
the first intervention. The calculated systemic therapy was
performed using a broad range of antibiotics which provide
good penetration of the soft tissue. The antibiotics were
changed 3 days after the procedure in accordance with the
results of the actual antibiogram (Table 1). Antibiotics were
selected according to the principles of antibiotic stewardship,
taking into account sensitivity and tolerability. Since there is
no evidence for the superiority of quinolones in PJI, because
of their significant side effects and the resulting bacterial re-
sistance, they were only used if no alternative products were
available. Six weeks of pathogen-specific highly bioavailable
oral antimicrobial therapy was carried out after an initial in-
travenous therapy. Clinical and laboratory monitoring for ef-
ficacy and toxicity was performed. Monitoring of outpatient
antimicrobial therapy followed that of published guidelines
[55].

Patients monitoring

Monitoring of the patients was carried out in accordance with
published guidelines [20, 55]. Evaluation of the patient in-
cluded a physical examination and examination of wound
healing, current clinical symptoms, drug allergies and intoler-
ances, comorbid conditions, prior and current microbiology
results from aspirations and surgeries, and antimicrobial ther-
apy for the PJI including local antimicrobial therapy. A test for
C-reactive protein (CRP) as well as complete blood count and
electrophoresis was performed. A plain radiograph was per-
formed in all patients prior and after the surgery. Blood cul-
tures for aerobic and anaerobic organisms as well as
procalcitonin are obtained if fever was present.

Success rate

Success and remission were defined as the absence of clinical,
radiological, and biological (i.e., inflammatory markers) signs
of infection [20] after a minimum follow-up of 12 months
after surgery (mean follow-up period was 23 months). In ad-
dition, the need for any surgical intervention after the de-
scribed single-stage procedure was defined as failure.

Results

Between February 2014 and May 2016, 42 patients were treat-
ed using a degradable calcium-based antibiotic in addition to a
DAIR procedure. 45.2% suffered a chronic PJI of the hip (n =
19), 28.6% of the knee (n = 12), and 26.2% of a knee arthrod-
esis (n=11). The average age was 73 years (54-87 years).
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Fifty percent of the patients were male (n =21) and 50% were
female (n=21). The mean follow-up period was 23 months
(= SD, 10.3), while the minimum follow-up was 12 months.

In 90% of cases, bacteria could be isolated (n=36). The
most common bacterium was Staphylococcus epidermidis
(29%), followed by Staphylococcus aureus (21%) and
Enterococcus faecalis (21%). In 21.4% of the cases, mixed
infections with two types of bacteria were found and in one
case, three types of bacteria. In fact, certain bacteria were only
detected in combination with others (Fig. 2). Systemic antimi-
crobial therapy administration was performed in accordance
with the antibiograms, most frequently using unacid or
clindamycin and in one-third of cases using a combination
therapy with rifampicin.

Every patient was treated as previously described and a
local antibiotic was added. Treatment with vancomycin
(45.2%, n=19) and tobramycin (19%, n =8, prefabricated
OSTEOSET-T) was most frequently performed, followed by
gentamycin (31%, n =13, prefabricated Herafill-G) and cef-
triaxone (4.8%, n=2).

In 73.8% of the cases (n=31), remission of the infection
was achieved, whereas failure occurred in 26.2% (n=11).
These patients who failed treatment (26.2%) showed a

reinfection, and either implant retention could be achieved
after performing a second DAIR or antibiotic suppression
therapy (n =5, 11.9%) or an amputation had been carried out
(n=06, 14.2%). These amputations accounted for three ampu-
tations of the knee (7.1%) and three Girdlestone procedures of
the hip (7.1%). Table 2 shows the overall treatment outcomes.
No significant difference between the locally applied drugs
was seen with regard to success rate. No side effects related
to the use of the antibiotic beads were noted. In between the
follow-ups, no one had died.

Discussion

Although local antibiotics and PMMA chains have been used
in the treatment of musculoskeletal infections for more than
40 years, evidence for efficacy is lacking. There are several
previous studies concerning their use in osteomyelitis. We
were able to analyze the application of these local antibiotics
for the first time in chronic recurrent osteomyelitis (n =93),
and a success rate of 84% was achieved in cases that were not
successfully treated previously [45]. In a small case study,
Humm et al. [56] reported treatment success in all patients

Fig. 2 Bacterial spectrum.
Multiple nominations possible, as
percentage of 42 cases. Asterisk
indicates bacteria that only
occurred in combination

Staph. epidermidis
Staph. aureus
Enterococcus faecalis

No detection

Proteus vulgaris

Streptococcus A1, Beta-hemolytic

Morganella morganii* 2%
Citrobacter freundii* 2%
Propionibacterium acnes 2%
Finegoldia magna* 2%
Streptococcus dysgalacticae 2%
Acinetobacter baumannii 2%

Staph. haemolyticus 2%

Pseudomonas aeruginosa 2%
Klebsiella oxytoca 2%
Klebsiella pneumoniae 2%
MRSA 2%

29%

E.coli

T T T T T T T
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Table 2 Treatment outcomes

Chronic periprosthetic infection of All
Hip arthroplasty Knee arthroplasty Knee arthrodesis
Result Success n 12 11 8 31
% 63.2 91.7 72.7 73.8
Chronic PJI n 4 0 1 5
% 21.1 0.0 9.1 11.9
Amputation n 0 1 2 3
% 0.0 8.3 18.2 7.1
Girdlestone n 3 0 0 3
% 15.8 0.0 0.0 7.1
All n 19 12 11 42
% 452 28.6 26.2 100

using OSTEOSET-T® in post-traumatic osteomyelitis cases.
Ferguson et al. [38] reported a success rate of 90.8% using the
same product in a series of 195 cases. Chang et al. [40] com-
pared debridement with or without local antibiotic therapy
retrospectively. Simple debridement in this study resulted in
a success rate of 60%, whereas in conjunction with
OSTEOSET-T®, 80% of the cases went to remission.
Because of the small number of cases (7 = 65), a statistically
significant effect was not achieved. Reliable assessments on
the use of local antibiotics in PJI, as well as in recurrent cases,
even with degradable carriers, are not available so far. To the
best of our knowledge, this is the first study which shows the
use of calcium-based topical degradable antibiotics in an im-
plant retention procedure for chronic PJI. Sufficient data
pertaining to the DAIR procedure are rarely available, partic-
ularly concerning indication-appropriate application in the
early infection and without antibiogram-appropriate applica-
tion of local resorbable antibiotic beads. When applied during
late chronic infection, the success rate of the DAIR procedure
is 28—62% [57]. De Vries et al. found that patients with acute
infections showed a better survival compared with those suf-
fering late infections (84.0% vs. 46.6%) [58]. Lora-Tamayo et
al. [21] conducted the biggest case study of the DAIR proce-
dure, with 462 cases. They showed the largest series of strep-
tococcal PJI cases managed through DAIR, and the patients
showed a worse prognosis than previously reported.
Outcomes were evaluable in 444 patients: failure occurred in
187 (42.1%) [40]. Prompt surgical treatment with DAIR, fol-
lowing strict diagnostic and therapeutic criteria, in patients
with suspected PJI, can lead to high rates of success in erad-
icating the infection [16] but is less effective in difficult-to-
treat cases [21]. In contrast, high success rates of over 70%
could be detected in difficult-to-treat patients in the presented
study, using calcium-based degradable antibiotic beads.
Mortality rates for a two-stage revision in elderly patients over
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80 years old have been shown to be 36.7% [15], whereas in
the current study, no mortality was reported over the follow-up
period. Tsang et al. currently advised that DAIR procedure
should be only considered for an acutely infected arthroplasty
when presenting within seven days of the onset of symptoms
[59]. However, if the patient is suffering from late-onset PJI
and is not suitable for a multistage procedure, because of his
individual operation risk, our data shows that degradable, lo-
cal antibiotics may offer advantages and a reasonable addition
for DAIR procedure.

Limitations

Our study has several limitations. The number of cases is
limited because of the strict inclusion criteria. The current
study has no control group, and a prospective randomized trial
showing results that contrast with those from DAIR procedure
and without local degradable antibiotics would be valuable. A
long-term follow-up could identify late-onset recurrences. We
did not monitor local antibiotic release in the current study but
have shown sufficient release previously [46].

Conclusion

In summary, degradable, local antibiotics based on calcium
sulfate could offer advantages and can be a reasonable addi-
tion to already established systems in the treatment of PJIL
Over 70% of the cases went to remission and over 85% of
the implants could be retained. The pharmacokinetics and
dynamics of the carriers, as well as the potential for
antibiogram-dependent applications, seem to be significant
advantages and appear to contribute to these good results.
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