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Abstract. Background: Antibiotic-laden polymethyl methacrylate (PMMA)-coated intramedullary nails
(IMNs) are an effective treatment for osteomyelitis, but they pose multiple disadvantages. Antibiotic-loaded
resorbable calcium sulfate (ARCS) paste is an alternative option to deliver a local antibiotic depot around IMNSs,
but such use has been minimally investigated. This study aimed to define the immediate covering and filling
characteristics of ARCS around IMNs by using anatomic bone models. Method: Five tibia models (foam with
cortical shell) were prepared by reaming a uniform 13 mm cylindrical path. Three 40 cc kits of ARCS (STIM-
ULAN, Biocomposites Ltd, Keele, UK) were mixed with 3 g vancomycin and 1.2 g tobramycin powder and
injected into the intramedullary canal while wet, completely filling the canal. A 10 mm x 345 mm tibial IMN
was immediately inserted without interlocking screws and allowed to completely cure for 2 h. The models were
then longitudinally cut without disrupting the dry ARCS covering on the nail. The ARCS was removed from
the nail at five equidistant locations along the nail. The thickness of the ARCS was measured with a caliper. A
repeated-measures ANOVA test was used to compare the mean width of each segment for each model. Results:
In all five trials, the tibial canal volume surrounding the nail remained completely filled. The ARCS paste was
confluent along the length of the IMN. There were no gaps or air pockets between the paste and reamed model
bone. There was no statistically significant difference among the five samples at each location (p = 0.913) or
among the five locations along the bone (p = 0.210). Conclusion: In a model setting, ARCS fully fills the in-
tramedullary canal of a tibia and covers an IMN uniformly. Study of the in vivo material properties of ARCS
may further elucidate the bone penetration as well as the clinical utility of this antibiotic depot technique.

However, this is challenging should the bone still require sta-

Infection of a bone and adjacent soft tissue presents mul-
tiple challenges including how to definitively diagnose the
infection, whether and to what extent surgical debridement
is required, how to support structurally compromised bone,
and how to manage retained or new metal implants to pre-
vent ongoing infection (Townsend and Kog, 2023). Most or-
thopedic implants offer no intrinsic ability to fight infection
(Makridis et al., 2013); therefore, early removal of colonized
implants is generally recommended (Haseeb et al., 2017).

bilization. Familiar options to maintain stability include us-
ing an external fixator (Lam et al., 2019) or intramedullary
nail (IMN) coated with polymethyl methacrylate (PMMA)
(Makhdom et al., 2020). External fixators can lead to new
pin infections, increased patient accommodation, and require
eventual removal, compared with internal intramedullary fix-
ation (Modin et al., 2009). PMMA IMN techniques present
technical challenges and can require a narrower nail diame-
ter (Hake et al., 2015). An alternative antibiotic depot option
is antibiotic-loaded resorbable calcium sulfate (ARCS) paste
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around an implant (Downey et al., 2022). When inserted
into an intramedullary canal in the liquid phase followed by
IMN insertion (Rivera et al., 2021), ARCS provides a grad-
ually absorbed (Oh et al., 1998) and eluting antibiotic depot
(Mereddy et al., 2023) and is compatible with static or tele-
scopic IMNs (Downey et al., 2022). Presumably, the tech-
nique also reduces or eliminates intraosseous dead space, at
least temporarily, by conforming to the intramedullary canal.
However, the assumption of the uniformity and consistency
of ARCS around the IMN has never been investigated.

This work was inspired by the publication of Rivera et
al. (2021). The aforementioned work had two key points:
first, it described the surgical technique of preparing an
ARCS paste (STIMULAN, Biocomposites Ltd, Keele, UK)
laden with vancomycin, tobramycin, and/or daptomycin that
was injected into an intramedullary canal prior to the inser-
tion of a motorized intramedullary nail; second, the article
confirmed that the nail’s telescopic function (lengthening or
compression) remained uninhibited in vivo. A related arti-
cle by Downey et al. (2022) further supported the technique
by demonstrating infection eradication equivalent to the tra-
ditional PMMA IMN technique. In clinical experience, di-
rect visual and radiographic observation of the ARCS during
these surgeries has led the authors of the current article to
believe that ARCS completely fills the intramedullary canal,
minimizing dead space and maximizing the amount of an-
tibiotic delivered. This is in contrast to nails covered with
PMMA and allowed to cure externally: such constructs can-
not fully fill the canal because that would interfere with nail
passage, and some of the antibiotics are never delivered given
the elution limitations of PMMA (Anagnostakos and Meyer,
2017). However, the impression that ARCS uniformly fills
the canal around the IMN has never been confirmed.

Accordingly, the intent of this investigation was to de-
scribe the physical morphology of how the ARCS paste fills
the intramedullary canal in the setting of a simultaneous
placement of an IMN.

2 Methods

2.1 Investigation technique

The specific ARCS product used in this investigation has
Conformité Européenne (CE) approval for use as a bone void
filler with or without antibiotics; the United States Food and
Drug Administration (FDA) has only approved it as a bone
void filler.

Recognizing that, in vivo, calcium sulfate is resorbed by
various body processes over time (Thomas et al., 2005)
at varying rates depending on factors such as surface area
and additives (Thomas and Puleo, 2009), this investigation
specifically intended to define the morphology immediately
upon nail insertion. Once ARCS sets into a chalk-like con-
sistency, it holds its shape unless mechanically disrupted (it
does not change shape or deteriorate appreciably under am-
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bient conditions). Therefore, it was considered reasonable to
use anatomic bone models rather than actual bones to evalu-
ate this study’s question. Foam with cortical shell tibia mod-
els (SAWBONES, Pacific Research Company, Vashon, WA,
USA) that were 405 mm long and had preexisting 10 mm
canal diameters were used. The intramedullary canals were
further prepared by placing a guide wire centrally and then
reaming with flexible non-cutting reamers in 0.5 mm incre-
ments from 10 to 13 mm. The reaming was performed to the
level of the distal epiphysis. Unlike human bone, the models’
metaphyseal flares were also occupied by foam filler that cre-
ated a consistent canal of uniform diameter to start and also
when reamed. The five tibias were prepared in succession
prior to the insertion of ARCS.

Following reaming, the canal was filled with ARCS paste.
The ARCS paste was made in accordance with the manu-
facturer’s recommendations, with modifications based on the
aforementioned protocols (Rivera et al., 2021; Downey et
al., 2022) and as detailed subsequently. The materials used
for the ARCS preparation are shown in Fig. 1. Three ARCS
powder packets (40 cc each, total 120 cc), one vial of pow-
dered tobramycin (1.2 g), and three vials of powdered van-
comycin (1 g each, total 3 g) were thoroughly mixed in a
bowl. In a rapid fashion, three vials of the liquid ARCS ac-
tivator along with two to three drops of saline were added
to the powder. This mixture was then rapidly stirred with a
plastic cement mixing spatula for 30 s to achieve a complete
mix, with the liquid now injectable but maintaining a “stiff
peaks” consistency. In this state, the antibiotic ARCS was
quickly poured into a 60 cc Toomey syringe. A 28 French
chest tube was attached to the nozzle of the syringe and air
inclusion was minimized by pressurizing the ARCS within
the syringe. The liquid ARCS was injected into a single tibia
model’s intramedullary canal by gradually pulling the chest
tube up and out of the canal as filling occurred, as described
in the reference articles (Rivera et al., 2021; Downey et al.,
2022). This was all done under direct vision, not radiograph-
ically.

With the ARCS now in a semi-toothpaste consistency, a
static tibia IMN 10 mm x 345 mm (T2 Tibia, Stryker, Kala-
mazoo, MI, USA) was inserted into the tibial canal using the
standard nail inserter as a handle. The nail was inserted un-
til the top of the nail had just passed the proximal cortical
shell. The manufacturer recommends 8 min for the ARCS to
become solid, but the addition of antibiotics hastens this to
approximately 5 min. To prevent nail migration during cur-
ing, the handle was held for 10 min and then gently released.
The entire construct was gently laid flat for at least another
2 h to ensure complete curing. This produced a construct as
shown in Fig. 2. The entire ARCS preparation, injection, and
nail insertion was performed fresh for each tibia.

Specific deviations from the reference articles (Rivera et
al., 2021; Downey et al., 2022) are as follows: model tib-
ias were used rather than real surgical procedures in human
tibias; no cement gun was used, only the Toomey syringe
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Figure 1. Preparation for mixing antibiotic-loaded calcium sulfate
paste consisting of three STIMULAN kits, 1.2 g tobramycin, 3 g
vancomycin, a 28 French chest tube, and a Toomey syringe. The
caliper on the right was used for eventual measurement of the ARCS
shell.

with chest tube; no radiology was used to visualize the canal
filling, visual inspection was felt to be sufficient; no cross-
locking of nails with screws was performed; and static rather
than motorized nails were used.

2.2 Analysis of samples

The thickness of hardened ARCS between the nail and the
tibia was evaluated at five locations (Fig. 2). To extricate the
ARCS-IMN construct from the bone model, the following
technique was performed (Figs. 3 and 4): a powered oscil-
lating saw (Stryker Performance Series 6125-127-90) was
used to cut the SAWBONES longitudinally, minimizing dis-
ruption to the hardened ARCS. This was performed circum-
ferentially, essentially similar to a cast removal technique,
but also on the proximal and distal aspects of the tibia mod-
els. An osteotome was then used to gently wedge apart the
anterior and posterior tibia model components. The anterior
portion of solid ARCS was gently removed from the nail at
each of the five locations. Following this, the removed ARCS
thickness was measured with a caliper capable of 0.1 mm in-
crements.

2.3 Statistical analysis

The mean thickness of each sample was compared as fol-
lows: each specific location was compared across all five
different models, and each individual model had all five
locations compared. The analysis was performed using a
repeated-measures ANOVA test (DATAtab Team, 2023).
Significance was set as p < 0.05.

https://doi.org/10.5194/jbji-9-261-2024

3 Results

The primary aim of the study was to evaluate the immediate
filling characteristics of the ARCS—IMN construct in a tibia
bone model. In all five trials, the entire tibial canal volume
remained completely filled, and the ARCS paste was conflu-
ent along the entire length of the IMN. There was also no
shrinkage of the paste leading to gaps between the paste and
the model foam, nor were there air pockets between the IMN
and the paste.

Table 1 and Fig. 5 show the results of the primary aim.
There were no statistically significant differences among
each of the five samples (p = 0.913), nor were there differ-
ences among any of the five locations along the bone (p =
0.210). As a reminder, the model tibia’s canal was a uni-
form cylinder after reaming because the metaphyseal flares
are also uniformly filled with foam in the model.

4 Discussion

The immediate intramedullary filling characteristics are uni-
form: there were no statistical differences in the ARCS man-
tle thickness among the five trials at any single location
(p = 0.913), nor were there differences in the mean thickness
among the five locations (p = 0.210). The ARCS mantle uni-
formly and completely fills the intramedullary canal around
the nail. These observations suggest that, when ARCS is in-
jected into the intramedullary canal in a wet phase, followed
by insertion of an IMN while the ARCS is still wet, thor-
ough filling of the canal can be achieved. This knowledge
improves the understanding of the use of ARCS as an op-
tion for providing a local antibiotic depot in situations where
implants remain necessary, and this technique could be a
reasonable alternative among the growing field of options
for infection management in the setting of local implants.
Specifically, this study contributes to the understanding of
the immediate physical behavior of ARCS paste surround-
ing IMNs. The following discussion will contextualize this
study by presenting the fundamentals of fixation for infected
situations, some principles of PMMA and ARCS for such
situations, and some potential implant modifications.

The treatment or prevention of local bone or soft-tissue
infection in situations demanding fixation remains challeng-
ing. Trampuz and Zimmerli (2006) report that a majority of
such infections acquired during trauma-related fixation are
caused by staphylococci. Upwards of a 70 % union rate can
occur if (1) debridement with deep cultures is performed (to
direct antibiotic therapy), (2) implant stability is ensured (to
confer a physically stable healing environment), and (3) lo-
cal and systemic targeted antibiotics are provided (Trampuz
and Zimmerli, 2006; Zimmerli, 2014; Berkes et al., 2010).
Once the fracture has united, implant removal should be con-
sidered, as this reduces a risk of late reinfection (Brahme et
al., 2023). Bacteria often form a biofilm on foreign material,
such as metal orthopedic implants; even with antibiotic pen-
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Figure 2. Illustration demonstrating the position of the IMN relative to the model bone after injection with absorbable calcium sulfate paste
and nail insertion.
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Figure 3. (a) Five equidistant locations, from proximal to distal, on the nail were measured and located. (b, ¢) A saw and osteotome were
used to cut and split the SAWBONES longitudinally.

etrance of the biofilm, the effectiveness of the antibiotics on potential or actual recurrent infection (McConoughey et al.,

the bacteria are often greatly reduced (such as due to dor- 2014; Arciola et al., 2015).

mancy) and the bacteria can remain a long-term source of External fixation, in particular Ilizarov (Barbarossa et al.,
2001) or hexapod fixators (Napora et al., 2017), can reduce
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Figure 4. (a) The dry segments were collected from five locations on the nail from each of the SAWBONES. (b) Each segment width was

measured with a fine (0.1 mm increments) caliper.

Table 1. Dried paste segment width from each location (location 1-5) from five bone models (bone A-E).

Segment width (mm)

Bone p value

Location 1 Location2 Location3 Location4 Location5 Mean4 SD
Bone A 2.2 1.2 1.8 1.4 2.2 1.8+04
Bone B 2.0 1.4 1.6 2.6 1.8 1.9+04
Bone C 2.6 2.0 1.8 1.2 1.0 1.7+£0.6 0.913
Bone D 2.1 1.8 1.8 1.6 2.0 1.9+0.2
Bone E 2.0 1.6 1.7 1.5 1.6 1.7+£0.2
Mean + SD 22+03 1.6+0.3 1.7+0.1 1.7+£0.6 1.7+0.5
Location p value 0.210

Data in columns are presented as the mean & SD, and p < 0.05 was considered significant.

immediate and long-term bacterial contamination in the heal-
ing zone. If the infection appears contained to a small re-
gion, fixation can be applied remote to this in the same bone,
minimizing the risk of local inoculation of the implants. As
external fixation is relatively temporary by design, even if
the transcutaneous implants become contaminated, they are
eventually removed, at which time routes of ingress close.
External fixators permit versatile stabilization and correction
strategies, such as intentional deformity (Herndndez-Irizarry
et al., 2021), and can change position gradually which re-
duces local tissue stress. The major disadvantage of external
fixation is the increased patient management burden (Abu-
laiti et al., 2017), which can be reduced by replacing the ex-
ternal fixator with an internal nail (Rozbruch et al., 2008) or
plate (Harbacheuski et al., 2012).

https://doi.org/10.5194/jbji-9-261-2024

A nail covered with antibiotic-laden PMMA can also pro-
vide fixation in an infected setting. PMMA is a relatively ver-
satile antibiotic carrier (Magnan et al., 2013) and conforms
to complex anatomy when inserted in soft phase or can be
molded to a desired rigid shape (such as beads) prior to in-
sertion (DeCoster and Bozorgnia, 2008) or even around tem-
porary joint replacement implants (Haddad et al., 2000). An-
tibiotic elution from PMMA occurs in an exponential-decay
pattern (Amin et al., 2012), generally mostly expired by 7—
14 d (Anagnostakos et al., 2009), and is affected by volume
and surface area and the specific antibiotic or PMMA formu-
lation used (Duey et al., 2012). It has also proven successful
for treating infection in many orthopedic situations such as
long-bone fractures (Downey et al., 2022) and arthroplasty
(Wang et al., 2013; Jacobs et al., 2009). However, the PMMA
might eventually become another nidus for infection (Ganta
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Figure 5. Graphical depiction of the (a) average dry segment width from five locations on the nail and (b) average dry segment width
from each bone model (bone A-E). Box plots portray the median, quartiles, and range (solid line, box, and whiskers); average and standard
deviation (dotted horizontal line and diamond); and each data point (solid dot) of the cohort. There were no statistically significant differences

in either parameter.

et al., 2022). There are many ways to fabricate a nail with
antibiotic PMMA (Kim et al., 2014; Koury et al., 2017), but
a common drawback is that the nail must be a thinner di-
ameter in order to provide space for the PMMA inside the
intramedullary canal, and removal can be complicated by the
PMMA debonding from the nail (Abalkhail et al., 2022).
The technique used in this study — using ARCS in associ-
ation with an IMN — evolved directly from experience using
PMMA with IMNs.

The effectiveness of ARCS as an antibiotic delivery agent
has previously been established. Gauland (2011) reported
that 93.8 % of 323 osteomyelitis patients healed after us-
ing ARCS with vancomycin and gentamicin after surgical
debridement. Ferguson reported that 191 of 195 (97.9 %)
cases treated with debridement and ARCS eradicated in-
fection; bone defect filling was complete in only 4.4 % of
cases, emphasizing that ARCS has limited structural ben-
efit. In a prospective trial of 30 patients treated with ab-
sorbable antibiotic-loaded calcium sulfate vs. PMMA, Mc-
Kee identified an identical 86 % infection eradication rate, an
almost identical (7/8 = 88 % vs. 6/8 =75 %) fracture heal-
ing rate, but a different (7/14 = 50 % vs. 15/14 = 110 %) re-
operation rate (McKee et al., 2002, 2010). Chang reported
94 % vs. 59 % healing (p < 0.05) when using ARCS vs. de-
bridement alone (Chang et al., 2007). A review by Jacob et
al.(2023) identified a 92.9 % bony-union rate and a 95.1 %
rate of infection eradication. Compared with gentamicin-
loaded PMMA beads, Raglan et al. (2015) demonstrated that
ARCS paste was associated with improved healing times
and a reduced length of stay. Patil et al. (2021) and Qin et
al. (2019) demonstrated over 90 % infection eradication us-
ing ARCS for diabetic foot. ARCS also improves prosthetic
joint infection eradication (Reinisch et al., 2022). Because
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of its gradual absorption, ARCS can hold high antibacterial
concentrations in a space, such as a joint, for up to 3 weeks
(Wiesli et al., 2022); however, different antibiotics elute dif-
ferently, so dosing must be considered individually for pa-
tients (Wahl et al., 2011). Although not considered consis-
tently achieved, biofilm could potentially be eradicated via
only prolonged antibiotic exposure (Baeza et al., 2019). Al-
though slightly beyond the scope of this study, very informa-
tive recent studies identify that bacteria can invade the peri-
implant bone, specifically the osteocyte lacuna—canaliculi
network (Jensen et al., 2023; de Mesy Bentley et al., 2017;
Jensen et al., 2017; de Mesy Bentley et al., 2018). We specu-
late that antibacterial therapy may possibly be more effective
if ARCS could also penetrate these spaces. This hypothesis
is not examined in the current study but may deserve appro-
priate subsequent investigation.

There are some emerging options in the field of bone fix-
ation in the setting of infection. Surface coatings are an ap-
pealing category of implants (Darouiche, 2007). A recent re-
view of intramedullary nail coatings identified that the com-
mercially available options are PMMA or gentamicin-coated
nails (Walter et al., 2022). Coating nails with gold, silver, or
palladium is an additional option (Karupiah et al., 2022; Alt,
2022). Reviews of silver-coated arthroplasty implants em-
phasize the limited evidence with respect to efficacy and the
need to prevent toxicity (Diez-Escudero and Hailer, 2021;
Wyatt et al., 2019). As machining techniques continue to im-
prove, it is becoming increasingly evident that smoother im-
plant surfaces prevent the adhesion of bacteria such as Strep-
tococcus sanguis (Pereira da Silva et al., 2005) and staphylo-
cocci species (Wu et al., 2011). Nanotubules on the surface
of implants can also act as specific antibiotic carriers, provid-
ing antimicrobial action without measurable additional vol-
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ume (Yang et al., 2016; Wang et al., 2021). One additional
category of implant surface modification to prevent infection
is ion doping. Copper and zinc cation doping of cobalt alloy
implants shows potential to prevent infection of Staphylococ-
cus aureus and Pseudomonas aeruginosa (Totea et al., 2015).

There are important limitations to this study. The most ap-
parent is that a plastic bone model was used rather than a
cadaver or living bones, which is missing metaphyseal flares
and any form of canaliculi. However, this was deliberately
chosen in order to minimize confounding variables with the
canal preparation and evaluation of ARCS. Future studies
with cadavers or with living patients may be appropriate,
perhaps using computational tomography or magnetic res-
onance imaging to evaluate the ARCS mantle around the
implant and penetration into the surrounding tissue, ideally
in a time-dependent manner. Another limitation is that this
study only utilized a relatively straight intramedullary canal
of a tibia, rather than a curved canal such as in a femur; this
could alter the ARCS mantle thickness due to the obligate
geometry of a curved implant in a curved bone. Cutting the
model bone theoretically could have resulted in disruption of
the ARCS mantle; however, in practice, the medial mantle in-
tegrity seemed to be very highly preserved. A modification to
bisect the bone prior to ARCS filling and nail insertion could
be considered, but this would likely lead to substantial ARCS
leakage. An alternate strategy for the evaluation of thickness
could have been to use computational tomography. The set-
ting characteristics at different ARCS viscosities could have
been evaluated, such as with thicker ARCS, but it was con-
sidered optimal to evaluate the most liquid consistency avail-
able to provide the greatest potential uniformity and because
this is the recommended surgical technique. As a technical
reminder, ARCS may provide increased early stabilization
of unstable bone by interdigitation between the bone and a
nail, but the construct may lose stability upon resorption; the
biomechanics of this potential scenario have not been stud-
ied. The following is another important limitation: the elution
of antibiotics from a calcium sulfate carrier is in vivo poorly
characterized; clinicians should consider whether the paste
may not harden due to local bleeding (and thereby result in
spiked systemic levels) and perhaps adjust the dosage (Wahl
etal., 2011).

5 Conclusion

In a model setting, ARCS fills the intramedullary canal of
a tibia and covers an IMN uniformly. Further studies of the
material properties of ARCS with IMNs in human bone may
help understand the potential utility of this phenomenon in
situations requiring orthopedic fixation in the setting of local
infection.
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