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Introduction: Acetabular bone defect reconstruction is an increasing problem for surgeons

with patients undergoing complex primary or revision total hip replacement surgery.

Impaction bone grafting is one technique that has favourable long-term clinical outcome

results for patients who undergo this reconstruction method for acetabular bone defects.

Creating initial mechanical stability of the impaction bone graft in this technique is known

to be the key factor in achieving a favourable implant survival rate. Different sizes of bone

chips were used in this technique to investigate if the size of bone chips used affected

initial mechanical stability of a reconstructed acetabulum.

Methodology: Twenty acetabular models were created in total. Five control models were

created with a cemented cup in a normal acetabulum. Then five models in three different

groups of bone chip size were constructed. The three groups had an acetabular protrusion

defect reconstructed using either; 2e4 mm3, 10 mm3 or 20 mm3 bone chip size for

impaction grafting reconstruction. The models underwent compression loading up to

9500 N and displacement within the acetabular model was measured indicating the initial

mechanical stability.

Results: This study reveals that, although not statistically significant, the largest (20 mm3)

bone chip size grafted models have an inferior maximum stiffness compared to the me-

dium (10 mm3) bone chip size.

Interpretations: Our study suggests that 10 mm3 size of bone chips provide better initial

mechanical stability compared to smaller or larger bone chips. We dismissed the previ-

ously held opinion that the biggest practically possible graft is best for acetabular bone

graft impaction.
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1. Introduction
Charnley first introduced primary hip replacement surgery in

1961.1 Since this time the aim in all joint replacement surgery is

to achieve a stable implant fixation with excellent short and

long-termoutcome for the patient, whilst attempting to restore

normal hip biomechanics and anatomy which are key to

longevity of implant success. Controversy exists as to the best

method of surgically restoring normal anatomy in correcting

severe bony acetabular defects that can be found at both com-

plex primary and revision total hip replacement surgery.

Bone impaction grafting is a surgical reconstruction

method that aims to reconstitute the bone defects. Slooff et al

first reported impaction grafting as a technique in 1984 to

achieve a stable implant by impacting morselized bone graft

and subsequently allowing living bone stock to be restored.2

This technique offers a biological repair to bone defects pre-

sent at the time of surgery with long-term favourable clinical

results.3e5 Bone impaction grafting raises many important

issues for consideration from a mechanical and biological

viewpoint to optimize the surgical outcome for patients who

are subjected to this surgical technique.

The initial stability of the implant has been found to be the

most important factor influencing graft healing and incorpo-

ration6e8 and therefore the overall outcome of this recon-

structive technique. In studies of impaction grafting, a larger

bone chip size has been identified as producing higher sta-

bility than a smaller chip size8,9 and the ideal bone chip size on

the acetabulum has been suggested to be between 8 and

10 mm.3,8,10,11 However, it is not known if using the largest

possible particle of bone chips size to reconstruct an acetab-

ular defect would have a detrimental effect on the initial

mechanical stability of the implanted component. Therefore

the aim of this study was to use a laboratory model to inves-

tigate the initial mechanical stability of an acetabular

component following impaction grafting with three different

size of bone chip.
Fig. 1 e Two acetabular models with sawbone graft in backgrou

the control group with a 53 mm spherical central defect to 26 m

impaction grafting of the protrusio defect of depth 46 mm.
2. Materials and methodology

An acetabular model was developed using a synthetic bone

compromising an E-glass-filled epoxy cylinder (74 mm diam-

eter, 3mmwall thickness,w55mm length) filled with an open

cellular rigid polyurethane foam (Sawbones Europe AB,

Malmo, Sweden12). According to the manufacturer’s data, the

open cellular rigid polyurethane foam had a density of 20 pcf,

cell size of 0.5e1 mm, compressive strength of 5.4 MPa and

compressive modulus of 137 MPa and resembled the appear-

ance of cadaveric cancellous bone.13 The cylinder was

machined centrally with a 53 mm bull nosed spherical slot

drill, to a depth of 26 mm for the control group and 46 mm for

the protrusio models to allow impaction graft reconstruction.

A total of 20 specimens were used, five for the control group

and five for each of the three impaction grafting groups.

The control group were implanted with a 47 mm Charnley

cup flanged LPW (DePuy International Ltd, Leeds, England)

using bone cement prepared in vacuum mixing system

(CMW1 and SmartMix, vacuum mixing bowl, DePuy Interna-

tional Ltd. T/A DePuy CMW, Blackpool, FY4 4QQ, England) as

per manufacturer recommendations. The cement was then

pressurised for 2 min with a 55 mm cement pressuriser

(DePuy).

The acetabular cup was inserted at 5 min and pressurised

until the cement had set.
2.1. Study groups of impaction grafting of acetabular
protrusio defect

In order to manufacture the synthetic bone chips, the same

open cellular rigid polyurethane foam as, described above,

was machined into 3 different chips sizes as shown in Fig. 1.

The chips in the largest (20 � 20 � 20 mm chip size) and me-

dium (10 � 10 � 10 mm chip size) were all of uniform cube

shape. The bone chips in the smallest group varied from a
nd. The acetabular model on the right in the figure is from

m depth. The acetabular model on the left is taken prior to
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minimum of 2 � 2 � 2 mm to a maximum of 4 � 4 � 4 mm in

shape. There was less uniformity in the shape of these chips

due to the difficulties in machining small chips from the

cellular rigid polyurethane foam.

Five acetabular protrusio models for each graft chip size

were reconstructed. Reconstruction was performed using se-

rial acetabular packers (DePuy International Ltd, Leeds) and a

hammer. The last impactor used in all models was 51 mm in

diameter, to allow a 2 mm cement mantle. Impaction was

stopped once the impaction head was flush with the acetab-

ular rim leaving a stable impacted sawbone bed. Further

hammer blows were unable to impact the graft to any extent.

The reconstructed acetabular models underwent cemen-

tation of an acetabular cup using the same method as the

control group. All 20modelswere then stored for 24 h in saline

soaked gauze at 6�C to allow for complete cement

polymerisation.13

All acetabular models were tested in a materials testing

machine (Instron 3366 Materials Testing Machine e 10 kN,

Instron, High, UK). The models were secured in an angled

holder at 45� abduction and 0� anteversion as shown below in

Fig. 2. The posterior lip of the LPW cup was positioned supe-

riorly to standardise cup alignment within the loading set-up.

A femoral head (22.225 mm) was mounted on a stem and

attached to themoving crosshead of the Instronmachine. The

angled holder with a cup securely attachedwith headless pins

was then loosely attached to the base plate of a testing ma-

chine. The angled holder was firmly attached to the base plate

once the femoral head was centred within the acetabular cup

prior to application of a compressive load.

The models were tested under compression up to a load of

9.5 kN at 20 � 1 �C at a speed of 1 mm/min. The load and

displacement were recorded and the maximum slope (N/mm)

of resulting load-displacement curve was calculated.
3. Results

All 20 models tested up to the static load of 9.5 kN revealed no

yield or visible damage.
Fig. 2 e Instron loading set-up with femoral head

engagement in acetabulum.
Fig. 3, below reveals results of the load-displacement of the

largest bone chip size graftedmodels group respectively under

static loading. All force displacement graphs had an initial toe

region before the femoral head had fully engaged with the

acetabular cup, followed by a linear region. In all of the groups

tested, some models were noted to have a change in gradient

whilst be loaded.

All groups had somemodels that experienced some change

in stiffness during static loading as noted by a change in the

gradient of the slope under static loading. This change of

gradient was noted most commonly in the smallest and me-

dium grafted models with at least three models in these

groups undergoing a possible “settling of graft” effect. Only

twomodels were noted to have an obvious change in gradient

in the largest grafted group. Two models in the control group,

however, were also noted to undergo a change in gradient on

static loading which suggest that this effect may not be due to

a graft settling effect on loading. One model in the smallest

graft size group was only loaded to 8000 N due to a technical

error with the materials testing machine.
3.1. Stiffness results from maximum slope

The maximum stiffness data is presented in the bar chart in

Fig. 4. Both control group and medium graft impaction size

were found to have superior stiffness on compression loading

compared to the largest and smallest graft impaction models

but this superior stiffness was not statistically significant.

Further statistical analysis of the stiffness of the four

different model groups was performed with analysis of vari-

ance (ANOVA) tests. This enabled comparison between the

four groups and a p-value of 0.060 was found with no signifi-

cant difference between the groups.
4. Results summary

In total 20 specimens were successfully tested in four groups

(control, smallest graft size (2e4 mm3), medium graft size

(10 mm3) and largest graft size (20 mm3)). The results of the

stiffness measurements show a trend to towards medium

(10 mm3) graft size improving stiffness of the reconstructed

acetabular model, however, no significant difference was
Fig. 3 e Largest graft models static loading graph (N/mm).
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Fig. 4 e Maximum slope from static compressive extensive

loading. The bar extensions represent the confidence

intervals of 95% for each group.
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found between any of the three graft size models and control

group for the maximum slope measurements.
5. Discussion

5.1. Static compression

Initial cup stability is the key to longevity in acetabular re-

constructions using impacted bone graft.14 This study

revealed no yield on static compression loading up to 9500 N

in any model reconstructed using impacted graft of three

different sizes of bone chip. The bone chips were made out of

Polyurethane Foam. This material has been shown on

biomechanical testing and simulation to have similar micro-

structure and material properties to cancellous bone.15

The compression load of 9500 N is over three times higher

than the level experienced clinically of 300% body weight on

climbing stairs, equivalent of roughly 3000 N in a 100 kg pa-

tient.16 It is also significantly above the maximum load expe-

rienced through the hip joint which can be eight times body

weight equivalent of roughly 8000 N in a 100 kg patient. This

finding promotes this technique as having excellent initial

stability in its use for reconstructing contained acetabular

defects.

On static compression loading, themaximumstiffnesswas

calculated to illustrate that medium bone chip size (10 mm3)

had superior mean maximum stiffness of 6586 (N/mm)

compared to smallest (2e4 mm3) and largest bone chip size

(20mm3),with ameanmaximumstiffness of 5729 and 5778 (N/

mm) respectively. The medium bone chip size even had a

marginally superior mean maximum stiffness compared to

the control group where no acetabular cavity was present

requiring reconstruction. A p-value of 0.06 was found, high-

lighting a trend towards a difference between the smallest and

medium bone chip size reconstructed acetabular models on

maximal stiffness.Although this trendwasnotedno statistical

difference was noted between the 3 different graft size groups

and the control group with a confidence interval of 95%.

The mean maximum stiffness results from this study

would suggest that although no statistical difference could be

found between the different bone chip sizes that the medium

(10 mm3) chip size had the best mean maximal stiffness
supporting previous studies that have also found this to be the

best bone chip size for acetabular reconstruction on me-

chanical testing.8e11 This study indicates that using the

largest available bone chips does not necessarily produce the

best results, which contradicts earlier findings previously re-

ported when commenting on bone chip size for acetabular

reconstruction.8,9 Arts and Bolder comment that the biggest

practical bone size should be used for acetabular reconstruc-

tion. Our study revealed the largest chip size (20 mm3) to have

an inferior mean maximal stiffness although not statistically

different compared to the smaller chip size of medium

(10mm3). Possible reasons for these findings are that although

it was possible practically to impact the largest chip bone size

within the contained acetabular defect each new bone chip

had to be added in individually due to their size. With the

medium sized bone chips, it was possible to impact several

new bone chips of the medium bone chip size simultaneously

thus creating amore stable impacted bone chip constructwith

superior inter-digitation between the bone chips. The chips in

the largest size group were each compacted on their own

before a further chip could be added.

Ideally the acetabular models would have undergone

cyclical testing, although our biomechanical department

did not have these facilities available, as performed in

similar mechanical stability bone impaction graft testing

research.8,9,12,17e20 This would have allowed a comparison to

be made between the initial mechanical stability results in

this study and their findings, whilst also possibly demon-

strating a statistically significant difference between the

different bone chip size groups at a level of confidence in-

terval of 95%.

It should be noted that the largest group (20 mm3) had very

small standard deviations. This effect can also be seen on the

load-displacement curves (Fig. 3) for the largest graft size

models. No ‘settling’ effect was seen in this group and this

may be due to the higher number of impactions that were

required to construct these models. Another possible expla-

nation for these consistent results under compressive loading

could be due to the surgical technique that had to be per-

formed when constructing these models that involved a one-

by-one method due to size of the bone chips rather to the two

other bone chip groups whereby several bone chips could be

impacted at one time to create a stable construct.

The load-displacement graphs exhibited some initial ‘toe-

region’ due to displacement necessary for the femoral head to

become centred within the acetabular cup to allow force to be

applied to the acetabular models. To allow comparison be-

tween the models this region was removed and not included

in the analysis.

A change in the stiffness under static compressive loading

e i.e. a change of gradient could have been due to the graft

settling within the reconstruction. The control group had no

reconstruction, however, and it also underwent a change in

stiffness under compressive loading. This would suggest that

the change in stiffness may have been due to movement/

failure within the angled acetabular holding device rather

than a graft settling effect. Future dial testing could be used to

reveal if there was movement within the angled holder itself

or if the change in gradient of stiffness is only due to move-

ment within the acetabular model.
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The study also aimed to address, research and reveal the

ideal bone chip size to be used for acetabular defect recon-

struction in the context of previous findings.9e11 Our study

would suggest that 10 mm3 bone chip size should be used,

supporting earlier findings.8 The results of this study reveal

that, although not statistically significant, the largest (20mm3)

bone chip size grafted models have an inferior maximum

stiffness compared to the medium (10 mm3) bone chip size.

Our findings challenge the previously held opinion that the

best initial stability would be gained by impacting the biggest

surgically possible bone chip size into an acetabular defect

although we should not forget that these findings were pre-

sent in an in vitro model i.e. Sawbone and further in vitro and

in vivo work is required prior to formal acceptance of the ideal

bone chip size in clinical practice.
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