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Abstract

Background High-dose antimicrobial-loaded bone cement

(ALBC) is recommended to treat orthopaedic infections. Elu-

tion characteristics from prefabricated ALBC spacers and how

they compare with hand-mixed ALBC are not well described.

Questions/purposes (1) How does antimicrobial release

from prefabricated spacers compare with release from

hand-mixed ALBC over time? (2) Is antimicrobial release

uniform across the surface of prefabricated ALBC spacers?

(3) Do variations exist between different prefabricated

spacer components? (4) Do textured surfaces release more

antimicrobial than smooth surfaces?

Methods Six prefabricated ALBC spacer components,

two hip and four knee, and three hand-mixed ALBC

formulations were studied in this comparative laboratory

study. Gentamicin was eluted from 41 discrete sites over

the surfaces of six spacer components and compared with

elution from 15 ALBC specimens, five from each of three

hand-mixed formulations. Elution was compared between

spacer sites, components, and surface texture. Statistical

analysis was performed by analysis of variance and Tu-

key’s multiple-comparison test or t-test.

Results Gentamicin release was highest in the first 24 hours

for both prefabricated ALBC spacers and hand-mixedALBC.

Elution decreased over 7 days similarly for both. At Day 7,

prefabricatedALBCspacers elutedmore thanhand-mixed1 g

ALBC (1 g ALBC: 1.49 ± 0.34, prefabricated: 3.59 ± 1.48,

mean difference = 2.1 [0.2–4.0], p = 0.04) but eluted less

than5 gALBC(9.21 ± 1.31,meandifference = �5.6 [�3.5

to �7.7], p\ 0.001) and less than 10 g ALBC (35.8 ± 1.69,

mean difference = �32.2 [�29.8 to �34.6], p\ 0.001).

Release varied from 2.7 to 9.9 lg/mm2 over the surface of the

spacers and from 3.5 to 5.5 lg/mm2 between components

with no component different than the others (Tukey). Release

from textured surfaces was inconsistent.

Conclusions Antimicrobial release from prefabricated

ALBC spacers is consistent with low-dose ALBC. Varia-

tion across the surface and between components is small

compared with changes in antimicrobial load.

Clinical Relevance Antimicrobial release from prefabri-

cated ALBC spacers is consistent with local antimicrobial

delivered from other low-dose ALBC formulations.

Introduction

Orthopaedic implant infections are severe complications

that result in considerable patient morbidity and cost [8].

Two-stage treatment, which is common in the United
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States [9, 22], typically involves removal of the implant,

débridement of all infected tissues, administration of local

and systemic antimicrobials, and delayed reconstruction.

Local antimicrobial delivery after the débridement stage is

usually from high-dose antimicrobial-loaded bone cement

(ALBC) with the goal of achieving at least the minimum

biofilm eradication concentration (MBEC) for the infecting

microorganisms. MBEC can be hundreds of times higher

than the minimum inhibitory concentration for the same

organisms when they are not in biofilm, generally above

the levels that would cause toxic effects systemically.

When ALBC is used for local delivery in a postdébride-

ment surgical site, it can secondarily be shaped to form a

spacer that can fill dead space, and/or maintain soft tissue

balance, and/or provide functional load bearing while

awaiting the second-stage reconstruction [4]. Uniform

release over the surface of the spacer is desirable to ensure

antimicrobial delivery to all areas of the postdébridement

surgical site. Some portions of the spacer may be exposed

to wound/joint fluid favoring mixing and transport after

release. Other areas may be closely apposed to bone with

low fluid volume and low flow not favoring postrelease

distribution or entrapped by bone cement used for fixation

[16].

To achieve MBEC, it is generally thought that high-dose

ALBC formulations are needed, leading to surgeon-direc-

ted, hand-mixed, high-dose ALBC spacers in many cases.

Prefabricated ALBC spacers are available commercially

with the proposed advantages of not requiring intraopera-

tive time for fabrication of the spacer and more consistent

release properties [2]. The antimicrobial powder is indus-

trially mixed with the polymethylmethacrylate (PMMA)

powder for homogeneity before polymerization. Although

prefabricated spacers are made with a low-dose formula-

tion of antimicrobial powder (1.4 wt% gentamicin),

antimicrobial release from these spacers is reported to be

increased by as much as four- to fivefold, attributed to

increased surface area from surface texturing on the hip

femoral stems and increased permeability from new poly-

mer technology [21]. Reported clinical outcomes using

prefabricated spacers are good [18]. Antimicrobial release

is expected to be uniform across the entire surface of each

spacer and from spacer to spacer [19]. We therefore asked

the following questions: (1) How do antimicrobial release

characteristics from prefabricated spacers compare with

those of hand-mixed cement over time? (2) Is antimicrobial

release uniform across the surface of prefabricated ALBC

spacers? (3) Do variations in release exist between differ-

ent prefabricated spacer components? (4) Do the textured

surfaces release more antimicrobial than the smooth

surfaces?

Materials and Methods

Spacer Preparation

We used six prefabricated ALBC spacer components in all,

including four knee components, one small tibia and one small

femur (Interspace High Release Knee1 SPK0021 with 0.9 g

gentamicin base load), one large tibia and one large femur

(Interspace High Release Knee1 SPK0221 with 1.8 g genta-

micin base load), and two hip components, one 54-mm head,

short-stem (Interspace High Release Hip1 SPC0122 with

1.9 g gentamicin base load), and one 60-mm head, long-stem

(Interspace High Release Hip1 SPC0522 with 3.2 g genta-

micin base load) (Tecres, Verona Italy/Exactech, Gainesville,

FL, USA) (Fig. 1).

Interspace High Release implants have FDA 510K

approval (K062273-2008, K101356-2011) [5, 6] based on

antimicrobial release substantially equivalent to the release

from spacers made with the Stage One1 disposable ALBC

spacer mold (Biomet, Warsaw, IN, USA) using low-dose

ALBC (Cobalt G HV Bone Cement, 0.5 g gentamicin per

40-g batch) (Biomet) [2, 3, 20].

To determine the amount and uniformity of antimicro-

bial release from surfaces of these prefabricated ALBC

spacers, we formed elution wells by attaching glass tubes,

14-mm inside diameter, to the undisturbed surface of the

spacer components using cyanoacrylate glue (Loctite

Henkel Corp, Westlake, OH, USA) and added a waterproof

barrier with epoxy (Loctite Henkel Corp, Rocky Hill, CT,

USA). The ALBC surface area in each well was 154 mm2

(Fig. 2). We created 41 isolated sites distributed across the

surfaces of the six spacer components. Six of these sites

were on the textured surfaces of the hip component stems,

three on the small-head short-stem component, and three

on the large-head long-stem component (Fig. 2). A total of

six spacer components were used in this study.

Gentamicin Release

Three milliliters of deionized water were placed in each

elution well and kept at 37 �C. To ensure infinite sink con-

ditions, total eluant exchange was performed onDays 1, 2, 7,

and 14 [14]. Eluate was stored at �80 �C until testing.

Gentamicin Quantification

We used a ninhydrin assay (Alfa Aesar, Heysham, Lan-

cashire, UK) to determine the gentamicin concentration in

the eluate [7]. Gentamicin concentration from each site at
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each time point was determined by comparing the sample

color change with a standard curve. Mt (cumulative mass of

recovered gentamicin at time ‘‘t’’) was calculated.

Hand-mixed ALBC Preparation

To determine how the antimicrobial release from the prefab-

ricated spacer surfaces compared with release from hand-

mixedALBC, three formulations ofALBCwere preparedwith

antimicrobial content equivalent to 1 g (low-doseALBC), 5 g,

or 10 g (high-dose ALBC) of gentamicin per 40 g batch of

bone cement [14]. Each ALBC formulation was prepared in

quarter batches: 0.25, 1.25, or 2.5 g gentamicin base as gen-

tamicin sulfate (NewChemicGroup,Montvale, NJ, USA)was

mixed with 10 g of PMMA powder and polymerized with

5 mL of methylmethacrylate monomer (PALACOS1; Zim-

mer, Inc,Warsaw, IN, USA). ALBCwas stirred by hand using

Fig. 1A–G Images of prefabricated ALBC spacers illustrate various

surfaces of the spacer components that were studied. A large-head

long-stem hip spacer is shown in three sections: (A) head and neck,

(B) intertrochanteric region with textured surface, and (C) intramed-

ullary stem with textured surface. The small-head, short-stem femoral

spacer is similar in geometry and surface texturing but has a

proportionately shorter intramedullary stem. A large knee spacer is

shown in four images: (D) the articular surface of the femoral

component, (E) the undersurface of the femoral component, (F) the
articular surface of the tibial component, and (G) the undersurface of

the tibial component, all with smooth surfaces. The small knee spacer

is similar in geometry to the small knee spacer.
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a mixing bowl and spatula by an orthopaedic surgeon (AM),

then while in the dough phase, it was formed into sheets

approximately 2 mm thick by hand on a nonstick surface.

After curing, hand-mixed ALBC test specimens that measured

approximately 2 cm 9 2.5 to 4.25 cm 9 2 to 2.5 mm were

created with a fine-toothed saw (32 teeth per inch) using a low

cutting speed to prevent surface smearing. Five samples from

each hand-mixed ALBC formulation were obtained, ranging

inmass from 1.71 to 3.07 g and having surface areas of 10.6 to

19.8 cm2. A total of 15 hand-mixed specimens, five of each of

three doses, were used in this study.

Gentamicin Elution From Hand-mixed ALBC

Hand-mixed ALBC specimens were placed in separate glass

beakers and covered tightly to prevent evaporation. Twenty

milliliters of phosphate-buffered saline (150 mM, pH 7.4)

were added to each beaker at 37 �C, submerging each

sample completely. Total fluid exchange was performed on

Days 1, 3, 5, and 7 to maintain infinite sink conditions.

Gentamicin Quantification for Hand-mixed ALBC

The ninhydrin assay was used to determine the gentamicin

concentration in the eluate similar to that previously de-

scribed and Mt was calculated.

Calculation of per Surface Area Release

Mt is dependent on surface area. The study design required

that release from undisturbed spacer surfaces was not from

standardized test specimens; therefore, to compare release

from one surface to another, Mt for each time point and

surface site was expressed per surface area (mm2). Mt was

divided by the exposed surface area for either the spacer

surface site or the hand-mixed ALBC specimen.

Power Analysis

We used an a priori power calculation, which assumed that

sites with different release would have normally distributed

variation [17]. We calculated the sample size of three to be

sufficient to detect a mean difference of 80 lg of drug

release based on a SD within sites as large as 100 lg
(b = 20% and a = 0.05).

Statistical Analysis

Comparison of the average release per surface area from all

prefabricated spacer sites with the average release per

surface area from all five specimens for each of the three of

hand-mixed ALBC formulations was performed using

t-tests. We used repeated-measures analysis of variance

(ANOVA) with time, surface site, and spacer component as

factors to determine differences in release per surface area

from different surface sites on different preformed spacer

components. Site was analyzed as an independent factor

rather than a nested factor. Standard normal plots of

residuals were used to show the ANOVA was well behaved

[1]. We then compared between prefabricated spacer

components using a Tukey’s multiple comparison test. We

used a = 0.05 as the cutoff for statistical significance.

Fig. 2A–B Elution wells were formed by bonding glass tubes,

14 mm inside diameter, to the undisturbed surface of the prefabri-

cated spacer components, isolating sites that were 154 mm2 in area.

(A) The textured surface is seen a dry well on the large-head long-

stem hip spacer stem. (B) Eluant is seen in the well shown in A.
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Results

Gentamicin release was highest in the first 24 hours for both

prefabricated ALBC spacers and hand-mixed ALBC. Elution

decreased over 7 days similarly for both. At Day 7, prefab-

ricated ALBC spacers eluted more than hand-mixed 1 g

ALBC (1 gALBC: 1.49 ± 0.34, prefabricated: 3.59 ± 1.48,

mean difference = 2.1 [0.2–4.0], p = 0.04), but eluted less

than 5 g hand-mixed ALBC (9.21 ± 1.31, mean differ-

ence = �5.6 [�3.5 to �7.7], p\ 0.001) and less than 10 g

hand-mixed ALBC (35.8 ± 1.69, mean difference = �32.2

[�29.8 to �34.6], p\ 0.001) (Table 1; Fig. 3).

For the prefabricated ALBC spacers, the amount of

gentamicin released per surface area varied from site to

site on Day 14 by 3.7-fold over a range from 2.7 lg/mm2

to 9.9 lg/mm2 (Fig. 4; Table 2). When analyzed across

sites on Day 14, site was a determinant for release

(p = 0.001). Four sites on the large-head long-stem hip

component had higher release than the rest (p\ 0.001).

The average release on Day 14 for individual prefabricated

ALBC spacer components varied by 57%, from 3.5 to

5.5 lg/mm2 (Fig. 4).

When analyzed across spacer component, spacer com-

ponent was a determinant for release on Day 1 (p = 0.030)

(Fig. 5; Table 3). By Day 14, none of the implants were

individually different by Tukey’s test (Table 3).

Surface texture on the stems of the prefabricated ALBC

hip spacers was not a significant determinant for release.

Of the six sites on the textured surface, release from the

three sites on the small-head short-stem hip component

was 4.63 lg/mm2, similar to all the other sites on the other

prefabricated ALBC spacer components (p = 0.94) but

lower than the release from the three sites on the large-

head long-stem component, 8.99 lg/mm2 (p = 0.0011).

Three of the four sites with higher release were on the

textured surface of the large-head long-stem hip compo-

nent; one was on the nontextured surface.

Discussion

The prevailing opinion in management of orthopaedic

infections is that low-dose formulations of ALBC, with

antimicrobial load less than 4.5 g of antimicrobial powder

per batch [9–11, 14], do not deliver enough antimicrobial

to treat established implant and bone infection. Fragments

of biofilm remain in the surgical site postdébridement

necessitating MBEC throughout the entire surgical site,

including the intramedullary canals. Prefabricated ALBC

spacers are fabricated with a low-dose antimicrobial for-

mulation; however, the polymer technology and surface

texturing used in their fabrication are reported to increase

antimicrobial release [21]. Industrial mixing is intended to T
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provide a high degree of homogeneity and clinical out-

comes after the use of prefabricated spacers are reported

to be good [19]. It is unknown how the antimicrobial

release from prefabricated spacers compares with that

achieved from the high-dose ALBC with 10 g antimi-

crobial powder or more per batch of cement [14]. Thus,

we asked: (1) How do antimicrobial release characteristics

from prefabricated spacers compare with those of hand-

mixed cement over time? (2) Is antimicrobial release

uniform across the surface of prefabricated ALBC spac-

ers? (3) Do variations exist in antimicrobial release

between different prefabricated spacer components? (4)

Do the textured surfaces release more antimicrobial than

the smooth surfaces?

Fig. 3 Gentamicin release per mm2 on Days 1, 3 and 7, averaged

over all sites measured on the prefabricated ALBC spacers is plotted

with comparative data for release from three hand-mixed formula-

tions of ALBC averaged over all five specimens for each formulation.

Release from the prefabricated ALBC spacers was more than from

hand-mixed ALBC 1 g gentamicin per batch formulation (low-dose)

but less than from the formulations made with 5 g or 10 g per batch

(high-dose).

Fig. 4 The range of gentamicin release in lg/mm2 from isolated sites

on spacer surfaces by individual prefabricated ALBC spacer compo-

nent, on Day 14, is represented by quartiles on the whisker-box plot.

The heavy line is the median; the box represents release for 25% of

the values above and below the median, and the whiskers represent

the highest and lowest release. The categories are KST = small knee

tibial component; KSF = small knee femoral component; KLT =

large knee tibial component; KLF = large knee femoral component;

HSS = small-head short-stem hip spacer; HLL = large-head long-

stem hip spacer; ALL = all spacer sites.
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There are several weaknesses of our study. First, our

elution design is not standardized; however, we did

maintain infinite sink conditions and data reported from

other elution studies that use standardized test specimens

can be expressed in release/mm2 based on the known

surface area of the standardized test specimens. Second,

our methods for release from the surface of the spacer

components were not identical to our methods for release

from the surface of the hand-mixed ALBC. One used

deionized water and the other phosphate-buffered saline;

one was an isolated area on the undisturbed surface of

prefabricated spacers and the other was flat, hand-shaped

surfaces with narrow edges, less than 8% of the total area,

that were cut with a finetooth saw using a slow non-

smearing cutting speed. The effect of deionized water

versus phosphate-buffered saline on elution of water-sol-

uble antibacterials such as gentamicin is negligible and the

effect that the variations in geometry have on release are

also very small. Studies that use ASTM 451-08 standard-

ized specimens generally have areas that are machined

during fabrication to correct mold variations, often more

than 20% of their surface. Machining causes higher burst

than nonmachined surfaces, but the increased release is far

less in magnitude than the effect related to changes in

antimicrobial load and the effect from the machined sur-

faces on release is consistent throughout each study. Third,

this is an in vitro study. As such it determines the anti-

microbial release capability from the surfaces studied, not

antimicrobial levels that will occur clinically. It is rea-

sonable to expect that the amount of gentamicin delivered

in vivo from different delivery vehicles would be propor-

tional to the in vitro release data [13], but the actual levels

that are achieved cannot be inferred from elution studies.

Fourth, as an in vitro study our findings cannot be used to

Table 2. The range of gentamicin release in lg/mm2 from isolated sites on spacer surfaces, by individual prefabricated ALBC spacer com-

ponent, on Day 14, is represented in quartiles tabulated in the statistics table for the whisker-box plot (Fig. 4)*

Quartile KST KSF KLT KLF HSS HLL ALL

Upper whisker 3.73 3.96 5.14 5.19 5.66 9.94 9.94

Third quartile 3.55 3.88 4.46 4.32 4.92 8.36 4.65

Median 3.37 3.80 4.36 4.12 4.53 4.25 4.13

First quartile 3.36 3.62 4.13 3.72 3.83 3.52 3.73

Lower whisker 3.36 3.44 3.76 3.28 3.36 2.74 2.74

* The categories are KST = small knee tibial component; KSF = small knee femoral component; KLT = large knee tibial component;

KLF = large knee femoral component; HSS = small-head short-stem hip spacer; HLL = large-head long-stem hip spacer; ALL = all spacer

sites; ALBC = antibiotic-loaded bone cement.

Fig. 5 Gentamicin release in lg/mm2 on Days 1, 3, 7, and 14, by

individual spacer component and combined, was highest during the

first 24 hours (p = 0.001) and accumulated at a progressively slower

rate over time. Values are the mean ± SD for all sites on each

component or all sites on all components combined. Component was

a determining factor for release by ANOVA on Day 1 (p = 0.030),

but by Day 14 the component was no longer a determining factor for

release. The categories are KST = small knee tibial component;

KSF = small knee femoral component; KLT = large knee tibial

component; KLF = large knee femoral component; HSS = small-

head short-stem hip spacer; HLL = large-head long-stem hip spacer;

ALL = all spacer sites.
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infer clinical efficacy or indications for local delivery. Our

findings pertain specifically to the antimicrobial release

capabilities of the specific prefabricated ALBC spacers and

hand-mixed ALBC formulations that we studied. How

those capabilities are integrated into a treatment plan is a

clinical decision specific to each patient.

We found that gentamicin release from both the pre-

fabricated ALBC spacers and the hand-mixed ALBC was

highest initially but then slowed after the first day. Our

findings are consistent with previously reported release

data from ALBC [12, 23]. The amount of gentamicin that is

released from the prefabricated ALBC spacer surfaces is

more than we measured from 1 g/batch ALBC, but less

than we measured from higher antimicrobial loads of 5 g or

10 g per batch of hand-mixed ALBC. The higher release

compared with the hand-mixed 1 g ALBC formulation may

be explained by the polymer technology used by the

manufacturer. We would also expect the release from

prefabricated ALBC spacers to be more than the release

from the surfaces of other commercially premixed ALBC

formulations with 0.5 to 1 g of antimicrobial per batch

[15]; however, neither the prefabricated ALBC spacers nor

hand-mixed ALBC with 1 g antimicrobial per batch are

capable of releasing amounts of antimicrobial equivalent to

the amounts released from higher dose formulations at

either 5 g or the 10 g loads per batch.

Gentamicin release from the surface of the prefabri-

cated ALBC spacers varied across the surfaces, site to

site, by up to 263% and from spacer to spacer by up to

57%. Prefabricated ALBC spacers are often placed in

sites with large variations in the gap between bone and the

spacer with the potential for wide variations in fluid

volume and flow, which is important for antimicrobial

transport to the rest of the surgical site. Also, prefabri-

cated ALBC spacers are often fixed with higher dose

ALBC, which adds antimicrobial to that released from the

prefabricated spacer surfaces [24] but isolates some

regions of the spacer surface from others. The net effect

on antimicrobial levels in various regions of the postdé-

bridement surgical site has yet to be measured. Although

the variation in gentamicin release from the surfaces of

prefabricated ALBC spacers is measurable, it is not as

important as the 10-fold difference between low-dose and

high-dose ALBC formulations. The methods we used to

study antimicrobial release from the surface of prefabri-

cated spacers are applicable to any other surface that

provides antimicrobial release and may be useful for

future comparative studies.

For the textured surface, there was a twofold difference

in gentamicin released from the textured surfaces between

the two components we studied. There was no difference in

release between the nontextured surfaces on all the knee

components and the textured surface on the small-head

short-stem hip component, and one of the nontextured

surface sites on the large-head long-stem hip components

had similar release to the textured surface on that compo-

nent. We expected to find an increase in release from

textured surfaces as a result of the increased surface area

caused by the texturing. However, our data are not con-

sistent with any pattern of effect that may be the result of

the texturing.

Gentamicin release from prefabricated ALBC spacers

is consistent with low-dose hand-mixed ALBC formula-

tions with less than 4.5 g of antimicrobial powder per

batch. Although variations in release across their surfaces

can be measured, these variations are small compared

with the difference between low-dose and high-dose

ALBC and are not specific to surface texturing. Clinical

outcomes for treatment of implant and bone infection are

dependent on more factors than local antimicrobial

delivery. Other factors, including surgical débridement

and host immune status, play important roles. When local

delivery is used, the release capability of the local depot

is important information. Local antimicrobial delivery

from prefabricated ALBC spacers may be indicated in

cases where low-dose ALBC formulations are considered

appropriate.
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