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Preface

When I designed the concept of the Round Table in foot and ankle surgery in 2011, it was based
on an informal get together of senior foot and ankle surgeons to discuss aspects of foot and ankle
surgery in an informal setting. The 9" Round Table in Krakéw has once again not followed the
format of a usual orthopaedic meeting, where faculty members lecture to delegates. As always,
the meeting is unique in that all participants have an equal input to review the literature and
present their individual experience on a topic ~ with ample time for an informal discussion of
the subject in a relaxed setting. We then attempt, where possible, to reach a consensus to guide
us and readers of this document on various aspects of management.

This year, I have selected topics dealing with bone disorders of the foot and ankle and the
debate was indeed stimulating. Karan Malhotra and Shelain Patel were responsible for
recording opinions and capturing the essence of the debates. Their valuable hard work is
greatly appreciated, and this booklet collates the literature review and the views of all those
who participated. This booklet does not represent Level I evidence derived from prospective
randomized controlled trials but represents the compilation of the combined experience of 25
British and international orthopaedic surgeons. We have selected a short list of references in
order to keep the booklet small and easily readable.

I would like to thank our colleagues from Krakéw (Artur Gadek, Henryk Liszka and Piotr
Chomicki-Bindas) who contributed generously to both the organisation and the content of the
meeting. We are also grateful to OrthoSolutions and Bone Support who provided an educational
grant for the meeting. On a personal note, I thoroughly enjoyed organising the meeting and
would like to express my sincere gratitude to Jo Millard for her invaluable input and support.

I hope that you will find something of use and relevant to your own practice in this booklet.

Dishan Singh MBChB, FRCS (Orth)
Consultant Orthopaedic Surgeon
Royal National Orthopaedic Hospital

Stanmore, United Kingdom

October 2019
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Session 1: Basic Sciences

1.1 - Bone biology (Raman Dega)

Bones are living tissues with the ability for regeneration and self-repair. They interface well with inert
materials and metal. Their basic functions include structural support, protection of vital organs, storage
of minerals, and production of blood products in the marrow. Bone growth is through either intra-
membranous ossification (bone replaces connective tissue membranes), or endochondral ossification
(bone replaces hyaline cartilage). Bone is composed of osteoblasts, osteoclasts, osteocytes, bone matrix
(osteoid), and hydroxyapatite.

Osteoblasts comprise 4-6% of bone cells. They are derived from mesenchymal cells and their differen-
tiation is controlled via various gene expression pathways including the Winless pathway, Runt related
transcription factors and fibroblast growth factors. Once mature, osteoblasts synthesise and secrete
organic bone matrix, osteocalcin, type I collagen and proteoglycans. Mineralisation occurs in 2 phases,
the vesicular and fibrillar phases.

Vesicular phase: Fibrillar phase:

»  Matrix vesicles are release from osteoblasts » Ca*and PO, * ions inside the vesicles bind

»  Bind to proteoglycans in the matrix »  Create nuclei of hydroxyapatite crystals

»  Negatively charged, bind / absorb Ca?** ions »  Grow and supersaturate

» PO, * released via alkaline phosphatase and »  Vesicles rupture and crystals deposit in
also absorbed collagen matrix

Osteoblasts either undergo apoptosis, form bone lining cells (quiescent, flat form), or form osteocytes.
Osteocytes comprise 90-95% of bone cells and have a life span of up to 25 years. They play a vital role
in orchestrating the activity of osteoblasts and osteoclasts. They sit within the lacunae of bone and
communicate with adjacent osteocytes via cytoplasmic processes; this is the lacunar~canalicular system.
They serve as mechanoreceptors — loading the bone is surmised to deform cilia, protein complexes and
the cytoskeleton of the osteocytes which in turn produce biochemical signals. They also respond to fluid
flow during bone loading, opening ion channels and creating hyperpolarisation or depolarisation; this
has traditionally been thought of as the piezoelectric effect. Through these pathways, loading results in
a net anabolic effect and lack of loading decreases anabolic activity and inhibits osteoblastic activity.
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Osteoclasts are derived from a different cell line — the mononuclear line. Their differentiation and
activation are controlled by RANK-Ligand, secreted by osteoblasts and osteocytes. During their
activation there are 4 types of membrane domains - the sealing zone and the ruffled border contact the
bone matrix, and the basolateral and functional secretory domains do not contact the matrix.
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Bone formation and maintenance is through bone modelling and bone remodelling. Modelling occurs
from birth adulthood and results in new bone formation and bone growth. Bone remodelling is
replacement of old bone tissue with new. Remodelling occurs via a basic multicellular unit (BMU) and
undergoes several stages: activation, resorption, reversal, formation and quiescence (resting phase). This is
a highly complex cycle which is mediated by local and systemic factors including sex hormones and
immunological mediators.

Bone Modelling Bone Remodelling
Arrangement of Osteoblasts / Osteoclasts Different Surfaces Same Surface
Activity Continuous Cyclical
Effect on bone mass Fast Slow

Summary:

— Bone is a living tissue with complex interactions between its various components
— A fine balance is needed for adequate repair and maintenence of bone health

References:

International Osteoporosis Foundation. Introduction to Bone Biology: All About Our Bones. https://www.iof-
bonehealth.org/introduction-bone-biology-all-about-our-bones (date last accessed 29/09/2019).

Florencio-Silva R, Sasso GR, Sasso-Cerri E, et al. Biology of Bone Tissue: Structure, Function, and Factors
That Influence Bone Cells. Biomed Res Int 2015;2015:421746.

Gusmao CV, Belangero WD. How Do Bone Cells Sense Mechanical Loading? Rev Bras Ortop 2009;44-4:299-
305



1.2 - Bone biomechanics (Tim Williams)

Bone is a bio-composite material which is strong under compression and tension, but weaker in torsion.
Cortical bone is lightweight and tough but brittle. In long bones this is achieved by peripheralising the
mass, the triangular cross section, and layers of collagen fibres orientated in different directions.
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Trabecular bone has a lower yield to failure but can plastically deform prior to fracturing. It exhibits
anisotropy (properties dependent on the direction of loading) and viscoelasticity (stress-strain charac-
teristics are dependent on rate of applied strain). The mechanical role this plays is not fully understood,
but trabecular bone becomes stiffer in compression and the faster it is loaded.
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The poroelastic theory explains the rate dependent change in mechanical properties of bone by likening
it to a sponge. On loading the fluid component of the matrix is forced through the various bony channels,
but the rate at which this can occur is limited. At higher rates of load the rate of compression exceeds the
rate of flow, which increases the internal pressure of the matrix and resists further load.

Viscoelastic properties of bone:

»  Creep is the ability of a material to continually deform under the influence of a constant stress
»  Stress Relaxation is decreased stress in response to constant strain

Anisotropy is a result of trabecular tension and compression lines. These represent areas of increased
bone density as remodelled by Wolff’s law. Wolff stated that ‘every change in the form and function of bones,
or of their function alone is followed by certain definite changes in their internal architecture and equally definite
secondary alteration in their external conformation, in accordance with mathematical law.
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The internal architecture represents the trabecular pattern, and the external architecture represents
cortical bone thickness. As discussed in Section 1.1, bone will remodel and increase or decrease its
density in response to load, or lack thereof. Areas with reduced loading due to inactivity or, in the case
of an implant, stress shielding, will therefore become susceptible to osteopenia, fatigue and fracture.

Summary:

— Bone is lightweight, strong, and exhibits viscoelastic properties
— It remodels in accordance with loads placed on it (Wolff's law)

References:

Cowin SC. Bone poroelasticity. J Biomech 1999;32-3:217-38.

09



10

1.3 - Osteoporosis, Calcium metabolism & Vitamin D (Rick Brown)
Vitamin D plays a vital role in calcium homeostasis, increasing intestinal, bony and renal absorption.
Sunlight is an important source and lack of exposure to ultraviolet light at higher latitudes, particularly
in the winter months, can result in deficiency. Other risk factors for low Vitamin D levels include clothing
and occupations which minimise sunlight exposure, and poor diet.
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The evidence for the role of Vitamin D deficiency in foot and ankle pathology is far from concrete.
Smith ef al. found that 40% of patients with foot and ankle injuries had a low Vitamin D level and that
Vitamin D levels tended to be lower in those with a fracture than an ankle sprain. Givon et al. found that
Vitamin D levels were lower in soldiers with stress fractures than in those without, although majority of
the soldiers had deficiency and there was no population control to compare with. Other military studies
have reported similar findings. Boszczyk et al. found that Vitamin D deficiency was high in patients with
delayed union of foot and ankle fractures, but that similar levels of deficiency were also seen in patients
without non~union.

Vitamin D supplementation has been shown to improve bone healing in animal models, but in humans
most studies have included calcium co-supplementation which makes interpretation of its effect
difficult. A randomised control trial demonstrated increased fracture callus formation in proximal
humeral fractures when patients were given both Vitamin D and calcium. Other studies have shown that
Vitamin D and Calcium supplementation reduced the risk of stress fractures by 20% in naval recruits. A
meta-~analysis of 68,000 patients suggested that Vitamin D supplementation alone was not effective at
preventing fractures but did become effective when calcium was co-supplemented. However, most people
in the UK have a calcium within the normal range and may not need the calcium supplementation.

Vitamin D supplementation recommendations from Endocrine Society & NICE:

»  Supplementation: adults with deficiency of Vitamin D (< 20 ng/ml) receive 50,000 IU / week for
8 weeks and then 1,500-2,000 IU / day thereafter

»  Maintenence: to maintain Vitamin D levels, 600 IU (< 70 years) to 800 IU (> 70 years) total
daily intake (from all sources) is sufficient. High risk groups may require oral

supplementation of 400 IU / day to achieve this

Osteoporosis is defined by the WHO as a bone density < 2.5 standard deviations below the mean peak
bone density for individuals of the same race and gender. Primary osteoporosis is the more common
type, is hormone related, and consists of Type 1 and Type 2. Type 1 is post-menopausal and seen in
women between the ages of 50 and 70. Type 2 is senile osteoporosis and affects both men and women
over the age of 70. Secondary osteoporosis is seen in both men and women and is related to other



causes including drugs, endocrine disorders, marrow disorder, malignancy, inflammatory conditions
and poor nutrition.

Treatment involves lifestyle modifications, Vitamin D and calcium supplements, treatment of any
underlying pathology and exercise to maintain controlled loading of the musculoskeletal system.
Pharmacological treatment includes bisphosphonates, oestrogens, and other newer agents which either
inhibit osteoclast activity (e.g. Denosumab), or increase osteoblastic activity (e.g. Teriparatide). These
monoclonal antibodies may prove in the future to have a role in the management of patients with
delayed bone union.

Mechanism of Action of Available Osteoporosis Therapies
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Summary:

— Vitamin D level are often low in patients with foot and ankle fractures and stress fractures

- Prophylactic Vitamin D and calcium may reduce stress fracture risk, but there is insufficient
evidence regarding its routine use in other aspects of foot and ankle surgery

- Daily supplementation of 400 IU / day may be sufficient to prevent deficiency, but higher
doses are required to treat deficiency, with or without calcium

— There is unclear benefit or testing at-risk patients versus supplementation

References:

Boonen S, Lips P, Bouillon R, ef al. Need for additional calcium to reduce the risk of hip fracture with vita-
min d supplementation: evidence from a comparative metaanalysis of randomized controlled trials. J Clin
Endocrinol Metab 2007;92-4:1415-23.

Boszczyk AM, Zakrzewski P, Pomianowski S. Vitamin D concentration in patients with normal and impaired
bone union. Pol Orthop Traumatol 2013;78:1-3.

DIPART Group. Patient level pooled analysis of 68 500 patients from seven major vitamin D fracture trials
in US and Europe. BMJ 2010;340:b5463.

Givon U, Friedman E, Reiner A, et al. Stress fractures in the Israeli defense forces from 1995 to 1996. Clin
Orthop Relat Res 2000-373:227-32.

Ruohola JP, Laaksi I, Ylikomi T, et al. Association between serum 25(0OH)D concentrations and bone stress
fractures in Finnish young men. J Bone Miner Res 2006,21-9:1483-8.

Smith JT, Halim K, Palms DA, et al. Prevalence of vitamin D deficiency in patients with foot and ankle inju-~
ries. Foot Ankle Int 2014;35-1:8-13.
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1.4 - Bone healing (Rob Clayton)

Lamellar bone comprises most normal adult bone and consists of collagen fibres arranged in parallel
layers. It may be cortical or cancellous. In cancellous bone the trabecular patterns of bony struts are
orientated in the direction of greatest stress as described in Section 1.2. Woven bone, in adults, is seen
main at fracture sites during healing, or in areas of pathological conditions. It consists of randomly
oriented collagen fibres with reduced mechanical strength. Surrounding the bone is the vascular
periosteum, from whence osteoblasts migrate during bony repair. The prerequisites for bone healing
are adequate blood supply and adequate mechanical stability. Healing can be either direct (primary) or
indirect (secondary).

Direct bone healing requires compression and absolute stability. It does not result in callus formation.
Contact healing occurs when there is direct contact between the cortical bone on either side of a fracture.
The gap must be < 10 pm and the interfragmentary strain < 2%. Under these conditions cutting cones
forms and cross the fracture gap. The Haversian system is restored at the same time as bony healing.
Gap healing occurs when there is a slightly larger gap between fragments ~500 um, although rigid
fixation is still required. Here, the gaps are first filled with woven bone which undergoes remodelling
to lamellar bone by cutting cones, i.e. union and remodelling of the Haversian system do not occur
simultaneously.
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Indirect bone healing requires relative stability and healing occurs by callus. Initial healing is relatively
rapid, but significant remodelling must later occur. The inflammation phase lasts for a week and is
mediated by a variety of inflammatory and growth factors. During this time a haematoma forms, vascular
ingrowth occurs, and necrotic bone ends are resorbed by osteoclasts. The repair phase occurs as first
periosteal callus, then bridging soft callus and finally intramedullary callus forms. This is replaced by
woven bone which forms a hard callus, and ultimately this is remodelled. During the remodelling phase
the normal lamellar system is formed, and the medullary cavity reconstitutes.

Summary:

— Bone healing proceeds according to the strain in the local environment and the vascularity
— This can be influenced by fixation and soft tissue management

References:
Albright JA, Brand RA. ed. The Scientific Basis of Orthopaedics. (2nd ed.) Appleton and Lange, 1987.

Ramachandran M, ed. Basic Orthopaedic Sciences: The Stanmore Guide. Edward Arnold (Publishers) Ltd, 2007



Session 1 - Discussion & Consensus

Vitamin D:

» How many surgeons routinely measure Vitamin D levels in patients prior to primary
fusion surgery?
Yes 0 (0%)
No 25 (100%)

» How many surgeons routinely measure Vitamin D levels in patients prior to revision
fusion surgery?

Yes 9 (36%)
No 16 (64%)
» How many surgeons routinely give Vitamin D levels in patients prior to revision fusion
surgery?
Yes 6 (24%)
No 19 (76%)

» Of those surgeons advising supplementation of Vitamin D, how many also advise
co~supplementation of Calcium?
Yes 1 (17%)
No 5 (83%)

It was acknowledged that the benefit of routine supplementation of Vitamin D in foot and ankle patients
is unclear. However, most surgeons felt it was appropriate to test for, or presumptively treat, Vitamin D
deficiency prior to revision fusion surgery. It was noted that the conclusions of the study by the DIPART
group published in the BMJ (see references of Section 1.3) was considered controversial. It was generally
agreed that it is not currently clear whether calcium co~administration is required.

Fracture Union:

»  When assessing bony union using plain radiographs, is it acceptable to diagnose union
on the basis of 3 out of 4 cortices (on the AP and lateral) appearing to have united?
Yes 16 (76%)

No 9 (9%)

Although plain radiographs are often used for assessing fusion, it was generally agreed that the clinical
picture was of greater importance and that if there was concern regarding non-union, a CT scan is
preferred. It was also generally agreed that in the case of, for example, an ankle fusion, between 30%
and 50% fusion on a CT scan may be sufficient evidence of union if the patient was asymptomatic,
although progression across serial scans is a better predictor of union than a single scan.

13
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Session 2: Factors Affecting Bone Healing

2.1 - Evidence of role of smoking (Matt Welck)

Smoking amongst patients is common; in the UK, 14.7% of adults smoke cigarettes and 7.1% vape
electronic cigarettes. Although the number of cigarette smokers is reducing, the number of people who
smoke e-cigarettes is rising; 31% of vapers are former smokers who used the products to quit cigarettes.
A survey of BOFAS members in 2006 found 99% of surgeons were aware of the negative impact of
smoking on foot and ankle surgery but only 9% specifically documented this on the consent form.
Bettin ef al. found less than 44% of smokers are aware of the effect it has on wound / bone healing.

Cigarette smoke contains at least 4,000 compounds, including gaseous, volatile, and non-volatile
particle compounds. Inhaling smoke can be split into a volatile phase of approximately 500 gases
including Carbon monoxide, Ammonia, Hydrogen cyanide and Benzene, and a particulate phase containing
approximately 3,500 chemicals including nicotine; 70 of these are carcinogenic.

Acute effects of smoking:

»  Nicotine decreases prostacyclin production and increases platelet adhesion, leading to vasoconstriction
and formation of microvascular clots

»  Carbon Monoxide preferentially binds to haemoglobin, preventing Oxygen binding

»  Pro-~inflammatory mediators are released which promote inflammation and potentiate pain pathways

There is strong evidence that smoking negatively impacts orthopaedic surgery. A recent systematic
review (Al-Bashaireh et al.) found smoking was associated with low bone mineral density, delayed union of
fractures, periprosthetic osteolysis and implant failure. This is also true of foot and ankle surgery: Krannitz
et al. found bony union after hallux valgus correction took 69 days, 120 days, and 78 days in non-~smok-
ers, smokers, and second-hand smokers respectively. In a cohort of 160 subtalar, talonavicular, calca-
neocuboid, and double / triple arthrodeses, smokers were 2.7 times less likely to unite (Ishikawa et al.).

Chronic effects of smoking:

»  Reduced bone mineral density via lower expression on BMPs and bone marrow progenitor cells
»  Smuall airway collapse and ciliary inhibition which reduces gas exchange

»  Atherosclerosis and peripheral artery disease which reduces Oxygen availability

»  Reactive Oxygen species inhibit immune cells and fibroblasts, leading to wound dehiscence

»  Reduced thickness and strain ratio of tendons which become thicker and harder

Smokers are 3.3 times more likely to develop wound complications after ankle ORIF than non-smokers
(Saleh et al.), with higher rates of wound complications after calcaneal fracture ORIF (Soni et al.) and
total ankle arthroplasty (Lampley et al.). Furthermore, patients who smoke may also experience more
pain and report lower patient satisfaction scores after foot and ankle surgery (Beahrs et al.).

Smoking cessation reduces acute inflammation which improves peripheral blood flow, and within
8 hours Carbon monoxide levels in the blood stream normalise. However, it takes several weeks for
respiratory cilia to reactivate and regrow, and up to 10 years for bone mineral density to improve.
The evidence supports encouraging smoking cessation prior to surgery. In a series of 602 patients
undergoing forefoot surgery, complication rates for currently, previously and never-smoking patients
were 36.4%, 16.5% and 8.5% respectively (Bettin et al.). Each additional week of cessation reduces the



relative risk of general surgical complications by 19% (Mills et al.) and smoking cessation 4 weeks before
and 4 weeks after surgery reduces perioperative complications by 20% (Lindstrém et al.).

E-~cigarettes provide a vaporised form of nicotine delivery and contain less particulate and volatile
chemicals than cigarettes. Theoretically, it is better than smoking in terms of risk of cancer and heart
disease, but the effect on surgical complications is less clear as it does still alter DNA sequences, lead to
endothelial toxicity, reduce cutaneous blood flow and it is associated with higher wound complication rates than
non-smokers/non-vapers. The effect on bone healing is not known.

Cotinine is a metabolite of nicotine which can be measured on urine dip-stick testing. It normalises
two weeks after smoking cessation, so is of value when establishing whether patients are still smoking.
However, 10% of patients questioned in a recent survey tested positive despite claiming to have stopped
and it is unknown if the problem lay with the test or patient (Salandy et al.).

Summary:

— Cigarettes and vapes should be stopped for as long as possible before and after surgery

— A minimum of 4 weeks is recommended for low risk surgeries

— Adjuncts which may improve outcomes in smokers include increasing plaster immobilisation
time, nutritional supplementation, avoiding tourniquets, and consideration of post-operative
anticoagulation to reduce micro-angiopathic events

References:
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Beahrs TR, Reagan J, Bettin CC, et al. Smoking Effects in Foot and Ankle Surgery: An Evidence-Based Re-
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2.2 - Should fixation be completely rigid? (Matt Welck)

Bone healing requires a favourable mechanical and biological environment. The mechanical environ-
ment is determined by the stability conferred upon a construct which in turn dictates strain. Strain is
the change in gap (fracture or fusion) divided by the size of gap. According to Perren's strain theory,
the strain percentage dictates which tissue is formed between the ends of bones, and this is influenced
by stability. This is discussed in Session 14.

Types of Stability:

»  Absolute stability: no motion occurs at fracture site under physiological load. This requires anatomical
reduction and compression for bone to heal which can be achieved with lag screws, compression plates,
tension band wiring, etc. If this type of stability is used and the bone ends are not apposed, then atrophic
non-union will result

»  Relative stability: micromotion occurs at the fracture or arthrodesis site under physiological load which
results in callus formation. This can be achieved using casts, external fixators, bridge plating, IM nailing,
wires etc. If this type of stability is used but a high strain environment persists, then hypertrophic union
will occur.

»  'Absolutive’ stability: This novel term was coined by Kojima and Pires and implies rigid fixation without
compression as may be employed with locking plates of the distal tibia, distal radius, midfoot etc. Bones
would still be expected to heal without callus due to rigidity of fixation, so long as there is good bony
contact.

The past 15 years has seen a dramatic increase in the use of locking plates in foot and ankle surgery.
This is driven by a need for more rigidity in smaller bones where bone quality may be impaired e.g.
osteoporosis, rheumatoid arthritis. However, the number and types of screws used, and their position relative
to the fracture or union site will determine whether absolute or relative stability is conferred. Unless
compression is achieved, locking plates should be used to confer relative stability which can be achieved
by using non-locking screws where possible, increasing the working length by skipping holes over areas
of instability and aiming for a screw to hole ratio of 0.4 ~ 0.5 per fragment.

Locking versus Non-locking plates

In fibular fractures, no significant difference has been found in biomechanical strength of fixation
between locking and nonlocking one-third tubular plates, and locking and nonlocking pre~contoured
periarticular plates using osteoporotic Weber B fracture models. A retrospective review of 145
ankle fractures treated with either semi-tubular plate, low contact dynamic compression plates and
pre-countered distal fibula locking plates found no significant difference between these plates for
complications or reoperation (Lyle et al.).

Similarly, several biomechanical papers have compared locking and nonlocking constructs in an osteo-
porotic Sanders type IIB calcaneal fracture model and found locking plates conferred no mechanical
advantage in resisting torque or in the number of cycles to failure.



However, in ligamentous and fracture associated Lisfranc injuries, better short to medium term clinical
outcomes with lower reoperation rates are reported with bridging locking plates than with traditional
trans-~articular screw constructs.

In the setting of first MTP joint arthrodesis, locking plates confer greater stiffness in load-to-failure
testing than either compression screws alone or non-locked plated. Using locking plates in isolation
confers a trend toward increased non- union rates whilst dorsal locking plate in combination with a lag
screw has union rates of up to 98%, although this figure does not differ significantly from that reported
with 2 cancellous cross screws.

Conflicting biomechanical reports exist when comparing locking plate constructs against intramedullary
nails in the setting of tibio~talar-calcaneal arthrodesis. O’Neill et al. reported stiffness was significantly
lower in the locking plate group whilst Ohlson et al. reported no difference in initial or final stiffness,
load to failure, or construct deformation. Variability between plate designs and nail designs is likely to be
important in these results.

Summary:

- Fixation need not always be rigid since sometimes anatomical reduction is not required

— In these cases constructs that provide relative stability are sufficient

— Surgeons should identify the type of stability required and use appropriate reduction
techniques with the correct hardware (used in an appropriate manner to achieve the desired
goal)

— There is good evidence to support locking plate technology in Lisfranc injuries where joint
sparing surgery is performed but universal adoption of locking plates in other foot and ankle
conditions is not supported by the current evidence base
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2.3 - Role of biologics to promote bone healing (Callum Clark)

Bone healing can be improved by using products that are osteogenic, osteoconductive and osteoinductive.
This is discussed further in Session 3. Bone grafts or substitutes can also provide structural support or act
as a delivery system for antibiotics. Urist and Dowell described the use of demineralised bone in 1968
which has since been used extensively to fill cavitary defects. Whilst it is known to be osteoinductive
and osteoconductive in animals, this has yet to be proven in human trials.
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The first bone graft extender was used in 1995. They are ceramic based scaffolds that are osteoconductive.
They mimic the mineral phase of bone and have pores which allow for mesenchymal cell adhesion,
proliferation, and differentiation into mature osteoblasts. However, as porosity increases, mechanical
strength decreases. They are formed from either hydroxyapatite, tricalcium phosphate, calcium sulphate, or
biphasic calcium phosphate. These materials are discussed further in Session 3.3.

In 2002, Recombinant Human Bone Morphogenic Protein -~ Type 2 (rhBMP-2) was approved for
anterior lumbar interbody fusions after it was found to promote mesenchymal stem cell activity and
reverse bone loss in osteopenic mice (osteoinductive). However, a Cochrane review from 2010 found
there was paucity of data on its use in fracture healing and considerable industry involvement was
present. A similar product, thBMP-7 (OP-1), has been withdrawn from the market following lawsuits
where the product was mixed with synthetic bone void filler and autograft in an unapproved manner
resulting in complications including excessive bone growth and osteolysis.

Platelet~derived Growth Factor:

»  Angiogenic
»  Mitogenic and chemotactic effects on mesenchymal cells
»  Co-~factor required for fibroblast mitosis




Daniels et al. (in a company sponsored study) published one of the few series that investigated the effects
of orthobiologics in foot and ankle surgery. They randomised patients undergoing hindfoot fusions to
received either purified recombinant human platelet-derived growth factor BB homodimer (rhPDGF-
BB) with a betatricalcium phosphate (8-TCP)-collagen matrix or autograft. Clinical success at one year
(defined by a 20 point improvement in VAS score and lack of revision) was 91% in the orthobiologic-
bone substitute combination group versus 78% in the autograft group. Furthermore fusion was quicker
in rhPDGF-BB / B-TCP although fusion rates remained comparable at 84% and 80% respectively. It
was unclear why ‘clinical success’ would be different with the exception perhaps of avoiding donor site
morbidity.

Stem-cell therapy:

»  Embryonic stem cells are pluripotent i.e. they can differentiate to any cell type in the human body

»  Tissue specific stem cells can differentiate into cell types for the specific tissue in which they reside

»  Mesenchymal stem cells (MSCs) are derived from connective tissue, fat, and blood; they are capable of
differentiating in bone, cartilage, muscle and fat

Hernigou et al. compared injection of bone marrow mesenchymal stem cells (BM-MSCs) delivered in an
autologous bone marrow concentrate (BMC) to ankle non-union sites in diabetic patients and compared
them to patients undergoing traditional revision techniques with iliac crest bone grafting. Union was
observed in 82.1% of patients in the former group compared to 62.3% in the latter group whilst main-
taining a lower rate of complications.

Summary:

— Bone allografts, substitutes and orthobiologics have been shown in laboratory studies to help
bone healing

— Clinical trials have also shown these agents aid bone healing of fractures and arthrodesis
although they are not a substitute for adequate joint preparation and suitable fixation

— The exact role of each specific agent has not been well defined within the literature and thus
choice is dependent upon availability and the philosophy of the operating surgeon
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2.4 - Evidence for bone stimulation (Tim Clough)

Bone stimulation can be internal or external. External devices work in three ways: low-~intensity pulsed
ultrasound, electric stimulation, and electromagnetic stimulation. The TRUST trial investigated 501
patients with tibial shaft fractures treated with intramedullary nailing, randomised to use either an
EXOGEN® or sham device post-operatively. They found compliance was moderate since only 73% of
patients administered 250% recommended treatments and it did not accelerate union / improve rate of
union.

Methods of external bone stimulation:

»  Low intensity pulsed ultrasound (LIPUS) is provided by devices such as EXOGEN® (Bioventus). It
delivers ultrasound waves through soft tissue to bone which activates cell receptors creating cascade
reaction and increased COX-2. This activates osteoclasts and macrophages to remove bone debris and
stimulates immature bone marrow to produce bone and cartilage. It also accelerates maturation and
ossification of bone. The EXOGEN® device is used for 20 minutes per day for up to 6 months.

»  Electric stimulation is provided by devices such as the Biomet OrthoPak®. It transmits potentials of
between 1-10V, frequencies between 20-200Hz and electric fields between 1-100mV/cm. Cutaneous cou-
pled electrode pads are placed either side of a fracture or arthrodesis site and this allows an electric field
to be formed between them. The electric currents theoretically stimulate production of BMP 2, 3,4, 5, 6, 7
and 8 which in turn stimulates Osterix production. This is a transcription factor for osteoblast differenti-
ation which act on proteoblasts that ultimately leads to increased bone mass. The Biomet OrthoPak® is
advised to be used for Use 270 days for 24 hours per day which has implications for patient compliance.

»  Electromagnetic stimulation is provided by devices such as the DonJoy CMF® (Combined Magnetic
Field) Bone Growth stimulator. It creates a stress gradient that drives fluid through canaliculi from high
to low pressure. This exposes osteoblast membranes to flow-related shear stress and electrical poten-
tial activation which in turn increases osteoblast secretion IGF-II and osteoblastic DNA synthesis. The
CMF® device is advised to be used for 30 minutes per day for an average of 6 months.
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Recently published retrospective work by Majeed et al. evaluated the effect of six months of EXOGEN®
usage in patients with non-union following foot and ankle surgery finding it led to good outcomes:

Region treated with EXOGEN® (Majeed et al.) Union Rate
Forefoot / Midfoot 78%
Hindfoot 67%
Fractures 93%

NICE has recently updated its guidance in 2018 regarding LIPUS stating that the poor-quality evidence
regarding its use suggests it should only be used with special arrangements for clinical governance,
consent, and audit or research. A meta~analysis of randomised sham-controlled trials of electric
stimulation found moderate quality evidence from 15 trials that stimulation reduced radiographic non-
union rates by 35% (Aleem et al.). A Cochrane review of electromagnetic field stimulation for treating
delayed union or non~union of long bone fractures in adult found that whilst the intervention gave a risk
ratio of 1.96 for union being realised, the difference was not statistically significant.

Summary:

— Routine use of bone stimulators is not recommended

— There may be a role for bone stimulation if union is not progressing but the optimal type of
stimulator has not been established

- Using a bone stimulator earlier than six months after surgery may be better than if used after
more than six months
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Session 2 - Discussion & Consensus

Smoking in Foot & Ankle:

»

»

»

How many surgeons present routinely discuss the risks of smoking during the consent
process?

Yes 25 (100%)

No 0 (0%)

How many surgeons would not routinely perform a primary ankle fusion on an active

smoker?

Would not routinely operate whilst still smoking 7 (28%)
Would still offer surgery / operate 18 (72%)

How many surgeons would not routinely perform a revision ankle fusion on an active
smoker?

Would not routinely operate whilst still smoking 17 (68%)
Would still offer surgery / operate 5 (20%)
Undecided / would depend on situation 3 (12%)
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Session 3: Managing Bone Loss / Bone Defects

3.1 - Which autograft is better? (Steve Hepple)

An autograft is bone or tissue taken from the host from one site and transferred to another to replace
a deficiency. In foot and ankle surgery bone autograft may be used to fill a void, to provide structural
support, and for biological stimulation. Autograft is osteoconductive, osteoinductive, and osteogenic. It does
not provoke an immune response, is readily available and cheap, and may be used with local antibiotics.
Cons include donor site morbidity, increased operating time and limited supply for larger defects. The
efficacy of autograft may be limited by several host factors including vascularity of host site, abundance
of progenitor cells, size of defect, presence of infection, immunosuppression, previous radiotherapy and
drugs such as nicotine and NSAIDs.

Types of Autograft:

»  Cortical graft is useful as structural graft but has a lower cell count and has limited osteogenic
and osteoinductive potential. It provides immediate strength, but this gradually reduces over 6
months due to resorption. This strength is regained by 12 to 18 months.

»  Cancellous graft is the most commonly used in foot and ankle surgery. It consists of a high
quantity of mesenchymal stem cells and endothelial cells which can proliferate and promote
healing. It has a high surface area and is immediately active, producing vascularisation within
2 days, new bone within 2 weeks, and begins to remodel within 8 weeks.

»  Vascularised graft consists of cortico-cancellous graft on a vascular pedicle. This improves
incorporation and healing although it requires a much longer procedure and has more donor
site morbidity. It may be used to treat larger bone defects.

Iliac crest graft is often considered the gold-standard as it can be used to harvest cortical, cancellous,
cortico-cancellous and vascularised grafts, and large volumes are available. However, complications
range from 10-20% minor complications to 5% major complications which include: infection, deep
hematoma, vascular injury, hernias, nerve / ureter injury, and persistent pain.

Proximal tibial graft can also generate high volume of graft and is easy to access during foot and ankle
surgery. It has a lower complication rate and main risks involve persistent pain, fracture, knee pene-
tration, and subsequent radiological appearance that may be confused with tumour. Other harvest sites
less frequently used include the distal tibia, greater trochanter, calcaneum and distal radius.

The Reamer Irrigator-Aspirator (RIA) system may also be used to harvest large quantities of cancellous
bone from the femur. This is rich in stem cells and growth factors, is less painful than iliac crest graft,
and has a low risk of fracture. Howevey, it requires specialised equipment, fluoroscopy, appropriate
planning, and the patient may require a post-operative blood transfusion.

Other options which have been investigated include Bone Marrow Aspirate, which likely has its effect
through introduction of progenitor endothelial cells which improve blood supply, and Platelet Rich
Plasma, which introduces growth factors. Neither of these has conclusive evidence to support routine
use.
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There is little clinical evidence to recommend one donor site over another. Harvest sites closer to the
axial skeleton tend to have a greater count of pleuri-potent stem cells. However, more distal graft sites
are also suitable despite reduced cell count; it is therefore unclear whether the osteoblastic component
of the graft is as important as the endothelial proliferation potential.

Summary:

— There is little clinical evidence to recommend one site of autograft harvest over another

— Where there is adequate host vascularity and a good graft bed, harvest may be from the
calcaneum or distal tibia (low volumes), or ipsilateral proximal tibia (larger volumes)

- Where host biology is poor or there is reduced vascularity, iliac crest graft may be preferred
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3.2 - Allografts (Phil Vaughan)

Giannoudis et al. published their Diamond Concept which reinforces that for healing to occur an
appropriate scaffold is required. The ideal bone graft should be osteoconductive (appropriate permeable
scaffold), osteoinductive (growth factors and BMPs), osteogenic (cellular), biocompatible, and enable good
vascularity in a mechanically stable environment.

Vascularity

Growth
Factors

Mechanical
Stability

DIAMOND
CONCEPT

Osteoconductive
Scaffolds

Osteogenic
Cells

Vascularity

Allograft may be used in foot and ankle surgery to fill defects and aid fusion in the setting of trauma,
tumour, non-union and deformity correction. Compared to autograft, it has the advantage of shorter
operative times, lack of donor site morbidity and availability of large volumes if required. However, it is
expensive, and there are the risks of disease transmission and host response to the allograft. Availability
is dependent on tissue banks.

Stages of incorporation of allograft:

»  Inflammatory: Initial necrosis and rejection

»  Revascularisation: Ingrowth of new vessels to and through graft
»  Osteoinduction: Permeating of BMP / growth factors

»  Osteoconduction: Ingrowth and laying down of new host bone
»  Remodelling: Laying down of new Haversian system

In the UK, bone allograft is available via the NHS Tissue bank. This provides a selection of safe bone
which has been adequately quarantined and processed. It is available in several formats: shaped bone
graft, osteochondral graft, structural / cortical graft, morselised / cancellous graft, cortico-cancellous graft,
massive allograft, femoral heads, demineralised bone matrix and cellular allograft.

Cellular allograft incorporates mesenchymal stem cells (MSC) into a demineralised bone matrix (DBM).
This is possible as MSCs are immunologically privileged and do not contain cellular markers necessary
for activation of the host immune cascade. The resulting scaffold is termed cellular bone matrix (CBM)
and although it provides no structural benefit it is highly osteoconductive and osteoinductive.

There is Level II evidence and a Grade B recommendation for use of allograft versus autograft in the
foot and ankle. Both techniques have equivalent union rates, time to graft incorporation and complica-
tion rates. Cellular allograft has been shown as equivalent to autograft for the treatment of contained
bone defects in ankle fusion. There have been similar findings for the use of DBM in hindfoot fusion and
osteochondral defects of the talus. Other uses include the use of osteochondral graft for the ankle, femo-
ral head allograft for hindfoot fusion with large defects, and bone block arthrodesis of the subtalar joint.



Ways in which allografts are processed (multiple techniques may be used):

»  Fresh-Frozen: preserved cellular component, with greatest osteogenic and osteoinductive potential,
but greatest immune response and disease risk. 5-year shelf life in the freezer. Maintains >90% of
compressive and torsional strength

»  Freeze-Dried: prolongs shelf life (at room temperature), however, there is disruption of collagen creating
a graft that is brittle, but which can still function well under compression

»  Irradiated: effective at decontamination, including blood borne viruses, but reduces mechanical
properties of graft significantly. Osteoconductive only. Loses > 50% strength in axial compression

»  Washed: reduces host response by depleting cell and marrow content, reducing osteogenic potential

»  DBM: cortical graft demineralised in hydrochloric acid. Removes cellular component and structural
strength but maintains BMPs (osteoinductive and osteoconductive)

Summary:

- Allograft may be used with good results in the foot and ankle for primary fusion and the
treatment of large defects in the setting of a well vascularised bed

- It is important to choose the right graft type for the defect being managed, bearing in mind
the mechanical properties of the graft and the level of graft processing
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3.3 - Bone substitutes (Billy Jowett)

The ideal bone substitute should be biocompatible, structurally similar to bone, easy to use, safe, cost
effective, osteoconductive and osteogenic. Bone substitutes avoid the risks associated with autograft
and allograft. They may be derived from biological products or wholly synthetic.

Biological substitutes include demineralised bone matrix (DBM), platelet rich plasma (PRP), bone morphogenic
proteins (BMPs), hydroxyapatite and coral. Synthetic substitutes include calcium sulphates, calcium
phosphates, biphasic calcium phosphates, tricalcium phosphate, bioactive glass and polymer based substrates.

Biological substitutes:

»  DBM is processed to remove the mineral component of bone but maintain BMPs and growth factors. It
consists of 95% collagen and is osteoinductive and osteoconductive. It has poor structural properties
and therefore is often combined with a carrier. It does not suffer from immunological rejection.

»  PRP is a concentrate of platelets and growth factors. It has no mechanical properties, and there is no
evidence to validate its use as a standalone bone substitute.

»  BMPs are part of the TGF-p family and are osteoinductive. They are produced as recombinant human
BMPs and have demonstrated promising results in the treatment of non-~unions.

»  Hydroxyapatite is biocompatible, osteoconductive and has good mechanical properties, particularly in
resisting compression. It has a very slow rate of resorption, persisting for 3 years after implantation.

»  Corals have a skeleton similar to spongy bone. They are formed from calcium carbonate and are
resorbed by bone and transformed into hydroxyapatite. They can be used as carriers for BMPs. They do
not produce an inflammatory response.

Synthetic substitutes:

»  Calcium sulphates have a similar structure to bone and are osteoconductive. They are absorbed rapidly
(1 to 3 months) at a rate that exceeds new bone deposition. They have no mechanical strength, are
available as pellets, powder or pastes and serve as a vector for delivery of antibiotics or growth factors.

»  Calcium phosphates can be delivered as a cement. Their nanocrystalline structure resembles
hydroxyapatite and is osteoconductive. They resorb over 2 years. They are available as pastes.

»  Tricalcium phosphates are considered the gold standard for synthetic bone. They resorb slower than
calcium sulphates and provide mechanical resistance for up to 13 to 20 weeks. They are osteoconductive.

»  Biphasic calcium phosphates are synthetic hydroxyapatites which are osteoconductive and resorb
faster than hydroxyapatite. They bond well with host bone but have less resistance to compression than
cortical bone and organic hydroxyapatite.

»  Bioactive glasses are silicates which are combined with calcium and phosphate oxides. When exposed to
extracellular fluid the surface releases calcium and phosphate which mineralise and form hydroxyapatite.
This is then remodelled to normal bone and all the glass is absorbed. They are osteoinductive,
immunologically inert and porous. They are, however, brittle and have low mechanical strength.

»  Polymer based substitutes are based on collagen and can be biodegradable (PLA) or non-degradable
(PMMA). They can also mimic collagen with porosity and osteoconductive properties (polycapolactone).
They are often used as carriers for growth factors or antibiotics.




