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Abstract 
Introduction 

 
Non-union (NU) is a fracture that will not unite. With over one million fractures 

per annum in the UK long bone non-union has serious social and economical 

implications. There is little epidemiological data available specifically looking at 

this NU patient cohort. Studies that are bone specific quote rates of non-union 

as a proportion of their study group (1, 2) but there is no data quantifying the 

incidence of NU in the population or per fracture. Studies have highlighted risk 

factors associated with atrophic non-union including age(1, 3), diabetes(4), 

non-steroidals(5), and cigarette smoking(6). There is scientific interest 

regarding how best to classify non-unions and the role of biological agents in 

treating them. 

 

Aims 

 
• To quantify the incidence of non-union in a large population and calculate the risk of non-

union per fracture according to age, sex and anatomical distribution. 

• To assess the causes contributing to non-union and outcomes of treatment in a non-union 

cohort and validate a new non-union scoring system. 

• To test the treatment potential of a novel molecule (monobutyrin) and a growth factor in a 

small animal model of non-union. 
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Method 

 
• Using the ICD-10 data from the Scottish population as collected by NHS Scotland the 

incidence of non-union and fractures were calculated.  

• A cohort of 100 non-union patients were studied for risk factors associated with their non-

union, treatment outcome and to assess a new NU classification system.  

• A rat model of tibial non-union was used to assess the potential of monobutyrin and BMP-2 

in treating non-union in an animal model. 

 

Results 

 
• Fracture non-union is very rarely found in children (1 in 500 fractures) and occurs in up to 

1 in 50 adult fractures. Non-union of a fracture has a significantly higher risk in young 

adults than the elderly by about 3 fold. Osteoporosis may not be a risk for non-union. The 

tibia and clavicle are the sites with the greatest potential for fracture non-union. 

• Non-union is multifactorial in two out of three patients. Biomechanical stability, patient 

host factors and infection must all be considered in every patient. Occult or unexpected 

recurrent infection is present in up to 10% of patients. When all factors are considered in 

treatment the outcome is 95% successful with 88% requiring 2 or less procedures to heal 

the non-union and only a minority requiring adjuvant graft or biological agents. The 

proposed new classification system is complex and did not clearly identify those patients 

who would require adjuvant treatment (eg bone grafting or BMP) or those likely to have 

unsuccessful non-union treatment. 

• Monobutyrin and BMP-2 when tested on the small animal non-union model did not improve 

the success rate of union. 
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Conclusions 

 

Non-union affects approximately 1000 people per year in Scotland, this figure is 

not as high as 5-10% of all fractures. It is associated with fractures in young 

adults and of the clavicle and tibia, treatment can have a very high success rate 

without the need for adjuvant biological polytherapy when all contributing 

factors are considered and managed appropriately. A new non-union 

classification needs to incorporate the multifactorial aspects of non-union 

without being too complex to use in everyday clinical situations. 
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Lay summary 

Non-union is diagnosed when a broken bone does not heal after a prolonged 

period of time. It is thought by some orthopaedic surgeons to affect 5-10% of 

fractures, which would equate to 20,000-40,000 cases per year in the UK, yet no 

study of a large population has ever been published to try and confirm or refute 

this figure.  

There are various factors such as smoking that are considered to increase a 

person’s risk of developing a non-union. Several proteins and other molecules 

have been tested to see if they can help reduce the risk of non-union or reverse 

a non-union once it has developed, to date very few products have been found 

to be beneficial in human trials for fracture non-union.  

This research looked at the risk of a fracture in children becoming a non-union 

in Scotland and the result was that it is likely to be less that 1 in 500 (0.2%) 

chance, the risk in adults is much higher at around 1 in 50 cases, 2% but not as 

high as previously thought. 

Looking at 100 adults who had developed non-union the majority of them had 

more than one risk factor so when a surgeon is looking to treat the non-union 

they must take care to look for several contributing causes, not just one. In some 

patients infection was found when completely unexpected and so this research 

would advise that infection should always be tested for even when it does not 

seem a likely contributing factor. 

There are several ways in which non-unions have been classified to try and aid 

their treatment. No published score to date has been found to be clinically 

helpful for guiding management or outcome in the treatment of non-union. 

Two proteins were tested on a small animal model of non-union to see if they 

could help healing but they were not found to be beneficial. 

Non-union is not as common as thought and is a complex problem often with 

many causes, to achieve a good outcome treatment should be performed in a 

centre/ by surgeons who deal with it regularly and specialise in managing it. 
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Chapter One 

1. Overview on bone, fracture healing & fracture non-union 



Fracture non-union, epidemiology & treatment 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

13 

1.1. Bone- Function, Structure, Blood Supply and Cells 

 

As this thesis focuses on long bone repair this chapter is going to concentrate on 

the features of long bones. A long bone is defined as a bone having greater 

length than width, but it is generally reserved to describe the bones of the limbs 

(humerus, clavicle, radius, ulna, femur, tibia, fibula). Macroscopically long bones 

have three regions, a tubular middle shaft known as the diaphysis and an 

epiphysis at either end, the area of bone between the epiphysis and diaphysis is 

the metaphysis. The physis (growth plate) lies between the epiphysis and the 

metaphysis is only present in childhood and when it closes leaves a ‘scar’ known 

as the epiphyseal line.  

 

 
Figure 1.1 Macroscopic long bone anatomy 

 

1.1.1 Function 

Bone has several major functions;  

Structural- The skeleton gives the body its shape 

Protective – The ribs for visceral organs and the skull for the brain 
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• Mechanical/ locomotive– As a site of attachment of muscle, tendons & 

ligaments 

Haemopoietic- Bone marrow is the primary adult source of blood cells 

Metabolic- Calcium and phosphate source and buffer in acid-base balance. 

 
 

1.1.2 Bone structure 

Bone is composed of three components; cells, organic matrix and inorganic 

matrix. It is the balance of these three elements that gives bone its unique 

mechanical properties of strength, stiffness, toughness, low mass, as well as 

allowing it to self-repair and have a key metabolic role.  

 

The matrix is composed of organic (osteoid) and inorganic (mineral) elements; 

they make up 40% and 60% of the dry weight of bone and are respectively 

resistant to tensile and compressive forces acting on the bone. 

 

There are four main components of osteoid; collagen, proteoglycans, matrix 

proteins and growth factors and cytokines. Collagen accounts for 90% of the 

organic matrix, predominantly consisting of type I variety and it provides the 

tensile strength. The proteoglycans are a diverse group of proteins with a role in 

collagen fibril production and as co-receptors for various cytokines. There are 

many matrix non-collagenous proteins, the most commonly occurring are 

osteonectin (regulates bone mineralisation), osteocalcin (osteoblast control) 

and osteopontin (osteoblast adhesion to bone matrix). The growth factors and 

cytokines include TGF-β, IGF-I, the BMP family, IL-1 and IL-6, they promote 

growth and differentiation and are discussed in more detail further on.  

 

The mineral (inorganic) element of bone has two functions, mechanical 

(ensuring adequate stiffness and strength) and as a reservoir of calcium (99%), 

phosphorus (85%), sodium, potassium and magnesium. It is mostly composed 
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of calcium hydroxyapatite and osteocalcium phosphate (brushite). 

Mineralisation is performed by osteoblasts and is the process of laying down 

solid calcium phosphate amongst the unmineralised osteoid matrix from 

soluble ions. 

 

 Microscopically bone can be classified according to the type of collagen fibre 

arrangement as either woven or lamellar bone. Woven bone forms the blue 

print of the immature skeleton and is subsequently replaced by lamellar bone as 

the skeleton matures; woven bone is also found in fracture callus and 

pathological situations. Woven bone has a rapid turn over rate, it is 

disorganised and comparatively weak due to the random pattern of its collagen 

fibres. Lamellar bone is well organised and makes up the vast majority of the 

skeleton, it is much stronger than woven bone and has a slower rate of 

turnover.  

 

Properties Woven bone Lamellar bone 
Collagen fibre 
arrangement 

Erratic alignment 
Isotropic character  

Organised alignment 
Stress orientated 
Anisiotropic character 

Deposition rate Rapid Slower 
Turnover Rapid Slower 
Cells per unit area High volume Low volume 
Sites of occurrence Embryonic/ neonate 

skeleton 
Fracture callus 
Pathological bone 

Normal adult bone 

 

Properties Woven bone Lamellar bone 
Figure 1.2 Properties of woven and lamellar bone 

 

 

1.1.3 Cortical and cancellous bone 

Lamellar bone is further sub-classified as cortical or cancellous. Although 

cortical (compact) and cancellous (trabecular, spongy) bone have the same 

biochemical composition, cortical bone is much more dense giving it far greater 

strength and elastic modulus in comparison to that of cancellous bone(8). 
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Cortical bone accounts for 80% of adult bone. It forms the outer shell, providing 

strength and structure particularly in the diaphyseal region of long bones. In flat 

bones, short bones and the metaphysis of long bones the cortical bone is thinner 

and the relative proportion of cancellous bone is greater. The metaphyseal and 

subchondral areas of long bones are filled with cancellous (spongy) bone, this is 

much less dense and more elastic. The bone marrow, responsible for 

haematopoiesis, is in the middle of the long bones (i.e. the centre of the 

cancellous bone). This combination of dense strong outer bone and lighter 

flexible inner bone is how bone is capable of providing strong mechanical 

properties and yet remain lightweight. 

 

Cortical bone is organised in a longitudinal pattern of small units known as 

osteons. An osteon is a tube-like structure composed of layers of concentric 

rings (lamellae) of bone surrounding a central haversian canal. The lamellar 

rings are formed in sheets by osteoblasts, which in the process get trapped 

themselves between the concentric layers in spaces known as lacunae; they 

remain there and mature into osteocytes. The Haversian canals contain blood 

vessels, lymphatics and nerves (sympathetic and sensory) that connect with 

each other and the periosteum through smaller perpendicular Volkmann’s 

canals. As well as the volkmann’s canals there are tiny micro projections 

traversing the rings to the Haversian canals known as canaliculi which house 

fine cytoplasmic extensions of the osteocytes.  
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Figure 1.3 An osteon with a central Haversian canal 

 
 

 
Figure 1.4 Cortical bone with Haversian & Volkmann canals 

 
 

 

Figure 1.5 Diagram of thicker cortex with several lamellar layers of osteons 
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The outer ring of each osteon is known as a cement line and may be secondary 

to a membrane deposited by bone lining cells. As bone is a dynamic organ, with 

a constant turn over, resorbing old and forming new bone, irregular remnants 

of previous osteons and lamellae (interstitial lamellae) lie between the new 

osteons. The outermost layers of lamellar bone are in close contact with the 

periosteum and lack haversian canals but consist of tough cortical bone 

produced by the osteoblasts of the periosteum(9). 

 

Cancellous bone has a much finer, spindle-like network of bone, with no canal 

system. It has a lattice structure of interconnecting trabeculae with lacunae 

containing osteocytes that seamlessly connects with the outer cortical bone and 

encases the inner bone marrow. Cancellous bone volume decreases with age. In 

children it is found throughout the length of the long bone but in adults it is 

predominantly in the epiphyseal and metaphyseal regions with less lining the 

medullary canal. 

 

The osteocytes in cancellous bone do not benefit from an organised vascular 

network like that of cortical bone but gain their nutritional requirements from 

the endosteum and central marrow cavity. 

 

    

Figure 1.6 Cancellous bone  Figure 1.7 Cancellous/ cortical bone interface 
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1.1.4 Periosteum 

Periosteum forms a sheath-like covering over bone and lies in direct contact 

with the outer bone surface except at the point of insertion of tendons, 

ligaments and within synovial joints. It attaches to the bone by Sharpey’s fibres 

and has two distinct layers; an outer fibrous layer and an inner cambium, the 

relative amount of each varies with age. The outer fibrous layer is dense, 

covered by a vascular plexus that penetrates into the bone cortex and contains 

fibroblasts. The inner cambium has a rich neurovascular network and is highly 

cellular. It is a reservoir of osteoblasts and undifferentiated mesenchymal stem 

cells. These are recruited in children for bone growth and in adults the 

progenitor cells can be activated for remodelling, fracture repair and in 

pathological processes(10).  

 

 

Figure 1.8 Periosteum 
 
 

1.1.5 Endosteum 

Endosteum is a thin single cell thick layer that forms a thin film along the inner 

aspect of the bone surface. It is a source of osteoprogenitor cells and bone lining 

cells. Branches of the medullary nutrient arteries travel through the endosteum 

to supply the cancellous and inner cortical layers of the diaphyseal bone 

regions. 
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1.1.6 Arterial Supply and Venous Drainage 

Long bones have three origins for their blood supply; the medullary system, the 

metaphyseal- epiphyseal system and the periosteum(9). 

 

The medullary system is based upon the supply by the nutrient arteries. 

Nutrient arteries are branches of major systemic arteries and are found in 

association with every long bone. They penetrate the bone through a nutrient 

foramen and enter the medullary canal. The artery then branches into several 

smaller vessels that travel distally and proximally and through the endosteum 

feeding into the haversian canal system. In this way they provide a high-

pressure flow system supplying the inner two thirds of the diaphyseal 

cortex(11, 12). 

 

The periosteal system is derived from smaller arterioles that feed into a rich 

low-pressure plexus that lies on the surface of the periosteum. This plexus 

communicates with vessels in the cambium layer and penetrates down to 

supply the outer layers of the bone cortex and communicate in continuity with 

the medullary system. The source of the vessels is from skeletal muscle, muscle 

fascia and the medullary canal(9, 10). Usually this is a low-pressure system and 

does not contribute greatly to the overall arterial input, however in children and 

during fracture repair it provides a vital role in bone vascularity. 

 

The metaphyseal- epiphyseal system originates from arteries that surround the 

bone at either end supplying the proximal and distal metaphyseal and 

epiphyseal arteries. Once the epiphyseal growth plate has finished growing 

(fused) and the bone in that region has remodelled the arteries cross between 

the epiphysis and metaphysis creating a large anastomotic plexus. This results 

in a large collateral arterial circuit with the medullary system stretching from 

one epiphyseal bone end through the medullary canal to the other epiphysis. 
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Figure 1.9 Arterial supply and venous drainage of a long bone 
 

 

Venous drainage occurs via perforating vessels that connect into the deep 

venous system of the individual limbs, reflecting the pattern of the nutrient 

artery system.  
 

1.1.7 Cells 

There are three main types of ‘bone’ cell; osteoblasts, osteocytes and 

osteoclasts. Osteoblasts and osteocytes are derived from osteoprogenitor cells, 

which are mesenchymal (derived from the middle layer of the early embryo) in 

origin. Osteoblasts line the bone surfaces and have long cytoplasmic processes 

enabling them to communicate with each other. They are partially 

differentiated, their main function is in the production of the organic bone 

matrix but they also play a role in electrolyte balance. The hormone PTH 

stimulates osteoblasts to produce osteoid (predominantly type I collagen) and 



Fracture non-union, epidemiology & treatment 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

22 

osteocalcin and subsequently to mineralise the matrix thereby creating new 

bone.  

 

The osteoblasts become encased in their own matrix production and become 

embedded within the bone, eventually the osteoblast cells fully differentiate; 

15% of them become osteocytes, the remainder stay on the cell surface to 

become bone-lining (endosteal-lining) cells or die. 

 

Osteocytes (fully differentiated osteoblasts) make up the majority of cells in 

bone (90%). Their role is to preserve the matrix within which they are trapped 

and to maintain calcium and phosphate homeostasis. Their long cytoplasmic 

projections travel through the bone matrix communicating with other cells 

ensuring that a balance is maintained between bone resorption and production. 

The cells are sensitive to mechanical stresses and ion concentrations and are 

under the hormonal influence of PTH and calcitonin(13).  

 

Bone-lining cells are thin, elongated ovoid cells differentiated from osteoblasts 

that neither became osteocytes nor die, they lie on the surface of inactive bone 

and have cytoplasmic extensions that penetrate the lacunae to communicate 

with the osteocytes within. They are thought to have a role in bone remodelling 

and turn over, under the influence of PTH, they are able to be reactivated into 

osteoblasts(14) and possibly also by preparing the bone surface for osteoclastic 

action and cleaning up the bone surface once the osteoclasts have gone(15).  

 

Osteoclasts are not osteoprogenitor cells (unlike osteoblasts and osteocytes) 

they are multinucleated giant cells from a haematopoietic origin (monocyte 

progenitor cells). Under stimulation from growth factors the precursor cells 

proliferate and then coalesce to form one giant cell, often with over 40 nuclei. 

The role of an osteoclast is to absorb bone as part of the remodelling and direct 

fracture healing processes. They have a brush border that attaches to the 

exposed bone surface matrix and creates an acidic environment rich in enzymes 

which dissolves the bone mineral and organic matrix(9, 16). 
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The BMU (basic modelling/ multicellular unit) is a term used to describe the 

package consisting of osteoblasts and osteoclasts that work as a coupling unit. 

Osteoclast bone resorption is paired with osteoblastic bone formation as part of 

the continuing cycle of bone turn over and remodelling, once their role is 

complete osteoclasts can turn back into mononuclear cells until they are 

required again. The three main reasons for remodelling are; repair and removal 

of old and damaged bone, reinforcement of bone in areas of stress (Wolff’s Law) 

and ion homeostasis(17).  
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1.2. Growth Factors 

 

Growth factors are cellular proteins secreted to act as messengers in and 

between themselves and other cells as part of a large molecular communication 

network. They exert both negative and positive influences on a wide spectrum 

of cellular activities from mitosis to angiogenesis by influencing genetic 

behaviour within the cell nucleus. Growth factors are specific for the cells they 

target and the instructions that they give; this specificity is determined by the 

receptors that the growth factors bind to on the cell membrane. 

 

Growth factors can have three modes of behaviour- autocrine, paracrine and 

endocrine. Autocrine action is when the growth factor acts on the cell that 

synthesised it or another cell that is phenotypically identical, for example, an 

osteoblast may secrete a growth factor to communicate with other osteoblasts 

in order to influence them to behave in a certain way. Paracrine effect is when 

the cell exerts influence over neighbouring cells that may not be functionally 

identical. Endocrine growth factors are those that are released into the blood 

stream and exert an effect at a distant site on a completely different cell type. 

 

Growth factors communicate with the target cell by means of a specific cell 

membrane receptor which forms a biochemical complex and triggers a chain of 

intracellular events by means of the signal transduction system. This pathway 

results in targeting and altering specific gene expression and behaviour within 

the nucleus that subsequently affects the behaviour of the cell. The ligand 

(growth factor)- receptor complex is highly specific, however more than one 

ligand may bind with a single receptor and a single ligand may bind to more 

than one type of receptor resulting in an infinite number of unique 

combinations of signal transduction. 

 

Several growth factors families have been isolated and identified as being an 

important part in the process of fracture healing including; transforming growth 
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factor-beta superfamily (TGF-β), bone morphogenetic proteins (BMP), platelet 

derived growth factor (PDGF), insulin-like growth factor (IGF), vascular 

endothelial growth factor (VEGF), fibroblast growth factors (FGF), parathyroid 

hormone (related protein) (PTH/ PTHrp) as well as other cytokines and 

interleukins. The major growth factors are discussed below. 

 

1.2.1 TGF-β Superfamily 

TGF-β superfamily is a large family of growth factor proteins with at least 30 

members having been identified in humans to date. The superfamily includes 

many ligand members, which include the BMP’s, TGF-β, activins, inhibins and 

nodal. All members of this super family exist as precursors requiring cleavage 

by a proteolytic enzyme to be activated(18). 

The signal transduction pathway of this group is type I and type II 

sereine/threonine kinase receptors that bridge the cell membrane. By binding 

to the type II receptor on the outside of the cell membrane the neighbouring 

type I receptor is phosphorylated thereby activating the intracellular signalling 

pathway. TGF-β, nodal and activin members signal via SMAD 1, 2 and 3 

intracellular transcription factors to regulate intranuclear genetic activity; BMP 

activates SMAD receptors 1, 5 and 8. There have been numerous members of 

the SMAD protein family identified and there is increasing evidence of several 

non-SMAD signal transduction pathways interacting with the TGF-β 

superfamily(18). 

 

1.2.2 TGF-β  

TGF-β has been isolated from the fracture healing process in adults, both in the 

normal repair process and in the fracture sites of non-unions(19). It is known to 

act on a number of different cell types and it is considered to be osteoinductive, 

angiogenic and to have matrix synthesising properties. It also stimulates the 

growth and differentiation of mesenchymal stem cells(20). 
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Of the five known isoforms, three exist in mammals (TGF-β 1,2,3). The 

extracellular matrix of bone and platelets are a rich source of the latent form of 

TGF-β 1, cartilage is also a rich source. Knockout murine models specifically 

lacking in TGF-β isoforms or their receptors are deficient in bone growth and 

mineralisation(21). Receptors for the ligand are found in high concentrations on 

chondrocytes and osteoblasts(22) but are also found on the majority of human 

cell types(18). TGF-β isoforms are found at elevated serum concentrations in 

the initial stages of fracture healing(19), having been released from platelets in 

the fracture haematoma and also during chondrocyte proliferation and 

endochondrial ossification(23-25). In rat models local injection and systemic 

administration has resulted in local bone production and increased osteoblastic 

activity respectively(26). Joyce et al(24) injected TGF-β1 and TGF-β2 under the 

periosteum of normal rat bone and found that the periosteal cells differentiated 

into chondrocytes, formed cartilage and then ossified, resulting in organised 

bone formation. 

 

In a fracture model Lind et al(27) used a plated tibial fracture in a tibia with 

mini-pump delivery of TGF-β1 and 2. Compared to the control group there was 

a significant increase in the amount of callus formation and bending strength 

but no difference in bone mineral content. Other studies using TGF-β 1 and 2 as 

separate or combined treatments have found that they have osteoinductive 

properties(28, 29). However at present it seems unlikely that TGF-β will 

progress beyond large animal trials to human application as it has pluripotent 

effects and non-specific tissue targeting and is recognised as an essential 

growth factor for cancer progression(30). 
 

1.2.3 BMP (Bone Morphogenic Protiens) 

The BMP family are the largest subset of the TGF-β superfamily. They are 

identified as a subgroup within the TGF-β superfamily (with the exception of 

BMP-1) as they have seven cysteine molecules in the mature region of their 
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molecular makeup, other members of the superfamily have nine. BMPs are 

recognised for their ability to recruit precursor mesenchymal cells via gene 

activation, stimulating them to differentiate into osteoblasts and chondrocytes 

leading to endochondral bone formation. 

 

The term BMP was first used in 1965 by Urist(31), although he did not isolate 

the protein at the time he found that intramuscular implantation of decalcified 

bone lead to new bone formation. In 1988 Wozney et al(32) isolated the genetic 

code for the protein resulting in the identification of various isoforms. Since 

then sixteen different members of the BMP family have been identified and 

categorised into different subgroups(33), according to their amino acid 

sequence similarities. Having identified the genetic sequence of the BMP family 

it is possible to produce recombinant proteins making the therapeutic potential 

of the BMP all the greater. 

 

Only specific members of the group are osteoinductive (BMP-2 through to 7 and 

BMP-9) and capable of initiating bone formation de novo by the induction of 

mesenchymal cells. Following ectopic implantation of recombinant human BMP, 

new bone formation occurs; this has been demonstrated in the rat and the 

baboon(33). BMP acts on monocytes and mesenchymal cells; the monocyte is 

stimulated to release cytokines and growth factors (including TGF-β), these 

then exert their paracrine influences with the BMP on the mesenchymal cells 

stimulating differentiation into chondrocytes and osteoblasts. With the aid of 

the cytokines, TGF-β and undifferentiated cells; matrix production, calcification, 

angiogenesis, bone formation and remodelling all occur as a consequence of the 

BMP’s influence. 

 

BMP-2 and BMP-7 (also known as OP-1) are available commercially as 

recombinant proteins and have been studied in human randomised control 

trials (RCT)(34-36), the accepted gold standard for assessing clinical efficacy, 

and recombinant versions are available commercially with FDA approval for 

limited clinical scenarios, BMP-2 is licensed for use in open tibial fractures and 
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anterior spinal fusion, BMP-7 is licensed for use in open tibial fractures and 

tibial non-union, however the literature contains many examples of usage ‘off 

license’(37, 38), including in children(39-41).  

 

The evidence justifying the application and economics of BMP-2 and BMP-7 is 

not prolific. A Cochrane review in 2010(42) concluded that the evidence that 

BMP reduced time to healing was limited except with the possibility of there 

being a slight advantage in open tibial fractures and that there was no evidence 

that BMP was of benefit in the treatment of non-union. In part these findings 

were because of the lack of good quality evidence with several of the studies 

being industry sponsored(43). 

 

Friedlaender(35) in 2001 trialled rhBMP-7 against autograft in 124 patients 

with tibial non-union, the conclusion was that there was no significant benefit in 

clinical or radiological outcome with an 82% success rate in both groups at two 

years. However in the autograft group there was a 13% chronic donor site pain 

issue at 12 months (this varied from mild to severe and was not sub-classified) 

and a 21% of postoperative osteomyelitis (compared to 3% in the BMP-7 

group) but information on how this diagnosis was reached is not clear given 

that only 10% had further surgery in the 9 months after the initial procedure. 

Calori et al in a multicentre RCT compared BMP-7 to autologous platelet rich 

plasma in 120 non-union patients with or without adjuvant grafting (equal in 

both groups). They obtained significantly higher union (p=0.016) in the BMP-7 

treated patients (87%) than the platelet rich plasma patients (68% union) (34). 

The main distinction between these two studies was that Friedlander et al’s 

cohort was entirely tibial non-unions being treated solely by intramedullary nail 

fixation and Calori et al’s cohort was mixed in both anatomical site and fixation 

method. In neither paper was a clear distinction made between the outcomes of 

patients with high energy and low energy fractures. 

 

The largest fresh fracture trial to date assessing BMP was by Govender et al(36) 

in 2002, a multi-centre prospective RCT of 450 patients with open tibial 
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fractures. The three treatment groups compared were mainstay treatment 

(control), high dose and low dose BMP-2. Compared to the controls they found 

high dose BMP-2 treated patients to have a faster healing time (p= 0.0022), 

fewer secondary procedures (9% v 21%, p=0.026) and a higher union rate 

within 12 months (p=0.0008) however the high dose group did have younger 

patients and a higher number of reamed tibial nails. 

 

More recently studies have shown BMP-2 to be as good as but not better than 

autologous bone graft in tibial fractures with extensive bone loss(44) and 

likewise in a RCT series of 369 patients with closed tibial fractures treated by 

reamed intramedullary nailing the trial was discontinued early, at 6 months, as 

there was found to be no benefit from the addition of BMP-2 to healing 

time(45). 

 

Given the evidence of the benefits of BMP in fracture healing and non-union 

treatment the economic justification for it use is unclear. The average cost for a 

vial of BMP-7 is approximately £3000 and almost £2000 for BMP-2, this price is 

justified by some studies(46, 47) on the basis that the number of re-operations 

are lower in those who have received BMP treatment. The conclusions of the 

Cochrane study are that it may be economically beneficial in selected severe 

open tibial fractures(42). 

 

What has yet to become clear are the potential adverse effects of BMP use. 

Initial trial results for BMP-2 use in spinal surgery found there to be a 0% 

complication rate(48), however after further investigation there was found to 

be methodological bias and withholding of adverse information by the industry 

sponsoring the studies with a potential 20-50% risk of adverse events 

associated with its use(48). A recent study(49) details the 62 patients that have 

been reported to the FDA for adverse events relating to BMP usage in non-

spinal orthopaedic procedures, almost half the patients required further 

surgery and 79% had been given it for ‘off the label’/ unlicensed indications. 

There are no long term follow up human studies of BMP use to date and the 
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concern of uncontrolled cell proliferation and potential oncogenic implications 

remain unknown. 

1.2.4 PDGF (Platlet Derived Growth Factor) 

PDGF is a dimeric protein and by a combination of proteins makes up five 

different subtypes. At a site of injury aggregated platelets in the fracture 

haematoma degranulate releasing PDGF but it is also produced by macrophages 

and monocytes. PDGF is pro-angiogenic, chemotactic and mitogenic for cells of 

mesenchymal origin (macrophages, neutrophils, fibroblasts, osteoblasts, 

chondrocytes etc.) and it can increase the expression of VEGF, which in 

combination results in new vessel formation. As PDGF is released from the 

haematoma it is expressed early in fracture healing but is also seen in the early 

stages of animal models of atrophic non-union(50). PDGF is not bone specific 

but is involved in all types of tissue healing including tendon and skin. 

 

PDGF has been extensively researched for use in the craniofacial specialty as a 

therapeutic agent in bone regeneration of periodontal tissues such as alveolar 

bone and cementum and has been used in patients for treatment of periodontal 

osseous defects since the mid 1990’s(51). In 2011 the FDA approved its safety, 

efficacy and benefit for use as an alternative to autograft in hind foot and ankle 

fusion surgery(52, 53). 

 

1.2.5 IGF (Insulin-like Growth Factor) 

IGF, named due to its similarity of protein sequence to insulin, exists in two 

forms, IGF-I and IGF-2, IGF-2 is the most abundant in bone but IGF-I is more 

potent(54). IGF-2 is thought to have its greatest role during foetal development 

and growth, abnormal expression of it is associated with syndromes of aberrant 

growth and possibly malignancies associated with old age(55). IGF-1 is a 

mediator of, and stimulated by, growth hormone. Recombinant IGF-1 is 

available for public purchase and a banned substance in competitive sport. 
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Animal studies show that IGF-1 acts locally to stimulate osteoblasts and 

increase bone formation(56), systemically it is likely to have an influence on 

long bone growth and human studies have clearly linked IGF-1 levels to bone 

mass(57, 58). Experimental studies of dual growth factor combinations 

including IGF-1 with TGF-β have raised the possibility of a synergistic effect on 

bone formation, however the benefits of this are still not clear(59). 

 

Recombinant human IGF-1 has been trialled for treatment of osteoporosis, the 

results show that it also stimulates osteoclasts at high concentrations increasing 

bone resorption(60). The more systemic effects such as hypoglcaemia and the 

potential to drive malignant change have hampered its use except by those 

requiring treatment for growth hormone resistance(61).  
 

1.2.6 FGF (Fibroblast-like Growth Factor) 

To date 22 members of the FGF family have been identified, the most abundant 

in human tissue are FGF-1 (acid) and FGF-2 (basic)(62), they are essential for 

normal development and are nonspecific regarding the many sites they act 

upon. FGFs have been extensively studied in animal models(63). FGF-1 appears 

to have an apoptotic effect on older osteoblasts yet protect more immature 

osteoblasts(63) whereas FGF-2 has been shown in large and small animal 

models to accelerate fracture healing directly through both increased callus 

production and angiogenic properties(64-66). Development of the FGF family 

for therapeutic use is disadvantaged by the fact that it is multipotent and non-

specific for bone repair. 
 

1.2.7 VEGF (Vascular Endothelial Growth Factor) 

VEGF is stored and secreted by osteoblasts and endothelium its expression is 

induced by other growth factors(67, 68). It is an essential element of normal 

bone development and important in bone repair through its ability to stimulate 
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angiogenesis and as a chemotaxic molecule to osteoblasts and osteoclasts. In 

animal models local VGEF inhibition has resulted in abnormal fracture 

healing(68, 69) and additional supplementation of it has promoted healing in a 

non-union model(68, 70). In human studies it has been shown that serum levels 

of VEGF rise significantly after a long bone fracture(71) and that levels vary 

with different host factors(72). 

 

As a consequence of its pro-angiogenic activity over expression of VEGF activity 

is closely linked with tumour growth and metastasis. There are several drug 

therapies available that target and inhibit VEGF. It may become evident that the 

side effects of these treatments create problems with fracture healing and bone 

turnover. 
 

1.2.8 Monobutyrin 

Monobutyrin, its proper name 1- butyrylglycerol, is a monoacylglyceride 

secreted by adipocytes. It has been used since the 1970’s as a food preservative 

and in animal feed supplements as a non-antibiotic anti bacterial agent(73). 

 

In the 1980’s it was discovered that well differentiated adipocyes secrete strong 

angiogenic substances(74), in 1990 monobutyrin was identified as the secreted 

molecule causing most of the angiogenic activity(75). It was purified and tested 

on a chick chorioallantoic membrane (CAM), subsequent synthetic versions of 

mononbutyrin were found to have the same angiogenic potential in chick 

CAM(75). The same study also showed it to stimulate endothelial cell motility 

but not proliferation, indicating that the presence of other growth factors would 

be required to complete the process of angiogenesis, which by definition 

requires the recruitment of or proliferation of additional endothelial cells. 

 

Further investigation has found that it is not present in other cells (tumour, 

muscle or embryonic) but that it is highly evolved to adipocyte physiology and 

closely linked to lipolysis, raising the theory that it may be a key part of 
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mobilising fatty acids by increasing blood flow and vessel volume at times of 

fasting(76). 

 

 When tested in a rat retinal vessel model monobutyrin was found to be a potent 

vasodilator. Higher concentrations have been found in diabetic rats yet the 

retinal vessels in the diabetic rats were resistant to the actions of the 

monobutyrin(77). 

 

To date the potential therapeutic role of monobutyrin to act as an angiogenic 

agent in fracture repair has been evaluated in a single small ovarectomised 

animal study(78) with a small but not significant benefit in the monobutyrin 

group. 
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1.3. Angiogenesis and Fracture Repair 

 

Angiogenesis is the extension of a vascular system already in existence whereas 

vasculogenesis is the original embryonic development of vessels from aggregate 

angioblasts. Angiogenesis is the stimulation of endothelial buds sprouting from 

a pre-existing vessel into further vessels under the influence of, and in direct 

proportion to, angiogenic factors. It is an important component of fracture 

healing. 

 

Although not the first to use the term angiogenesis, John Hunter in the 

1870’s(79, 80) is first credited with the thought that blood vessels are a vital 

part of bone repair and growth. The first studies proposing a ‘vascular 

stimulating factor’ were by Trueta in 1963(81). This factor is now more 

commonly known as VEGF, Vascular Endothelial Growth Factor. 

 

In fracture repair early initiation of angiogenesis is vital to prevent ischaemia of 

the surrounding tissues and to provide delivery of the cells and factors required 

for fracture repair and to remove the breakdown products. The stimulus for 

angiogenesis is from several sources within a fracture site including pericytes 

(cells that are wrapped around the wall of blood vessels and are capable of 

osteogenesis(82)), osteoblasts and osteoclasts with PDGF and VEGF playing 

important roles.  

 

The innate angiogenic capacity of the fracture haematoma has been illustrated 

in a study by Street et al in which implanting ectopic fracture haematoma into 

soft tissue induced new vessel formation(83). Conversely removal of 

haematoma from the femoral fracture site in a rat resulted in poor healing 

outcomes, especially when the removal was not immediate but carried out at 2 

or 4 days after the fracture. The use of a chemical agent TNP-470 caused total 

prevention of angiogenesis resulting in complete inhibition of fracture repair 
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and callus formation in a rat model, instead scar tissue similar to that of an 

atrophic non-union model was found(84, 85).  

 

Clinical studies also indicate the importance of vascularity in bone healing, cases 

of open fractures and fractures with extensive soft tissue/ periosteal stripping 

are at risk of higher rates of non-union and prolonged time to union. The 

method of ‘fix and flap’ where grade IIIB open tibias have undergone 

vascularised free flap soft tissue coverage within a short time of injury have 

resulted in better healing outcomes than those treated either by skin graft or 

delayed free flaps, thought to be due to the fast reintroduction of vessels into an 

otherwise entirely avascular area. The negative effects of smoking on fracture 

healing (increased time to union and higher rates of non-union) may be due to 

local hypoxia and vasoconstriction or down regulation of receptors by nicotine 

although the underlying mechanism is not entirely clear (86-89). Despite the 

importance of vascularity and angiogenesis in fracture repair human and animal 

studies of have illustrated that not all non-unions are avascular (90-92). 
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1.4. Risk factors for delayed bone healing 

There are several recognised factors that can increase the risk of a fracture 

developing a non-union. By identifying and eliminating these factors that are 

potentially inhibiting fracture repair, the outcome of treatment for non-union is 

likely to be more successful. These risk factors can be considered as local and 

general within the patient, or more concisely can be categorised as host factors 

(such as smoking, medications and comorbidities) and factors pertaining to the 

non-union site itself both at the time of the initial injury and later as a 

consequence of it, these include; soft tissue stripping, infection, mechanical 

stability and a bone defect. 

 

1.4.1 The circumstances of the injury 

The circumstances of the injury are recognised factors in predicting the 

likelihood of poor healing. Skin and soft tissue loss, bone loss and displacement, 

periosteal stripping and vascular compromise have been associated with poor 

fracture healing for many decades(93). Scoring systems help to identify those 

patients most at risk of a poor outcome. Two commonly known scoring systems 

are the Gustilo and Anderson grading system for open fractures(94) and the 

mangled extremity scoring system, MESS(95). The Gustilo and Anderson 

grading system is based upon the severity of the open fracture the extent of the 

wound size, the extent of the soft tissue injury and loss, the degree and type of 

wound contamination and the existence of vascular compromise to the limb. It 

is thought that a worse score correlates with an increased risk of developing 

non-union although this is not necessarily the case(96). The MESS score is a 

grading system which looks at patient age, shock, ischaemia and injury to the 

skeleton and soft tissues, a score of 7 or above is indicative that limb salvage 

may not be successful and that amputation should be considered, there are 

mixed results regarding its usefulness(97, 98). 
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Fractures in the distal part of the tibia have poorer healing outcomes than those 

in the proximal third and the position of the fracture relative to the nutrient 

vessel is thought to be important(99). Damage and loss of the soft tissues and 

periosteum will potentially reduced the blood supply to the local region, 

damage to the posterior tibial artery, requiring repair is associated with an 

increase in delayed and non-union(100, 101). Reduced blood flow to the area of 

damage will not only hamper the delivery of inflammatory factors and cells but 

prevent an adequate oxygen supply required for tissue repair and in addition 

lead to an acidic local environment due to a build up of carbon dioxide and other 

metabolites. Compartment syndrome is a risk factor for both delayed healing 

and non-union(102, 103), in the study by Court-Brown and McQueen(102) 

tibial fractures complicated by compartment syndrome took on average twice 

as long to heal and a review by Reverte et al(104) showed a statistically 

significant risk of increased non-union in those that had undergone fasciotomies 

for compartment syndrome. 

 

1.4.2 Surgical technique 

Excess motion at the fracture site is a consequence of inadequate stability of the 

surgical fixation. In comminuted fractures and those associated with bone loss, 

surgical stabilisation is technically more difficult. If there is insufficient stability 

and excessive strain at the fracture site, then chondrocytes will be inhibited and 

only fibrous tissue (not callus) will be able to bridge the gap. Conversely if the 

fracture has been rigidly fixed but with a relatively large interfragmentary gap 

due to inadequate reduction from fracture distraction or soft tissue 

interposition then primary healing will be stimulated but the cutting cones may 

not be able to cross the gap. 

 

Reaming of the intramedullary canal for internal fixation enables a larger more 

stable nail to be inserted and the reaming forces osteoprogenitor cells from the 

canal into the fracture site, reaming was considered to remove the endosteal 
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blood supply and destroy the nutrient artery compromising the vascularity to 

the fracture site, however studies have shown that the direction of flow changes 

from centrifugal to centripetal with a multiple fold increase in the periosteal 

supply which changes from a low pressure to a high pressure system 

compensating for the loss of the endosteal supply. If intramedullary reaming 

takes place in association with excessive soft tissue damage and periosteal 

damage, the fracture site could potentially become avascular. However clinical 

studies examining internal nail fixation in association with intramedullary 

reaming for long bone fractures with high levels of associated soft tissue 

stripping and damage have shown there to be no increased compromise of 

healing(105, 106). 

 

1.4.3 Patient factors 

Age and gender 

To date there has been no correlation in clinical studies between gender and 

non-union, it is thought to be more common amongst younger males as they 

have a higher incidence of fractures involvement in high energy injuries(107).  

 

Animal studies(108) comparing tibial fractures in three month and two year old 

male wistar rats showed little difference between the two groups at 40 days but 

at 80 days the older group showed delayed healing with statistically lower 

maximum load and stress capacities but no increase in the rate of non-union. 

Street et al(83) in a rat model showed that angiogenesis at the fracture site and 

growth factor response to the fracture is preserved with increasing age 

although the physiological baseline of growth factors was reduced.  

 

It is recognised that elderly bone breaks at lower forces than younger bone, 

mostly due to the loss of trabecular bone with increasing age and falling 

oestrogen levels in postmenopausal women(109). Human studies are very 

limited but suggest that osteoporotic fractures may take longer to heal(110) 
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and be technically more challenging to treat(111),  however these studies are 

somewhat limited by their methodology. There are opposing opinions and 

research as to whether osteoporosis increases the risk of fracture non-

union(112, 113), it is recognised that more research is required(114).  

 

Smoking  

Smoking is associated with lower BMD, lower cortical thickness, increased bone 

turnover and reduced bone torsional strength (115, 116). In clinical practice 

smoking is associated with an increased risk of fracture in the elderly, a longer 

time to healing, a higher rate of non-union and poorer results after fusion 

surgery of the ankle (86, 116-121). 

 

There are several hypotheses as to the mode of action. It is thought to act both 

directly and indirectly on bone. Nicotine at high doses is toxic to proliferating 

osteoblasts (although low dose nicotine may be stimulatory)(88), whilst other 

extracts have also had a negative effect on osteoprogenitor cells(122). Indirect 

effects include those on the vitamin D/ PTH/ calcium homeostasis pathway and 

possibly on pathways affecting cortisol and oestradiol levels, which both have 

an influence on bone resorption and formation(116).  

 

Reduced blood supply, high levels of reactive oxygen intermediates, low 

concentrations of antioxidant vitamins and nicotinic effects on arteriole 

endothelial receptors have all been postulated. Smoking is associated with other 

factors including low socioeconomic status, poor nutrition, general ill health and 

other lifestyle factors making it hard to determine the precise risk analysis of 

the habit. 

 

A study of female twins showed that one pack of cigarettes per adulthood day 

reduced bone density by 10% by menopause(123). Relative risk of hip fracture 

among smokers is between 1.5- 2.0 times higher and greatly increases with 

poor antioxidant vitamin intake(124). A prospective multi-centre trial of 268 
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compound tibial fractures showed that smokers are 37% more likely to develop 

non-union and twice as likely to develop infection(117). Ex-smokers are also 

considered to be at an increased risk of non-union and osteomyelitis however 

the effects of nicotine on BMD and fracture risk are thought to improve with the 

increasing number of years of smoking cessation(116). 

 

NSAIDs 

Non-steroidal anti-inflammatory drugs include aspirin, ibuprofen, COX-2 

inhibitors and naproxen. COX-2 inhibitors (including celecoxib, rofecoxib, 

parecoxib) are considered to be the safest group of NSAIDs due to their greater 

specificity and fewer non-specific actions (including gastric ulcers and 

postoperative bleeding). They are commonly used analgesics recognised for 

improving joint pain, stiffness and swelling and good for postoperative pain 

relief in orthopaedics. Their mode of action is by inhibiting cyclo-oxygenase and 

prostaglandin synthesis.  

 

Prostaglandins are thought to have a direct up regulating effect on osteoblast 

numbers and osteoclastic activity. Prostaglandins are released early and locally 

at sites of injury as part of the acute inflammatory phase, with an early influence 

on osteoblast induction and possible later influence on endochondral 

ossification(125) and remodelling of bone during fracture healing. Simon et 

al(126) found that mice genetically deficient in COX-2 production were 

incapable of healing a closed tibial fracture unlike the COX-1 deficient mice and 

in a standard closed fracture rat model they also found the rate of non-union 

and delayed union was significantly greater(127). Several animal models have 

found that many of the COX-2 inhibitors have a negative influence on bone 

healing, the outcome can be dose and time dependent with differing effects on 

vascularity(128, 129) and some potentially reversible (127, 130-133). 

 

Lu et al found that high dose indomethacin (2mg/kg) inhibited fracture healing 

in a mouse model, and that despite the reduced bone and cartilage formation 
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there was increased tissue vascularity at the fracture site which could not be 

explained(128), Sandberg et al used the same dose in a mouse femur fracture 

model and found 35% reduced bone stiffness and callus volume, the model was 

only run for 17 days and non-union was not mentioned(134). In a rat femoral 

fracture model celecoxib (2mg/kg and 4mg/kg, similar to a human 

recommended dose) given early had negative effects on fracture healing 

(reduced callus and mechanical properties) but not when given two weeks prior 

or after the fracture (127). In a rabbit fibula osteotomy 12 week study 

comparing ibuprofen (7.5mg/kg three times daily) to rofecoxib (3.5mg/kg once 

daily) and placebo with both histological and biomechanical outcomes 

ibuprofen was found to delay fracture healing but not lead to non-union where 

as rofecoxib resulted in a 20% non-union rate, it was proposed that the long 

acting NSAIDs are more harmful to bone healing than short acting NSAIDs 

which have daily periods when COX-2 is not inhibited (132). The studies are 

difficult to compare as they use different drugs, doses and time scales, however 

the balance of results suggests that NSAIDs do have a negative effect on bone 

healing, that some drugs may have greater osteo-inhibitory effect than others 

and particularly so if given early, for prolonged periods.  

 

Human studies and clinical trials are few in number; the main problem is the 

severe shortage of quality evidence, prospective studies and randomised trials, 

confounding issues of smoking, self-medicating, fracture/ soft tissue severity 

and other comorbidities do not help. A UK retrospective GP database 

study(135) of 500,000 case controlled matched patients on NSAIDs (285,000 

regular and 215,000 incidental users) found there to be an increased risk of 

fracture in those taking regular NSAIDs (hypothesised to reduced BMD) but not 

in those patients who were incidental NSAID users(135), however the quality of, 

and information that can be gained from and the quality of the study are limited 

by its design and the accuracy of the data being recorded. Another study(121) 

also utilising the GP database identified 401 patients with non-union and found 

that the use of NSAID’s within 12 months of the fracture was associated with an 

increased risk of non-union (odds ratio 2.5), however the study was unable to 
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elucidate the length of time or concentration or type of NSAID being taken nor 

were the controls age matched. A recent large retrospective cohort of 1900 

patients in a single trauma centre with long bone fractures concluded that 

NSAIDs have a negative effect with increased risk of non-union and infection, 

however the study does not differentiate between type, dose, timing or duration 

of course(136) .  

 

Giannoudis et al(137) looked retrospectively at 377 femoral fracture patients 

and found 32 with non-union; these were matched against a control group of 67 

patients and found to have a statistically significantly higher rate of NSAID 

ingestion, however the NU group also had a higher number of smokers and the 

method by which the 67 controls were selected from the remaining 345 femoral 

fractures is not clear. In a retrospective study of almost 10,000 humeral 

fractures(138) (collected from ICD-10 coding data for Medicare in two USA 

states), 105 non-unions were identified (there is no mention of the initial 

method of management). The relative risk of developing non-union was 

negligible if NSAIDs were only taken in the first 30 days post fracture compared 

to a relative risk of 3.9 if NSAIDs were taken days 61-90 post fracture. Opioid 

analgesia taken in the 61-90 day period was also associated with increased non-

union risk (RR 2.7), the paper therefor acknowledges that the NSAID useage 

may be an effect of the non-union and its discomfort rather than the cause 

(138). 

 

To date there have only been clinical two randomised trials concerning the 

effects of NSAIDs and fracture healing; both studying the effects of 

indomethacin on heterotrophic ossification, with non-union as a secondary 

outcome, in patients who have had surgery for acetabular fractures(139, 140). 

Sagi et al reported that 1 week of indomethacin does not increase the risk of 

non-union but does reduce the volume and severity of heterotrophic 

ossification., both papers conclude that 75mg of indomethacin for 6 weeks 

results in a significantly increased risk in developing non-union. Both papers 

have weaknesses, Burd et al(139) had a higher rate of smokers and open 
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fractures in the indomethacin group (32% and 34%) than in the non-

indomethacin group (24% and 22% respectively); Sagi et al(140) had a high 

drop out rate and acknowledge the difficulty of differentiating between a non-

union and a malunion of the acetabulum on CT imaging. 

 

Meta analysis has shown an association between increased non-union risk and 

NSAIDs to occur in low quality studies(141) and several reviews of the current 

evidence all conclude that although it is possible that NSAIDs have an inhibitory 

effect on bone healing there is insufficient high quality data to make a clear and 

concise conclusion(141-145).   
 

Diabetes Mellitus 

There is a strong association between diabetes and impaired bone healing(121, 

146-150). Poor HbA1c control and hyperglycaemia even in the ‘non-diabetic’ 

patients are associated with poor wound healing and increased complications 

postoperatively(151, 152), whereas animal studies have shown that good blood 

sugar control is associated with better bone healing(152-154) and that the 

negative effect that diabetes can have on fracture healing is prevented by insulin 

treatment(154). 

 

The underlying pathophysiology for delayed bone healing and poor callus in 

diabetes are due to increased levels of apoptosis amongst chondrocyte and 

osteoblast populations with a concomitant increased number of osteoclasts and 

early absorption of callus cartilage(148, 150, 154). The reason for this and 

general poor wound healing has been postulated to be multifactorial; (i) 

accumulation of advanced glycation end-products resulting in a persistent state 

of chronic inflammation, (ii) compromised immune system with abnormal 

leukocyte function and (iii) suppressed levels of growth factors(155) are all 

thought to contribute. 
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Clinical studies of fracture or bone healing in the presence of diabetes are 

entirely limited to retrospective cohort and case control studies. The majority 

are focused on fractures around the ankle(146, 156-158); Shibuya et al(146) in 

a study of 165 diabetic patients identified a non-union rate of 11.5% and a 

significantly increased risk of ‘bone healing complications’ in those diabetic 

patients who had a prolonged operation time and pre-existing neuropathy, 

unfortunately the study is flawed by its retrospective nature which limited its 

ability to categorise the cohort according to their diabetic subtype, the type of 

operation (determining its length)  and the objectivity of the diagnosis of 

neuropathy. Wukich et al(158) in a retrospective study of 105 diabetic patients 

with ankle fractures similarly found neuropathy to be associated with increased 

bone healing complications and a higher revision surgery rate. A retrospective 

study of pilon fractures(157) (n=83) included 13 patients with diabetes and 

found a significantly higher rate of non-union (43% v 16%) and infection (71% 

v 19%) in the diabetic cohort, again due to the nature of the study 

differentiating between both control and management of the diabetes was not 

done.  

 

There are very few clinical publications regarding fracture healing out with the 

foot and ankle region in diabetic patients. Norris et al(159) in a retrospective 

study of almost 6,000 hip fractures found that there was no increased risk of 

non-union (nor reoperation or metalwork failure) in those with insulin 

controlled diabetes (n= 99) or diet/ tablet controlled (n= 379) compared to the 

non-diabetic (n= 5489), specifics such as the influence of neuropathy and level 

of diabetic control could not be drawn from the study. Rodriguez(160) et al 

found there to be no increased risk of non-union in patients with diabetes (n= 

68) in a retrospective study of distal femoral fracture union when fixed by a 

locking plate (n= 283). A retrospect GP database patient control matched study 

of fracture healing complications identified 401 non-union cases and an 

increased odds ratio of non-union in the type I and type II diabetic patients of 

2.4 and 2.2 respectively although with a wide confidence interval and no p 

value.  
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It is widely accepted that patients with diabetes do have increased rates of 

infection and poor soft tissue healing; although the basic science data supports 

the theory, there is a vital need for prospective studies to provide strong 

evidence regarding the risk of bone non-union in association with diabetes 

mellitus.  

 

Corticosteroids 

Corticosteroids have a broad spectrum of action (and side effects) being both 

anti-inflammatory and immunosuppressive. The most widely recognised 

orthopaedic side effect is reduced bone mineral density and subsequent 

secondary osteoporosis with an increased risk of fragility fractures. The mode 

of action is thought to be general suppression of the immune system(161), 

osteoblast apoptosis, osteocyte apoptosis and the inhibition of 

osteoblastogenesis(162, 163). 

 

There is little evidence in the literature regarding the direct effect of 

corticosteroid administration on fracture healing, and only in animal studies. 

Animal studies have mixed results; some show delay and inhibition bone 

healing while others do not. Chronic systemic administration in a non-critical 

sized defect rabbit model led to an 85% non-union rate compared to 18% in the 

control group(164). Some earlier models in rats found no delays to repair in the 

treatment group(165, 166), a more recent model using a hole rather than 

complete bone discontinuity also found no difference(167), where as 

Waters(164) and Luppen(168) had very similar studies and found reduced 

callus and bone strength with prednisolone in a rabbit 1-2mm ulna osteotomy 

model. It has been postulated that the reason for the wide variation in findings 

is that the effect of corticosteroids may be related to the type of bone healing, 

corticosteroid treatment may interfere most in the formation of callus and not 

intramembranous fracture healing(166, 169, 170). 
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Infection 

Infection at a site of bone healing should be considered if(171):  

Clinically there is heat, erythema, swelling around the fracture site 

The radiographs show signs of osteolysis or sclerosis 

Blood tests show elevation of the ESR, CRP and/ or white cell count 

If there are signs of delayed healing or non-union (not in reference) 

 

The risk of infection increases with the severity of the injury, especially if the 

fracture is open or associated with extensive soft tissue damage(2, 172, 173). 

The risk of infection in tibial fractures treated by IM nail is far higher in grade 

IIIB fractures (as defined by the Gustilo and Anderson scoring of open fractures) 

at 16.4% than grade I (6.9%)(174), similar infection rate of grade III fractures 

were found in other clinical studies(172, 173, 175), the average time to union of 

infected fractures was 61.1 weeks, five times longer than for non-infected 

fractures(174).  

 

Infection can lead to osteolysis with subsequent hardware loosening and 

mechanical instability resulting in secondary non-union(176, 177). Achieving 

fracture union in the presence of infection with metalwork in situ is challenging 

as the metal ware acts as a nidus and site for the creation of a bacterial 

biofilm(178) that will resist macrophage and neutrophil attack. Fracture healing 

requires stability offered by surgical fixation but eradication of infection 

requires absence of metalware; however, fracture union in the presence of 

infection and metalware is possible. Different protocols have been 

recommended and tend to include debridement of the necrotic tissues and 

exchange nailing or an external fixator with or without bone grafting(175, 179-

182), but the principles are the same; the requirement of a vascular fracture 

site, a stable fracture and appropriate antibiotics. Struijs et al(182) performed a 

literature review to assess the evidence of best practice in the management of 

infected non-union and concluded that all the evidence was level IV at best and 
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the ability to recommend treatment based on sound clinical evidence was not 

possible. 

 

One of the greatest problems with treating infection can be identifying all of the 

pathological organisms present and commencing the appropriate antimicrobial 

treatment. In many cases microbiology results at the early stages can be 

negative and antimicrobial treatment is based upon most likely causative 

organisms. Multiple samples should be taken in theatre and prolonged cultures 

done in close liaison with the microbiology team. 
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1.5. Fracture Healing 

 

The restoration of a bones mechanical properties, stiffness and strength, is a 

tightly regulated process that has similarities to the embryological development 

of bone with the exception that it requires an inflammatory cascade. This 

process of healing is unique to bone; no other human organ can repair itself to 

its original form without residual scar tissue. 

 

The biological course of fracture healing can be considered in different ways: 

 

i) Defined by the mechanical stability of the fracture 

Direct (primary) healing  

Gap filling 

Contact healing 

Indirect (secondary) healing 

Intramembranous 

Endochondrial 

 

ii) In temporal phases 

Haematoma formation and inflammation 

Repair 

Remodelling 

 

 

1.5.1 Mechanical stability, strain and fracture repair- Perren’s Strain 

Theory 

Strain and stiffness at a fracture site vary according to the size of the gap, the 

stability of the fracture and the surface area of the fracture. As different cell and 
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tissue types are only able to tolerate certain levels of strain the relative amount 

of strain present at the fracture site influences the volume of cartilage produced 

and type of fracture repair that occurs (primary or secondary)(183-186): 

 

Tissue produced  Relative amount of strain 
Fibrous connective 
tissue  >17% 

Fibrocartilage 2- 10% 
Lamellar bone 2% 

Figure 1.10 Strain-dependent tissue type produced at fracture site 
 

 

As a consequence if a fracture is initially relatively unstable it will bridge with 

fibrous tissue that will increase the stability, lower the strain and enable 

chondrocytes to lay down soft callus followed by hard callus, which will reduce 

the strain to a level that is low enough for osteoblasts to tolerate and enable 

bone bridging. Alternatively if the fracture is anatomically reduced and highly 

stable from the outset then direct bone repair can occur without the need to 

create callus. 
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1.5.2 Primary bone healing(184, 187-192) 

Primary (direct/ cortical/ osteonal/ Haversian) healing requires ‘absolute 

stability’, anatomical reduction of the cortices and rigid immobilisation of the 

fracture site. With complete abolishment of movement healing either occurs by 

gap healing or contact healing, neither of which promote fibrocartilage tissue 

formation as a precursor to bone formation. This type of fracture healing 

process is slow and the less common fracture healing pathway, it can only be 

achieved with surgical intervention using specific internal fixation techniques 

with exact fracture fragment reduction, compression and screw/ plate fixation. 

 

With contact healing there is total apposition (gap <0.1mm) between the bone 

ends and no requirement for temporary woven bone. The cutting cones tunnel 

across the fracture line leaving a new ring of bone in their wake. 

 

Gap healing occurs when in association with absolute stability there is a small 

gap (<1mm) between the fragment ends, which is initially filled with woven 

bone and then after a few weeks is replaced by means of cutting cones with 

lamellar bone in the same orientation as that of the neighbouring and original 

bone. 

 

The ‘cutting cone’ remodelling units are able to resorb any necrotic damaged 

bone across the fracture line and create new Haversian systems, enabling 

angiogenesis and the influx of osteoprogenitor cells to follow. Cutting cones are 

so called due to their morphological arrangement of a leading round head of 

tunnelling osteoclasts absorbing the necrotic injured bone and a cone shaped 

tail of osteoblasts that lay down rings of new bone in the wake of the 

osteoclasts, creating new osteons. A central vessel in the middle of the cone is 

able to transport progenitor cells into the region, which can then differentiate 

into osteoblasts and form new osteon units of bone. This type of biological 



Fracture non-union, epidemiology & treatment 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

51 

behaviour of the cutting cone is also found in normal bone turnover and the 

later stages of remodelling. 
 

 

Figure 1.11 A diagrammatic version of a cutting cone 
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1.5.3 Secondary/ indirect bone healing(189, 190, 193) 

Secondary healing involves callus formation and is the more commonly 

occurring bone healing pathway. It requires the presence of relative fracture 

stability and involves the cortex, periosteum, marrow and soft tissues. This form 

of healing takes place when a fracture is treated either conservatively (in 

plaster or sling) or when operative intervention has been in the form of an 

intramedullary nail, a plate or an external fixator with the aim of achieving 

relative rather than absolute fracture stability.  

 

Fracture repair by this method is achieved by the combination of two reparative 

pathways, intramembranous (periosteal) and endochondral 

(fibrocartilagenous). The outline of events is similar for both bar the 

involvement of chondrocytes. Woven bone (callus) is formed, with or without a 

cartilage template, and then gradually replaced with cortical bone.  

 

The intramembranous pathway is an early response of local uninjured 

periosteum situated close to the fracture site where the stiffness of the bone is 

high. Mobilised osteoprogenitor cells from this area of periosteum differentiate 

into osteoblasts and go directly on to produce woven bone (hard callus) without 

prior cartilage formation. This process results in callus formation commencing 

from the peripheral uninjured bone and working towards the fracture site. A 

similar process takes place on both sides of the fracture resulting in a mirror 

image of hard callus formation, although in practice this is not always the case. 

 

Within the zone of injury where the periosteum has been damaged the 

endochondral pathway of ossification occurs and involves all layers including 

the cortex, endosteum and medullary canal. Osteoprogenitor cells are recruited 

and induced by growth factors to differentiate into chondrocytes secreting type 

II collagen (soft callus). This soft callus builds up bridging the fracture gap, the 

collagenous matrix becomes vascularised and calcified. As the soft callus 
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becomes calcified and grows in size the stability and stiffness of the fracture 

increases. Initially the fracture is not stable enough for osteoblast induction and 

chondrocytes are the key cell, as the stiffness increases, osteoblasts are 

recruited and the soft callus is replaced by hard mineralised callus(189, 190). 

 

With time remodelling occurs with cutting cones tunnelling through and 

replacing the initial rapidly produced woven bone produced with slower more 

organised, stronger lamellar bone gaining full restoration of normal bone 

structure and function.  

 

 

1.5.4 Temporal description of fracture healing(194-199) 

When a bone fractures there is loss of continuity of the cortices and the bone is 

no longer able to fulfill its mechanical role. The injury results in bone and soft 

tissue damage; haematoma formation at the fracture site triggers an 

inflammatory cascade with an associated influx of cells and messengers that 

start the complex process of repair. The repair process requires the 

recruitment, proliferation and differentiation of osteoprogenitor cells in a 

precise controlled manner.  

 

A complex group of molecular signalling pathways hold the key to these events. 

The three main groups are the pro-inflammatory cytokines, growth factors and 

angiogenic factors.  

The pro-inflammatory cytokines are essential in the co-ordination of the 

inflammatory pathway, chemotaxis of inflammatory cells and recruitment of 

mesenchymal cells. They include tumour necrosis factor alpha (TNF-ά), 

interleukin-1 (IL-1) and interleukin-6 (IL-6). The main sources of these 

inflammatory factors are macrophages and other cells recruited to the site of 

injury during the initial stages of inflammation. 
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Growth factors (as discussed earlier in section 1.2) are proteins that exert their 

influence on the DNA in specific cells via a pathway of receptors. In fracture 

healing they have been shown to influence callus production, mineralization 

and speed of repair. 

Angiogenic factors overlap as a group with the growth factors and include VEGF 

and angiopoietin. These are proteins that have been shown to influence the 

vascularity and blood vessel regeneration in the fracture gap.  

 

 Actions Timing of expression in 

fracture repair 

TGF-β Stimulates MSC's, osteogenic, 

angiogenic, chemotactic,  

Throughout 

BMP's Differentiate MSC's,  Subtype dependent, 

throughout fracture repair 

FGF Angiogenic Throughout 

PDGF Angiogenic, chemotactic Early 

IGF-I Recruitment & proliferation of 

osteoprogenitor cells 

Throughout 

IGF-II Protein synthesis Midway (~days 7-14) 

VEGF Angiogenic Later (~days 14-21) 

TNF 

alpha 

& IL 

Angiogenic, chemotactic Day 1 & during remodelling 

Angiop

oietin 

Vessel formation Day 3 onwards 

Figure 1.12 Growth factors- action and timing of expression 
 

Each of the factors peak in concentration at the fracture site at different times 

depending on their role in the repair. The repair process can be described in 

three stages: 
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Stage 1: Haematoma formation and Inflammation 

Immediately following the trauma and bone fracture haematoma formation will 

occur at the site of injury with blood escaping from torn vessels in the damaged 

soft tissue and bone. Animal studies have shown that within 12 hours of injury, 

loss of the normal marrow architecture occurs with greatly reduced or absent 

vascularity in association with a high concentration of red blood cells(200).  

 

With the haematoma formation and subsequent triggering of the inflammatory 

response, immune cells (particularly macrophages) and platelets are recruited 

to the zone of injury. Macrophages are a rich source of cytokines and platelets 

store PDGF and TGF-β, both cell types release their content at the fracture site 

leading to the chemotaxis of other inflammatory cells, recruitment of 

mesenchymal cells and initiation of the repair process.  

 

Mesenchymal cells are recruited from several sources; the bone marrow, 

granulation tissue, periosteum, endosteum, vascular endothelium and the soft 

tissues all of which have receptors sensitive to the cytokines and growth factors. 

Along with fibroblasts the mesenchymal cells migrate to the fracture site to 

make granulation tissue. 

 

Stage 2- Repair (1 week- 4 months) 

By Day 3 or 4 the mesenchymal cells have started proliferating and 

differentiating down either the chondrogenic or osteogenic pathway (direct or 

indirect bone healing)(201). There are increasing levels of growth factors and 

declining levels of cytokines in the local tissues, simultaneous angiogenesis 

starts to occur under the regulation of angiopoietin, FGF and VEGF(194, 196). 
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Stage 3- Remodeling (months to years) 

Once the fracture is united and stable remodelling begins. The medullary canal 

is recreated, the osteonal architecture and vascular patterns are restored and 

the cutting cones remove callus and replace it with normal bone(187, 197). 

 

The assessment of growth factors and molecules associated with primary bone 

healing is not well documented and animal models of absolute fracture stability 

are rare(201, 202). Street et al describe the need for VEGF in a mouse model of 

direct cortical healing (unicortical defect model) but with such a model 

requiring no internal fixation or periosteal stripping it does not closely reflect 

the clinical situation(68).  

 

The chosen path of either direct or indirect fracture healing is not determined 

until day 4. Given the initial common pathway and the inflammatory cascade 

that is stimulated the growth factors associated with direct bone healing are 

likely to be similar, but possibly in different local concentrations, even if callus 

formation is not stimulated. 
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1.6. When has a fracture healed? 

 

A healed fracture is a bone that after either conservative or operative 

management has signs of bony continuity on medical imaging and has regained 

functional use. Clinically this means that the fracture is mechanically stable and 

pain free; stiffness and strength characteristics have returned and the affected 

bone is able to bear weight. A radiographic definition of union is the presence of 

callus around the fracture site in at least three of the four cortices seen on two 

orthogonal views(203). Other criteria such as loss of a visible fracture line and 

continuity of the cortices are also relevant where the healing process has not 

involved the production of callus. 

 

A survey carried out by Bhandari et al(204) of 444 orthopaedic surgeons looked 

at the consensus amongst surgeons in the assessment of fracture healing; he 

found they used radiographic measurements to varying degrees. When asked 

about the importance of loss of visible fracture line, cortical continuity, callus 

size, ability to weight bear and pain at fracture site in assessing the degree of 

bony union; the visibility of the fracture line and cortical continuity were 

considered the most important factors to consider. 

 

Different fractures take different periods of time to heal depending not only on 

the bone involved but also the choice of treatment, local and systemic factors. A 

tibial shaft fracture may take between three and four months to heal, 

particularly if it has been treated conservatively in a plaster cast(205), whereas 

a distal radius fracture treated conservatively would be expected to heal within 

six to eight weeks ; sooner in children. Local factors such as the blood supply, 

extent of soft tissue damage and bone loss at the time of injury also influence 

the time to healing. Systemic patient factors including smoking, medications and 

diabetes also prolong the healing process and are taken into account when 

anticipating the time needed to achieve fracture union.  
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The extent of bone repair can be assessed mechanically and radiologically. 

Richardson et found that when the stiffness of a fracture had reached 

15Nm/degree it was likely to have healed(206); They applied this hypothesis to 

95 patients with tibial fractures being treated in unilateral external fixators and 

took the frames off once the target 15 Nm/degree had been reached and no re-

fractures occurred unlike the 7% re-fracture rate in the control group (fixator 

removed when signs of radiological and clinical union were apparent)(207). 

Marsh et al performed a similar study in conservatively managed tibial fractures 

and proposed that at 7Nm/degree union could be predicted and at 

15Nm/degree union had been achieved(205). It is possible to assess the 

stiffness of a fracture in this way in the outpatient setting by using a strain 

gauge or a flexible goniometer(206) linked to a computer programme to take 

the readings but this is limited to those fractures being treated in removable 

casts or external fixators of which the struts can be loosened off/ removed in 

order to perform the mechanical testing across the fracture. 

 

Animal studies have found good correlation between perceived new bone 

formation judged radiographically and stiffness across the healed fracture 

gap(208); cortical continuity but not callus size has been found to be a good 

predictor of torsional strength and stiffness(209). Hammer et al(210) studied 

the correlation of bony union as concluded by seven senior radiologists to 

mechanical stiffness in 127 tibial shaft fractures and found that the probability 

of a radiograph correctly predicting bone union as defined mechanically was 

only 0.5. As a consequence of a similar study(211) a clinical tool to evaluate the 

healing in tibial fractures has been developed(212)- the Radiographic Union 

Scale for Tibial fractures (RUST)- where the fracture is scored based on fracture 

line visibility and bridging callus seen on AP and lateral radiographs. This has 

been validated to show good inter-observer agreement but as yet cannot help 

with the definition of whether a fracture has actually healed, merely that it is a 

precise scoring system, it needs to be correlated with mechanical stiffness. 
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The use of non-invasive radiological techniques to confirm the diagnosis of 

fracture is increasing. Micro-CT scanning is being progressively used more to 

assess the extent of new bone formation in animal bone repair models, it was 

found that callus measured radiographically correlated well to micro-CT 

analysis and compressive strength but neither were a good representation of 

tensile strength across the fracture(213) in another small animal model callus 

mineral density and volume as measured by micro-CT was found to correlate 

well with torsional strength(214). 

In the clinical setting CT imaging is utilised where the radiographs are not 

showing signs of progressive healing or are difficult to interpret, it has the 

benefit of multiplanar reconstruction. It is possible to analyse cortical union and 

trabecular bridging in more detail than on plain x-rays. In a study by Kuhlman et 

al(215), nineteen patients with suspected non-union underwent further CT 

imaging, thirteen patients had absent bone bridging across the fracture site in 

multiple planes. Unfortunately it was a heterogeneous cohort with a variety of 

fracture sites and treatments with little information provided about the 

previous plain radiographic changes or the time lag the injury to scanning. The 

main issues with CT imaging of patients is the radiation exposure and artefact 

interference in those who have undergone previous operative intervention 

resulting in poor images and difficulty in scan interpretation.  

 

MRI imaging has the advantage of being radiation free but prone to metal 

artefact interference and is not such a good tool for achieving quality bone 

images. A recent study(216) of 57 patients compared dynamic contrast 

enhanced (DCE) MRI of their non-union to CT at 1 year  post treatment. The DCE 

MRI was used to quantify the vascularity of the non-union and in this study 

showed a significantly positive correlation between good vascularity as seen on 

MRI and good outcome of union on CT at one year. However in this study a 

vascular non-union was considered to be one where there was greater blood 

flow at the NU site than the surrounding muscle, a new definition that has not 

been validated elsewhere and is questionable considering that most non-unions 

are considered to be vascular(90). The study was unfortunately weakened by 
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the high rate of ‘loss to follow up’ patients (37%) and the imbalance of patients 

between the groups(216).  
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1.7. Non-union and delayed union 

1.7.1 The definition of non-union and delayed union  

A non-union is a fracture that does not unite. In animal model studies an 

acceptable definition of non-union is a fracture that will not heal in the lifetime 

of that animal, however this is not so easy to apply in humans. Non-union has 

been defined clinically as a fracture in which the normal biological healing 

processes of the bone have ceased to the extent that solid healing cannot occur 

without further treatment or intervention(217). 

 

Delayed healing occurs when a fracture does not unite within the expected time 

frame, however there remain radiological signs of ongoing bone repair and it 

may ultimately heal with the return of structural integrity and function to the 

bone or it may go on to become a non-union. 

 

Delayed union accommodates the ill-defined time frame between normal and 

absent union. The line between delayed and non-union may be blurred, in 

clinical practise it is the ongoing signs of bone repair that are important. It also 

relies on an established knowledge of what the expected time of healing is. This 

has wide inter-observer variation. It has been suggested that delayed healing 

occurs when healing by the periosteal route has failed and the slower endosteal 

method of bone healing is being taken with minimal hard callus formation and 

therefore little change is seen on x-ray. In the study mentioned previously by 

Bhandari(204) a very broad spectrum of what surgeons defined as tibial 

delayed union and non-union was reported.  

 

Marsh et al(205) proposed a biomechanical definition of delayed healing, when 

bending stiffness reached 7N-m per degree they concluded that union could be 

confidently predicted, however those that took 20 weeks or more to reach this 

level were considered to have a non-union. This method is limited by the 
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method of fracture fixation and is unlikely to be popularised in the clinical 

setting. 

 

In the clinical setting a key feature in deciding whether a fracture falls into the 

‘delayed’ or ‘non’ category is the ongoing presence of attempted bone 

regeneration by means of periosteal reaction, callus bridging the fracture site or 

reduced visibility of the fracture line. These features are also dependent on the 

type of fracture healing; with direct healing cutting cones are not visible 

radiographically and callus is not a feature; with indirect healing there maybe 

abundant callus but adequate volumes of ‘quality’ callus need to be crossing the 

fracture site. The diagnosis cannot be based on a single radiograph but requires 

serial images to be taken over a period of several weeks (12 weeks is 

considered adequate by most) in order to come to a firm diagnosis. 

 

One issue facing surgeons is knowing how long to wait during the delayed union 

phase before intervening surgically; early intervention will result in some 

unnecessary operations with the potential of added complications such as 

infection or nerve damage where as delayed intervention means increased time 

of patient disability and associated socioeconomic costs. 

 

There have been many attempts at clarifying the definition of non-union (see 

overleaf figure 1.13 for full definitions); Urist(218) in 1954 felt that it was 

acceptable to wait up to 18 months, Ray(219) in 1964 defined it in more clinical 

terms with symptoms of swelling, delayed vibration and motion. The FDA 

definition is the most widely cited but applied with some variation as few 

surgeons wait 9 months to confirm the non-union of a fractured radius. Einhorn 

gives a concise definition but it is of minimal use in assisting clinical decision-

making.  

 

Oni et al’s (220) prospective study of 100 tibial shaft fractures treated 

conservatively found that it took 30 weeks (7 months) to have a 96% union 

rate. In Bhandari’s(204) questionnaire to over 400 surgeons their definition of 
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delayed union in a tibial shaft fracture varied between 1 and 8 months and their 

definition of non-union equally varied between 2 and 12 months. Thus despite 

the FDA guidelines, what is deemed an acceptable time period to allow for 

delayed healing by one surgeon is clearly not acceptable for another. 
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Author Definition 
Urist, 1945 
(218)  

Non-union: The roentgenographic examination after eighteen 
months of healing showed (1) a bone defect (2) false motion 
(3) sclerosis of the bone ends (4) rounding, mushrooming, or 
moulding of the fracture surfaces and (5) sealing of the 
medullary canal with compact bone to form functioning false 
joint surfaces and an apparent arrest of the process of 
osteogenesis in the fracture gap. 
Delayed Union: (1) The x-ray examination at any time from 
four to eighteen months of healing showed inadequate callus 
and (2) the judgement of the individual surgeon led him to 
advise a surgical operation to stimulate healing of the fracture. 

Ray et al 
1964(219) 

Non-union: Pain of varying intensity on use of the involved 
extremity, persistent oedema, increasing skin temperature in 
the region of the fracture, the presence of false motion (with 
fibrous union there may be no apparent motion), and delayed 
conduction of vibration across the fracture site. 

American 
FDA 1988 

Non-union: Fracture nonunion is considered to exist only when 
serial radiographs have confirmed that fracture healing has 
ceased for three or more months prior to starting treatment 
with the electrical osteogenic stimulator. Serial radiographs 
must include a minimum of two sets of radiographs, each 
including multiple views of the fracture site, separated by a 
minimum of 90 days. 

Einhorn 
1999(221) 

Non-union: All healing processes have ceased, and union has 
not occurred. 
Delayed Union: Healing processes continue; union has not 
occurred in the expected time; and the outcome is uncertain. 
Union: Healing processes have resulted in restoration of bony 
continuity 
a. In normal expected time based on population observations 
or 
b. In longer than the expected time. 

AO 
2007(222) 

Non-union: The fracture still exists and healing has stopped. 
The fracture will not unite without surgical intervention. 
Delayed Union: The fracture healing is not taking place within 
the expected time course for this particular fracture and the 
patient’s age. 

Figure 1.13 Definitions of non-union 
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1.7.2 The classification of non-union 

Non-unions are recognised and classified by certain radiological and histological 

features. Ideally the classification should be an aid in describing the character of 

a particular case of non-union, assist decision-making with regards to best 

management, be helpful in providing a prognosis and assist gathering of data to 

aid research. 
 

The most widely recognised classification of non-union is that of Weber and 

Ćech published in their book in 1976(223). The authors emphasise bone 

viability and biomechanics as the key to classification and treatment. The 

classification divides non-unions’ into two broad categories (although this 

system was earlier described by the Judet brothers in 1960(224)) based on 

vitality and healing potential. Within this they are further sub classified (see 

diagram below). The AO Foundation have a version of the Weber and Ćech 

classification in the AO Principles of Management textbook(222), it is very 

similar with well vacularised and avascular groups yet one group relates to 

mechanical stability and the other to time since injury, also and importantly the 

‘atrophic’ type of non-union has replaced the ‘oligotrophic’ type in the well 

vascularised non-union group. Both of these classifications are based on 

radiographs alone. Paley(225) published an alternative classification broadly 

basing it on the extent of bone loss, his classification was to compliment 

deformity correction using Ilizarov treatment.  
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Figure 1.14 Weber and Ćech Classification of non-union (1976)(223) 

Group A:  

‘Insufficient mechanical preconditions’ 

Viable, vascular with osteogenic or resorptive activity 

 

A -Hypertrophic ‘elephant foot’ callus 

present, insufficient stability 

B -Moderate ‘horse hoof’ callus present, 

‘somewhat unstable’ 

C -Oligotrophic with absent callus & 

rounded off bone ends due to inadequate 

fracture reduction.

 

Group B:  

‘Severe comminution with intermediate avascular fragments 

• Necrotic bone edges 

 

 

A – Torsion wedge 

B- Comminution 

C – Defect (missing diaphysis) 

D – Atrophic

• Type C is a critical size defect with an ‘osteologically dead’ zone 

• Atrophic (type D) as a result of bone loss from the injury or infection 

(sequestrum). Residual scar lacking osteogenic potential. 

Severe comminution with intermediate avascular fragments 
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Figure 1.15 AO Classification of non-union (McKee) (222) 

 

Well vascularised non-union: 

 

A: Hypertrophic non-union (elephant foot) with some stability & callus 

B: Hypertrophic non-union (horse hoof) with less stability & less callus 

C: Atrophic non-union, marked instability & consequent absorption leading to rounded bone 

ends 

 

Avascular non-union: 

 

A: Devitalised immediately post-trauma 

B: Months later intermediate fragments have healed by callus 

C: After several years the non-union persists.
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Figure 1.16 Paley Classification of tibial non-union (1989)(225) 

 

Group A: No bone loss (less than 1cm) 

 

 

 

A1- Lax  

A2- Stiff: 

A2.1- Stiff, no deformity 

A2.2- Stiff, fixed deformity 

 

 

Group B: Associated bone loss 

 

 

 

B1- No shortening with bone loss 

B2- Shortening, no deformity 

B3- Defect & shortening 
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1.7.3 Non-union terminology 

There are four terms used extensively in the literature when describing non-

unions, atrophic, hypertrophic, oligotrophic and pseudarthrosis, they are based 

on radiographic descriptions. Over time in the literature there has been 

confusion and overlap regarding the use of the terms atrophic, avascular and 

pseudarthrosis. Below are listed a variety of descriptions used in conjunction 

with different types of non-union. 

 

Atrophic: 

A state of non-union where there is no callus formation  

There is no gap infilling between the bone ends with mineralised tissue  

A non-union with no blood supply 

Pencil shaped bone ends 

Rounded off bone ends 

Failure to heal due to adverse biological conditions 

 

Hypertrophic:  

Non-union where callus is in abundance but not bridge the gap  

Callus does not provide structural integrity to the fracture site 

Poor mechanical environment 

Elephant’s foot shaped bone ends 

Horse’s hoof shaped bone ends 

Well vascularised 

 

Oligotrophic: 

Some attempt to heal 

Small amount of callus 

Vascular 
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Pseudarthrosis: 

A fluid filled cavity and synovial-type membrane at the NU site  

Long-standing atrophic non-union 

Vascularised 

False joint 

Non-union 

 

Many of the terms originated from the German literature and where 

‘pseudarthrosis’ had once meant a non-union “covered by cartilage, shut off 

from the medullary canal as by a lid and joined by a ‘joint capsule’ ”(223), 

Weber and Čech go on to acknowledge that by the time of publication (1976) 

‘pseudarthrosis’ applied to all types of non-union although some authors today 

still use considerate it separately from hypertrophic non-unions with abundant 

callus. 

 

In the current literature there is evidence to suggest that atrophic non-unions 

(as defined radiographically) are vascular(91), in the AO classification atrophic 

non-unions fall into the vascular category but in the older more established 

Weber and Čech classification they do not. The cause for this change may be 

twofold, both due to increasing scientific knowledge of non-union at a 

microscopic and molecular level and secondly because those cases which Weber 

and Čech would have described as oligotrophic (a term that has fallen into 

disuse and rarely mentioned in contemporary studies) and vascular are now 

being labeled as atrophic (but vascular). It is not surprising that the difference 

between atrophic and oligotrophic has been lost over the years and discerning 

between the two types as originally defined is no longer clear, accessing the 

unmodified original Weber and Čech description is not easy, it was published in 

a book in German in the 1970’s and translated into English(223) around the 

same time, the original authors do not appear to have ever published their 

classification in English thereafter in any journal and the book is long out of 
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print and only available at a few select reference libraries (eg The British 

Library).  

 

Weber (without Čech) does refer to the classification in a more recent paper in 

1981(226) but at this point the description with the images almost contradicts 

the original (oligotrophic is not mentioned and atrophic is placed in the vital 

subgroup), since then the classification has been reproduced several times but 

inaccurately so and quite possibly due to the change in description in the 

subsequent Weber paper (226).  

 

With the introduction of the AO classification(222) of non-union in which the 

oligotrophic subtype was removed entirely and the atrophic subtype placed in 

the vascular non-union group it will not be surprising that many studies in the 

future find ‘atrophic’ non-unions to be vascular where they may have previously 

been labeled oligotrophic and that the confusion between atrophic and 

oligotrophic increases.  

 

The ability to determine viability/ vascularity based on radiographs alone has 

not been tested however dynamic contrast-enhanced MRI, which can assess 

tissue microcirculation, has recently been shown to be a promising tool in the 

assessment of vascularity of non-union(216) and may aid classification in the 

future.  

 

1.7.4 Flaws in the current non-union classification systems 

Aside from the confusion regarding the correct definition of the terms used the 

major flaw that all these classifications have is that they are based on 

radiographic interpretation alone (with the exception of Paley who’s 

classification is for the tibia only). This makes them simple, easier to remember 

and easier to describe to others but does not aid in decision-making or 

management. Non-union is a complex pathology with multiple potential causes 
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and influencing factors including the status of the host (smoking, medication 

etc), the status of the soft tissues and the mechanical environment of the non-

union, none of which are taken into account in the above classifications.  

 

1.7.5 Recent developments in classification 

More recently a novel classification has been devised that does take these 

factors into consideration(227), it is a scoring system out of 100, the higher the 

score the more complex the case, there are 3 main components; the quality of 

the bone, the soft tissues and the health status of the patient. It is a complex 

scoring system that would take time and in depth knowledge of the case to 

complete but has the advantage of considering important factors that cannot be 

judged by radiograph alone. The emphasis as to which components get the 

highest weighting is also debatable, for example a smoker gains an extra 12 

points irrespective of whether they smoke 1 or 40 per day whereas very poor 

necrotic bone gains at worst a score of 6 and NSAID use a score of 2. Having 

calculated a patient score the paper then goes on to recommend a graduated 

treatment plan depending on the score (out of 100).  

Score Recommendation 

0-25 Standard care 

25-50 Specialist management 

50-75 Specialist management and 

specialist treatment 

>75 Consider amputation 

Figure 1.17 Treatment for NU according to NU score (Calori et al(227)) 
 

There is no expansion within the paper as to what defines standard or specialist 

care or the difference between management and care although a subsequent 

paper with the same senior author provides more detail(228). 
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There has only been one independent publication so far validating the 

classification(229), a retrospective analysis of 40 patients with lower limb non-

union. The paper found 100% correlation between the recommendations of the 

paper and the actual management that was undertaken for the patients. 

However this was when the scores 25-50 and 50-75 were combined as the 

validating authors were uncertain of what the differentiation was between the 

two groups, given this the scoring system is probably too generalised as the 

classification states that those very straightforward (low scoring) patients with 

a ‘simple’ non-union only require a simple procedure and those with an 

irretrievable situation and thus scoring very highly would likely benefit from an 

amputation, leaving the majority, 33 of the 40, patients in the middle category. If 

all patients fall into the same category then the classification is not specific 

enough and the benefits for the purpose of management decision-making are 

entirely lost.  

 

A paper validating the classification from the same authors that designed it has 

recently been published(228). It has clarified the four subgroups and its 

recommendations for the middle two groups of patients and confirmed that the 

outcome of the non-union treatment was between 82-87% success rate. 

However it is not clear from the (retrospective) paper whether the score 

influenced the choice of management in the first instance. 
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Figure 1.18 Non-union scoring system, Calori et al(227) 

 

 

N.B. There were 2 typing errors when the classification was published 

(acknowledged by the corresponding author but not corrected in print). The 

‘bone alignment’ and ‘adequacy of primary surgery’ have been scored inversely. 
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It is not clear in subsequent studies(229) that have used this scoring system as 

to whether they have noted and accounted for the error. 

 

To date there have been no other classification systems of non-union published 

in peer review literature that incorporate other factors such as patient 

comorbidities and initial fracture personality and management, as illustrated by 

the classification above it is a challenge to include relevant risk factors without 

making the classification too complicated to apply easily or with insufficient 

sensitivity. It may be that by introducing a different imaging modality such as 

dynamic contrast-enhanced (DCE) MRI(216) in addition to radiographs and 

patient factors that a more simplified classification can be devised. This 

however will be dependant upon DCE MRI access become more commonplace 

in the future. 
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1.8. Conclusion 

 

Fracture healing is a complex process of simultaneous and stepwise interactions 

between cells by means of growth factors and other hormones in order to 

produce new osteoid and recreate structural integrity. The healing process can 

be delayed or prevented by an inappropriate biological or mechanical 

environment (or both) either locally or generally.  

 

Identifying which factors are contributing to the cause of the pathology is an 

appropriate method for non-union classification and is vital in determining the 

best method for treatment. At present there is room for confusion when 

classifying fracture non-unions using the conventional classifications available. 

The need for a user-friendly system that includes all aspects of the pathology, 

not just that seen radiographically, is required. 
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Chapter 2 

2. The incidence of non-union in a national population 
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2.1. Introduction 

 

Injury as a contributor to the global burden of disease is becoming increasingly 

recognised as a significant player(230-233). Non-union is one of the most 

devastating and costly complications of orthopaedic trauma yet data regarding 

the incidence of non-union has been extrapolated from studies of small 

populations generally focusing on specific regions of the body(234).  

 

There is no reliable data in the literature stating the incidence of non-union in a 

population; knowledge of this would not only benefit global trauma figures but 

more so in the UK where health service provision planning is currently 

undergoing extensive restructuring. It would be beneficial for the NHS to know 

the incidence of non-union within a large UK population. It would also be useful 

to know the incidence of non-union per fracture in order to provide appropriate 

funding and provision of a limb reconstruction service in each health care trust. 
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2.2. Aims 

 

The aim of this study was to determine the frequency of fracture non-union of 

both children and adults in a large population. 

 

Specifically to: 

Calculate the size of the Scottish population between 2005 and 2010 according 

to age and sex distribution. 

 

Calculate the incidence of non-unions in Scotland over a 5-year period (2005- 

2010). 

 

Calculate the incidence of non-union per fracture in Scotland between 2005- 

2010. 
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2.3. Official population statistics for Scotland 

2.3.1 Aim 

 

To calculate the size of the Scottish population and identify any major changes 

between 2005 and 2010 according to age and sex distribution in order to have a 

reliable denominator for the incidence of non-union in Scotland. 

 

2.3.2 Method 

 

Each year the registrar general for Scotland publishes a mid year report of 

population size by age (5 year age groups), sex, geographic and health board 

distribution. These figures are available on their website (http://www.gro-

scotland.gov.uk). 

 

2.3.3 Results  

 

The mean population size in Scotland between 2005 and 2010 was 5,169,140 

(range 5,116,900- 5,222,100) with a small sequential increase in the overall 

population (2.06% in 5 years) and an underlying gradual and small decline in 

the paediatric population by 1.7%. The mean 5-year population size for adults 

was 4,317,196 and 854,639 for children aged 14 years and under (figures 2.1- 

2.6). 

 

http://www.gro-scotland.gov.uk/
http://www.gro-scotland.gov.uk/
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Figure 2.1 Mean population size of Scotland 2005- 2010 

 
 

 

Over the 5-year period there were no large changes in the annual population 

demographics according to age and sex in Scotland (figures 2.2- 2.5). The 

pattern was of a small rise in population size through childhood and teenage 

years with a decline in the third decade followed by a sharp rise in population 

size in the fourth decade, the population number peaked in the 40-44 year age 

group with a mean size of approximately 400,000. The decline in population 

number was fairly steady and linear thereafter. 
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Figure 2.2 Adult male population size of Scotland 2005-2010 

 
 
 

 
Figure 2.3 Adult female population size of Scotland 2005-2010 
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Figure 2.4 Paediatric male population size of Scotland 2005-2010 

 
 
 

 
Figure 2.5 Paediatric female population size of Scotland 2005-2010 

 

 

The balance between males and females within the population was fairly evenly 

balanced. There were marginally more young men than women up to the 30-34 

year age group, from the age of 35 years and up there were consistently more 
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females than males. In the 35-49 year age group the gap became wider, 

narrowing down in the 50-64 age group before becoming increasingly wider in 

those 65 years and older due to the life expectancy of women being greater than 

that in men. 

 

 

 
Figure 2.6 Mean 5 year (2005- 2010) population pyramid 

 
 

2.3.4 Discussion 

Over the 5-year period between 2005 and 2010 the population of Scotland 

(both adult and paediatric) remained stable according to age and sex. The 

population demographic peaks in the fourth decade with steady continuous 

decline from the sixth decade onward due to increasing mortality rates with 

increasing age. 
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2.4. The incidence of non-union in Scotland 

 

2.4.1 Aim  

To calculate the incidence of non-union in the Scottish population (adults and 

children). 

 

2.4.2 Method 

Every patient in Scotland has a unique identification code known as a CHI 

number (community health index). In Scotland when a person is admitted to 

hospital it is mandatory to record this inpatient event, it occurs on the patients’ 

discharge from the hospital. Part of the information recorded are one or two 

codes; the diagnosis according to ICD-10 classification (see below) and where 

relevant the operation performed (OPCS-4 codes) e.g. appendicectomy. and the 

coding is performed by a group of specialist coding staff who are trained to 

work within particular specialties e.g. orthopaedics and study each patient’s 

records to provide the correct code.  

 

The International Classification of Diseases is a classification system that is used 

across the world to classify diseases and other health pathologies. It is endorsed 

by the World Health Organisation and currently in its 10th edition (ICD-10), the 

current edition can be found in English at this website; 

http://www.who.int/classifications/icd/en.  

 

Within NHS Scotland there is a department, Information Services Division (ISD 

Scotland), based in Edinburgh that collects all of the coding data 

(http://www.isdscotland.org). It is possible to request the ICD-10 for the whole 

of Scotland by year, age, sex and health board. 

 

http://www.who.int/classifications/icd/en
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Unfortunately in the coding of non-unions the ICD-10 classification only sub-

classified to the anatomical region (fifth digit) and not the specific bone or area 

of the bone (sixth digit) as it does for fractures. For example both a femoral non-

union and pelvic non-union were coded as M84.15. 

 

 For this research M84.18 and M84.19 (‘other’ and ‘site unspecified’) have been 

included in the overall numbers where appropriate but not studied in any 

detail. The ‘other’ group M84.18 predominantly incorporated the axial skeleton 

(spine/ skull/ ribs) and will be predominantly non-unions secondary to spinal 

fusion surgery. The ‘site unspecified’ label M84.19 was used when the coding 

analyst was unable to clarify from the patient notes the site of the non-union. 

 

An additional classification ‘no additional detail’ is also used by the ISD Scotland 

coding department, this is not an official ICD-10 code but is used when the fifth 

digit has not been provided by the analyst doing the coding, i.e. only M84.1 has 

been entered. This may occur when the anatomical site of the non-union does 

not fit any of the M84.10- M84.18 non-union codes, for example non-union of 

the patella has not been listed in the ICD-10 coding guidelines, it may then fall 

into this ‘no additional detail’ category. 
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ICD-10 coding:  

M84- Disorders of continuity of the bone (three digits) 

M84.1- Non-union of fracture (four digits) 

M84.1…- sub classification by site (five digits): 

 
ICD-10 code Site of Non-union Bones included 

M84.10 Multiple site All 

M84.11 Shoulder region Clavicle 
Scapula 

M84.12 Upper arm Humerus 

M84.13 Forearm Radius 
Ulna 

M84.14 Hand Carpal bones 
Metacarpals 
Phalanges 

M84.15 Pelvic region & thigh Femur 
Pelvis 
Sacrum 

M84.16 Lower leg Tibia 
Fibula 

M84.17 Ankle & foot Ankle 
Tarsal bones 
Metatarsals 
Phalanges 

M84.18 Other Head 
Neck 
Ribs 
Vertebrae 

M84.19 Site unspecified  

Table 2.1 ICD-10 Coding format 
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2.4.3 Results: The incidence of non-union in adults 

The total number of non-unions recorded in Scotland over the 5 year period 

was 4895, giving an over all incidence of 18.94 non-unions per 100,000 

population per annum. The results have been divided into adult and paediatric 

sections, the paediatric results have been included in two of the adult charts 

(figures 2.7 and 2.8) to fully illustrate the pattern of numbers and incidence 

according to age. 

 

There were 4715 adult patients recorded with non-unions between 2005 and 

2010 in Scotland, this translates into an overall incidence of 21.8 non-unions 

per 100,00 adults; 17.9 per 100,000 females and 26.11 per 100,000 males. 

 
 

 Non-union numbers over 5 years Incidence of NU/ 100,000 
population/ annum 

Year Female Male Total Female Male Total 

2005/06 392 596 988 17.58 29.19 23.19 

2006/07 406 544 950 18.10 26.54 22.13 

2007/08 403 548 951 17.88 26.54 22.02 

2008/09 415 511 926 18.33 24.57 21.32 

2009/10 401 499 900 17.62 23.82 20.59 

5 yr mean 403.4 539.6 943 17.90 26.11 21.84 

Table 2.2 Five year results of non-union numbers and incidence 
 

The incidence of non-union in women has remained fairly constant over the 5 

year period, in males it has dropped. The acutal number has fallen by 16.3% 

despite a 3.1% rise in the male population number from 2.03 million to 2.09 

million resulting in an 18% reduction in the incidence of non-union in male 

adults. This reduction has lead to the gap between males and females closing, in 

2005/06 NU in males was 66% higher than in females, by 2009/10 it was only 

35% higher. 
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Age and sex distribution 

Figures below display the pattern of non-union according to age and sex (tables 

2.3 and 2.4, figures 2.7 and 2.8). The raw numbers alone demonstrate that the 

overall number of non-unions peak in early adulthood and then gradually 

decline, however when divided by gender, the male pattern follows the overall 

trend but the female pattern does not, with a small number in the younger years 

and a constant gradual increase until peaking in the seventh/ eight decade of 

life before decreasing in number again. 

 

 
Age groups 

15-24 25-34 35-44 45-54 55-64 65-74 75-84 85+ Total 
Female 113 162 241 316 345 382 333 125 2017 
Male 505 594 560 404 310 188 117 20 2698 
Both M & F 618 756 801 720 655 570 450 145 4715 

Table 2.3 Numbers of non-union according to age and sex 
 

 Age groups 
 15-24 25-34 35-44 45-54 55-64 65-74 75-84 85+ Total 
Female 6.79 10.13 12.18 16.55 21.13 30.53 38.01 35.28 17.90 
Male 29.17 37.16 30.63 22.46 19.93 17.58 19.88 13.36 26.14 
Both M & F 18.20 23.65 21.04 19.41 20.54 24.57 30.74 28.77 21.84 

Table 2.4 Incidence of non-union according to age and sex 
 

 
Figure 2.7 Numbers of non-union according to age and sex 
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Figure 2.8 Incidence of non-union according to age and sex 

 
 

The pattern of non-union with age (with both sexes considered together) 

greatly differed between the raw numbers and the incidence (figures 2.7 and 

2.8), actual numbers fall with increasing age but the incidence rises. There was a 

sharp rise in incidence in the second and third decade followed by a plateau (at 

around 20 non-unions per 100,000 population per annum) until the eighth 

decade with a second increase in incidence and a final plateau was observed in 

the very elderly (75yrs and over) at just under 30 non-unions per 100,000 per 

year. 

 

When the incidence data was separated into male and female, the male pattern 

was similar to that of the raw figures. The males had a high peak incidence in 

the early adult years (25-29 year olds) with an incidence of just over 40 non-

unions per 100,000, several fold greater than in the females, followed by a 

continuous gradual decline from the age of 25 years in the 50-59 year age group 

the incidence of non-union was the same in both sexes but there after the 

decline in male non-union continued, with a second but much smaller peak in 
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the eight decade. In the female population the non-union incidence steadily rose 

from childhood to the end of the eighth decade where it peaked and then fell 

away sharply. The greatest  was in the 65-79 year age groups (double that of the 

male  incidence) followed by a sharp drop off thereafter. 

 

Anatomical distribution 

The graph (figure 2.9) and tables (2.5 and 2.6) below illustrate the anatomical 

distribution of non-union in the adult population. The upper limb was a more 

frequent site for non-union than the lower limb (12.5 v 7.8 non-unions per 

100,000 adults) with non-union in multiple sites being very unusual (0.06 per 

100,000 population). Specific site coding was not available for 5% of cases. 

 

By far the most frequent site for non-union was the forearm (5.68/100,000), 

particularly in the younger age groups, peaking at over 10 per 100,000 

population and falling to around 3/100,000 from 45 years of age. The site with 

the lowest frequency of non-union (excluding the non specific categories) was 

in the hand (despite including the scaphoid) with an over all incidence of 

around 1 per 100,000 but with higher rates in the young adult population. 
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Figure 2.9 Anatomical distribution of non-union 
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Age group 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75-79 80-84 85+ Total 

Shoulder Region 15 44 47 45 64 54 57 75 39 40 37 32 21 17 7 594 

Upper arm 8 13 20 24 34 35 51 70 63 74 65 89 86 61 31 724 

Forearm 109 155 171 116 126 117 72 55 39 56 37 36 33 16 9 1147 

Hand 36 54 30 21 18 26 17 12 8 8 4 1 3 0 0 238 

Pelvis & femur 5 13 20 11 27 38 40 24 50 48 47 74 63 49 63 572 

Lower leg 28 42 67 52 71 66 66 39 63 38 28 28 19 13 17 637 

Ankle & foot 26 27 42 43 42 28 55 46 40 38 24 19 23 11 7 471 

Axial skeleton 2 10 3 0 3 10 8 2 3 9 5 16 7 4 6 88 

Multiple sites 1 2 1 0 2 0 3 0 0 1 1 0 1 0 0 12 

Site unspecified 1 0 0 1 1 0 1 1 0 3 0 0 0 2 0 10 

No addition detail 13 14 23 19 19 20 12 14 18 17 13 14 13 8 5 222 

Total 244 374 424 332 407 394 382 338 323 332 261 309 269 181 145 4715 
Table 2.5 Non-union numbers for Scotland 2005- 2010 according to age and anatomical distribution. 

 
Age group 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75-79 80-84 85+ Total 

Shoulder Region 0.92 2.50 2.83 2.93 3.54 2.70 2.92 4.28 2.37 2.60 2.98 2.97 2.43 2.83 1.39 2.75 

Upper arm 0.49 0.74 1.20 1.56 1.88 1.75 2.61 3.99 3.82 4.80 5.23 8.26 9.96 10.16 6.15 3.35 

Forearm 6.66 8.81 10.29 7.56 6.98 5.85 3.68 3.14 2.37 3.63 2.98 3.34 3.82 2.67 1.79 5.31 

Hand 2.20 3.07 1.81 1.37 1.00 1.30 0.87 0.68 0.49 0.52 0.32 0.09 0.35 0.00 0.00 1.10 

Pelvis & femur 0.31 0.74 1.20 0.72 1.49 1.90 2.05 1.37 3.03 3.12 3.78 6.86 7.30 8.16 12.50 2.65 

Lower leg 1.71 2.39 4.03 3.39 3.93 3.30 3.38 2.22 3.82 2.47 2.25 2.60 2.20 2.17 3.37 2.95 

Ankle & foot 1.59 1.53 2.53 2.80 2.33 1.40 2.81 2.62 2.43 2.47 1.93 1.76 2.66 1.83 1.39 2.18 

Axial skeleton 0.12 0.57 0.18 0.00 0.17 0.50 0.41 0.11 0.18 0.58 0.40 1.48 0.81 0.67 1.19 0.41 

Multiple sites 0.06 0.11 0.06 0.00 0.11 0.00 0.15 0.00 0.00 0.06 0.08 0.00 0.12 0.00 0.00 0.06 

Site unspecified 0.06 0.00 0.00 0.07 0.06 0.00 0.05 0.06 0.00 0.19 0.00 0.00 0.00 0.33 0.00 0.05 
No addition 
detail 0.79 0.80 1.38 1.24 1.05 1.00 0.61 0.80 1.09 1.10 1.05 1.30 1.51 1.33 0.99 1.03 

Total 14.92 21.25 25.51 21.62 22.53 19.69 19.54 19.27 19.60 21.55 21.01 28.66 31.15 30.16 28.77 21.84 
Table 2.6 Incidence of non-union per 100,000 population per year according to age and anatomical distribution. 
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The incidence of non-union in the upper limb had a bimodal distribution with a 

peak at both ends of the age spectrum and dipping between the ages of 45- 65 

years, whereas non-union of the lower limb steadily increased with age. When 

these are further sub-classified anatomically it was predominantly the forearm 

accounting for the non-union peak in the young adults and the humeral non-

unions accounting for the peak in the more elderly population (figure 2.9, tables 

2.5 and 2.6). Non-union of the clavicle (and scapula) is fairly even across the age 

groups. The hand follows a similar pattern to that of the forearm (with a young 

adult peak) but at a far lower incidence. In the lower limb the tibia/ fibula and 

foot/ ankle have a similar pattern with a relatively constant rate of incidence 

across the age spectrum, decreasing slightly in the older age groups. Pelvic and 

femoral non-union rises dramatically and continuously from the age of 55 years 

and upwards. 

 

 
Figure 2.10 Non-union incidence of the upper and lower limb 
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Figure 2.11 Non-union incidence in the lower limb 

 
 
 

 
Figure 2.12 Non-union incidence in the upper limb 
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Figure 2.13 Male/ female distribution of non-union in the upper and lower limbs 

 

 

When the distribution of non-union in the upper and lower extremities were 

compared between the sexes they were fairly consistent; in the males for both 

the upper and lower limb there was a peak of non-union in early adulthood with 

a gradual decline through the decades and a small peak of non-union in the 

lower limb in the 75-79 age group. In the females there was a steady rise in 

incidence in both the lower limb and upper limb, peaking in the 75-79 year age 

group. 

 

The figures (2.14 and 2.15) below illustrate how the shift moves from 

predominanalty lower limb tibial non-union in the young men to femoral non-

union in the elderly female age groups and in the upper limb from forearm non-

unions in young to middle aged men to the humerii of elderly women. 
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Figure 2.14 Population pyramid of lower limb non-union in males and females 

 

 
Figure 2.15 Population pyramid of upper limb non-union in males and females 
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2.4.4 Results: The incidence of non-union in children 

 

Between 2005 and 2010 there were 180 non-unions treated in children (under 

the age of 15 years), 71 (39.4%) in girls and 109 in boys (60.6%). The 5-year 

mean annual population of children in Scotland was just under 855,000 (5 year 

range 850,206- 865,091), translating into an incidence of 4.21 non-unions per 

100,000 children (<15years) per annum. Overall the incidence of non-union in 

children was very low, less than 1 in 20,000, more than five times less frequent 

than in the adult population. 

 

 Age (yrs) Female (n) Male (n) Total (n) 
0-4 9 22 31 
5-9yrs 34 36 70 
10-14yrs 28 51 79 
0-14yrs 71 109 180 

Table 2.7 Five year total numbers of non-union cases in children (2005- 2010) 
 
 
 
 Age (yrs) Female Male Total 
0-4 1.34 3.11 2.25 
5-9 5.07 5.11 5.09 
10-14 3.78 6.57 5.21 
0-14 3.40 4.98 4.21 

Table 2.8 Incidence of non-union  per 100,000 children per annum 
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Age and sex distribution of non-union in children 

In school age children the incidence of non-union was around 1 in 20,000 and 

under the age of 5 years old the incidence was very unusual, 6 cases per year, 

which translates into approximately 1 case per 50,000 children. When this was 

categorised according to sex, the incidence was twice as common in boys than 

girls in those under the age of 5 years and over the age of 9 years, the 5-9 year 

old age group had the same incidence independent of gender. 

 

 

 

Figure 2.16 The incidence of non-union in children 
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Anatomical distribution of non-union in children 

The tables (2.9 and 2.10) below display the figures both as raw data and as an 

incidence within the population. The most frequent site for non-union at all ages 

was in the forearm, the second most frequent site was the tibia, together these 

accounted for 63.4% of all the cases. 16% of the non-union cases in children did 

not have their site coded. It is not clear despite discussion with staff at ISD why 

this occurred. There were no recorded non-unions in the spine or at multiple 

sites.  When these figures were calculated as incidences within the paediatric 

population the figures were very small. The highest incidence at a single site in a 

single age group was the forearm with a risk of 1 in 37,000 children aged 5-9 

years old. 

 

 

Site 
Age Groups 

0-4yrs (n) 5-9yrs (n) 10-14yrs (n) Total (n) 
Clavicle & scapula 0 0 2 2 
Humerus  4 4 2 10 
Forearm 13 38 28 79 
Hand 0 0 3 3 
Pelvis & femur 1 2 4 7 
Tibia & fibula 5 8 22 35 
Ankle & Foot 0 4 11 15 
Multiple Sites 8 14 7 29 
No Additional Detail 0 0 0 0 
Other 0 0 0 0 
Site unspecified 0 0 0 0 
Total 31 70 79 180 

Table 2.9 Raw numbers of non-union in all Scottish children (2005-2010) 
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Site 
Age Groups 

0-4yrs (n) 5-9yrs (n) 10-14yrs (n) Total (n) 
Site 0-4 5-9 10-14 Total  
Clavicle & scapula 0.00 0.00 0.13 0.05 
Humerus  0.29 0.29 0.13 0.23 
Forearm 0.94 2.76 1.85 1.85 
Hand 0.00 0.00 0.20 0.07 
Pelvis & femur 0.07 0.15 0.26 0.16 
Tibia & fibula 0.36 0.58 1.45 0.82 
Ankle & Foot 0.00 0.29 0.73 0.35 
Multiple Sites 0.00 0.00 0.00 0.00 
No Additional Detail 0.58 1.02 0.46 0.68 
Other 0.00 0.00 0.00 0.00 
Site unspecified 0.00 0.00 0.00 0.00 
Total 2.25 5.09 5.21 4.21 

Table 2.10 Incidence of non-union per annum per 100,000 children 
 

 
Figure 2.17 Anatomical distribution of non-union in children 

 
 
Figure 2.17 illustrates how, when compared to the older teenage category, non-

union of the forearm was almost the only site of non-union in children up to the 

age of 14 years. Then in the older age group the number of clavicle and humeral 

non-unions dramatically increased, overtaking that of the forearm (figure 2.18). 

In the lower limb, tibial (and fibula non-union) was the predominant site 
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throughout childhood until 15-19 years when the incidence of femoral/ pelvic 

non-union sharply increased (figure 2.19). 

 

 
Figure 2.18 Incidence of non-union of the upper limb in children 

 
 

 
Figure 2.19 Incidence of non-union of the lower limb in children 

 

2.4.5 Discussion: The incidence of non-union in adults 

The overall incidence of non-union was 21.8 non-unions per 100,000 adults, 

17.9 per 100,000 females and 26.11 per 100,000 males. There has been a 
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decreasing trend in the male figues between 2005 and 2010 a longer study 

period is required to know whether it is of significance or not. 

 

The overall distribution pattern was unimodal in females and bimodal, with a 

smaller second peak, in males. This pattern has previously been described for 

fresh fractures (107) where there is a male predisposition to fractures in the 

younger years and then osteopaenia related fractures in the older years, in both 

males and females. It is likely that the trends in the rate of non-union follow the 

trends in fracture incidence. The finding that there were 60% more non-unions 

in the upper limb compared to that of the lower limb is again likely to be 

explained by there being a greater number of fractures sustained to the upper 

limb than lower limb(7). 

 

Other studies of fracture non-union analyse much smaller patient cohorts and 

have generally been focused on specific anatomical areas eg the tibia or on 

specific methods of fracture management e.g. intramedullary nail v external 

fixator. The many variables between the studies such as whether the initial 

injury was open or closed or treated operatively or conservatively makes it 

difficult to compare their results directly either between the studies or with the 

findings reported in this thesis. For instance, a study of clavicle fractures 

reported an incidence of 1.54/ 100,000 per annum which is almost half of the 

incidence observed from the current data (2.76/100,000 per annum)(235); an 

incidence of 1.1/ 100,000 pa has been quoted for non-union in the 

humerus(236) and 1.89/100,000 per annum in closed tibial fractures(237). 

Both of these figures are also lower than the incidences of non-union observed 

in this thesis (3.4/100,000 for the humerus and 3.1/100,000 for the tibia). The 

lower incidences in the literature could be accounted for by (1) the relatively 

small numbers in the studies in the literature, (2) an under estimate of the 

numbers of non-unions or (3) an over estimate of the catchment area. 

 

When considering non-union as a complication of a large population rather than 

a smaller more specific cohort the figures will be influenced by many factors. 
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For a given population these will include the incidence of fractures, the nature 

of the injuries (for example the non-union rate in the tibia is influenced by 

whether they high energy open fractures or low energy fractures(237)) which 

in turn may be determined by the health and safety legislation, transport safety 

and proportion of manual labourers for a given population. The access to good 

health care provisions and adequacy of the fracture management and the local 

infection rates will also contribute to poor fracture healing and thus higher 

rates of non-union. The general health of the nation regarding their ‘host’ 

factors such as smoking and diabetes and usage of non-steroidal anti-

inflammatories, all known to inhibit bone healing, may potentially influence the 

rate of non-union within a population. 

 

The data used in this thesis for the number of non-unions is unlikely to be an 

over estimate, but it is possible that these results are an under estimation of the 

true figure of non-union: If the patient had not had an admission for the non-

union and therefore not been assigned a code they will have not been included 

in the data. This may have occurred either because the non-union was relatively 

asymptomatic e.g. in a metatarsal and the person had not sought diagnosis or 

treatment or because the invasiveness of the procedure to cure the non-union 

outweighed the benefits to the patient. This might be more frequent in the 

elderly who have a higher rate of comorbidities and potential for complications 

from anaesthesia, prolonged immobilisation and hospitalisation. However by 

the ISD coding provided a realistic representation of the number of non-unions 

requiring intervention. 

 

The ISD coding was validated by the study of 100 consecutive non-union 

patients (see chapter 3), their ICD-10 codes were crossed matched against their 

diagnosis and found to be 98% accurate. Cases of non-union are generally 

unambiguous, being a complex problem they are managed by consultants rather 

than junior staff and the diagnosis is made and discussed fairly extensively with 

the patient and recorded as such in the patient notes therefor the risk of 

inappropriate coding is low. 
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The data reported in this thesis therefore provides figures from which health 

boards can plan their service provision and researchers their clinical trials 

regarding non-union and limb reconstruction. 

2.4.6 Discussion: The incidence of non-union in children 

The overall incidence of non-union calculated in children was very low; under 

the age of 5 years it was one case for every 44,000 children, between the age of 

5 and 14 years it was one case for every 19,000 -20,000 children. 

 

The incidence in boys was twice that of girls in early childhood and early 

adolescence and the forearm was the most frequent site for a non-union, 

however with increasing age the lower leg became a more frequent site to 

develop a non-union. As children are relatively healthier than adults with a 

lower risk of developing non-union these non-union trends were likely to be 

related to the frequency of fractures sustained in different specific anatomical 

areas and likewise that boys were more prone to fractures than girls. This will 

be explored later in the chapter. 

 

There are not many papers in the literature regarding paediatric long bone non-

union, Arslan(238) et al reported 26 non-unions with an average age of nine 

years, predominately in the lower limb (22 lower and 4 upper limb). A 

consecutive series of 43 paediatric non-unions over a 15 year period was 

published in 2009, Shrader(239) et al found more NU’s in the upper limb, 

especially in boys, with an average age of 9 years. Lewallen(240) et al published 

a series of 30 paediatric non-unions over a 10 year period with a male lower 

limb predominance, peaking at 13 years of age. Unfortunately none of these 

studies compared their non-union numbers to their population size or fracture 

numbers. Previous studies involving open tibial fractures in children(241, 242) 

have suggested that non-union was age related and in their cohort did not occur 
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under the age of 6 years. In this thesis, those younger than 4 years had the 

lowest risk.  

 

Given the scarcity of non-union in children, estimates of the incidence of non-

union derived from case series will be even more prone to error. This large 

population study is the first to provide figures for the rates of non-union for 

children.  

 

2.4.7 Conclusion 

The overall incidence of non-union in the adult population was 22 per 100,000 

population. It was slightly lower than the mean in females and higher in males 

with a greater number occurring in the upper limb compared to the lower limb, 

these results most likely reflect the greater number of fractures that occur in 

males and in the upper limb generally. These findings are higher than numbers 

previously cited. In children non-union was found to be rare, there are no other 

population figures available in the literature for comparison. 
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2.5. The incidence of fractures in Scotland 

2.5.1 Aim 

To determine the incidence of fractures in the Scottish population to enable the 

calculation of the incidence of non-union per fracture. 

 

2.5.2 Method: Adults 

ICD-10 coding for fractures was available upon request from ISD Scotland in the 

same format that it was for non-unions but with more detail, including the 

hospitals at which the patients were treated. 

 

The major issue with collecting the fracture data using this method was that it 

did not account for the majority of fractures -those that were treated as an 

outpatient and seen in fracture clinics. In order to over come this problem of 

determining the total patient numbers from inpatient numbers a ratio of 

inpatient fractures to total fracture numbers was calculated.  

 

In 2007/2008 a prospective study, as part of an MD thesis(7) was under taken 

looking at all the acute fractures (excluding spinal fractures) that were treated 

in Lothian, a well defined region and population in Scotland, in the second 

largest health board in Scotland. The benefit that this population offered was 

that there was only one hospital, Edinburgh Royal Infirmary (ERI), offering 

acute orthopaedic inpatient and outpatient services for the Lothian region 

(excluding West Lothian) making the collection of data more straightforward 

and manageable as all fractures are being dealt with by the same unit (with the 

exception of some hand fractures managed by the plastic surgeons which is 

discussed below). Unfortunately the data had not been collected in such a way 

that inpatients and outpatients could be differentiated between. 
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The ISD fracture data for Edinburgh Royal Infirmary alone (according to age/ 

sex/ anatomical location) was calculated as a ratio to the fracture data collected 

by Mr S Aitken and recorded in his thesis(7), also referred to as the ‘Lothian 

Study’. This ratio was then applied to all of the fractures recorded in Scotland by 

ISD. This ratio was termed the ‘Lothian Ratio’. 

 

However it became apparent when looking at the fracture data for the Lothian 

region hospital by hospital that several cases of fresh fractures were being 

recorded in hospitals other than the Edinburgh Royal Infirmary (ERI). 

Discussion with the coding and data analyst staff at ISD Scotland confirmed that 

patients who had sustained a fracture treated at ERI and were subsequently 

transferred to other hospitals for rehabilitation or short term care were coded a 

second time, as each admission including an inter-hospital transfer was coded.  

 

In order to overcome this issue of double counting patients a second ratio was 

calculated by dividing the number of fracture patients treated at the ERI 

(numerator) as calculated by ISD Scotland by the number of fracture patients in 

the Lothian region (denominator), this was named the ‘ISD Ratio’.  

 

By applying first the ISD ratio to exclude the duplicate patients and then the 

Lothian ratio to calculate the sum total of both inpatients (IP’s) and outpatients 

a more accurate figure of the number of fractures that had occurred in Scotland 

between 2005- 2010 was derived and an incidence could be calculated. 

 

The only exceptions to all the fractures being treated at ERI were: 

 

The head and spinal injuries were treated at the regional centre, the Western 

General Hospital, in Edinburgh (after any other concomitant fractures were 

fixed at the ERI), or at the national centre in Glasgow, thus axial fractures were 

not included in this part of the study. 
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Some of the metacarpal and phalangeal finger fractures from Lothian were 

managed by the Department of Plastic Surgery at a West Lothian hospital (St 

Johns). With the ISD coding available for each hospital it was possible to 

incorporate their numbers into the ratio and fracture calculations. 

 

 

2.5.3 Method: Children 

A simpler method was possible for the calculation of the paediatric fracture 

incidence. All the children’s fractures in Lothian (both inpatient and outpatient) 

were treated at a single institution, the Royal Hospital for Sick Children, 

Edinburgh (RHSC). A study of all the paediatric fractures in Edinburgh has been 

carried out(243) enabling a Lothian ratio, the same as performed for the adult 

fractures, to be calculated. An ISD ratio was not necessary, paediatric patients 

were not transferred onto other hospitals for further treatment or 

rehabilitation. Any rehab/ treatment required was carried out at the RHSC with 

the exception of spinal injuries that were transferred to Glasgow. The Lothian 

ratio was then applied to the ISD (inpatient) paediatric figures for Scotland to 

obtain an overall fracture incidence by age, sex and anatomical site. 
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2.5.4 Ratio Calculations 

 
Step 1: ISD ratio 

This calculation was done according to the site of injury and age of the patient. 

The closer to 1 the ratio is then the fewer pts were transferred, closer to 0.5 

represents more patients being transferred on from ERI. It was expected that 

the younger patients would be closer to 1.0 and the older patients closer to 0.5 

as they were more likely to have been transferred for rehabilitation.  

 

Calculating the ISD Ratio (to exclude the single patient multiple codings): 

 

All ERI inpatient fracture data + St Johns inpatient hand fracture data 

All Lothian inpatient fracture data 

  

i.e.   (table 2.11) 

        (table 2.12) 

 

Applying the ISD ratio to the ISD data for the whole of Scotland should provide a 

more corrected total inpatient number. 
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Anatomical Site 
Age Groups 

15-29 30-44 45-59 60-74 75+ Total 
Pelvis 188 126 128 233 779 1454 
Shoulder 187 146 136 93 157 719 
Upper Arm 127 165 281 415 757 1745 
Forearm 607 481 668 971 1109 3836 
Hands 985 549 298 166 194 2192 
Lower leg 503 456 388 335 366 2048 
Ankle 448 454 501 525 335 2263 
Femur 165 208 401 1385 4793 6952 
Foot 245 233 160 104 86 828 
Total 3455 2818 2961 4227 8576 22037 

Table 2.11 ISD raw data of fractures numbers (inpatient) recorded in the ERI and hand fractures 
from St Johns between 2005- 2010 

 

Anatomical Site 
Age Groups 

15-29 30-44 45-59 60-74 75+ Total 
Pelvis 226 154 149 322 1266 2117 
Shoulder 225 180 168 140 249 962 
Upper Arm 142 194 341 565 1223 2465 
Forearm 654 519 726 1119 1528 4546 
Hand 993 555 304 176 247 2275 
Lower leg 568 525 486 468 595 2642 
Ankle 460 496 544 629 519 2648 
Femur 183 239 499 1953 7309 10183 
Foot 275 264 197 140 148 1024 
Total 4719 3681 3718 5688 13331 31137 

Table 2.12 ISD raw data of the number of fractures (inpatients) recorded for Lothian between 
2005- 2010 

 

Anatomical Site 
Age Groups 

15-29 30-44 45-59 60-74 75+ Total 
Pelvis 0.83 0.82 0.86 0.72 0.62 0.69 
Shoulder 0.83 0.81 0.81 0.66 0.63 0.75 
Upper Arm 0.89 0.85 0.82 0.73 0.62 0.71 
Forearm 0.93 0.93 0.92 0.87 0.73 0.84 
Hands 0.99 0.99 0.98 0.94 0.79 0.96 
Lower leg 0.89 0.87 0.80 0.72 0.62 0.78 
Ankle 0.97 0.92 0.92 0.83 0.65 0.85 
Femur 0.90 0.87 0.80 0.71 0.66 0.68 
Foot 0.89 0.88 0.81 0.74 0.58 0.81 

Table 2.13 Resultant ISD ratio
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Step 2: Lothian Ratio 

This calculation again was done according to age and anatomical site of the 

fracture As a ratio of total patients to inpatients, the closer the figures above are 

to 1.0 the higher the proportion of inpatient admissions, the closer to 10.0 the 

results are the greater the number that were treated as an outpatient, the ratio 

number should be greater than 1.0 (ie more total fractures than inpatient 

fractures) and decrease with increasing age with the expectation that older 

patient and lower limb injuries would result in a larger proportion of the 

inpatient numbers.  

 

Calculating the Lothian ratio (to calculate the inpatient to total patient 

number ratio): 

 

Fracture number as recorded by local study (7) (table 2.14) 
ERI fracture numbers as recorded by ISD for 2007/08 (table 2.15) 
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Anatomical Site 
Age Groups 

0-14 15-29 30-44 45-59 60-74 75+ 
Pelvis 4.03 10.74 12.55 5.73 24.22 145.96 
Shoulder 147.22 82.58 42.52 48.31 44.81 106.35 
Humerus 193.61 28.87 35.55 94.98 208.31 496.28 
Forearm 828.89 241.69 156.13 215.35 438.43 777.78 
Hand 488.05 543.79 278.10 164.58 138.07 198.09 
Lower leg 92.77 59.08 41.12 46.67 59.35 98.00 
Ankle 70.59 91.97 84.34 135.10 178.04 125.11 
Femur 22.18 8.73 13.24 44.22 186.51 1486.75 
Foot 163.36 147.03 119.19 114.63 125.96 95.92 
Table 2.14 Calculation of the fracture incidence at the ERI and RHSC /100,000 pa according to local 

prospective studies(7, 243) 
 

Anatomical Site 
Age Groups 

0-14 15-29 30-44 45-59 60-74 75+ 
Pelvis 6.40 38.43 24.02 12.14 33.43 291.77 
Shoulder 5.53 22.83 16.93 17.89 20.06 58.35 
Upper arm 86.30 20.05 20.20 28.75 90.74 284.70 
Forearm 251.47 90.22 52.42 81.15 189.11 383.72 
Hand* 46.87 74.63 35.49 15.97 21.01 45.98 
Low Leg 58.46 57.92 52.42 41.53 68.77 116.71 
Ankle 6.92 50.12 44.77 65.17 114.61 114.94 
Femur 26.63 20.61 21.29 60.06 256.92 1641.00 
Foot 7.96 21.16 27.85 19.81 24.83 28.29 

Table 2.15 Calculation of the fracture incidence at the ERI and RHSC /100,000 pa based on 
prospective figures from ISD (inpatient) 

*Adult hand numbers also include St Johns. 

Anatomical Site 
Age Groups 

0-14 15-29 30-44 45-59 60-74 75+ Overall 
Pelvis  0.63 0.28 0.52 0.47 0.72 0.50 0.49 
Shoulder 26.60 3.62 2.51 2.70 2.23 1.82 2.68 
Humerus 2.24 1.44 1.76 3.30 2.30 1.74 2.07 
Forearm 3.30 2.68 2.98 2.65 2.32 2.03 2.47 
Hand 10.41 7.29 7.84 10.30 6.57 4.31 7.43 
Tibia 1.59 1.02 0.78 1.12 0.86 0.84 0.93 
Ankle 10.20 1.83 1.88 2.07 1.55 1.09 1.71 
Femur 0.83 0.42 0.62 0.74 0.73 0.91 0.87 
Foot 20.53 6.95 4.28 5.79 5.07 3.39 5.24 

Table 2.16 Lothian ratio 
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The results show that there were ratio numbers less than 1.0  (as highlighted in 

bold typeface) this suggests that there were more inpatients recorded with, for 

example femur fractures, than there were actual femur fractures treated in 

Lothian in 2007/ 2008. 

 

Apart from some patients with pubic rami fractures, who were admitted under 

the geriatricians, the data from the study carried out in 2007/08(7) was 

considered to be an accurate representation of the total numbers of fractures in 

each category treated in Lothian that year. The missed pelvic fractures could 

account for the ratio of less than 1.0 for the pelvis. Discrepancies in the coding 

of some of the fresh fractures was considered to have resulted in other ratios 

under 1.0. As the number of in patients could not be greater than the total 

number of patients, these ratios were adjusted to be the minimum possible 

value of 1.0. 

 

Site 
Age Groups 

0-14 15-29 30-44 45-59 60-74 75+ 
Pelvis 1.00 1.00 1.00 1.00 1.00 1.00 
Shoulder 26.60 3.62 2.51 2.70 2.23 1.82 
Humerus 2.24 1.44 1.76 3.30 2.30 1.74 
Forearm 3.30 2.68 2.98 2.65 2.32 2.03 
Hand 10.41 7.29 7.84 10.30 6.57 4.31 
Tibia 1.59 1.0 1.0 1.12 1.0 1.0 
Ankle 10.20 1.83 1.88 2.07 1.55 1.09 
Femur 1.00 1.00 1.00 1.00 1.00 1.00 
Foot 20.53 6.95 4.28 5.79 5.07 3.39 

Table 2.17 The adjusted Lothian Ratio 
 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

115 

 
Step 3: Calculating the incidence of fractures in Scotland/ 100,000 

population 

 

• ISD numbers for all of Scotland (2005-2010) X ISD ratio = correct IP number  

i.e Table 2.18 figures X Table 2.13 ratio= Table 2.19 

 

• Correct IP number x adjusted Lothian ratio = Total fracture number over 5years (n) 

i.e Table 2.19 results X Table 2.17 ratio 

 

• (n/5) x 100,000 

Mean population size 
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Anatomical Site Age groups 

0-4 5-9 10-14 15-29 30-44 45-59 60-74 75+ Total 
Shoulder 55 69 154 997 952 1036 873 1558 5694 
Humerus 818 1425 541 890 1194 2186 3879 7467 18400 
Forearm 1119 4229 4532 4240 3872 5247 6940 9037 39216 
Hand 242 371 878 5008 2983 2003 1307 1789 14581 
Pelvis 11 47 108 1062 865 949 1794 6997 11833 
Tibia 487 724 1212 3161 3038 3037 2934 3269 17862 
Ankle 12 38 359 2669 3198 3892 4205 3137 17510 
Femur 420 233 311 950 1144 3258 12909 47812 67037 
Foot 41 80 159 1520 1511 1227 924 968 6430 
Total 3205 7216 8254 20497 18757 22835 35765 82034 198563 

Table 2.18 The ISD inpatient fracture data (raw numbers) for all of Scotland between 2005-2010 
prior to any ratios being applied 

 

 

 Age group Age Groups 
0-4 5-9 10-14 15-29 30-44 45-59 60-74 75+ Total 

Shoulder 55 69 154 829 772 839 580 982 4280 
Humerus 818 1425 541 796 1016 1801 2849 4622 13868 
Forearm 1119 4229 4532 3935 3589 4828 6022 6559 34813 
Hand 242 371 878 4968 2951 1963 1233 1405 14011 
Pelvis 11 47 108 883 708 815 1298 4305 8175 
Tibia 487 724 1212 2799 2639 2425 2100 2011 14397 
Ankle 12 38 359 2599 2927 3584 3510 2025 15054 
Femur 420 233 311 857 996 2618 9155 31354 45944 
Foot 41 80 159 1354 1334 997 686 562 5213 
Total 3205 7216 8254 19020 16932 19870 27433 53825 155755 
Table 2.19 The ISD figures with the ISD ratio applied (except in children), ie the corrected number 

of inpatient fractures treated in Scotland over 5 years 
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2.5.5 Results: The incidence of fractures in adults and children 

The estimated total number of fractures in Scotland between 2005 and 2010 

was 383,000 with 76,630  (1 in 5) occurring in children (table 2.20). This 

translates into an incidence of 22 fractures per 1000 children per year and 12 

fractures per 1000 adults per year (tables 2.22 and 2.23). The number and 

incidence in children steadily increases with age whereas in adults the number 

fluctuates with age but the incidence is relatively stable until the 75+ year age 

group when the incidence almost triples (table 2.21). 

 

 

 

Anatomical Site 

Age Groups 

0-4 5-9 10-14 Total 

Shoulder 1,463 1,835 4,097 7,395 

Humerus 1,835 3,197 1,214 6,246 

Forearm 3,688 13,939 14,938 32,565 

Hand 2520 3863 9143 15,526 

Pelvis 11 47 108 166 

Tibia 773 1,149 1,923 3,845 

Ankle 122 388 3,663 4,173 

Femur 420 233 311 964 

Foot 842 1,643 3,265 5,750 

Total 11,674 26,294 38,662 76,630 
Table 2.20 Calculated total number of fractures in children in Scotland 2005-2010 

 
 

Anatomical Site 

Age Groups 

15-29 30-44 45-59 60-74 75+ Total 

Shoulder 2,997 1,940 2,265 1,296 1,790 10,288 

Humerus 1,146 1,787 5,951 6,541 8,057 23,482 

Forearm 10,542 10,688 12,812 13,961 13,294 61,297 

Hand 36,198 23,121 20,230 8,100 6,054 93,703 

Pelvis 883 708 815 1,298 4,305 8,009 

Tibia 2,855 2,691 2,725 2,360 2,260 12,891 

Ankle 4,770 5,514 7,430 5,452 2,204 25,370 

Femur 857 996 2,618 9,155 31,354 44,980 

Foot 9,408 5,708 5,767 3,482 1,907 26,272 

Total 69,656 53,153 60,613 51,645 71,225 306,292 

Table 2.21Calculated total number of fractures in adults in Scotland 2005-2010 
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 Anatomical Site 

Age Groups 

0-4 5-9 10-14 Total 

Shoulder 106.0 133.5 270.0 173.1 

Humerus 132.9 232.5 80.0 146.2 

Forearm 267.1 1013.6 984.6 762.1 

Hand 182.5 280.9 602.6 363.2 

Pelvis 0.8 3.4 7.1 3.9 

Tibia 56.0 83.6 126.8 90.0 

Ankle 8.9 28.2 241.4 97.7 

Femur 30.4 16.9 20.5 22.6 

Foot 61.0 119.5 215.2 134.5 

Total 845.6 1912.1 2548.2 2157.7 
Table 2.22 Calculated incidence of fractures in children in Scotland/ 100,000/year 

 
 

Anatomical Site 

Age Groups 

15-29 30-44 45-59 60-74 75+ Total 

Shoulder 59.3 36.3 42.3 33.6 91.0 39.8 

Humerus 22.7 33.4 111.1 169.4 409.4 90.9 

Forearm 208.4 200.1 239.2 361.6 675.6 237.2 

Hand 715.7 432.8 377.6 209.8 307.7 362.5 

Pelvis 17.5 13.2 15.2 33.6 218.8 31.0 

Tibia 56.5 50.4 50.9 61.1 114.8 49.9 

Ankle 94.3 103.2 138.7 141.2 112.0 98.2 

Femur 16.9 18.6 48.9 237.1 1593.3 174.0 

Foot 186.0 106.8 107.7 90.2 96.9 101.6 

Total 1377.3 994.8 1131.6 1337.6 3619.5 1185.1 
Table 2.23Calculated incidence of fractures in adults in Scotland/ 100,000/year: 

 
 

The commonest site of fracture in children was the forearm in all age groups. In 

the teen age group the proportion of forarm fractures dropped along with that 

of the humerus but the relative incidence of hand and ankle fractures increased. 

In adults the commonest site was the hand in the younger age three groups (15-

59), the forearm in the 60-74 year age group and the femur in the oldest age 

group. 
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Figure 2.20 Fracture incidence in children 

 

 

 
Figure 2.21 Fracture incidence in adults 

 

The relative incidence of upper and lower limb fractures changed with age. In 

children upper limb fractures were five times more frequent, in young and 

middle aged adults the relative incidence was roughly 2:1 (upper:lower limb) 

but in the older adult population the trend reversed with lower limb fractures 

becoming relatively more frequent. The requirement for inpatient admission 

per fracture in the paediatric population was low at less than 1 in 5 fractures 

and higher for upper than lower limb fractures. In the adults the proportion of 
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fractures requiring inpatient care was consistently higher with the lower limb 

fractures and steadily rose with increasing age, particularly in lower limb 

fractures (figures 2.22 and 2.23). 

 

 
Figure 2.22 Fracture incidence according to anatomical site and inpatient requirements 

 
 

 
Figure 2.23 Proportion of fractures requiring inpatient care 
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2.5.6 Discussion: The incidence of fractures in adults and children 

The cost to society of major trauma is frequently overshadowed by other causes 

of mortality and morbidity; notably infectious diseases, heart disease, 

cerebrovascular disease, respiratory tract diseases and malignancy. However 

the WHO has become increasingly aware of the ‘epidemic’ of trauma related 

morbidity and published guidelines concerning it(230). Injury is thought to 

contribute to 14% of the European(231) and 16% of the global burden of 

disease (230), road traffic injuries alone are the leading cause of death for 

persons aged between 5 and 29 years of age in Europe(231). For every injury 

related death there are thirty injury related hospital admissions and three 

hundred injury related visits to the emergency department(232). Although the 

majority of trauma related deaths will be due to thoracic and CNS (central 

nervous system) injuries and acute inflammatory process relating to the 

trauma(233), the leading cause of trauma related morbidity/ DALY’s (disability 

adjusted life years) is injury to the extremities. The ocurance of fractures alone 

is not the sole contribution to the cost of trauma on society as a whole. 

Fractures, if they heal without complication, should be healed within six 

months. However, for every healing fracture there is the risk of a complication, 

such as non-union occurring. 

 

According to the WHO, injury accounts for 16% of the worlds health 

problems(230). In a high income country such as the UK the figure is likely to be 

lower as the road safety standards are high, there are strict health and safety 

regulations at work and in public places, and the proportion of the population in 

manual labour employment and handling heavy machinery is low. Consequently 

the majority of fractures the UK are low energy; over 50% of fractures are from 

a standing height, around 13% from sporting injuries, a similar number from 

direct blows and only 5% from motor vehicle accidents(107). 
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In the UK the incidence of fractures has been reported to lie between 9.05 and 

36 per 1,000 populations per annum(107, 135, 244-246). Calculating an 

accurate rate is not straightforward; the variation reflects the method deployed 

for data collection. Where the methodology is a self reporting survey of 55,400 

people the incidence is the highest at 36/1000/pa(245), this cohort included 

patients who may have sustained a minor fracture that did not require any 

hospital treatment or injuries that did not even have radiographs taken but 

were presumed fractures (e.g. of the ribs) either by the patient or by the 

treating GP and may or may not have actually been a fracture. 

 

A study based on the GP data base with a sample population of 5 million 

patients (6% of total population of England and Wales) calculated a fracture 

incidence of 10/ 1000 per annum in men and 8/1000 per annum in 

women(135), this data may be an under estimation as not all straightforward 

outpatient managed fractures will be fed back to the GP or recorded in database 

archives in the 1990’s. 

 

Studies that were based on accident and emergency department records 

reported the second highest frequency at around 21 fractures per 1000 

population per annum(246, 247), these studies may over estimate as junior 

A&E doctors can misinterpret ‘normal’ bony findings and soft tissue injuries on 

radiographs as fractures. However A&E based studies may also miss a few 

fractures that are treated by the GP alone, although in the UK these are not 

many. There are three studies (two British) that measure the incidence based 

on numbers attending fracture clinics and admitted as inpatients with 

fractures(107, 244, 248), the incidence in these studies varies between 9.05 and 

22.8 fractures per 1000 population per annum. It is difficult to conclude from 

the studies the cause for variation, it is likely to be multifactorial with both real 

and apparent differences, the two British studies have similar findings at 

9.05(244) and 13.7(107) per 1000 per annum where as the Norwegian study 

measured 22.8/1000/pa(248) suggesting a possible geographical variation, 
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although if represented as a percentage it is only the difference between a 0.9% 

and 2.3% fracture incidence. 

 

The results of this study suggest that an estimated 383,000 fractures occurred 

in the Scottish population between 2005 and 2010. This equates to just over 2% 

of children and 1% of adults per annum. The incidence rises steady through 

childhood and then falls in the young adult age groups with a subsequent rise in 

the 75+ year old population. Comparing these findings with similar studies the 

results here are consistent with those studies that took place in fracture clinics 

and orthopaedic departments(107, 244, 248) but lower than those determined 

by self reporting surveys(245) and studies based in accident and emergency 

departments(246, 247). This is not surprising; it would be expected that self-

reporting would result in over diagnosis, in part as a consequence of over 

diagnosis by both GP’s and A & E staff, compared to those methods our finding is 

more likely to reflect the true fracture incidence. 

 

This part of the study has quantified the number of patients requiring inpatient 

admission for their fractures. The reason for admission, i.e., whether it was for 

patient observation (e.g. for compartment syndrome), operative fixation, 

physiotherapy, for adequate analgesia or to sort out a home care package was 

beyond the scope of this study. However, the data demonstrates that over 50% 

of all those over the age of 50 years with a lower limb fracture required 

admission, rising to 100% of those over 75 years who had sustained a lower 

limb fracture. 

 

Comparing the charts and the figures of the results from this study and that of 

the previous study done in Lothian(7) (figure 2.24) the overall pattern of 

fracture incidence according to age and anatomical distribution was very 

similar but with the current study consistently calculating a lower fracture 

incidence. The reason is likely to be accounted for in the number of assumptions 

and flaws in the ISD data collection that had to be adjusted for. It is also feasible 
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that poor coding across the health boards in Scotland resulted in some fractures 

being unaccounted for. 

 

 
Figure 2.24 Comparison of fracture incidence between studies 

 

 

The reason for needing to calculate the fracture incidence in Scotland was to 

have a reliable denominator in order to calculate the incidence of non-union per 

fracture. However the method used included several assumptions that had the 

potential to make the data less reliable: 

 

That the number of patients transferred to other hospitals for further treatment 

(and therefore coded twice or more) was the same across the whole of Scotland 

as it was in Lothian. 

The ratio of inpatients to outpatients managed in Lothian was the same across 

Scotland. 

The coding of fractures (over 206,000 cases) was accurate. 

The issue with some anatomical sites having more fractures coded for as 

inpatients than the total number of fractures that actually occurred. 

 

As the main aim of this research was to evaluate the incidence of non-union, not 

the incidence of fresh fractures, and due to concerns about the aforementioned 
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issues potentially skewing the data it was decided that using the fracture 

incidence extrapolated from the 2007/08 Lothian Study(7) as the denominator 

(for calculating the incidence of non-union per fracture in adults) would be 

more representative of the incidence of fractures in the Scottish population than 

the incidence calculated above if the Lothian Study(7) performed in 2007 could 

be considered representative for the whole of Scotland over a 5 year period 

(2005- 2010). 

 

Comparing Lothian to other Scottish health boards using the raw ISD data 

showed that the demographics of inpatient admission numbers for fractures in 

Lothian were very similar to other health boards both according to age and 

anatomical fracture distribution (figures 2.25 and 2.26). The year on year 

numbers of inpatient fracture admissions between 2005- 2010 were relatively 

stable with 2007 being a good representative of those either side of it (figure 

2.27). 

 

 
Figure 2.25 Number of patients admitted with fractures per health board 2005- 2010 
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Figure 2.26 Anatomical fracture distribution according to health board 
 

 

 
Figure 2.27 Comparison of ISD data over a 5 year period 
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When the fracture incidence according to age and anatomical distribution is 

compared between the current study data and the Lothian Study(7) although 

the actual figures are different, the patterns according to age and anatomical 

distribution are similar (figures 2.28 and 2.29): 

 

 
Figure 2.28 Incidence of fractures in adults, current study 

 
 

 
Figure 2.29 Incidence of fractures in adults, Lothian study(7) 
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2.5.7 Conclusion 

It was felt that not only was there sufficient cause for concern regarding flaws in 

the data from the current study on measuring the incidence of fractures in 

Scotland but also that the data from the Lothian Study(7) was a more accurate 

estimation of the fracture incidence in Lothian and that Lothian represented the 

rest of Scotland well regarding fracture demographics. It was therefore decided 

to use the Lothian Study(7) facture data as the denominator for the non-union 

incidence. 
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2.6. Non-union per fracture in Scotland 

 

2.6.1 Aim 

To determine the number of non-unions per fracture in Scotland. 

 

2.6.2 Method 

The same ICD-10 data used to calculate the number of non-unions per head of 

population was used again here. The fresh fractures(7) were arranged into the 

same anatomical categories as the  non-unions and their incidence was also 

determined. 

 

The ICD-10 coding of non-unions does not allow for femoral and pelvic non-

unions to be distinguished between, nor fractures of the tibia and fibula or those 

of the clavicle and scapula. Both fractures and non-union of the scapula are 

relatively rare with scapula fractures accounting for only 0.7% of all 

fractures(107), as the majority of the figures for the shoulder region (scapula 

and clavicle) will comprise of clavicle cases  an upper and lower incidence of 

clavicle non-union per fracture was calculated using the same numerator 

(scapula plus clavicle NU’s) but different denominators- clavicle fractures alone 

and clavicle and scapula fractures together. 

 

2.6.3 Results: Non-union per fracture in adults 

The overall incidence in adults of non-union per 1000 fractures was 18.8 (table 

2.24). According to gender per 1000 fractures it was 22.6 in males and 15.4 in 

females. The peak age for risk of non-union per fracture was in the third to fifth 

decades, between 25 and 45 years of age, having sharply risen from a lower rate 

of around 15 non-unions per 1000 fractures to double at 30 per 1000 fractures 
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(figure 2.30). From the fifth decade onward the risk gradually declined. The risk 

remained higher in men than women throughout adulthood until the most 

elderly age group (85 years and older) when it was slightly higher in women. 

 

  
Age Groups 

15-24 25-34 35-44 45-54 55-64 65-74 75-84 85+ Total 
Male 14.41 32.06 33.16 28.93 30.17 22.71 13.36 4.30 22.59 
Female 12.37 21.51 24.05 21.37 16.12 15.55 11.86 5.90 15.39 
Male & Female 14.28 29.09 29.70 25.04 20.61 17.25 12.17 5.61 18.82 

Table 2.24 Risk of non-union per 1000 fractures according to age and sex distribution 
 

 
Figure 2.30 Incidence of non-union per fracture 

 

Regarding the anatomical distribution of the relative risk of non-union (table 

2.25) the long bones (femur, tibia, scapula, humerus, forearm bones) all had a 

similar patter of increasing greatly after childhood, peaking in the 25-44 year 

age group and then steadily declining through the older age groups. The risk of 

non-union of the carpal and tarsal bones of the hand, foot and ankle stayed 

consistently low throughout the age groups. 

 

Only 0.25% of the non-unions (12 of 4715) were reported as multiple non-

unions despite an 8% rate of multiple fractures. 
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Given the rare occurance of scapula non-union the shoulder figure can be taken 

to represent a close estimation of clavicle non-union. When the shoulder non-

union figures have been divided by the clavicle  fractures alone a higher rate of 

non-union is apparent (figure 2.32). It is likely that the true figure lies closest to 

the the upper estimate, however the lower estimate has been used for the 

purposes of this study. 

 

 

Anatomical 
Site 

Age Groups 
15-
24 

25-
34 

35-
44 

45-
54 

55-
64 

65-
74 

75-
84 85+ Total 

Femur & pelvis 
29.2

9 
51.6

7 
55.3

5 
39.4

7 
30.8

3 
20.3

1 7.21 3.95 
13.3

2 

Lower leg 
34.5

8 
73.8

9 
92.0

9 
58.4

3 
61.7

8 
41.4

9 
30.5

6 
19.9

5 
53.9

8 

Foot & ankle 6.03 
12.7

6 9.22 
11.3

0 8.90 5.81 9.90 7.53 9.08 

Shoulder 
17.5

5 
53.9

5 
81.4

6 
75.2

9 
57.9

9 
57.0

2 
28.3

5 9.51 
45.3

2 

Humerus 
17.6

0 
53.5

9 
50.3

6 
39.4

4 
30.1

7 
28.0

4 
25.9

9 7.77 
29.4

9 

Forearm 
28.9

8 
51.6

4 
39.7

9 
18.2

2 9.18 6.59 4.98 1.68 
18.3

1 
Hand 4.17 4.55 4.37 4.21 4.05 1.51 0.95 0.00 3.71 

Table 2.25 Risk of non-union per 1000 fractures according to anatomical distribution 
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Figure 2.31 Incidence of non-union per fracture according to anatomical distribution 

 
 

 
Figure 2.32 Incidence of non-union per fracture in the shoulder, upper estimate excludes scapula 

fractures 
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2.6.4 Results: Non-union per fracture in children 

The rate of non-union per fracture was very low in children across all age 

groups. With an overall rate less than 1 in 500 for those under the age of 15 

years (table 2.26 and figure 2.33) this compares favourably to a rate of 7 non-

unions per 500 fractures in the 15-24 year age group. 

 

 Age Groups 
0-4 yrs 5-9 yrs 10-14 yrs Total 

Female 0.001 0.003 0.002 0.002 
Male 0.003 0.002 0.002 0.002 
Male & Female 0.002 0.002 0.002 0.002 

Table 2.26 Risk of non-union per fracture according to age and sex 
 

The site at greatest relative risk of non-union was the tibia, the figure rose 

consistently with increasing age to just over 1% in the teenage years (table 

2.27). The foot & ankle, hand, shoulder and lumbosacral regions all had very low 

incidences of non-union per fracture. The risk was highest in the lower limb 

long bone fractures. 

 

Anatomical Site Age Groups 
0-4 yrs 5-9 yrs 10-14 yrs 0-14 yrs 

Pelvis & femur 0.002 0.007 0.010 0.006 
Tibia 0.006 0.007 0.011 0.009 

Foot & ankle 0.000 0.002 0.002 0.002 
Shoulder 0.000 0.000 0.000 0.000 
Humerus 0.002 0.001 0.002 0.002 
Forearm 0.004 0.003 0.002 0.002 

Hand 0.000 0.000 0.000 0.000 
Lumbosacral 0.000 0.000 0.000 0.000 

Total upper limb 0.001 0.002 0.001 0.001 
Total lower limb 0.003 0.004 0.004 0.004 

Total 0.002 0.002 0.002 0.002 
Table 2.27 Risk of non-union per fracture according to age and anatomical distribution 
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Figure 2.33 Percentage risk of non-union per fracture 

 
 
 
 

Figure 2.34 Percentage risk of non-union per fracture according to site and age 
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2.6.5 Discussion: The risk of non-union per fracture in adults 

Non-union is a potential risk associated with every fracture whether open or 

closed, treated conservatively or operatively. Some fractures are considered to 

be at more risk than others, the variables include the extent of the injury, the 

bone involved, the health status of the patient and the medical management of 

the injury. 

 

Despite all the data available on fractures and musculoskeletal injuries there is 

no known figure for the incidence of non-union following a fracture in general 

(although there is some limited data for a specific anatomical fracture treated in 

a specific way). Several peer-reviewed papers quote a figure for the overall rate 

of non-union of between 5% and 10%(249-254). However, each time this figure 

has been cited it has been from one of two references(250, 255), of which one 

(250) (a paper) is quoting the other, a book(255). Yet the book(255) from 

where this 5-10% non-union rate arises does not contain any information 

relating  to non-unions.   

 

Over 4700 non-unions were recorded in adults, equating to a risk of 

progression from fracture to non-union lying between 0 and 9.3% depending on 

the age of the patient and the site of the injury but with an overall risk of just 

under 2%. When the incidence of non-union was compared to that of fractures 

the patterns differ; whereas the risk of fracture increased with the person’s age 

the risk of non-union did not but peaked in the fourth and fifth decades. 

 

The anatomical sites with the highest relative risk of developing non-union 

were the tibia and clavicle, this may be as a result of these bones being 

subcutaneous with a relatively poor soft tissue envelope to provide the local 

vascularity required for healing. 
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Regarding non-union of the lower leg, it was not possible to separate the fibular 

and the tibial non-unions (excluding ankle fractures), isolated fibula fractures 

were very rare but in association with tibial fractures they were relatively 

common(107). Fibula non-union has been estimated in a literature review 

paper at between 0.3%-5.4%(256). Non-union in this region peaked in the 30-

44 year age group, with over 9% risk. These patients were in the age range 

known to be most likely involved in high-energy injuries(107, 235). 

 

Smaller cohort studies looking at site-specific outcomes of fractures and risk of 

non-union have found similar results to this population study. Previous 

estimates of the risk for tibial non-union range from 1% in closed injuries to 

26% in open fractures with soft tissue compromise(234, 257) compared to the 

range of 2.0- 9.2% risk in this research.  

 

Regarding forearm fractures the data available in the literature suggests that 

the risk of non-union ranges from 0 to 7.4%(257) supporting the 1.8% (range 

0.2- 5.2%) findings of this study. Scapula non-union is a rare complication (but 

does occur(258, 259)) whereas clavicle non-union is not so rare. Unfortunately 

it was not possible to separate the two and so an upper and lower limit was 

calculated using two fracture denominators (clavicle alone and clavicle 

combined with scapula), the upper estimate, peaking at 10% in the 35-54 year 

age group, will be close to the true incidence. Published clavicle fracture series 

calculate the risk of non-union to lie between 1 and 5 %(235, 260), which is 

similar to the findings of around 5% in this study (range 1.0- 10%). 

 

Again the 35-44 year age group were the peak age band for non-union at 

another anatomical site, the femur and pelvis (5 %). This may be an under 

estimation, where pelvic fractures accounted for 12% of the pelvis/ femur 

fracture figure they may not account for 12% of the non-unions. In a previous 

non-union study, 5 of the 23 femoral non-unions occurred in the femoral 

neck(261), unfortunately in this thesis it was not possible to differentiate 

between shaft and neck fractures, nor exclude those that had been treated by a 
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form of arthroplasty (and therefore not at risk of developing non-union). If all 

hip fractures were managed with internal fixation then the non-union rate 

would be higher. In younger patients, the optimum choice of treatment is 

internal fixation rather than arthroplasty (where feasible)(262-264) and 

therefore the rate of non-union in the younger patients (<55 years old) in this 

study should not be so affected by the arthroplasty skew. Of the intracapsular 

neck of femur fractures that are treated with internal fixation the rate of non-

union in the literature varies between 7-20%(264-266). 

 

When comparing the epidemiological patterns of non-union and fractures the 

distributions differ. The fracture pattern distribution is unimodal in women and 

bimodal in men with the higher peak in the younger men followed by a low 

fracture incidence below the age of 65 years, the non-union distribution was 

unimodal in both sexes, with a peak incidence in young men and old women. 

The relative risk of non-union took on a different pattern again, being similar in 

both males and females, peaking in the 35-44 year old age group. This was 

consistent with the energy involved in the injury having a strong bearing on the 

risk of progression to non-union. This concurs with other fracture studies(107, 

235). A fracture caused by a direct blow, motor vehicle injury or high energy 

sport is on average sustained around the ages of 34, 40 and 30 years of age 

respectively, when the risk of progression to non-union is at its maximum, 

whereas injuries from standing height falls or down stairs occur on average 

around the age 60 and 55 years respectively(107). 

 

Bone density has been reported to be at its peak towards the end of adolescence 

and in the third decade of life for both males and females(267, 268) and at it’s 

lowest in the most elderly. The risk of non-union observed in this study was 

highest in the young adult and low in the elderly, thus it would appear that loss 

of bone mineral density does not correlate directly with fractures complicated 

by non-union. 
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If the risk of developing NU in one fracture is considered independent to 

another simultaneous fracture than the risk of multiple NU in multiple fractures 

(risk 8%) would vary between approximately 0.01% and 0.74% depending on 

age and site (based on the NU per fracture risk being between 0.1% and 9.3%), 

however if host factors and genetics played a very strong role in the 

development of non-union then the risk of multiple non-union would be several 

fold higher. The risk of multiple non-union in this study was low at 0.25%, 32 

times lower than that of multiple fractures, which would suggest that host 

factors, although influential, may not be one of the strongest risk factors for 

bone non-union, however it is not possible to give confirm conclusions 

regarding this with the current data. 

 

The findings of this epidemiological study would suggest that the energy of the 

injury causing the fracture carries the most influence in whether a non-union 

ensues and that this plays a greater role than other factors such as increasing 

age, osteopaenia or host factors. A prospective case controlled study of almost 

1500 fractures in those over the age of 50 years who underwent bone density 

screening also concluded that osteoporosis was not a risk factor(113). 

 

The rates of non-union calculated in this study may be under representative of 

the true figure; the numbers counted were those treated not those diagnosed 

(or even undiagnosed). Non-union is typically a painful and debilitating 

condition that requires surgical treatment however in some patients the 

benefits of achieving bony union may be out weighed by the risks of surgery and 

anaesthesia, this would be more likely to apply to the smaller bones of the 

carpus and tarsus rather than the non-axial long bones. 

 

Based on the figure of fracture incidence in the UK being 13.8 per 1000 

population per annum(107) there are approximately 885,000 new fractures 

every year and therefore up to 16,638 non-unions based on the data from this 

research per year in the UK. The cost to the National Health Service of treating a 

non-union is reported to range between £7,000 to £79,000 per person(46, 269-
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271), this would imply that non-union is costing the health service £116.5 

million and at the very worst £1.3 billion. In reality it is likely to lie somewhere 

in the lower middle region, however, these figures are calculations of the 

hospital costs alone and do not take into consideration the long term costs of 

chronic ill health and loss of earnings which will be considerable given the 

young adult age range of those most at risk. 

 

The ten-fold variation in cost of management reflects the fact that fracture non-

union encompasses a wide spectrum of pathology from the straightforward case 

where there is a good soft tissue envelope present and absence of infection to 

the more complex cases involving bone loss, infection and soft tissue 

reconstruction. The more straightforward cases may be managed by the 

majority of competent trauma surgeons by, for example exchanging 

intramedullary nailing, the more complex cases require to be managed by 

specialist limb reconstruction surgeons in trauma centres with access to 

specialist equipment such as complex reconstruction/lengthening nails, circular 

frames and biologics e.g. BMP-2. In addition, the input of other surgical 

specialities such as plastic surgeons may be required. A parallel can be drawn 

with arthroplasty (joint replacements) where the straightforward hip 

replacement can be performed at most district general hospitals where as more 

complex cases require specialist knowledge and equipment of a larger 

orthopaedic unit.  
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2.6.6 Discussion: The risk of non-union per fracture in children 

 

In children the risk of a fracture being complicated by non-union was rare. A 

very limited amount of data regarding non-union in the paediatric population 

has been published except for some case series. 

 

A consecutive case series of 43 paediatric patients, with non-unions reported 

that the most frequent site to suffer non-union was in the upper limb, 

particularly in boys(239). Conversely Arslan et al(238) published a series of 26 

cases of which 24 were in the lower limb and Lewallen et al published a series 

of 30 cases, again predominantly lower limb and male (average age 9 years). 

Unfortunately none of these studies provided population sizes of fracture 

incidences to enable a more direct comparison with the findings of this 

research. In this thesis, although there were more cases of non-union in the 

upper limb, there were also more upper limb fractures and thus the incidence of 

non-union per fracture in the upper limb was actually lower than that of the 

lower limb. 

 

Other studies have suggested that non-union in children is associated with 

increasing age and did not occur in those younger than 6 years(241, 242). In 

this current research there were 31 non-unions in those under the age of 4 

years, although when this was considered in the context of a five-year study and 

covers a 276,000 population the actual risk was very low. 

 
When the relative risk of non-union in children (1 in 500 fracture cases) was 

compared to that of adults it was several times less frequent. The overall risk in 

adults was 1.8% compared to 0.2% in those with an immature skeleton. At its 

peak the non-union rate in children reached a 1% risk for fractures of the 

pelvis/ femur/ tibia in the 10-14 year old age group compared to 9.2% in the 
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tibia of those aged between 35 and 44 years old. Unlike adults clavicle non-

union does not seem to be an issue in children. 

 

It was possible that this data did not captured all of the paediatric non-unions in 

Scotland, as a few may have gone clinically undetected or had been treated 

conservatively e.g. lateral condyle fractures. However non-unions were only 

likely to go undetected or untreated if there was no concern for clinical sequelae 

or symptoms. Given that only 180 cases were reported from the 92,000 

fractures that had been treated even if this research had underestimated the 

risk of non-union by 10% the underlying rate is so low that the risk would only 

increase to approximately 1 in 450 fresh fractures from around 1 in 500. 

 

Although more detail about the relative risk of non-union in specific anatomical 

areas would be useful this would be difficult to obtain as it would require a large 

multicentre trial to be set up and run over a long period in order to gain more 

accurate data.  
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2.6.7 Conclusions 

There is are no published studies in either the adult or paediatric orthopaedic 

literature to date which examine fracture non-union rates according to age and 

site in a large population. The findings show that non-union is rare in children, 

greatest in the younger adult population and does not increase with age. This 

would suggest that high-energy trauma could be a stronger determining factor 

than age associated reduced bone mineral density. 

 

This research suggests that the number of cases of non-union treated in the UK 

each year is around 82,000 resulting in health care costs of hundreds of millions 

of pounds.  

 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

143 

 
 

Chapter 3 

 

3. 100 patient non-union cohort; aetiology, management and 

outcome 
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3.1. Introduction 

 

The relative low incidence of non-union in every day orthopaedic practice (an 

overall risk of just under 2% of all fractures) and the large number of 

orthopaedic surgeons managing fractures in the UK (there are over 4,000 

qualified orthopaedic surgeons registered on the GMC specialist register(272)) 

means that individual surgeon exposure to such patients can be infrequent. 

Both the choice of potential treatments and the spectrum of severity are broad, 

from straightforward cases to complex cases with soft tissue damage, bone loss, 

deformity and infection. The current classifications of non-union do not 

particularly help the surgical decision-making. Success in achieving union from 

surgical intervention varies widely and has been recorded to be as low as 

58%(195) but also as high as 90%(273).  

 

The key principle in treating any disease is based on identifying the cause and 

then removing or modifying the cause in order to eliminate the underlying 

pathology. This approach should be applied when considering the most 

appropriate management of a patient presenting with fracture non-union. As 

discussed in Chapter One a range of factors have been recognised as 

contributing to poor fracture healing, in particular; host factors, stability and 

strain, fracture gap, vascularity and infection. The importance of identifying 

these factors has been recognised as key to successful treatment of non-union in 

several patient studies(274-278) but their frequency is not well described.  

 

In 2008 Calori et al proposed a new classification system(227) that includes 

radiographic features, the personality of the injury and patient factors with the 

aim of scoring the non-unions and allocating them into one of four groups 

according to their severity. The classification recommends a specific treatment 

protocol according to the patient score but has yet to be independently 

validated. 
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3.2. Aims 

 

By analysing a large cohort of consecutive non-union patients from a single 

specialised limb reconstruction unit the aim was to: 

To analyse the demographics of 100 consecutive patients treated for non-union 

identifying any elements of the initial injury or treatment that significantly 

influence the non-union treatment or outcome 

To assess the frequency of different risk factors contributing to the cause of 

non-union 

To assess the outcome of surgical intervention for the treatment of non-union in 

a specialist limb reconstruction unit 

To assess/ validate a newly described classification of non-union 

To propose a simple system based on the underlying risk factors to aid 

orthopaedic surgeons in their management of fracture non-union 
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3.3. Method 

 

Statistical advice was obtained and indicated that 100 patients would be 

adequate to assess the different causes, management strategies and outcomes. 

Therefore 100 consecutive patients who had undergone limb reconstructive 

surgery to correct their long bone non-union were analysed. 

 

At the Edinburgh Royal Infirmary all the complex non-union cases are referred 

to the limb reconstruction unit, which at the time of the study was run by two 

specialist surgeons (AHRWS and GK) who worked together to provide a 

comprehensive service for South East Scotland.  

 

The cohort included both those who had been referred to the service by other 

orthopaedic departments in central Scotland and those who had been treated 

for their fracture within the same hospital. The patient details were obtained 

from the operating lists of the two surgeons and crosschecked with the theatre 

logbooks to ensure that the stated procedures had occurred. 
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3.3.1 Cohort criteria 

Inclusion Criteria: 

All patients were at least 24 months post operation from their index non-union 

procedure.  

All patients had suffered a non-union of a traumatic or pathological fracture 

sustained after skeletal maturity 

Patients could have sustained the initial insult as a child provided they were 

presenting for non-union treatment as an adult/ skeletally mature. 

 

Patients who were excluded: 

Those presenting with non-union under the age of 15. 

Patients with non-union at bone transport docking sites from previous limb 

reconstruction procedures (such as limb lengthening or correction of a previous 

malunion). 

Patients being treated for delayed union. 

Patients being treated for malunion. 
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3.3.2 Data collection 

Information was obtained both prospectively and retrospectively. Clinic and 

operation notes including those from other hospitals if needed, where possible, 

were retrieved. Laboratory results were obtained from the hospitals 

computerised service. Hard copy and digital radiographs dating back to the time 

of the original injury were retrieved from archive stores. Additional information 

was obtained from patients at follow up visits to clinic. 

 

A study specific proforma was completed on each patient (see appendix).  

It included details of: 

Initial injury (site, open/ closed, fracture specifics, energy) 

Index treatment for the fracture 

Subsequent operations prior to referral 

Patient co-morbidities / host factors (medications, smoking, alcohol etc) 

Blood results 

Radiographs dating from time of initial injury up to point of bony union 

Index non-union procedure 

Subsequent non-union procedures* 

Clinical and radiographic outcome at last patient review 

Relevant notes from clinic or operation 

 

N.B. *Where an external fixator was used, the number of non-union procedures 

did not include the final procedure to remove the frame but did include any 

adjustments done to the frame under general anaesthetic. 

 

3.3.3 Classification of non-union by cause 

The potential contributing causes of non-union were categorised into four 

groups: 
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Mechanical 

Dead bone/ gap 

Patient systemic/ host factors 

Infection 

 

To reduce inter-observer error, one or two senior consultants and two trainees 

(including the author) considered each case. To reduce intra-observer error the 

cases were assessed on at least 3 separate occasions with the initial decision 

blinded in a subset. 

 

A mechanical cause was considered if the radiographs were consistent with 

inadequate fixation/ stabilisation of the fracture in its initial primary 

management (i.e. if it did not comply with standard (AO) principles e.g. for plate 

fixation, 6 cortices either side of the fracture and with IMN technique the use of 

proximal and distal locking screws and an adequately fitting nail) or if there was 

subsequent excessive motion of fracture fragments, excessive callus formation 

with or without metal work failure. 

 

Inadequate mechanical stability was considered in both those who had 

undergone operative fracture treatment and those that had been treated 

conservatively in plaster or brace where excessive motion had taken place at 

the fracture site with subsequent excessive callus but no fracture bridging. 

 

Dead bone with a gap (DBG) was recorded as a cause if the bone ends were 

atrophic on x-ray at the time of referral for the non-union and there was a gap of 

at least 4mm. At operation the bone was considered dead if it was not bleeding 

(i.e. the paprika sign was absent) and brittle when drilled or cut with an 

osteotome. Where possible this was done with a tourniquet to prevent a false 

impression of pinpoint bleeding on the bone surface from the soft tissues. 

 

All patient medical and host factors were recorded but they were only counted 

as a contributing cause if they were recognised as a risk factor for fracture 
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healing(279). Smoking was considered a host factor if a habit of 10 cigarettes or 

more per day was recorded, NSAID’s were only included as a host factor if there 

was documented evidence of duration of use more than 14 days. Alcohol 

dependency was considered a risk factor as it is associated with poor fracture 

healing(280-282). 

 

All patients had multiple samples taken at the time of their non-union 

operation, a patient was considered to have an infection if deep tissue or fluid 

taken from the non-union site had positive microbiology or if there was 

clinically apparent ongoing infection being treated with continuous antibiotic 

therapy. If the patient had suffered previous infection at the fracture site but 

was subsequently treated and considered to be ‘free’ of infection at the time of 

the NU surgery this was noted as a ‘previous infection’. Positive superficial 

wound and pin site swabs were not considered an indication that deep infection 

was present at the non-union site. 
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3.4. Results Part I: Causes, management and outcome 

 

Not all the figures add up to 100 as some data could not be retrieved; 

radiographs of the initial injury and the non-union had been destroyed for 4 

patients, as had the clinical notes for 1 patient and a further 2 patients did not 

have the open/closed, high/low energy nature of their fracture documented. 

The consecutive cases non-union operation dates span January 2001- February 

2011. 

 

3.4.1 Patient Demographics  

Seventy-four cases were male, twenty-six female. The mean age at the time of 

injury was 42 years (range 15- 83 years) excluding two patients who sustained 

their initial fracture as a child (exact age unclear). The mean and median times 

from injury to non-union operation were 28 and 13 months respectively (range 

4- 249 months) (table 3.1). 

 
 Age (years) at 

time of injury 
Age (years) at time 
of NU operation 

Months between 
injury & NU 
operation 

Patient mean  42 44.2 27.8 
Range 9.3- 83.3 15.4- 83.9 4- 332 
Standard deviation 
(+/-) 

16.5 16.3 40 

Patient median  40 42.3 13 
Table 3.1 Age at injury and NU operation 

 

Ninety-nine cases were secondary to trauma and one was non-union of a tibial 

debridement fibula strut graft performed to treat a prior childhood 

osteomyelitis. 86 patients had non-union as defined by more than six months 

since time of fracture with no visible signs of progression to healing for 3 

months; 10 patients had procedures earlier than 6 months (but all were more 

than 4 months) when there was complete absence of any radiographic healing. 
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The time between initial injury and non-union operation was not available for 4 

cases. 

 

The non-unions were predominantly in the lower limb (80%) with the tibia 

accounting for 52 cases. There were an equal number of local patients (n=46) 

and those referred from other health boards (n=44) with an additional 10 

locally resident patients having sustained their injury and received their initial 

treatment elsewhere e.g. whilst on holiday. 

 

 
Figure 3.1 Anatomical distribution of 100 non-union cases 

 

More than half of the patients sustained comminuted fractures, over two thirds 

were high energy injuries and one third were open injuries of which 70% were 

grade III according to the Gustilo and Anderson classification(94) (table 3.2).  

 

 
  Patients (number) 

Mechanism of injury high energy: low energy 68:30 

Pattern of injury Simple: Comminuted 41:57 

 Open: Closed 33: 64 

Gustilo and Anderson I 6 
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Classification II 4 

IIIa  13 

IIIb 9 

IIIc  1 

Weber and Ćech Atrophic 50 

Oligotrophic 31 

Hypertrophic 15 

Table 3.2 Characteristics of the initial injuries 
 

 

3.4.2 Contributing Causes 

The frequency at which different causes were present within the cohort ranged 

between 38% (infection) and 58% (mechanical). Over half of the group had two 

contributing factors as causes for their non-union and 15% had at least three 

factors. 

 
Figure 3.2 Number of causes per patient 
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Figure 3.3 Frequency of each cause 

 

 
Figure 3.4 Cause vs Gustilo and Anderson grade 

 

 
Patients with ONE (green bold numbers) or TWO (blue italic numbers) causes: 

 Mechanical Infection Dead bone Host 

Mechanical 15    

Infection 9 5   

Deadbone/ Gap 9  9 8  

Host 15 3 9 3 
Table 3.3 Patient distribution with 1 or 2 causes 

 

 

Patients with THREE (orange bold) or FOUR (purple italic) causes  
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N.B. Cause type indicated by an asterisk *): 

Number of 
Patients Mechanical Infection Dead bone Host 

2 * 
* *  

4 * *  * 

3 *  * * 

5  * * * 

1 * * * * 
Table 3.4 Patient distribution with 3 or 4 causes 

 

 

When considering the initial management; the relative risk of having a 

mechanical factor was 1.5 (p=0.02) higher with initial conservative (non-

surgical) treatment compared to initial surgical treatment, however the relative 

risk of dead bone/ gap being a contributing cause to the NU was 8.9 times 

greater (p=0.03) when an initial operative course had been chosen. 

 

44% of the patient cohort had a significant host factor, one in three of whom 

had multiple host factors. 42% of all patients admitted to smoking, 27% more 

than 10 per day. There was no correlation between the number of cigarettes 

(including none) smoked per day and the rate of infection. Only nine of the 

patients with host risk factors (n=44) did not smoke or take regular NSAID’s, 

their ‘host risk’ included; alcohol excess, poorly controlled diabetes and 

neurofibromatosis. 
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Figure 3.5 Distribution of smoking habits 
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3.4.3 Infection 

Patient numbers 

Infection was found to be present in 38 patients and the single cause of non-

union in 4 patients (4%). The microbiology results were retrievable for 99 

patients. 97% of all the patients had more than 3 tissue or fluid samples sent for 

microbiological analysis.  

 

Intra-operative microbiology results compared to clinical suspicion of infection, 

bold red font highlights those counted as having a deep infection (table 3.5): 

 

Pre-op clinical suspicion 
of infection 

Microbiology 
not available 
(n=1) 

Negative 
(multiple 
samples) (n=66) 

Positive 
(single sample) 
(n=2) 

Positive 
(multiple 
samples) (n=31) 

No suspicion (n=57) 0 54 1 2 

Suspicion (n=10) 1 7 0 2 

Previous known infection 
(n=9) 

0 0 1 8 

Ongoing known infection 
(n=24) 

0 5  0 19 

Table 3.5 Intraoperative microbiology results vs clinical suspicion 
 

 

Unexpected positive cultures (n=2): Two patients had no prior clinical suspicion 

(from patient history, clinical examination, blood results and radiological 

findings) both grew coagulase negative staphylococcus in multiple positive 

samples of tissue. Both these patients had a preoperative white cell count, CRP 

less than 10 mg/litre and ESR less than 10 mm/hour (normal). 

 

Previous infection (n=9): Every patient previously treated for infection but 

subsequently considered to be ‘clear’ had positive microbiology results at the 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

158 

time of the NU operation. Eight of the nine had multiple positive tissue samples 

and the ninth patient had a single positive result. All the inflammatory indicator 

bloods on these patients were normal; normal white cell count (8 patients), 

normal CRP (7 patients) and normal ESR (6 patients). 

 

Ongoing infection (n=24): 19 of the 24 patients (79%) with ongoing infection 

had multiple positive cultures. All those with negative cultures were on 

antibiotic therapy at the time of surgery/ tissue sampling. All 24 cases were 

treated for ongoing infection. 

 

Other cases (n=3): One case had a single positive result but no clinical signs or 

prior history of infection, this result was considered spurious and the patient 

was not treated as an infected non-union and a good result was achieved. 

Another patient had negative microbiology (6 samples) at their initial NU 

operation but then went on to develop deep infection with multiple positive 

results (8 of 9) at a further NU operation six months later. The infection was not 

counted as a cause but as a complication. A further patient with untraceable 

microbiology results was preoperatively suspected of having infection due to 

overlying cellulitis; perioperatively a large abscess was found in the proximity 

of the metal work.  

 

Microbiology culture results 

Known microbiology culture results of those treated for infection (n=32): 

10 patients had polymicrobial results and 22 grew a single species 

31 of 32 patients grew staphylococci 

Coagulase Negative Staphylococcus (CNS)  

Cultured in 60% of infected cases  (20 patients)  

Sole isolated bacterium in 12 cases, polymicrobial in 8 cases 

Staphylococcus aureus  (s. aureus) 

Grown in 51% of the infected cases (17 patients) 

Includes 4 cases of MRSA (methicillin resistant s. aureus)  
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Single species in 10 cases, polymicrobial in 7 cases 

Coliforms  

Isolated in 15% of the infected cases (5 patients) 

4 of the 5 cases in association with a staphylococcus bacterium 

Pseudomonas 

Cultured in a single patient in association with s. aureus 
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Figure 3.6 Venn diagram of intra-operative sample results from 33 patients with positive cultures 

 
N.B. n= 1 patient 
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3.4.4 The relationship of infection with the initial injury and 

management 

In the lower limb non-unions the presence of infection was 45% in the tibia, 

25% in the femur and no infection found in any fibula non-unions. In the upper 

limb the presence of infection was 44% in the humerus and 75% in the forearm 

(n=4). 

 

When the infection rate is compared to the initial fracture management (table 

3.5), it was lowest in the conservative group and present in a quarter of those 

whom had intramedullary nail fixation, half of those treated with internal plate 

fixation and two thirds of those in the external fixator treatment group (Fishers 

exact 2x4 test p=0.003) comparing individual treatment groups external 

fixation and ORIF both carried an increased risk of infection 2-4 times that of 

conservative and IMN management (p= <0.05).  

 

Infection 
status 

Initial operative management 
Non-op Ex Fix Plate IMN 

Infection 2 11 16 8 
No infection 13 6 17 26 

Table 3.6 Initial fracture management vs infection status 
 

Comminution and open fracture at the time of injury (table 3.6) were not 

associated with increased infection amongst the NU cohort (relative risk 1.1, 

p=0.66 for comminution; relative risk 1.14, p=0.64 comparing open grade 2/3 

fractures to closed/ grade 1 fractures). The risk of having infection (at either the 

time of referral or later diagnosed at the time of the non-union operation) was 

2.5 times higher (p=0.0001) in patients who had undergone more than 2 

operations pre-referral compared to those who had not. 

 

Fracture configuration Infected (38) Not infected (62) 
Comminuted (58) 23 35 
Simple (41) 14 27 
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Closed (64) 22 42 
Open (33) Grade 1 3 3 

 
Grade 2 3 1 

 
Grade 3 8 15 

Unknown (3) 2 1 
Table 3.7 Fracture comminution vs infection status 

 

 

 
Figure 3.7 Number of pre-referral operations v infection status 
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3.4.5 Initial fracture management 

One third of fractures were initially nailed and one third plated, one in six were 

externally fixed and one in six were managed conservatively (table 3.7). Choice 

of treatment for the lower limb fractures was varied; of the upper limb fractures 

60% were plated and 30% managed conservatively.   

 

Site (patients) Non-op Intramedullary 
Nail 

Internal 
Plating 

External 
Fixation 

Unknown 

Humerii 
(n=16) 

5 1 9 0 1 

Ulna (n=3) 1 0 2 0 0 
Radius (n=1) 0 0 1 0 0 
Femur (n=20) 0 12 8 0 0 
Tibia (n=53) 4 21 11 17 0 
Fibula n=(7) 5 0 2 0 0 
Total (n=100) 15 34 33 17 1 

Table 3.8 Primary management of injuries according to anatomical site 
 

 Non-op Intramedullary 
Nail 

Internal 
Plating 

External 
Fixation 

Closed/ Grade 
I 

15 24 24 6 

Grade II 0 1 0 3 

Grade IIIa 0 5 4 4 

Grade IIIb/c 0 4 2 4 

Table 3.9 Primary management of injuries & Gustilo & Anderson classification 
 

Only 12 patients had received no operative intervention prior to referral, almost 

half (46 patients) had undergone further surgery in addition to their initial 

fracture management to treat the non-union pre-referral and 27 patients had 

undergone at least 3 operations. When the number of pre-referral operations 

per patient was grouped into either ‘2 or less’ or ‘3 or more’ and compared to 

the open status of the injury (closed/ grade 1 v grade 2/ 3) the relative risk of 
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having 3 or more operations with a grade 2/3 open fracture compared to a 

closed/ grade 1 fracture was 1.97 (p= 0.036). When a similar comparison was 

made between the number of operative procedures and the presence of 

comminution, no statistically significant difference was found. 

 

 
Fracture characteristics 

Number of operations 
0 1 2 3 >3 U 

Comminuted (58) 1 21 17 9 10 0 

Simple (41) 11 13 8 2 6 1 

Closed (64) 12 23 16 4 9 0 

Grade 1 open (6) 0 3 1 0 2 0 

Grade 2 open (4) 0 1 0 3 0 0 

Grade 3a open (13) 0 4 4 2 2 1 

Grade 3b/c open (10) 0 3 3 1 3 0 

Unknown 0 0 1 1 0 1 

Total pre-referral 12 34 25 11 16 2 

Table 3.10 Number of pre-referral operations and fracture type 
 

 
Initial 
Treatment 

 

Number of further pre-referral 
operations per patient after initial 
management 

Number of non-union 
operations per patient 

0 1 2 3+ U 1 2 3 >3 

Non-op (15) 12 1 1 1 0 14 1 0 0 

IM nail (34) 14 11 3 6 0 27 5 2 0 

Plate (33) 13 10 3 7 0 19 6 4 4 

Ex. Fix. (17) 6 3 5 2 1 13 2 0 2 

Table 3.11 Initial management and number of operations performed per patient 
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Those whose initial treatment was conservative rarely had further intervention 

(2 in 15) (table 3.10). Around 60% of all those whose initial treatment was 

surgical (regardless of fixation method) underwent further surgery prior to 

referral with almost 1 in 5 having 3 or more additional procedures pre-referral. 

 
 

3.4.6 Management and outcome of the non-union (post referral) 

Choice of non-union fixation 

The most preferred method of stabilising and treating the non-union was by 

means of an external fixator (46% of all NU cases v 17% at time of injury); 88% 

of those who originally had an external fixator were managed with a further one 

and an additional 37% conversion rate in the other patients (table 3.11). 

Intramedullary nailing was used in 73% of those who had previously been 

nailed and an 8% conversion rate in those who had not. Plate fixation was a less 

preferred option except in those initially treated non-operatively- 9 of 15 had 

their non-union stabilised with a plate (predominantly fibula or upper limb 

non-unions). Conversion rate from plate to alternative fixation (mostly to ex-fix) 

was 60% (n=20). Of the 46 non-unions managed with a frame 45 were managed 

with a circular frame, a uni-planar external fixator was used for one case, a 

forearm ulna non-union (table 3.12). 

 

 

 Non-union choice of fixation (%) 
Initial Fracture Treatment External fixation IMN Plate 
External fixation (n=17) 15  (88.2) 2    (11.8) 0 
IMN (n=34) 7    (20.6) 25  (73.5) 2    (5.9) 
Plate (n=33) 17  (51.5) 3     (9.1) 13   (39.4) 
Unknown (n=1) 1    (100) 0  0 
Conservative (n=15) 6    (40) 0 9     (60) 
Total (n=100) 46  (46) 30   (30) 24   (24) 

Table 3.12 Stabilisation used in primary fracture treatment & subsequent NU treatment 
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 Non-union operation 
Initial treatment pre- 
referral 

Uniplanar Circular frames Non-ex-fix 
management Ilizarov TSF 

Circular (Ilizarov) (3) 0 3 0 0 
Uni/ bi-planar ex-fix type 
(14) 

0 11 1 2 

Non-ex-fix management 
(83) 

1 25 5 52 

Total (100) 1 39 6 54 
Table 3.13 Type of ex-fix used in primary fracture treatment & subsequent NU treatment 

Use of osteoinductive materials and agents 

Twenty-seven patients (27%) underwent bone grafting in association with their 

non-union operation, the majority of which was autograft (23/27). 36% of the 

atrophic cases, 23% of the oligotrophic cases and none of the hypertrophic 

cases underwent grafting. Seven patients received BMP-7 (also known as OP-1) 

treatment, 5 at the initial non-union operation, one prior to referral and one at a 

second non-union operation. Three were in addition to autograft and one in 

association with allograft.  

 

Site Allograft Autograft 
(distant) 

Autograft 
(local) 

BMP-7 

Femur 1 4 2 1 (2nd NU op) 
Tibia 1 8 1 1 
Fibula 1 4 0 0 
Humerus 1 0 1 2 
Ulna 0 2 0 1 
Radius 0 0 1 1 
Total 4 18 5 6 

Table 3.14 Agent/ material used at the non-union operation according to site 
 

 None Allograft Autograft BMP-7 

Atrophic 32 2 16 3 
Oligotrophic 24 2 5 2 
Hypertrophic 14 0 0 1 
Unknown 3 0 2 0 
Total 73 4 23 6 
Table 3.15 Agent/ material used at the non-union operation according Weber/ Cêch classification 
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Factors influencing the number of non-union operations required to achieve union 

Only one in eight (n=12) patients required more than two procedures after 

referral (excluding frame removal), double this number (n=27) had endured at 

least three operations prior to referral (table 3.15). The relative risk of a higher 

number of pre-referral operations increasing the likelihood of a higher number 

of post referral procedures (using the cut off of two or less compared to three or 

more) was 1.88 but not found to be statistically significant (p=0.24).  

 

Number of pre-
referral 
operations per pt. 

Number of non-union operations per patient 
1 2 3 >3 Unknown Total 

0 11 1 0 0 0 12 
1  26 5 2 1 0 34 
2  18 3 1 3 0 25 
3  9 0 1 1 0 11 
>3  8 5 2 1 0 16 
Unknown  1 0 0 0 1 2 
Total 73 14 6 6 1 100 

Table 3.16 Number of pre-referral v number of NU operations performed 
 

When the demographics (age at operation, anatomical situation, comminution, 

grade of open fracture, time from fracture to NU operation) of these 12 patients 

were compared to the other 88 patients no statistical difference was found. The 

only factor found to be associated with a higher number of non-union 

operations was plating of the fracture at time of injury (p=0.008).  

 

Infection status Number of non-union operations performed 
1 2 3 >3 Unknown 

Infected (38) 21 7 4 5 1 
Not infected (62) 52 7 2 1 0 
Total (100) 73 14 5 6 1 

Table 3.17 Number of NU operations performed vs infection status 
 

If the number of causes present was greater than two then the relative risk of 

needing more than two NU operations was 5.6 (p=0.006). The success rate of 

treating the non-union with a single surgical procedure was lower in the 
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infected group (55%) than in the aseptic group (84%) and the relative risk of 

requiring more than two non-union procedures was 5.4 (p=0.0068) if infection 

or dead bone/ gap (relative risk 3.5, p=0.05) were present. Mechanical and host 

factors were not associated with increased NU complexity. 

 

Outcome of treatment for non-union 

Of the 100 patients who underwent surgery for their non-union 95 patients 

achieved bone union (table 3.17), four patients did not and one patient remains 

unknown. However, one patient developed a malunion at the ankle after 

treatment for the non-union of a pilon fracture and required an ankle 

arthrodesis to correct the malunion. Two patients required further limb 

lengthening (away from the non-union site) to correct the leg length 

discrepancy secondary to previous debridement of dead bone at the NU site. 

One patient developed a deep infection at the time of the non-union surgery that 

was successfully treated. 

 

 
Success rate  
(% of patients) 

Bone union 95% 

Functional union 95% 

Number of patients requiring 
additional procedures  

Lengthening 2 

Fusion 1 
Time to union from NU 
operation 

Mean 12.8 months 

Range 2- 84 months 

Std Dev 
SEM 

13.2 months 
1.4 months 

Number of non-union 

operations required (% of 

patients) 

1 operation 73% 
2 operations 14% 
3 or more operations 11% 
Mean 1.4 operations 
Range 1-5 operations 

Table 3.18 Outcome of NU treatment 
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The vast majority of patients (73%) only required 1 operation, time to achieve 

union varied greatly (2- 84 months) but on average took 1 year; there was no 

relationship between time to union and fracture severity (Gustilo and Anderson 

grading), patient age or site of injury. 

There were no recorded DVT’s or pulmonary emboli; there was one case of deep 

infection that was subsequently eradicated and two cases of metal work failure 

(including one below). There are no records (notes or radiographs) available 

regarding the outcome of one patient. 

Of the 4 patients with persistent non-union all underwent initial open reduction 

and internal fixation and all except the pathological fracture were comminuted 

injuries and had infection and dead bone/ gap present at time of NU treatment. 

 

Patient A (ulna) had neurofibromatosis and a consequent pathological fracture. 

After failed NU surgery the non-union was excised and a gap left (midshaft of 

the ulna), good functional outcome was achieved and further intervention was 

declined by the patient. 

Patient B (tibia), after attempted union with a plate, monorail and then circular 

frame opted for amputation. 

Patient C (tibia), was initially thought to have achieved union but re-fractured 

soon after removal of frame and underwent an amputation. 

Patient D (femur), sustained a complex grossly contaminated open fracture and 

has undergone multiple plating procedures without successful union to date (5 

½ years since initial NU operation). Amputation and joint replacement have 

been offered but declined. An intramedullary nailing procedure is planned.
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Patient with failed treatment A B C D 

Number of causes 1 2 2 3 

Site Ulna Tibia Tibia Femur 

Mechanical no no no no 

Infection no yes yes yes 

Dead bone/ Gap no yes yes yes 

Host yes no no yes 

Weber Ćech class’n Atrophic 
Oligotrophi
c Atrophic Atrophic 

Gustilo Anderson grade Closed Closed Gustilo 3a Gustilo 3a 

Initial mx ORIF ORIF ORIF ORIF 

NU mx ORIF frame frame ORIF 

Comminution Simple 
Comminute
d 

Comminute
d Comminuted 

Injury time to NU op (years) 28 1.75 2 2 

Age at NU op (years) 39.20 57.10 30.34 42.58 
Number of pre-referral 
operations 2 2 >3 >3 

Number of NU operations 2 >3 >3 >3 

NU op to final outcome (years) 4  1.3 1.7 5.5+ 

 Outcome 
Functional 
NU Amputation Amputation 

Endoprosthesis 
likely 

Table 3.19 Patients who failed to achieve union 
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3.5. Results part II: Assessment of a new non-union scoring 

system 

 

Each patient in the study was scored according to the Calori et al scoring 

system, the NUSS (non-union scoring system)(227), the two errors published in 

the scoring system (anatomic alignment and adequate stability of the bone were 

mistakenly scored as better if they were non-anatomic or inadequate) were 

corrected for. Data for the NUSS was incomplete for 18 patients, predominantly 

due to an incomplete set of blood results, however 10 patients would not have 

changed group even if they had scored maximally (maximum potential points 

lost range 2-10) ‘badly’ in the unknown results and were therefore included in 

the data set (n=92); for 8 patients if the full data had been available they may 

have scored a further 4-70 points (maximum) that would have led to a change 

in group allocation.  

 

No patient from this cohort scored high enough to fall into group 4 (greater than 

75 points out of a possible 100). The highest score was 60 points and the lowest 

was 8; mean 32, standard deviation 10.1, SEM 1.1. The small numbers in group 

3 (n=6) and lack of numbers in group 4 (n=0) make interpretation of the groups 

according to cause, outcome and management limited; of the eight patients 

excluded seven would have fallen into either group 1 or 2 and the eighth had 

minimal data available (scored 14 of a theoretically possible 84). 

 

 

The aims of the proposed new NUSS classification are to score each NU 

according to local and patient factors (227, 228) and then allocate into one of 

four groups in order to: 

Compare cases of similar complexity 

Recognise the underlying issues resulting in the NU 

Allocate each NU to a subgroup to reflect the level of severity 

Direct treatment 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

172 

Compare outcomes of different centres treating non-union 

 

The 92 patients have been compared according to their NUSS group allocation 

and the underlying causes, number of operations performed, treatment and 

outcome. A ‘biological’ problem was not defined in the classification and was 

interpreted as patient host factors. 
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NUSS groups Group 1  
Score 0-25 

Group 2 
Score 26- 50 

Group 3 
Score 51- 75 

Group 4 
Score 76- 100 

Number of patients 21 65 6 0 
Mean score (Std 
Dev) 

19 (4.8) 35 (6.4) 55 (3) 0 

Number of Causes     
1    (n=25) 15 10 0 0 
2    (n=52) 6 45 1 0 
3    (n=14) 0 10 4 0 
4      (n=1) 0 0 1 0 
Host (n=43) 28.6% 49.2% 83.3% 0 
Infection  (n=57) 9.5% 41.5% 100.0% 0 
Dead bone/ gap  
(n=43) 

28.6% 49.2% 83.3% 0 

Mechanical (n=55) 61.9% 61.5% 33.3% 0 
Mechanical only 
(n=13) 

43% 
 

6% 
 

0 
 

0 

Mech & biological 
(host) (n=15) 

14% 18% 
 

 0 

Mech & bio & 
other cause (n=7) 

0 9% 17% 0 

Table 3.20 NUSS score vs cause of NU 
 

 

 Seventy one percent of patients in NUSS group 1 had a single cause factor, 71% 

of group 2 had two cause factors and 67% of group 3 of patients had three 

causative factors. Over 60% of patients in groups 1 and 2 had mechanical 

causative factors and a third of those in group 3. However the patient numbers 

in groups 1 and 3 are small. The proportion of patients with host factors rose 

steadily in each group, similarly for DBG. Infection was rare in group 1 and a 

constant factor in group 3. 

 

One third of patients in all groups had 2-3 operations prior to referral. With 

increasing group severity those with 1 or fewer operations fell and those with 

>3 operations rose. The number of operations required to treat the non-union is 
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similar between NUSS groups 1 and 2 (over 90% required one or two only) and 

increases in group 3 with four of the six patients requiring three or more. 

 

NUSS groups Group 1  
Score 0-25 

Group 2 
Score 26- 
50 

Group 3 
Score 51- 
75 

Group 4 
Score 76- 
100 

Number of patients 21 65 6 0 
Number of NU operations pre-referral 
0-1 62%  (13) 46%  (30) 17%  (1) N/A 
2-3 33%  (7) 34%  (22) 33%  (2) N/A 
>3 5%  (1) 18%  (12) 50%  (3) N/A 
Number of NU operations post referral 
1 86%  (18) 74%  (48) 17%  (1) N/A 
2 10%  (2) 17%  (11) 17%  (1) N/A 
3 0 8%  (5) 17%  (1) N/A 
>3 5%  (1) 2%  (1) 50%  (3) N/A 

Table 3.21 NUSS score vs number of operations 
 

 

The use of graft and BMP was fairly consistent across the groups. Less than one 

third of patients in each of the NUSS groups underwent bone grafting or BMP 

application. There was no clear pattern between changing the mode of fixation 

and the NUSS group, although it was highest in group 2 in whom monorail 

therapy is recommended. Treatment choice did not correlate with the NUSS 

group allocation, non-union fixation by means of a frame (n=44), circular not 

monorail (which was only used in one patient only), was high in all groups not 

just group 2. 

NUSS groups Group 1  
Score 0-25 

Group 2 
Score 26- 50 

Group 3 
Score 51- 75 

Group 4 
Score 76- 100 

Number of patients 21 65 6 0 
Graft/ BMP Nil 71%  (15) 71%  (46) 67%  (4) N/A 

Allo/ auto 24%  (5) 22%  (14) 33%  (2) N/A 
Graft & BMP 5%  (1) 3%  (2) 0 N/A 
BMP 0 5%  (3) 0 N/A 

Fixation type 
changed  

No 24%  (5) 62%  (40) 33%  (2) N/A 
Yes 76%  (16) 39%  (25) 67%  (4) N/A 

Fixation type 
to treat NU 

IMN 24%   (5) 34%  (22) 0 N/A 
Plate 33%  (7) 20%  (13) 17%  (1) N/A 
Frame 43%  (9) 46%  (30) 83%  (5) N/A 

Table 3.22 NUSS score vs NU treatment 
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The rate of failed union did not follow the severity of the NU according to the 

NUSS groups, the time taken to achieve union did increase with the NUSS 

grading (although not statistically significantly). 

 

NUSS groups Total Group 1  
Score 0-25 

Group 2 
Score 26- 50 

Group 3 
Score 51- 75 

Group 4 
Score 76- 100 

Patient number (n) 92 21 65 6 0 
Months to union 
(average) 

12.5 9.1 12.5 23.3 N/A 

Failed Union % (n) 3.2 (3) 9.5 (2) 1.8 (1) 0 N/A 
Table 3.23 NUSS score & time to union 

 
 
 
 

 
Figure 3.8 Average time to union from initial NU operation 
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3.6. Discussion part I: Causes, management and outcome 

3.6.1 Causes 

Many detailed studies on non-union are either small e.g. less than 30 patients, 

or concentrate on a single anatomical site or specific technique (e.g. the Judet 

technique or exchange nailing or use of growth factors) and exclude cases with 

infection. Comparing this study to others in the table below this cohort is in 

keeping with others regarding patient demographics (age, smoking, 

distribution, open fracture ratio). 

 

Author Bone ANU Oligotrophic HNU Other Total 

Megas(283) Femur 25 Term not used 5 
 

30 

Shroeder(284) Femur 10 (combined) 32 
 

32 

Zelle(285) Tibia 21 Term not used 19 
 

40 

Kloen(286) Forearm 4 34 13 
 

51 

Babhulker(261) Long bones 52 Term not used 61 
 

113 

Niikura(276) Long bones 17 47 22 16 102 

Current cohort Long bones 50 31 15 
 

96 

Table 3.24 Previous studies of long bone non-union types and their classification 
(n= patient numbers) 

 

In this study over half had at least two causative factors for non-union and 15% 

had at least three factors. A recently published study(276) of 102 consecutive 

long bone non-union cases divided the causes leading to non-union in two ways, 

mechanical/biological and patient-dependent/patient-independent, they found 

that 55% had a combination of mechanical and biological factors and similarly 

58% had both patient-dependent and patient-independent factors; fewer than 

4% had patient dependent factors only. Unfortunately the study did not provide 
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any information regarding the treatment or success rate of non-union healing in 

its 102 patient cohort nor did it differentiate out infection or dead bone/ gap 

from mechanical (which were all considered patient independent factor). The 

existence of multiple causes for the non-union including both local and systemic 

host biological factors, as well as mechanical instability and infection should not 

be underestimated. 

 

In terms of the Weber and Ćech classification there is no clear pattern of 

common distribution between publications, this may reflect a different case mix 

in the studies and or a difference in the way the terms atrophic, oligotrophic and 

hypertrophic have been interpreted and applied. In some studies the 

classification has been modified(276), atrophic and oligotrophic have been 

combined (despite having distinctly different theoretical underlying vascular 

physiology)(284) or have simply just divided the fractures into atrophic or 

hypertrophic and not included the oligotrophic option(261, 274, 284, 285, 287, 

288) another study has used their own units non-validated classification 

without reference to the Weber and Ćech system(289). It is possible that this 

inconsistency between studies is because of misunderstanding and misguided 

use of the Weber and Ćech classification.  

 

Although traditional textbooks and some papers(223, 228) refer to atrophic 

non-unions as avascular recent studies question this, showing that ‘atrophic’ 

non-unions can be vascular(90, 92, 290) and contain mesenchymal stem 

cells(291). To add further confusion the pictorial description of a vascular 

atrophic non-union (AO classification) in the ‘AO principles of fracture 

management’(222) looks strikingly similar to the Weber and Ćech avascular 

type D non-union. Given the extent of heterogeneity with which the Weber and 

Ćech classification is used in the literature direct comparison of studies and 

treatments of the non-hypertrophic type non-unions is not sound. Studies have 

found that the outcome of atrophic non-unions after treatment is not as good as 

hypertrophic non-unions(277, 284). However there are no studies in the 

literature comparing the ability to differentiate radiological appearance of an 
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atrophic and oligotrophic non-union and the presence of vascularity at 

operation in these non-hypertrophic type non-unions.  

 

An appropriate mechanical environment is crucial for bone healing(176, 190, 

278, 292), in addition to this the ideal mechanical environment is dependent on 

the technique of fracture healing being applied. With direct healing rigid fixation 

is required throughout, for indirect healing a degree of axial micro-movement is 

beneficial provided it is not excessive(292-294). The technique of fracture 

repair (direct vs indirect) used in the initial procedure was taken into account in 

assessing whether the mechanical environment would have been satisfactory or 

suboptimal for fracture union in this study. By assessing the initial 

postoperative radiographs it was possible to clarify that inadequate mechanical 

fixation was a problem at the outset rather than as a result of the non-union. 

 

In the presence of inadequate mechanical stability a fracture may be produce 

callus in response to the excessive motion at the fracture site. This callus can be 

large in volume yet not effective in improving stability and fracture union, 

resulting in a hypertrophic non-union. In this study insufficient mechanical 

stability was a cause in 59% of cases yet hypertrophic radiological findings 

were only present in 15%. Similar findings have recently been published in a 

study which identified inadequate stability to be a significant factor in 79 0f 102 

non-unions yet reported that only 22/102 were hypertrophic (276). Thus the 

absence of hypertrophic callus does not rule out inadequate mechanical fixation 

as a cause of non-union, this may be due to the mechanical environment being 

too unstable for osteoblasts.  

 

A fracture will heal with a gap present but only up to a certain size (the critical 

size defect) and requires healthy surrounding bone and soft tissues with 

‘relative’ not ‘absolute’ fixation stability. In this study the gap size at the NU site 

of patients in the ‘dead bone with a gap’ group ranged from just 4mm to several 

centimetres. Several studies have shown that even a small gap increases the risk 

of delayed or non-union(295-297); a recent paper from a multicentre RCT 
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showed a significant increase in risk of reoperation with a gap of even just a few 

millimetres after tibial nailing(297), Fong et al(296) confirmed that the 

presence of an open fracture or of a gap at the fracture site post fixation were 

both associated with an increased risk of fracture non-union. Drosos et al(295) 

found that a gap of or greater than 3mm in tibial fractures significantly 

prolonged the time to union. A gap size of 3mm or 5mm has been taken as a cut 

off in other non-union studies(227, 276, 298). Extensive periosteal stripping 

and local soft tissue trauma associated with open injuries is known to increase 

the risk for dead bone and non-union, in this study the relative risk of having a 

dead bond/ gap contributing to the non-union was almost nine times higher in 

those that had undergone surgical intervention however when ORIF was 

compared to IM nailing (at time of injury) the numbers were very similar. In this 

study the proportion of patients with comminution and open fractures was 

higher in the dead bone/ gap group than any other causative group. 

 

Patient systemic/ host factors including comorbidities and medications are 

recognised to impair the fracture healing process. Host factors as a single cause 

was found to be the case in only 4% of our study but a contributing factor in 

44% of patients, findings similar to other studies(276). Smoking has been 

associated with non-union(86, 117, 118, 121, 299) however the critical level at 

which smoking becomes a significant risk is difficult to measure objectively. 

Smoking was attributed as a risk factor if there was evidence of a greater than 

10 per day habit (27 patients), this number has been used in other studies as an 

acceptable cut off(86, 300) and patients are thought to under (rather than over) 

estimate their daily habit; however there is no clear data to validate 10 per day 

as the critical cut off number. Other non-union studies that have quantified the 

numbers smoking have not defined their cut off number(276, 285, 298). 

 

The data on non-steroidal anti-inflammatory drugs is variable with a 

considerable deficiency of high quality evidence available in the literature but 

overall preclinical data suggests that COX-2 selective agents are particularly 

deleterious for fracture healing, as discussed in chapter one. Clinically this has 
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been supported by a 282 patient review of the prevention of heterotopic 

ossification around acetabular fractures, who reported a significantly higher 

rate of non-union in associated peripheral fractures in the patients on 

indomethacin(139). A recent retrospective clinical study of 1900 patients with 

long bone fractures has suggested that postoperative NSAIDs double the risk of 

healing complications(136). A recent GP database study(121) of over 400 non-

unions and 2200 controls found that the most significant factors associated with 

developing a non-union were diabetes, the use of NSAID’s and a recent car 

accident (which suggests a link between high energy injuries and non-union); 

smoking was also more prevalent in the non-union group but not significantly 

so. Host factors as a relative contributory risk in non-union has seldom been 

quantified, two recent publications have done so but neither gave a cut off level 

for smoking nor discussed the use of NSAIDs(276, 298). 

 

Infection made up a considerable part of the cohort (38%), it was the single 

cause of the non-union in 4% of cases. The commonest bacterium cultured was 

staphylococcus (94%), CNS in 20 patients and s. aureus in 17 with a third of 

patients having poly microbial infections; CNS was also the commonest 

bacterium grown in several previous non-union studies(301, 302), although 

s.aureus is the more common pathogen in many studies(180, 181, 284, 303) 

with lesser numbers of enterococci, pseudomonas and Klebsiella ((181, 283, 

301-303). 

 

Although in this study the amount of comminution, the state of the soft tissues 

and whether or not the fracture was open were not found to significantly affect 

the infection rate, patients who had been treated by open reduction or external 

fixator did have a significantly higher rate of infection and these forms of 

surgical treatment are often chosen in patients who have sustained highly 

comminuted or open fractures. Unfortunately the numbers were not great 

enough to analyse according to treatment and tissue status, but it may be that 

the lack of significance between fracture personality and infection is due to a 

type 2 error.  
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The risk of infection significantly increased with the number of operations 

performed prior to referral. Every reoperation increases the risk for infection, 

publications to support this outside of publications in the field of joint 

arthroplasty(304, 305) is limited, Egol et al(306) found an increased risk of 

indolent infection in fractures that had undergone at least 4 previous 

operations. In this study a 2.5 fold increased risk of infection was found in those 

patients who had undergone more than two operations, unfortunately it was 

not possible to determine whether the increase in number of operations was the 

cause or as a consequence of infection. 

 

Of the 54 patients thought to have aseptic non-unions two were infected (3.7%), 

if those with some clinical suspicion of infection were included the number with 

infection rose to 5 in 61 patients. Kim et al(288) found an unexpected infection 

rate of 14% (3/22 patients) in a study of distal femoral non-unions. In their 

study all of these infected patients also had normal preoperative bloods (ESR/ 

CRP/ WCC). Similarly Amorosa et al(302) found that 28% (29/104 cases) of 

presumed aseptic non-unions to have positive cultures, 24% of whom had 

multiple positive cultures. However, they did not use preoperative 

inflammatory markers and WCC as part of the preoperative work up to help 

determine if the non-union was aseptic.  

 

Patients with infected joint replacements usually present with signs of 

loosening rather than signs of infection(307, 308). In an analogous way, fracture 

patients with occult infection may present with a failure of healing rather than 

systemic signs of infection. Egol et al(306) found an indolent infection rate of 

12% in patients undergoing reoperation of a fracture for poor healing with 

100% inaccuracy of the surgeon being able to determine it clinically. This 

emphasises the importance of considering that every non-union patient has a 

potential infection until proven otherwise, failure to recognize and treat a latent 

infection will impede the success of non-union treatment. 
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3.6.2 Management 

The initial fracture treatment management for the cohort was not atypical; 

upper limb fractures were either managed conservatively (as were the fibula 

fractures) or underwent plate fixation (ORIF), the femoral fractures were either 

had an IM nail or ORIF, all methods of management were used for tibial non-

unions. In this cohort external fixation as a primary treatment was only used in 

the management of tibial non-unions.  

 

The number of pre-referral operations was similar regardless of initial surgical 

management (excluding conservative management), 46% had undergone a 

second line of treatment and 27% had at least three operations prior to referral, 

the only factor found to be associated with a higher risk of increased operation 

rate was the open status of the fracture. Only Ramoutar et al(309) detail the 

number of previous operations the patients in their study had, with 95% having 

had two or fewer previous procedures and 46% having had no previous 

operative intervention. Thus in Ramoutar et al’s cohort, the patients had 

undergone far fewer procedures prior to referral. 

 

The choice of treatment for the non-unions was varied and determined in part 

by the previous treatment and the anatomical location. Plate fixation was 

predominantly used in cases where the initial fracture management had been 

conservative eg fibula and humerus, plate fixation with or without bone graft in 

both aseptic and infected non-unions has been well reported(286-288, 309). 

Intramedullary nail fixation was used mostly for exchange nailing (85% of the 

IMN’s had previously had one in situ), a recognised technique in non-union 

management(274, 284, 285). Circular external fixators were applied in 45% of 

the cases whereas external fixators were only used as the primary modality in 

3%. There was a high conversion rate to circular external fixation from those 

initially plated, stabilised with uni/ biplanar fixators or conservatively 

managed. Circular external fixation has been reported to be a powerful tool for 

patients with infection and for correcting deformity in a minimally invasive 
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manner in patients with poor soft tissues(181, 289). Direct comparison with 

other studies is limited as few publications have a mixed armamentarium of 

management, Amorosa et al(302) used ORIF and IM nail fixation but did not 

define their numbers, Babhulkar et al(261) reviewed 113 patients in which 

approximately 65% underwent internal plate fixation, 25% IM nailing, and 10% 

Ilizarov frame treatment. The study is difficult to interpret, but they report a 

100% union rate. However approximately 20% of patients required further 

management for malunion and leg length discrepancy. 

 

The use of bone grafting for the treatment of non-union is case by case specific 

but generally for those with an atrophic-type picture, as autograft has 

osteoinductive, osteogenic and osteoconductive properties and it has been 

described as the gold standard for non-union treatment(310). In this cohort one 

in four patients underwent bone grafting, 85% of which was autologous, and it 

was used exclusively and sparingly in the atrophic and oligotrophic groups as it 

is not essential in every case, particularly not the hypertrophic type where there 

is an abundance of osteogenic cells particularly as it carries its own associated 

morbidity(311). The benefit of BMP’s in non-union is still uncertain, a 

systematic review comparing autograft to BMP-7 treatment found the allograft 

to have a higher success rate, however the heterogeneity of non-union makes 

concise comparison between different studies difficult.  

 

Half of the patients in the cohort reported in this thesis had undergone previous 

unsuccessful non-union surgery elsewhere, this may suggest a more complex 

cohort than that encountered in general orthopaedic practice. Alternatively, the 

non-union surgery elsewhere may have been unsuccessful because a single 

rather than multiple causes had been considered at the time of the initial 

revision surgery. Where mechanical stability was a cause of failed union the 

fixation was changed to a more stable construct by, for example exchange 

nailing with a wider diameter nail, dynamisation and locking. Converting from a 

monorail type fixator to a circular construct or using a longer plate. Dead bone/ 

gap was managed by excising dead bone back to bleeding bone (paprika sign) 
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and reducing the gap with or without the aid of graft. Infection was treated with 

thorough debridement and antibiotic therapy as recommended by the 

microbiologists. Host factors were harder to control other than discontinuing 

any NSAID usage and discouraging smoking. Using this approach to the 

treatment of non-union 87% of patients irrespective of severity required only 

one or two operations to achieve union.  

 

3.6.3 Outcome 

A 96% success rate of union compares well to other cohort studies as illustrated 

in the table 3.25 below.  

 

Author Size of study 
(pts) 

Anatomical site Management Success rate 
(union) 

Amorosa(302) 87 Mixed long 
bone 

IM nail 100% 

Shroeder(284) 42 Femur Exchange nail 86% 
Ramoutar(309) 96 Mixed long 

bone 
Judet technique 99% 

Guyver(298) 40 Mixed long 
bone 

Judet 92% 

Megas(274) 30 Femur Internal fixation 100% 
Devnani(287) 25 Mixed long 

bone 
Internal fixation 100% 

Biasibetti(289) 287 Mixed long 
bone 

External fixator 93% 

Flierl(312) 182 Mixed long 
bone 

Mixed 100% 

Zelle(285) 40 Tibia IM nail 95% 
Calori(228) 300 Mixed long 

bone 
Varied 86% 

Taormina(313) 272 Mixed long 
bone 

Mixed 95% 

Table 3.25 Outcome of non-union treatment in other studies 
 
 
There are many other non-union studies not listed above including those that 

have focused on the application of growth factors such as rBMP-7 with union 

rates around 85- 90%(35, 314, 315). Valid comparison between non-union 
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studies in the literature regarding successful outcome is difficult. A consecutive 

patient study such as the one in this thesis will include a wide range of 

treatments and complexity of non-union case whereas a study on the outcome 

of intramedullary nailing for non-union will have a more selective possibly 

more homogenous group of patients, comparing outcome and time to union in 

such a situation would not be accurate. Success in non-union studies is usually 

measured as union defined radiologically and rarely comments on functional or 

psychosocial outcomes, an amputation is generally considered an unsuccessful 

outcome of treatment.  

 

Studies comparing limb salvage to amputation in the management of a severely 

injured lower limb have found the initial costs to be similar and the lifetime 

financial costs to be far lower in the limb reconstruction patients(316-318), two 

of these studies included patients with long standing non-unions treated by 

limb reconstruction rather than amputation(316, 318). Arangio et al(319) 

reported that of those whom had undergone limb salvage for complex open 

tibial fractures 89% had ongoing subjective complaints but do not quantify 

these, MacKenzie et al(320) found the outcome at 7 years to be poor for both 

groups (amputees and limb salvage) with substantial physical and psychosocial 

disability using the Sickness Impact Profile whereas Lowenberg et al(316) 

found that return to work was 85% with 97% independent mobility in at 11 

years follow up post limb reconstruction treatment with Ilizarov frame 

technique but the study did not use a specific tool to measure social, 

psychosocial or physical impact. Two meta-analysis reviews conclude that the 

psychosocial, long term pain, mobility and return to work are similar between 

the two treatment options(321, 322).  

 

Although the health economics regarding the cost of non-union surgery is 

available in the literature(46, 269, 271, 315) outcomes from non-union surgery 

according to patient quality of life measures have not been reported and further 

research regarding this is required. 
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3.7. Discussion part II: Validation and comparison with the 

Non-Union Scoring System 

 

“A classification is useful only if it considers the severity of the bone lesion and 

serves as a basis for treatment and for evaluation of the results.” 

Maurice E. Müller, 1988(323) 

 

“Classification systems help orthopaedic surgeons characterize a problem, suggest a 

potential prognosis, and offer guidance in determining the optimal treatment 

method for a particular condition. Classification systems also play a key role in the 

reporting of clinical and epidemiologic data, allowing uniform comparison and 

documentation of like conditions. A useful classification system is reliable and 

valid.” 

American Academy of Orthopaedic Surgeons(324) 

 

An orthopaedic classification system for use in clinical practice should be 

uncomplicated, easy to recall, help with treatment decision making, relate to 

prognosis and be reliable, although not everyone agrees that it should be a 

determinant of treatment(325). Classifying non-union beyond that of basic 

radiographical parameters is challenging due to its multifactorial and 

heterogeneous nature yet these influential multifactorial factors need to be 

recognised if a classification system is going to be of use in understanding the 

complexity of managing non-unions, enabling case comparison and directing 

management. The traditional Weber and Ćech classification(223) does not cover 

these additional dimensions. Further, as discussed in chapter one, the Weber 

and Cech classification is often applied incorrectly in the literature with many 

series omitting oligotrophic altogether(261, 274, 285, 287, 313) and recent 

evidence of potential biological activity in atrophic non-unions in addition to the 

recognition of host factors means that radiological description alone is no 

longer adequate as a sole method of classifying non-union.  
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Calori et al appreciate the constraints of the Weber and Ćech system and 

consider the inability to compare non-union patients as a reason for the deficit 

in research into the subject(227) and they have tried to encompass the many 

contributing factors into their proposed new scoring system, not just the 

radiographic aspects. The NUSS (non-union scoring sysem) also to its credit 

attempts to define the complexity of the non-union and guide management. 

However, the NUSS has 15 sections making it complicated to memorise and 

impractical to use in the clinical setting. Its final treatment recommendations 

are broad (e.g. change mode of fixation for group 1 patients), vague (e.g. use of 

biologics for group 3 patients) and do not address problems such as infection 

(overt or unsuspected) or bone loss. It aims to compare patients according to 

their score, a similar numerical patient score may have been arrived at by very 

different causes e.g. infection (infection and raised blood markers is 7 points) or 

instability or host factors (diabetes plus steroids and smoking is 8 points) and 

basing treatment on a number alone is misleading in such a complex condition. 

 

To date independent validation has been attempted once; Abumunaser et 

al(229) retrospectively compared the actual management of 40 lower limb non-

union cases to that recommended by Calori et al according to the patient score. 

However Abumunaser et al(229) had to combine patient groups 2 and 3 (82.5% 

of the 40 patients, leaving 7.5% in group 1 and 10% in group 4) as they were 

unable to determine the difference in management between the two groups as 

described by Calori et al(227) in their first description of the NUSS, they also 

changed the parameters of the recommended treatments per group e.g. by 

including patients treated by bone grafting in group 1 (unlike the Calori 

recommendations(227, 228)). Using these amendments statistically significant 

correlation with the NUSS was found. However as the treatments used were far 

wider than recommended with subgroups 2 and 3 combined, the paper neither 

validates the NUSS nor can be seen to recommend it despite their conclusion 

otherwise. 
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Recently some of the original NUSS authors have published a 300 patient 

retrospective paper(228). The paper is a large single centre series and does 

provide some further detail of the score related recommended treatments both 

in the text and as an algorithm (figure 3.9 below). However their method is 

vague; the patients are drawn from a pre-existing non-union database and have 

been scored and assigned to a group (1-4), the treatment appears to follow the 

ladder strategy flow chart (figure 3.9 below). Overall 82-86% union was 

achieved (not including the more complex cases of group 4) and mean time to 

union was 7-10 months across all NUSS groups. The study concludes that the 

NUSS is an appropriate scoring system to classify and determine treatment of 

non-union cases upon. 

 

Figure 3.9 NUSS recommended algorithm of treatment 
 
“Algorithm of choice of treatment for non-union and bone defect based on the Non-Union Scoring 
System (NUSS), which recognises four groups of severity. This treatment algorithm is based on the 
concept of a ‘‘ladder strategy’’: for a simple problem there should be a simple answer, whereas a 

more serious problem corresponds to a more complex solution. 
 

Abbreviations: M = major mechanical problem; m = minor mechanical problem; B = major biological problem; b = minor 
biological problem. “(228) 

 

 

It is possible 

t
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hat some of this 300 patient cohort may have been the basis for the initial NUSS 

criteria and not appropriate for means of validation, other concerns with the 

paper include that ‘standard treatment’ (as recommended in group 1) or any 

detail of the patient treatment are not well defined nor are the patient numbers 

that underwent grafting, BMP treatment or biological chamber therapy 

provided. The scoring method differentiates between bone, soft tissue and 

patient factors whereas the algorithm emphasis is on mechanical and biological 

factors, the two are at no point linked. 

 

The aim of the paper(228) was to validate the classification and show that 

applying the treatment as recommended by the patient score would lead to a 

superior outcome. However with results of 82-86%, they are not as good as 

several other studies mentioned earlier in the discussion (table 3.24) including 

the present one. Without a clear comparison to union rates of other modes of 

treatment or to the Weber and Ćech classification it is hard to conclude that the 

study achieves its aims. 

 

In the NUSS each group represents increasing complexity of pathology and 

severity of the case. Using the patients from this study and comparing their 

group allocation by score to the number of causes, operations, time to healing 

and failure rate- acceptable barometers of the complexity of the non-union- the 

results did not always reflect increasing case severity: 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

190 

 

Patient distribution: When the ladder strategy was applied to the current study 

cohort (n=92), 93% fell into group 1 or 2.  

 

Cause: The ladder strategy suggests that mechanical factors are present in all 

non-unions but was not a factor in 40% of patients and of the 3 patients who 

ultimately failed to achieve union none had mechanical factors as a contributing 

cause. The number of causes increased with each group, not unexpected as the 

NUSS includes host factors, mechanical stability, infection and fracture gap size 

in its system. However 71% of patients fell into group 2 but only 56% had 2 

causes, 6% of patients fell into group 3 but 16% had 3 or 4 causes.  

 

Number of procedures: Although the number of NU operations required to 

achieve union increased with each group, only 8% in groups 1 and 2 required 3 

or more procedures. Including all patients two operations was the maximum 

necessary in 90% of cases.  

 

Treatment: The change of fixation type was highest in patients that fell into 

group 1 as suggested by the NUSS (76%) but was also high in group 3 type 

patients (67%). The requirement for any type of grafting occurred in less than a 

third of patients irrespective of their NUSS score and only 5% of those in group 

2 required BMP growth factor therapy. ESWT, MSC’s, scaffolds and 

microvascular bone grafts were not used at all, in group 3 patients the need for 

polytherapy or biological chamber treatment as recommendation by the ladder 

strategy not required to achieve union, however it was a small group of only 6 

patients.  

 

The difference between groups 1 and 2 was the need for ‘specialist treatment’ 

and between groups 2 and 3 was the need for ‘specialist care’ and ‘specialist 

treatment’, this was not found to be the case in this study, 13% from group 1 

and 14% from group 3 required more ‘specialist’ treatment (e.g. further bone 
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grafting or amputation) placing them in higher groups than their score 

suggested. 

 

Time to union: Mean time to union increased from 9 months in group one to 12 

months in group two and 23 months in group three. This is clearly longer than 

the mean 7-8 months taken in each group from the Calori 300 patient 

study(228) and possibly indicates a benefit of their recommended treatment 

pathway. 

 

Outcome: The success of treatment was far higher across all groups in this study 

at an overall rate of 97% compared to the 300 patients in Calori et al’s 

study(228), in the cohort reported in this thesis group on group comparison 

was consistently better; greater than 5% in group 1, 11% in group 2 and 18% in 

group 3. These results were despite the absent use of biotechnology products as 

recommended and used in the Calori study(228). 

 

 

Figure 3.10 Application of NUSS algorithm to thesis patient cohort 
 
• Top row= patient allocation according to the NUSS score/ middle row= cause/ bottom row= 

management 

 
Abbreviations: M = major mechanical problem; m = minor mechanical problem; B = major biological problem; b = minor 

biological problem. “(228) 
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Guyver et al applied the NUSS to 39 non-union patients treated by Judet 

osteoperiosteal decortication, and had a mean score of 31.5 (range 4- 53 points) 

for their cohort. No further detail about their cohort relative to the NUSS was 

provided. With the upper end of the range at 53 points very few patients in the 

Gwuyyer study fell into the ‘specialist care and management’ group and the 

patient treatment (a highly specialised technique) was not as recommended by 

the NUSS algorithm but the outcome was good at 92% union. 

 

Infection is not an infrequent complicating factor; it was present in 62% of the 

current cohort. Infected and aseptic non-unions are considered as a separate 

non-union subgroup in the literature, as is their management, due to the 

challenge every case presents(180-182, 289, 302). Despite being considered a 

significant factor in the NUSS template it is not given any consideration in the 

treatment algorithm, nor is its prevalence within the 300 patient study 

mentioned.  

 

Dead bone and the need to excise it is only (and briefly) addressed in the 

treatment recommendations of group 3 patients yet the current study found 

that a quarter of group 1 and half of group 2 patients had dead bone or a gap, 

although again this issue is addressed in the initial points system it is not 

represented in treatment.  

 

The NUSS is an all encompassing classification that recognises the multifactorial 

and complex nature of non-union with the need at times to employ an à la carte 

approach to its management, however the aims of the NUSS do not appear to 

have been achieved. It is a complex classification calculate that does not lend 

itself to the clinical environment, it requires the clinician to look up the scoring 

system and each publication of it to date has typing errors(227-229, 298).  

 

The numerical labelling enables group categorisation and patient comparison 

but a number cannot tell the story of the underlying contributing factors that 

need to be addressed, mechanical cause is assumed to be underlying all non-



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

193 

unions which could mislead surgeons with patients in group 1 but with other 

underlying factors. The categories are wide and the majority of patients fall into 

one or two groups; the recommended treatments vary from being very specific 

e.g. use a monorail (group 2) to very vague e.g. use biotechnological products 

(group 3). The categories do not differentiate well between patients who are 

more or less complex or more or less likely to have a good result.  

 

The NUSS aspires to be a system that determines treatment but has results less 

successful than that of many other non-union treatment series that employ 

other techniques. The need for expensive products including BMP and stem 

cells may not be necessary and the recommended use of products in a 

classification, such as ESWT and PEMF, MSC’s, which have no high quality 

evidence based justification for their use in the treatment of non-union, should 

be heeded with caution. Although the concept of considering a range of risk 

factors in the NUSS is reasonable, in practice it does not achieve its aims and 

does not appear to satisfy the principles of what a classification should do, as 

defined earlier. 

 

The main weakness of the study for this thesis is most notably the retrospective 

collection of some of the data and the lack of a control group. However the data 

has been gathered from a specialized service run by two consultants and with 

results of microbiology having being recorded electronically and radiographs 

stored appropriately there was minimal missing data. The cohort encompasses 

a wide range of patient demographics and the entire spectrum of non-union 

from straightforward single factor to complex infected and multifactorial cases. 

Although this puts it at a disadvantage for case and literature comparison it is 

not selective and uses a consecutive caseload, a truer reflection of clinical 

practice than a highly selective anatomical and treatment specific NU study 

making it a good cohort to test the NUSS against. A prospective long running 

study including patient outcome measures such as the SF-36 and SIP with larger 

numbers is required. 
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3.8. Conclusion 

 

The clinical scenario of non-union after a fracture is in most cases as a 

consequence of several causes, often both mechanical and biological. By 

assessing for potential multiple contributing factors of mechanical, host, 

infection and dead bone /gap in each case of non-union and treating them 

appropriately enables a simple and effective approach in managing non-union. 

Excluding indolent infection and applying standard treatments based on 

addressing the underlying cause (where possible) with the selective use of bone 

graft resulted in a high success rate, there is rarely need for additional biological 

treatments such as BMP. When these factors are recognized and addressed the 

success rate of treatment under the care of a specialist team is high, around 

95%. 

 

The conventional method of classifying non-unions radiographically by way of 

the Weber and Cech or AO systems(222, 223) is limiting as neither encourage 

the surgeon to consider factors such asvhost or infection which are essential 

elements of management. Furthermore there is increasing ambiguity as to the 

definition of atrophic non-unions and the term oligotrophic has disappeared 

from general use yet it is unlikely that the non-union type it describes has not. 

For these reasons a new more encompassing classification is required, however 

the NUSS classification is not in its current format appropriate in the clinical 

setting.  
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Chapter 4 

4. In vivo study of non-union and the effect of monobutyrin 

and BMP-2 
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4.1. Introduction 

 

Animal models are used in bone healing research to investigate the normal 

healing process as well as novel agents and materials that may benefit medical 

management in optimizing fracture repair. Compared to large animals, small 

animals have the advantage of having a much faster healing process and shorter 

life cycle than humans enabling studies to be done over shorter periods of time, 

some species having very similar physiology to humans and can be studied 

easily in a controlled environment. Alternatives to animal models are used 

whenever possible but this is not always appropriate during the later stages of 

development of a new compound or method of fixation. 

 

 

4.2. Aims 

 

1- Review of the current literature regarding animal models of bone healing and 

non-union to enable a suitable choice of model for this study. 

 

2- To assess the potential bone healing properties of monobutyrin and BMP-2 in 

a non-critical sized defect non-union small animal model of non-union. 
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4.3. In vivo animal models for bone repair- literature review 

 
"An animal model for biomedical research is one in which normative biology or 

behaviour can be studied, or in which a spontaneous or induced pathological 

process can be investigated, and in which the phenomenon in one or more 

respects resembles the same phenomenon in humans or other species of 

animals "(326). 

 

General Considerations 

Many factors need to be taken into consideration when choosing the most 

appropriate model; including the species, gender, size and age of the animal, the 

most appropriate controls and the numbers needed at each time point in each 

group.  

 

It is well recognised that there is wide variation (biochemical, biomechanical 

and anatomical) of normal bone and healing processes between and within 

species(327).  

 

Human bone is comprised of a combination of cortical and trabecular bone with 

secondary osteonal formation in adults (primary osteonal systems lack 

haversian canal systems). Other animals have varying amounts of cortical and 

trabecular bone volume and varying degrees of primary and secondary osteonal 

architecture. Other species have plexiform bone, a bone type almost never 

found in humans (except in the mandible), it is similar to woven bone as it 

forms rapidly but is much stronger, it has a ‘brick-like’ structure consisting of 

layers of lamellar and non-lamellar (woven) bone around vascular plexuses. 
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4.3.1 Choice of Animal Species 

A paper in 2001 by Martini et al(328) showed that in 21,500 mammal studies 

the most popular species choice was the rat (36%); followed by mice (26%), 

rabbits (13%), dogs (9%). A similar study(329)  of musculoskeletal animal 

research found that 35% had used rabbits, 27% rats, 13.5% sheep and only 7% 

using a murine model. 

 

Standard practice is for a small animal study to be done before proceeding to a 

large animal model, however this depends on the therapeutic agent or medical 

device being tested. The advantages that the small animal model has are the 

practical and logistical aspects of obtaining an animal license, access to animal 

housing facilities, costs, social acceptance and Home Office approval. Rats and 

mice are genetically well defined, there are genetically manipulated breeds and 

specific monoclonal antibodies available enabling specific parts of the bone 

healing process to be scrutinised. The advantages larger animals have are size 

(enabling easier design of bone fixation devices) and easier to control the 

weight bearing environment precisely. 

 

Mouse  

The mouse model is low cost, easy to handle, with knockout varieties and a 

growing number of bone fixation devices available and there is an increasing 

knowledge of their genetic blueprint; although. All methods of bone fixation 

(internal plating/ nailing and external fixation) have been described(330) and 

validated. The mouse lacks a haversian canal system altogether and has a 

primitive bone architecture(330). However, in the fracture model they do heal 

by both intramembranous and endochondral ossification(331, 332). 

 

Concerns exist because of their size and rapid healing (within days). 

Furthermore is the issue of validity in representing the human situation 

particularly when testing any fixation devices or bone substitute scaffolds on 
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such a small scale. In such situations it would be important to follow up the 

small animal model with a large animal model. 

 

Rat 

Rats are a popular choice (27% of all musculoskeletal animal studies(329)) for 

both long bone and calvarial models, consequently there are many validated rat 

models available in the literature. They are hygienic, easy and economic to 

house (several females can be kept in one cage), large enough for the majority of 

fixation devices and tolerate external fixation well, although a habit of chewing 

materials including plaster of Paris and polyethylene has been encountered.  

 

Rat bone differs from that of humans in composition and density, it is 

predominantly primary osteonal in structure with longitudinal bone tissue and 

minimal numbers of poorly developed Haversian systems(327, 333). Further 

issues of rats as a small animal model is their delayed physeal closure(334), it is 

important to ensure that age, sex and reproduction history is taken into 

consideration and consistent between animals as this can also influence bone 

physiology and repair(335-338). 

 

Rabbit 

Rabbits are also an accepted choice for musculoskeletal studies, they are easy to 

handle and both their front and hind legs have been used in bone repair models. 

They have the advantage of having a larger skeleton than rodents but still easy 

to house with lower maintenance requirements relative to larger mammals. 

Rabbits are classed as a large animal in the context of testing implants or 

biomaterials yet there is a clear size limitation when comparing them to the dog, 

sheep or pig. Rabbits have similar bone density and mineral composition to 

humans, they have haversian canals and osteons; however the microstructure 

does differ as they are predominantly primary osteonal(339) histologically. 

Rabbits reach skeletal maturity at a relatively young age(334) and have a 
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significantly fast bone turnover and remodelling rate, which may not be suitable 

for certain studies, however they have been the number one animal of choice in 

musculoskeletal research(329).  

 

Cats 

Cats are an uncommon choice. They have been described for non-union models 

but their domesticity makes feline research models socially unacceptable.  

 

Dogs 

Dogs have the advantage of being less expensive and easier to handle than other 

large animal species. There are many canine models described in the literature 

for implants, non-union models, osteoporosis and osteomyelitis and they are 

well validated for osteoarthritis. Dogs have similarities in bone structure, a long 

life expectancy, reach skeletal maturity at a relatively young age and are 

monogastric. Their postoperative weight bearing status can be dictated by the 

use of splints, slings and fixators and they can be made to weight bear in a 

controlled manner through the use of treadmills or similar.  

 

Dogs have a combination of plexiform, lamellar and trabecular bone, with 

osteons closer to the centre of the bone and lamellar bone towards the 

periphery, this and their fast, highly variable remodelling reflects the speed at 

which they grow when young. Canine biochemical properties are very 

similar(327) to that of humans but their biomechanical properties differ(340, 

341). 

 

However their use in musculoskeletal research is low at around 10% of all 

animal models(329) due to ethical issues and negative public perception of 

canine models and cost. Other disadvantages include a low non-union rate and 

wide interspecies variation(342). 
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Sheep 

As a large animal model sheep have many advantages, their long bones and 

mass are on a scale similar to that of humans enabling human devices to be 

tested on them, they are relatively easy to handle and can be housed in large 

herds. Public acceptance of sheep as an animal model for medical research 

seems to be tolerable.  

 

Sheep have a similar immune system to humans, which aids biocompatibility of 

biomaterials but they have a different digestive system, which prevents their 

use for testing orally absorbed agents. Their bone microstructure and 

remodelling changes with age, it has been reported that they are at risk of stress 

fractures predominantly thought to be due to poor surgical technique. Initially 

they have predominantly plexiform bone but with increasing age secondary 

remodelling and Haversian canals can be found. Sheep have a similar bone 

mineral composition but a far greater bone density than humans. 

 

Pigs 

Pigs are less easy to handle than sheep and have a higher body mass than 

humans (often in excess of 150kg) but they do have a similar bone healing and 

structure to humans on both a macro and microscopic scale.  

 

Minipigs who have an upper weight limit of around 60kg are easier to house 

and handle. They have the advantage over other large animals of being 

monogastric and omnivores. Minipig long bone is morphologically similar and 

has a similar bone anatomy, density and healing to that of humans; they have 

lamellar bone and some similarity in composition and density but a far denser 

trabecular network. However minipigs are expensive and still relatively rare in 

orthopaedic animal model research. 
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Species Advantages Disadvantages Bone structure compared 
to human bone 

SMALL ANIMAL 

 

Mouse Low cost 
Validated studies 
Short breeding cycle 
Specific genetic variants 
Antibody assays 

Size: 
Operative handling 
Validity of biomaterial 
testing 
Cost of micro implants/ 
scanner 

Lack haversian canal system 

Rat Low cost 
Validated studies 
Short breeding cycle 
Adequate size for 
operative techniques 

Housing males separately 
Variable female bone 
mass 
Prolonged open epiphyses 
High bone turnover 

Different biochemical bone 
composition 
Minimal haversian system 

LARGE ANIMAL 

 

Rabbit Early skeletal maturity 
Ease of handling 
Genetic homogeneity 

Limited size for 
biomaterial implants 
High bone turnover 

Primary osteonal bone 
healing 

Dog Tame/ biddable 
Specific exercise 
program 
Bone composition 

Ethical issues 
Cost 
Species variation 
Low NU rate 

Plexiform bone 
Increased mineral density 
Very similar bone 
composition 

Sheep Size 
Similar kg to human 
Housed as a flock 
Easy handling 

Digastric 
Seasonal fluctuation in 
bone mass 
Age-related bone 
structure changes 

Young- plexiform bone & 
primary osteonal healing 
Greater bone mass 
Old- similar bone structure 

Minipig Size 
Similar estrogen cycle 
Similar bone to human 

Cost 
Aggressive 
 

Lamellar bone structure 
Similar bone composition 

Table 4.1 Advantages and disadvantages of various species as models of bone repair 
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4.3.2 Animal Age 

To minimise the number of animals necessary and maximise the significance of 

the results consistency of age of the animal is important and previous studies 

show that the age of an animal effects both bone quality and fracture 

repair(335). Most models describe the use of adult animals however the age of 

physeal closure is variable and can remain open in certain species after sexual 

maturity(334). It is important to know that the animals are of the same age, 

equally if the study is for a lengthy period of time it is necessary to know the 

natural life expectancy of the animal. In some species, particularly sheep, the 

microscopic infrastructure of the bone is known to change with age. 

 

Meyer et al(338) showed that fracture healing in a six-week-old rat closed 

femoral fracture took significantly less time than a one-year-old rat. Similar 

findings have been shown in mice with increased time to healing and lower 

osteogenic potential(343) There is limited evidence regarding the effect of age 

on bone density and fracture healing in species other than rats and mice (it is 

suggested that the rhesus monkey is the only non-human animal found to 

develop osteoporosis naturally) however there are many osteoporosis models 

available in the literature, they are not age related but induced by other means 

(e.g. ovariectomy and steroids)(344, 345).  

 

Age is also important from a practical perspective; a 2 month old male rat 

weighs around 200g whereas a 6 month old weighs 500-600g and is 

significantly larger. If internal plates or external fixators are being applied then 

the size of the device will have to reflect the size of the animal. 
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Animal Characteristics of growth, maturity and fracture healing 

Animal 
Age of tibial  

physeal closure 
(months) 

Age at sexual 
maturity 
months) 

Life  
expectancy 
(months) 

Expected time to 
union of simple 

fractures (weeks) 
Mouse  
(Imprinting Control Region) 

5 1 18 to 36 3 

Rat  
(Sprague-Dawley) 

11 2 30 to 48 4 to 6 

Rabbit  
(New Zealand White) 

6.8 
5.3 (femur) 

4-9 84 to 96 6 to 7 

Dog  
(Greyhound) 

7.5 
7.3 (femur) 

7-10 108 to 168 10 to 13 

Sheep  
(Suffolk x Dorset) 

17 5.5 180 10 to 14 

Table 4.2 Animal bone and fracture characteristics 
 

4.3.3 Animal Sex 

Consistently using the same sex is vital and the choice between male and female 

should be given some consideration. There is little available in the literature 

regarding the effect of sex on bone however the hormonal and reproductive 

cycles in the female can significantly influence bone repair and turnover, this 

has been most extensively studied in rats(336). In the rat bone mineral density 

and endochondral growth is greatly suppressed in the reproductive cycle, 

particularly with the first litter and lactation. Rats have an accelerated catch up 

period between each cycle but fail to equalise that of the nulliparous 

females(337). Ovariectomised rats have delayed healing of femoral fractures 

and reduced BMD (especially in the older test group) due to alteration of their 

hormonal cycle. 

 

It is because of these issues that males are more commonly used, however the 

advantage that female rats and other female species have over males is that they 

are less territorial and can often be housed in the same cage, making them a 

more economic option. 
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4.3.4 Animal size and other considerations 

Size is relevant to animal handling, housing, surgical technique, choice of form 

of fixation device and cost. It is discussed in the relevant sections. 

 

Prior to starting any animal model several other general issues need to be 

considered and discussed with the animal house and the dedicated animal 

house vetinary medical team. These include; handling, housing, anaestheia, 

analgesia, post-operative recovery, antibiotics and timescale of model duration.  

 

Time scale of model 

The model type (simple fracture, delayed union, non-union), fixation technique, 

animal chioce and aims of study will all directly influence how long the model 

should be run for. Clearly if the model is not allowed to run for a sufficient 

period of time then the data will not be valid and the model will be a waste of 

animal life, time and money. However it is a humane and fundamental principle 

in the use of animals in research that they should not be exposed to any 

unnecessary or prolonged periods of stress or suffering. 

 

4.4. Animal models of bone repair 

According to Einhorn (1999)(221) there are three fundamental aspects that a 

bone repair or restoration model must comply with: 
• It must closely reflect the mechanics and physiology of the parallel human clinical scenario 

• It must fail to heal of its own accord 

• It must not heal by the application of simpler strategies 

 

When an animal model is being used to research human fracture healing and 

non-union it should reflect the mechanics and physiology of the equivalent 

human clinical scenario. Unfortunately this does not always happen, for 
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example when models of segmental bone defect are used to represent atrophic 

non-union and when liquid nitrogen(346) or wax(347) are used to prevent 

healing in fracture sites.  

 

Different methods of fracture stabilisation are available and different 

techniques of achieving bone fractures/ non-union have been described, these 

should not only be representative of human fracture management but also 

enable mechanical and/ or histological analysis whilst still holding animal 

welfare in the highest regard possible. The handling of the soft tissues regarding 

periosteal stripping, open wounds and muscle damage also need to be taken 

into consideration when establishing a suitable model. 

4.4.1 Bone stabilization techniques 

When choosing a method of fixation it is important to consider various aspects 

of the model and how these variables will influence the final results. For 

example; whether the ‘fracture’ site should remain closed, the need for clear 

serial radiological assessment of the site throughout the study (it may be 

blocked by fixators or plates), whether direct or indirect bone healing is desired 

and if products e.g. growth factors or scaffolds are to be injected/ introduced to 

the ‘fracture’ site. 

 

Intramedullary (IM) nail technique (tables 4.3 and 4.4) 

Intramedullary nailing is used in animals of all sizes, mice included(92). It is a 

popular method and in a simple fracture model results in indirect repair with 

callus formation(348, 349). By intentional under-sizing of the nail diameter or 

omitting of the locking mechanism the nail has also been used to induce fracture 

instability and a hypertrophic non-union(350, 351) although the results were 

variable with a high bone displacement rate. 

 

IM nailing has been described for use in open, closed, simple and comminuted 

fracture models, in delayed union, non-union, and CSD (critical size defect 
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model). The IM nail enables minimal soft tissue disruption as the ‘fracture’ site 

can be performed as a closed procedure. It is also a good technique for 

radiographic assessment of callus formation. The main disadvantages of IM 

nails are that removing the nail post-mortem is likely to interrupt the healing 

site and may influence the histological, radiological and mechanical results. If 

the nail is left insitu then only torsion mechanical testing can be performed. It 

can be technically challenging in small animals and introducing grafts, protein 

products or similar ‘into’ the fracture site is not really possible. 

 

Plate fixation (tables 4.3 and 4.4) 

Internal plate fixation can be used in simple(352) and comminuted 

fractures(353), in inducing delayed and non-union and for CSD models, it has 

also been described in most animal species used for experimental models. In the 

mouse it can be technically challenging and requires very small and specialised 

instrumentation. It is used in animal models of direct healing (table 4.7). 

 

Plating results in local stripping of the soft tissues but allows direct visualisation 

of the ‘fracture’ site and allows grafts and other materials or substances to be 

placed between the bone ends. A wide plate may make radiographs hard to 

interpret and the residual screw holes can be points of failure for mechanical 

testing once the plate has been removed. 

 

External Fixation (tables 4.3 and 4.4) 

External fixators are used in many non-union models. External fixation, both 

unilateral fixators and circular frames have the advantage of being distant from 

the fracture site, they are easy to remove and will not interfere with histological, 

radiological or mechanical assessment post mortem. The unilateral fixator can 

result in unwanted excessive micro-motion and instability in small animal 

models, which may lead to an unpredictable number of hypertrophic non-

unions. 
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The fracture can be achieved using a closed technique so that the site remains 

entirely free from surgical interference. Plastic ring fixators have been used in 

the literature(91) to reduce the weight of the frame however in our experience 

the plastic may be chewed through, this can be overcome by using a lightweight 

metal such as aluminium instead.  

 

Ipsilateral bone stabilization (tables 4.3 and 4.4) 

The method of relying on the ipsilateral bone (usually the ulna, radius or tibia) 

for stability is well described in the literature. It has the advantages of not 

introducing foreign materials, enabling good x-ray views and in the case of a 

closed fracture model not requiring any ‘surgical’ intervention at all, and it does 

have the added benefit of being low cost.  

 

The technique may require the need for plaster cast immobilisation to load 

share and prevent fracturing of the ipsilateral intact bone, inadvertent 

ipsilateral fracturing is not an uncommon complication. There are concerns that 

the potential of unpredictable results (angular deformity, hypertrophic non-

union and non-weight bearing) invalidate the study. 

 

Plaster cast stabilization (tables 4.3 and 4.4) 

Plaster (or fibreglass) cast stabilisation can be applied rapidly and is non-

invasive but has the disadvantage of not always being well tolerated. The casts 

can be chewed off by the animal (a particular problem in rats), become soiled 

and create pressure sores. Although seemingly simple they may result in 

numerous unnecessary anaesthetics for the animal and avoidable unpleasant 

complications for the animal. 
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Mode of fixation Open or closed 
fracture 
technique 

Advantages Disadvantages 

IM nail Both Minimal ST stripping 
Easy radiographic assessment 

Difficulty in removing nail 
post mortem for histology/ 
mechanical testing 
Placing test substances in 
the osteotomy site 

Plate Open Anatomical reduction of 
osteotomy 
Direct access into osteotomy 
site 
Good stability 

Obscured radiographic 
views 
Soft tissue handling 
 

Ex-fix Both Away from fracture site 
Minimal soft tissue stripping 

Animal awareness of fixator 
Potential for instability 

Ipsilateral bone Both No foreign materials 
good radiographic views 
Low cost 
Not technically demanding 

Unpredictable 
Unstable 
Potential for fracture 

Plaster cast Both Low cost 
Not technically demanding 

Instability 
Risk of fracture 
Poorly tolerated by animal 
Pressure sores 

Table 4.3 Methods of fracture technique and stabilisation 
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 Mouse Rat 

 
Rabbit 
 

Dog Sheep 

IMN Holstein(349) 
Manigrasso 
(354)  
Oetgen(355)  
 

Aro(350) 
Bonnarens(348)  
Pelker(356) 
Hietaniemi(357)  
Hietaniemi(358)  
Fujita(359)*  
Kokubu(360) 

Latterman 
(361) 
Oni(362) 

Paterson (363)  
 

Schemitsch 
(364)  
 

ORIF Grongroft(253)  
Histing(331) 
Garcia(365) 

Savaridas(352) Keller(366) Lewallen (367)  Perren(368)  

Ex-fix Cheung(369) 
Choi(370) 
Rontgen(371)  

Cullinane(372) 
Harrison(373) 
Dickson(374) 
Reed(91)  

Park(375) 
Brownlow (50)  

Markel(346) 
Hart(376) 

Goodship 
(292)  
Schell(377) 
 

Ipsilatera
l bone 

 Aro(378) 
 

Rijal(379) 
Waters(164) 

Dos Santos 
Neto(347) 
Altner(380) 
 

 

Plaster 
cast 

   Boyan(381) 
Heckman 
(382) 

 

Table 4.4 Animal bone repair models- different methods of bone stabilisation 
 

4.4.2 Methods of achieving bone discontinuity 

Models of both fracture healing and non-union require the bone to be divided in 

a controlled manner whether it is to create a neat osteotomy or to simulate a 

fracture. Both methods can be used with most types of fracture stbibilsation 

(tables 4.3 and 4.4). 

 

Open versus closed technique 

A popular technique described by Bonnarens and Einhorn(348) using a 

guillotine and IM nail is regularly used to achieve a closed fracture. This 

technique can also be utilised with other forms of fixation including the external 
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fixator or ipsilateral bone stabilisation. The guillotine method is a closed 

technique; it prevents the need for surgical disruption at the fracture site and 

allows containment of the fracture haematoma. However, with this technique 

the fracture is not directly visualised. The open technique allows direct 

visualisation of the fracture site and aids good bone alignment. Further, any 

compounds to be introduced locally can be correctly placed. However the open 

technique theoretically creates an open fracture and introduces the risks and 

variables associated with a surgical procedure. 

 

Osteotomy versus fracture technique 

By employing a manual/ guillotine/ impact device, the fracture is given more 

inherent stability from the soft tissue envelope and from the inter-digitating 

bony fragments. Forceps can be used or an osteotomy performed using a burr, 

saw, osteotome or Gigli (depending on the size of the animal); these techniques 

give a cleaner more controlled break but the burr or saw in particular may 

create unwanted thermal damage at the osteotomy site. 

 

An osteotomy model should be used with caution in a trauma model, Park et 

al(383) compared the rate of union in the rabbit tibia of an open osteotomy to a 

closed fracture model and found that the osteotomy model had greater 

periosteal damage, smaller haematoma and took significantly longer to heal. 
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4.4.3 Bone healing scenarios 

An animal model needs to represent the situation being researched, a segmental 

defect model will not be appropriate for considering fracture repair in diabetes, 

the models can be categorised according to the scenario that they most closely 

resemble: 

 

Normal/ simple fracture repair 

Indirect healing 

Direct healing 

Segmental defect (CSD) 

Delayed union 

Non-union 

Hypertrophic 

Atrophic 

Fractures at risk of poor healing 

High energy/ open fractures 

Infected fractures 

Compromised host 
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Simple fracture (tables 4.6 and 4.7) 

The majority of fractures occur in healthy patients and heal without problems. 

The key feature of this model type is that it heals without delay or need of an 

adjunct. It is important to consider the differences between the potential 

healing of an open/ closed technique and between fracture/ osteotomy 

techniques.  

 

The simple fracture healing model is often used as a control to evaluate new 

agents or intervention or to study straightforward fracture healing in 

genetically modified models to assess a specific health problem that may effect 

fracture repair; for example knock-out mice with diseases such as diabetes or 

with deficiencies in the immune system (nude mice/rats, SCID mice) are 

available. 

 

Critical Size Defect (CSD) (table 4.12) 

The definition of CSD is the minimum amount of bone loss that will not heal by 

bone formation in the lifetime of that animal. Hollinger et al(384) defined it as a 

defect, which had less than 10% bony regeneration in the lifetime of the animal 

(or practically within one year). The difference between a CSD and a non-union 

model is that in a CSD the gap created is too wide to be bridged whereas in a 

non-union model bone bridging is not achieved due to an inability to mount an 

adequate fracture repair response or because the local environmental factors 

are preventing the usual process of repair e.g. poor vascularity, stability.  

 

The advantages that the CSD has is that it is reproducible, there is one single 

cause for the lack of repair and no need for insults such as foreign body 

insertion or thermal damage, the disadvantage is that it not representative of 

many clinical situations. 
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The earliest publication on critical sized defects is by JA Key(385) (Key’s 

hypothesis) in 1934 who stated that segmental bone loss 1.5 times the 

diaphyseal diameter would lead to nonunion. Since then Toombs et al(386) 

have suggested that Key may have overestimated the bone loss required. 

Einhorn(387) found removing 20% (6mm) of the diaphyseal length was 

adequate for rat femoral non-union. The size of the gap required is species 

dependent, reflecting the general size of the chosen species but is generally 

considered to be 2-2.5 times greater in length than the diameter of the bone 

being tested(342). 

  

Species Adequate gap size 

Sheep(388, 389) >30mm 

Dogs(390, 391) 20-30mm 

Rabbit(392, 393) 15mm 

Rat/ mouse(394-396) 5-8mm 

Table 4.5 
 
 

The CSD model is commonly used in investigating bone regeneration as it is a 

simple way of developing bony non-union. The models’ primary application is to 

test the osteoinductive and conductive capabilities of growth factors and 

proteins in association with bone scaffolds and grafts. A CSD mimics situations 

where there has been substantial bone loss either due to trauma or through 

surgery for tumour or infection, it does not reflect the clinical circumstances 

where the pathway to osseous regeneration has been arrested in some way (for 

example due to instability or metabolic disturbance). 

 

Established Delayed Union (table 4.8) 

Delayed union encompasses situations of bone repair (fractures, osteotomies) 

where bone union is prolonged but does eventually heal with return of 
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structural integrity and function to the bone, often as a result of poor stability 

and mal-reduction.  

 

The expected time to union of a simple fracture in an animal model will depend 

on many factors, similar to that of human fractures; rats generally heal by 4-6 

weeks with full torsional stiffness achieved by 8 weeks, mice take 3 weeks, 

rabbits 6-7 weeks and dogs 10-13 weeks. However, these figures will depend 

upon the individual characteristics of the fracture and treatment, therefore it is 

important that the delayed union model has a positive control group of normal 

time to fracture union employing a similar method of achieving bone 

discontinuity and fixation but without the additional insult leading to the 

delayed union. Many methods have been described that recreate this clinical 

situation including foreign materials, reoperation, distraction osteogenesis, 

instability and reduced vascularity.  

 

Park et al(375) created a reproducible rabbit delayed union with repeated 

wound irrigation, delaying the average bridging time from 6.2 to 7.6 weeks, 

confirming delayed union at 10 weeks, this technique, although not reflective of 

all the human delayed union scenarios, is closer than most. In Choi’s(370) 

murine distraction osteogenesis model was tested through a combination of 

distraction rates with and without a latency period from which they were able 

to determine a healing, delayed union and non-union model protocol(370) this 

methodical technique is likely to have good reproducibility but does not reflect 

well the human fracture scenario. 

 

The main problem with delayed union models is that although they soundly 

illustrate attempts at healing with delayed union, they do not always go on to 

demonstrate eventual healing and bone union(363, 371, 377-379, 397). 
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Established non-union 

In animal models, non-union has been defined and accepted as being a fracture 

that will not heal in the lifetime of that animal. However for the purposes of 

research the time period is generally between eight and thirty two weeks. There 

are many models of non-union with some reflecting the clinical situation more 

closely than others. The non-union of a bone can be further categorised into 1) 

hypertrophic, 2) atrophic stiff or 3) atrophic mobile. Non-unions are also 

referred to as pseudarthrosis. 

 

Established hypertrophic non-union (HNU) (table 4.9) 

Hypertrophic non-union is defined by abundant callus formation visible 

radiographically however does not actually adequately bridge the fracture. The 

repair is not freely mobile but union and strength have not been achieved. 

Histologically fibro-cartilaginous tissue bridges the fracture site. In the clinical 

situation this is as a consequence of excess motion at the fracture site. HNU can 

be induced either by using an intramedullary nail and omitting the proximal 

cross screw or by relying on the parallel bone alone for stabilisation.  

 

The use of bone wax (traditionally bees wax, almond oil and salicylic acid 

combined) was first described for its bone haemostatic properties in 1892 by 

Horsely. Howard(398) found that it prevented osteogenesis (a thin fibrotic 

membrane was formed and minimal inflammatory response was mounted) and 

it has been a popular tool, if somewhat not a very representative method, of 

creating a hypertrophic non-union. 

 

With many of the models the ability to achieve consistent hypertrophic non-

union is poor, many result in a mixed outcome of stiff atrophic non-unions and 

non-unions amongst the positive controls. There is a high rate of atrophic non-

unions created, either from the outset(347, 378) or after a period of time(357) 

when a hypertrophic fibrous non-union changes to an atrophic non-union(380). 
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Heckman(382) reported 100% HNU by simply applying a small 3mm osteotomy 

gap. Hietaniemi’s model(357) (Table 6) reported a high percentage rate of HNU 

in their study group, however by one year the abundant callus formation had 

become atrophic and the model has been utilised as a ‘pseudarthrosis’ model in 

other studies. As few studies run for an entire year it is not possible to know if 

this is a typical outcome, further more in humans it would be unusual to not 

intervene in a hypertrophic non-union within the one-year time frame. 

 

 

Atrophic non-union (ANU) models  

Atrophic non-union is a well accepted but hard to define. It is broadly defined as 

when a fracture shows no attempt at healing or callus formation after an 

acceptable time lag. In many small animal studies sixteen weeks has been 

accepted as a reasonable period of observation as it well exceeds the expected 

time to union. Establishing an atrophic NU without creating a critical size defect 

(CSD) requires significant insult to the bone and soft tissues, this has been 

achieved in many ways, some more representative of reality and reproducible 

than others. 

 

There are two types of atrophic non-union, stiff and mobile. These terms are at 

times used interchangeably in the literature (or not at all) without 

differentiation. Theoretically a stiff ANU shows no radiographic signs of healing 

but histologically there is tissue across the fracture site and some mechanical 

stiffness is apparent, however this is not always the case. A mobile ANU offers 

no mechanical stability or radiographic suggestion of bridging, histologically 

there can be a mobile cystic cavity or even a genuine pseudarthrosis with 

cartilage capping of the ends. The importance of differentiating between these 

model types is that clinically they may require different approaches to 

treatment in order to obtain union. 
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Atrophic non-union (stiff) (table 4.10) 

The use of foreign materials to isolate the fracture from surrounding soft tissues 

is a popular and straightforward technique which gets good rates of ANU, 

Lattermans’(361) model utilising silastic tubing ran to 64 weeks with only 1 in 

24 rabbits developing complications of infection and almost no sign of callus 

formation, however this does not directly parallel the clinical trauma setting but 

could be considered to represent extreme periosteal stripping at a fracture site.  

 

Thermal insult has been used with success. Markel et al(346) created a 5 mm 

gap with double application of liquid nitrogen to the end of the distal fragment 

and achieved a 100% atrophic non-union rate. Other authors have used cautery, 

Kokubu et al(360) used 3 point bending followed by 4mm circumferential 

cautery and IM nail fixation. 100% non-union rate was achieved with no 

hypertrophic callus or attempt at bridging. Tiedman et al(399) created a 6mm 

defect and cautery to the bone ends with a unilateral external fixator and 

reliably achieved ANU, the control group only had a 0.5mm defect (which all 

healed) so it is not possible to be certain how much healing would have 

occurred with the 6mm defect alone. Dickson et al(374) have reported a 

‘delayed/non-union model’, this incorporated an osteotomy with endosteal 

stripping and periosteal diathermy that was stabilised with an unilateral 

external fixator in compression. The model ran for 14 weeks and 96% 

developed stiff non-unions. However successful thermal necrosis is in creating 

insurmountable tissue and cell death, it does not reflect the typical situation 

whereby a human fracture has become atrophic. 

 

Fujita(359) used muscle interposition with a closed fracture technique and 

obtained non-union that persisted for the two year study period. No agents or 

tissue stripping were employed at the fracture site but unfortunately they did 

not provide any quantitative results or indications of problems encountered 

over the two years. Muscle interposition has been recognised as a cause of NU in 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

219 

the human clinical situation since the 1800’s but with the invention of 

radiographic imaging and the concept of anatomical fracture reduction muscle 

interposition should be a rare cause of non-union. 

 

Boyan et al(381) elevated periosteum and removed 3mm of bone from a dog 

radius, the animal (weighing less than 15kg) was splinted and allowed to 

mobilise (an adaptation of Mullers’ original non-union model in 1968(400)). 

One week later the animal was anaesthetised and the repair tissue from the 

fracture gap was excised. The animal was resplinted and mobilised. At 12 weeks 

they reported 100% atrophic non-union and reported no complications. 

Heckman et al(382) also removed a 3mm bone disk but did not re-operate nor 

stabilise the bone using the innate stability afforded by the neighbouring ulna. 

They achieved non-union at 12 weeks in those dogs less than 15kg, the larger 

animals went on to heal suggesting the influence of critical size defect pathology 

in association with fracture mobility. 

 

Brownlow(50) and Reed(91) validated similar models in the rabbit and rat. 

They stripped the endosteum and periosteum from around the osteotomy site 

after application of an external fixator (with distraction applied in the rabbit 

model) and achieved 100% atrophic non-union. No problems were reported 

with the non-union. This technique closely represents that of an open fracture 

that develops atrophic non-union. 

 

Choi(370) and Garcia(365) both describe murine ANU models; Choi et al. 

utilised a distraction technique, creating non-union in 60% by eliminating the 

latency phase and tripling the distraction rate. Garcia et al studied two sizes of 

defect (0.8 and 1.8mm) with and without periosteal stripping and concluded 

that even with a 1.8mm defect periosteal stripping was required to achieve a 

consistent non-union. 
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Mobile ANU (pseudarthrosis) (table 4.11) 

These models utilise motion, distraction or instability to create a non-union that 

has no structural integrity. Cullinane(372) et al devised a ‘neoarthrosis’ model 

by application of an ex-fix and controlled daily motion, histologically 4 of the 6 

animals developed rounded cartilage-capped bone ends with histological 

similarity to that of articular cartilage. Harrison’s(373) model resulted in a gap 

bridged with hypocellular fibrous tissue and no mechanical strength. Hietaniemi 

et al published what they termed a hypertrophic non-union (357), subsequently 

they repeated the model without cautery which led to a cartilage filled gap, non-

bridging callus and 100% non-union(358). 

 

High-energy, comminuted & open injury models (table 4.13) 

High-energy and comminuted injuries result in greater soft tissue trauma and 

an increased risk of delayed or non-union. For testing certain therapeutic agents 

such as bone morphogenic proteins it is important to have a model that reflects 

the severity of the soft-tissue and periosteal injury.  

 

High-energy injuries can be mimicked in models by stripping or excising 

periosteum from the fracture site, crushing or removing muscle, ligating 

arteries and dividing nerves. Periosteal damage, repeated irrigation and 

debridement of haematoma and reparative tissue has all been found to delay 

healing in a rabbit model(375, 383). 

 

Utvag et al(401) compared different modes of muscle insult on rat fracture 

healing and found muscle loss to be most detrimental, Richards et al(402) 

compared a musculocutaneous coverage with cutaneous coverage and also 

found muscle to be benefical to healing. A segmental fracture model has been 

desribed by Claes et al(353) in sheep. These studies do not however represent 

the high energy transfer that is associated with such injuries, a study in 2006 

that was looking at the stress response to trauma rather than fracture healing 
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did describe a novel way of creating a high energy fracture in sheep but the 

model was only kept alive for 24 hours(403). 

 

Models of Infection (table 4.14) 

There are several bone models of osteomyelitis and septic arthritis described, 

however few models combine infection with fracture healing or non-union. 

There have been reviews done of the literature regarding models of 

infection(404, 405). A model of early infection in fractures is similar to a 

standard fracture model but with the additional introduction of a bacterial 

inoculum into the fracture site or blood stream. The study of osteomyelitis and 

septic arthritis in animal models is an entirely separate topic in itself. 

 

Compromised host models 

Multiple host and clinical factors are known to impair fracture healing(279), 

including diabetes, hypothyroidism, malnutrition, alcohol, smoking and drugs 

such as non-steroidal anti-inflammatory drugs (NSAIDs) as has been discussed 

in chapter one. 

 

For studies evaluating the effect of the host genotype on fracture repair, strains 

of mice in which specific genes are suppressed are valuable. Mice with specific 

genes knocked out are available for diseases such as diabetes, for example, as 

are ones with deficiencies in the immune system (nude mice/rats, severe 

combined immunodeficiency (SCID) mice) or animals that enable certain cells to 

be tracked (green fluorescent protein (GFP) mice).  
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Author % healing 

achieved 
Animal Bone Open/closed Method Issues to consider 

Grongroft(253)  100% Mouse Femur Open Osteotomy  
Flexible Bridging plate 

Not typical indirect healing on histology 
Cost of plate 

Cheung(369)  100% Mouse Femur Open Manual fracture  
Ex-fix 

Intraoperative arterial haemorrhage & death  
Pin loosening 

Histing(331)  100% Mouse  Femur Open Locking plate 20% plate failure plate dislocation 
Internal callus, intramedullary healing 

Holstein(349) 100% Mouse Femur Closed 3-point bending  
Locked femoral nail 

Axial instability, implant displacement 

Holstein(332) 100% Mouse Femur Closed 3-point bending  
Intramedullary mouse screw 

Cost of implant 

Manigrasso(354) 100% Mouse Femur Closed 3-point bending 
0.25mm locked IM nail 

9% surgical error 

Bonnarens & 
Einhorn(348)  

100% Rat Femur Closed 500g Guillotine 
0.45mm IM pin 

Good reproducibility, possible bending of IM pin 

Reed(91) 100% Rat Tibia Open 1mm burr osteotomy 
Ex-fix 

Polyethylene rings 

Bak & 
Andreassen(406)   

 93%  Rat Tibia Open 3-point bending forceps,  
0.8mm IM pin 

41% excluded 
IM pin bending/ failure & fracture wrong level 

Pelker(356) 100% Rat Femur Open Manual fracture, 
0.9mm IM pin  

10% complication rate, variety of reasons 

Waters(164)  71% Rabbit Ulna Open Osteotomy 
Splintage by radius 

19% NU rate 
Extensive callus formation 

Hart (376) 
 

100% Dog Tibia Open Saw osteotomy 
Unilateral ex-fix, titanium pins 

 

Goodship & 
Kenwright(292) 

100% Sheep Tibia Open Osteotomy with Gigli saw  
Exfix, 3mm gap +/-micromotion 

Micromotion induced, controlled mechanical 
enviroment 

Schemitsch(364) 100% Sheep Tibia Open Open, Slap hammer 
3-point bending 

High energy model 

Table 4.6 Animal models of indirect bone healing
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Table 4.7 Animal models of direct bone healing 

Author Union 
achieved 

Animal Bone Method Issues 

Savaridas(352) 100% Rat Tibia 4 hole compression plate,periosteal 
stripping 

Ensure precise technique with periosteum and osteotomy 

Ashhurst(407) 100% Rabbit Tibia 6 hole stainless steel DCP or plastic plate 
Open saw osteotomy 

14% fracture rate through screw holes 
Direct healing in metal DCP group, indirect with plastic 
plates 

Lewallen(367)  100% Dog Tibia Open osteotomy, 
Compression 8 hole plate v Unilat ex-fix 

44% mortality rate, (34% pin loosening in exfix group) 

Perren(368) 100% Sheep Tibia Saw osteotomy 
Contour plate + lag screw 
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Author Delayed union 

achieved 
Animal Bone Method Points of consideration 

Rontgen(371) Not proven Mouse Femur 0.5mm osteotomy, gigli saw 
Flexible external fixator 

21 day model 
40% bone in fracture gap but not bridged 

Lu(397)  Not proven Mouse Tibia Tibial ex-fix, 3-point bending, femoral 
artery resection 

Acute ischaemia model, 11% mortality/ 18% morbidity rate 
21 day model 

Aro(378)  Not proven Rat  Tibia IM pin 0.5mm or 0.6mm +/- locking pin 
3-point bending closed fracture technique 

Both diameters of pin resulted in delayed union, poor positive 
control. 21% excluded due to fracture displacement 

Park(375) 5/6 or 2/5 
(group 
dependant) 

Rabbit Tibia 4 pin double bar ex-fix,  
13mm gap, 6mm periosteal stripping 
variable times & number of haematoma 
excision & washout 

Time to union determined by time & number of reoperations. 
May require some refinement. 

Rijal(379)  Not proven Rabbit Radius 10mm bone excised, gap curetted at 1 
week 
No additional splintage 

Results of delayed union control group poorly recorded 

Paterson(363)  Not proven Dog Tibia 15mm resection, silastic spacer, IM pin 
and plaster cast 
Silastic removed at 8/52 (total 12/52) 

Spacer was considered to maintain gap rather than prevent 
union 
36% complication rate 
No results of attempt at healing up 12 weeks 

Schell(377) 5/8 DU, 3/8 
HNU 

Sheep Tibia External fixator & osteotomy, 
3mm gap & mechanical instability 

63 week model 
3/8 NU in DU group at 6 months 

Table 4.8 Animal models of established delayed healing 
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Author HNU % rate Animal Bone & 

stabilisation 
Method Points of consideration 

Aro(378) 40% Rat Fibula 
No stabilisation 

Fibula fracture with scissors 
Proprioceptive receptor & sciatic nerve 
denervation,  
8mm periosteal strip 

HNU ?due to periosteal stripping or 
denervation 
Non-weight bearing, poor HNU rate 

Hietmaniemi 100% Rat Femur 
IM nail 

Open osteotomy 
11mm reaming, 7mm ‘nail’ 
4mm cauteristaion 

4 of 52 had proximal nail migration 
Hypertrophic callus ceases at 15/52 & 
becomes atrophic 

Altner(380)  70% 
(20% ANU) 

Dog Ulna 
No stabilisation 

Osteotomy 3-5mm bone excision 
Muscle interposition 

Non-weight bearing bone, variable NU type 

Heckman(382) 100% at 12weeks Dog Ulna, fibreglass 
plaster cast 

3mm osteotomy, periosteal strip 
Removal of gap tissue at 12 weeks 

Reoperation 
May represent delayed union 

Dos Santos 
Neto(347) 

85% HNU, 15% 
‘oligotrophic’ 

Dog Radius 
No stabilisation 

3mm resection osteotomy, 10mm 
periosteal strip, bone wax interposed 

Use of bone wax, no complications noted 

Volpon(408)  54% HNU, 46% ANU Dog Radius 
No stabilisation 

5mm osteotomy, 40mm periosteal 
resection 

32% complication rate inc 5% union rate 
Inconsistent NU type created 

Table 4.9 Animal models of established hypertrophic non-union (HNU) 
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Author % ANU  Animal Bone Method Issues to consider 

Choi(370) 60,  
Variable 

Mouse Tibia External fixator without latency period & varying speeds of 
distraction 

Varying % with bone bridging depending on speed of distraction, 
?NU or DU, 27 day model period 

Oetgen(355) 100 Mouse Femur Part osteotomy/fracture, retrograde IM pin, diathermy 1/3 mortality rate, use of diathermy 

Garcia(365) 100 Mouse Femur Osteotomy, 1.8mm gap & 4mm periosteal stripping, IM pin & 
internal clip fixation 

Less consistent result without stripping or smaller gap, 
intramedullary & extramedullary tissue stripping 

Dickson(374)  97 Rat Femur Osteotomy, periosteal diathermy, endosteal stripping, stabilised 
with ex-fix 

Multiple insults to osteotomy site including diathermy 

Fujita (359) Unclear Rat Tibia Closed 3-point bending fracture, IM nail, muscle interposition Lack of quantative data, initial HNU followed by ANU 

Kokubu(360)/ 
Makino(409) 

100 Rat Femur IM pin, closed 3-point bending fracture, 2mm cautery around 
fracture site either side 

15% (Kokubu) and 7% (Makino) complication rate, use of 
diathermy 

Reed(91)  100 Rat Tibia Ex-fix, 1mm osteotomy, stripped periosteum & curetted canal 
distance equal to 1x tibial diameter 

Chewing of nylon device 
No complications 

 LLatterman(361)  

Oni(362) 

100 Rabbit Tibia 2mm osteotomy, 30mm periosteal stripping, IM reaming and 
nailing, silastic tubing round fracture  

Extensive IM and periosteal insult with foreign body in situ, repeat 
operation at 4/52,  

Brownlow(50) 100 Rabbit Tibia Ex-fix, osteotomy, 2mm gap, stripped periosteum & curetted canal 
distance equal to 1x tibial diameter 

No complications 

Park(375) 100 Rabbit Tibia 4 pin double bar ex-fix, 13mm gap, 6mm periosteal strip, repeat 
reoperation to debride 

Repeat reoperation at day 1 & 2, excision haematoma & irrigation 

Markel(346)  100 Dog Tibia 5mm bone resection & gap, 15mm double application of liquid 
nitrogen, unilateral ex-fix. 

Use of chemical insult 

Tiedman(399)  100 Dog Tibia Ex-fix, 6mm bone resection, endosteum & periosteum cauterised Mixed sex & breed 

Boyan(381)  100 Dog Radius 3mm bone excised, reoperation at 1/52 to remove gap tissue, 
fibreglass splintage 

Repeat operative intervention, mechanical instability for ANU 
model 

Table 4.10 Animal models of atrophic non-union (stiff) 
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 % ANU 

achieved 
Animal Bone Method Issues to consider 

Hietaniemi(358, 
410) 

 100% Rat Femur Partial osteotomy, partial manual fracture 
Reamed 7mm, loose unlocked 4mm or 7mm IM 
nail,  
+/-endosteum cauterised 

Most animals run to 9 weeks, a few for several 
months. 
Gross mechanical instability used+/- cautery 
No complications cited. 

Cullinane(372)  66% Rat Femur Ex-fix, 3mm osteotomy, custom fixator with 
interfragmentary bending strain & micromotion 

Inconsistent healing in control group 
Type II cartilage filled gap 
5 week duration 

Harrison(373)  100% Rat Femur Ex-fix, osteotomy, 3mm distraction Bone ends capped 
Gap mostly void or fibrous tissue 
5 week duration 

Table 4.11 Animal models of atrophic non-union (mobile) 
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Author Union rate (%) Animal Bone  Defect Size Stabilisation technique Considerations 

Drosse(395) 0 Mouse femur 6mm Plate or exfix 
 

 

Wingerter(411)  Not given rat femur 5mm 5 hole plate or IM k-wire Qualitative 4 week run study 
Different histology depending on fixation 

Yasko(396)   0 rat femur 5mm Polyethylene plate fixation 9/45 were excluded from study  
10% fixation failure 

Einhorn(387)  0 rat femur 6mm 4 pin unilateral ex-fix Easy to construct & low cost PMMA ex-fix 

Ibiwoye(412) 0 rat fibula 6mm No splintage/ fixation Non-weight bearing bone 

Oakes(394)   0 rat femur 8mm Polyethylene plate Athymic model 
16 week run model 

Ma(413) 16 rabbit tibia 14mm Unilateral fixator 1/6 united 
8 week run model 

Cook(392)   0 rabbit ulna 15mm No splinting/ fixation Non-weight bearing bone 
12 week run model 

Bolander(414)   0 rabbit ulna 20mm No splinting/ fixation Proximal callus fused to radius 
Non-weight bearing bone 

Johnson(391) 11 Dog Radius 20mm Ex-fix stabilisation 1/9 healed, 8/9 no union at 24 weeks 

Pluhar(388) 0 Sheep Tibia 50mm IM locked nail Partial bone ingrowth resolved by periosteal excision 

Rozen(389) 50% nil, 50% minimal Sheep Tibia 32mm Plate fixation 
 

Small quantity of bone found within the gap 

Table 4.12 Animal models of segmental/ critical sized defect 
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Author Animal Bone Fixation & fracture 
technique  

Model aim Model considerations 

Schindeler(415) Mouse Tibia IM nail  
Open 3-point 
bending fracture 

Comparison of distal & midshaft open tibial 
fracture. 
Open 3-point bending fracture. 

Fast capacity of murine healing.  
Technical challenge of model. 
No muscle or skin trauma. 

Utvag(401)  Rat Tibia IM pin 
Osteotomy 

Comparison of IM muscle crushing with excision 
on fracture healing  

Fibula N resected to create drop foot 
Skin coverage was complete & primary closure 
Low energy method 

Claes(416) Rat Tibia IM nail 
3-point bending 

Effect of ST trauma on fracture repair.  
+/- ST crushing (impaction device). 

Closed injury model 
High energy injury but no ST/ periosteal stripping 

Utvag(417) Rat Femur IM pin 
3 part segmental 
fracture 

Reamed, +/- periosteal stripping  
Periosteal stripping on healing & vascularity in 
segmental fracture.  

Soft tissues & skin kept intact,  
Low energy fracture model. 

Park(375) Rabbit Tibia External fixator 
Osteotomy 

Effects of repeated irrigation & haematoma 
debridement 

Pin site fractures 
Gap plus debridement 

Park(383) Rabbit Tibia External fixator 
Osteotomy 
3-point bending 

Irrigation of fracture site v closed fracture Many variables; open v closed,  
Osteotomy v 3-point bending,  
+/- irrigation 

Richards(402)  Dog Tibia Plate fixation 
Osteotomy 

2.5cm devascularised bone segment.  
Muscle flap v skin flap in segmental bone 

Low energy osteotomy 
Controlled, non-traumatic technique 

Claes(353)  Sheep Tibia All types 
Osteotomy 

Segmental osteotomy comparing DCP/ IM nail/ 
bridge plate/ ex-fix. 

Comminuted fracture model but controlled low 
energy osteotomy technique 
Minimal ST disruption 

Table 4.13 Animal models of high energy/ comminuted/ open fracture
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Author Animal Bone Bacterium Method 

Chen(418, 419)  Rat Femur S. aureus 6mm defect 
Ex-fix 

Andriole(420)  Guinea pig Tibia S. aureus Closed fracture 
IM nail 

Worlock(421)  Rabbit Tibia S. aureus  
(into fracture) 

Open fracture 
IM nail 

Southwood(422)  Rabbit Femur S. aureus 10mm defect 
Plate fixation 
Issues with mortality & plate bending 

Table 4.14 Animal models of bone repair with infection



Fracture non-union, epidemiology & treatment 
 

 
Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

231 

 
Figure 4.1 Recommended animal models for different clinical scenari
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4.4.4 Outcome measures 

Radiographs 

Radiographic analysis remains the imaging modality of choice in the majority of 

clinical situations when the healing process of a fracture is being assessed in 

both humans and other animals. Information gained from the radiographs will 

depend on what stage the model is at. Various parameters of healing were 

recorded; presence of a periosteal reaction, callus formation, filling in of the 

osteotomy gap and remodelling. The changes on radiograph were quantified by 

means of a scoring system. For this second phase of this study a scoring system 

by An and Friedman(423) was used. It has three categories for bone healing 

assessment; periosteal reaction, bone union and remodelling with a maximum 

total score of 8 (see appendix). 

 

Grey Scale 

Grey scale is the measure of intensity of the pixel in a black and white digital 

image. It is a spectrum upon which shades of grey can be measured, depending 

on the scale and software the top figure (white) will vary.  

 

In radiographs the black, grey and white image created is related to the amount 

of radiation absorbed by the tissues, which is relative to the amount of calcium 

within the tissue (high in bone, low in lung). Using imageJ software on 

digitalised versions of the post mortem radiographs it was possible to allocate a 

grey-scale value to the gap at the osteotomy site. Along with a value for the 

same site on the non-operated contralateral leg a quantitative measure of the 

relative difference in tissue density between normal bone and the non-union 

site in each animal could be calculated and used to compare each of the 

treatment groups.  
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Mechanical Testing 

Mechanical testing(424) falls into four main categories; compression, tension, 

bending and torsion. Compression and tension are typically used for blocks of 

bone with uniform shape; compression is used to assess the cancellous bone 

properties whereas tension is used to assess cortical bone properties. Failure in 

torsion tests the bones ability to withstand shear forces, this requires a circular 

bone in order to have a fixed centre of rotation for the moment of inertia, the 

tibias non-uniform shape does not lend itself well to this method. Bending tests 

the combined compression/ tension forces on either side of the bone that it is 

able to withstand up to the point of failure (fracture). In order to test the 

intrinsic properties of bone from bending tests, the cross sectional area and 

shape of the bone needs to be uniform throughout its length in order to have a 

consistent neutral axis and cross-sectional moment of inertia, practically this is 

not possible. 

 

For the rat tibia bending is the most suitable method as it is both practical to 

perform and reflects the clinical setting as a mode of failure in injury well. The 

three-point configuration applies a load at the midpoint and considerable shear 

stress at that point, particularly in small bones with a low span to length ratio. A 

four-point configuration jig should provide a more even distribution of load 

more of a bending moment and less shear stress but it requires all four points of 

contact with the bone to be identical. Given the uneven shape of the rat tibia the 

upper loading jig should be allowed to pivot to enable even load dispersal. 

 

Fluorochrome labels (bone markers) 

Fluorochromes contain molecules that are fluorescent and can be detected 

under the microscope during histological analysis using specific filters(425). If 

the label is bound to calcium and injected into an animal it will be incorporated 

at sites of high bone turnover and mineralisation where the labelled calcium 

will be bound into hydroxyapatite and laid down as new bone. 

 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

234 

During the process of bone healing there is a high level of osteoblast activity and 

new bone formation. The technique of using fluorochrome with different 

distinct colours at specific time points in the study enables a more detailed 

temporal pattern of bone formation can be deciphered.  
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4.5. Method 

 

4.5.1 Ethical approval 

 

Ethical approval was gained from the Home Office. This required attending an 

animal handling course, approval of a personal licence, a project licence and an 

establishment licence. 

 

Home Office licence number PPL 60/3396 

Personal licence number  PIL 6010178 
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4.5.2 Choice of animal model for this study 

As already discussed, there are three fundamental points that a non-union 

model must comply with (Einhorn 1999(221)); the model should parallel the 

human clinical scenario, fail to heal of its own accord and not heal by the 

application of simpler strategies. 

 

In an animal model there are many ways to arrive at a point of non-union for 

this research a model was required that would be a good reflection of the 

clinical development of atrophic non-union and was essential that the animal 

model should be easy to assess periodically with sequential radiographs and 

after sacrifice of the animals it should be possible to assess the non-union site’s 

mechanical and histological properties without the method of fixation/ 

stabilisation (e.g. an intramedullary nail) interfering with the analysis or results. 

 

A rat model previously described by A Reed(290) and adapted from a rabbit 

model used by Brownlow(50) was chosen. The non-union model as initially 

described by H Brownlow(50) was of a rabbit tibia. A mini-fixator with 4 bone 

screws was used for stabilisation. An osteotomy was created and 2mm gap 

between the bone ends achieved by distraction. In the test group the 

periosteum was stripped and the endosteum curetted for the distance 

equivalent to the diameter of the tibia. In the control group there was no 

endosteal curettage. The entire test group developed atrophic non-union and all 

the control group went on to heal. This model was modified for use in rats by 

Reed(290). 

 

The technique described by Reed consisted of applying an external fixator made 

from nylon rings, copper screws and cross wires, which were fixed to the frame 

with epoxy resin glue (see figure 1). Reed made a 1mm osteotomy, fractured the 

fibula manually and stripped the periosteum and curetted the endosteum for 

the distance equal to the diameter of the tibia.  
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The control group did not undergo endosteal curettage. The test group all 

developed atrophic non-union whilst the control group developed bony union. 

This model reflected the human scenario of non-union well; it utilised a non-

critical size defect method, stripping the local area of its blood supply without 

the use of foreign materials or thermal insult to achieve the non-union, the 

animals could weight bear afterwards and the non-union site was easy to assess 

both during the study period and post mortem  

 

Previously adult female rats had been used for this model. It was important to 

use adult rats to minimise the effects of bone growth on healing. The growth 

plates in rats never close but their rate of growth vastly diminishes after 4 

months of age, ideally a six-month-old animal would be used. Often females are 

used because they are smaller than the males, can be housed together and are 

less aggressive to handle. However the potential inter-animal variables that may 

present using females was concerning. It is well accepted in rats that female 

bone varies in both its bone mineral density and endochondral growth. Both the 

number of litters and time spent weaning have a suppressant effect on the bone. 

To guarantee six month old females of identical parity they would have had to 

be purchased at a young age and kept for several months. Therefore, male rats 

aged six months (individually housed) were used to avoid all these issues. 
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4.5.3 Protocols 

The study was performed in two phases. Both phases had at least one control 

group. The surgical method and external fixator device were the same for both 

phases and performed by the same surgeon. 

 

In the first phase the test agent, monobutyrin, was tested at four different 

concentrations and introduced to the non-union site by way of a percutaneous 

injection 48 hours after the initial procedure. 

 

In the second phase, two concentrations of monbutyrin were selected based on 

the findings of the first phase results and BMP-2 was also tested. The agents 

were introduced to the non-union site at the time of the initial procedure on a 

type 1 collagen sponge (DuraGen). 

 

The agents and carriers being tested (Monobutyrin, BMP-2, Supartz, DuraGen) 

were provided by Smith and Nephew, Memphis, Tennessee, 38116. 
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Phase 1 protocol 

The animals were operated on in batches of six 

Each batch underwent the operation over a two-day period i.e. 3 per day 

One batch per week 

Each batch contained one from each treatment group 

Within each batch the treatment was randomly allocated at 48 hours 

The monobutyrin was delivered pre-prepared in small vials 

The injection was carried out at 48 hours under GA  

 

Post-operation 

Daily general assessment 

48 hours post op: 

General anaesthetic 

Wound check 

Radiographs 

Injection of substance into bone defect (1ml syringe, 25 gauge needle) 

Fortnightly general anaesthetic: 

Detailed wound check 

Radiographs (AP and Lateral) 

Animal sacrifice at 12 weeks: 

Carbon dioxide gas induced sacrifice 

Four point bending stress testing performed 



Fracture non-union, epidemiology & treatment 
 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

240 

Phase 2 protocol 

The animals were operated on in batches of four on the same day 

Each batch had one of each treatment group 

Within each batch the treatment was randomly allocated  

Monobutyrin and BMP-2 were titrated and soaked in the collagen sponge at the 

start of each procedure as per protocol. 

Bone fluorochrome markers were injected (subcutaneously) at fortnightly 

intervals under GA 

 

Post-operation 

Daily general assessment 

Day of initial operation and application of ex-fix: 

Collagen sponge +/- test product inserted into osteotomy gap 

Radiograph 

Fortnightly injection (subcutaneous) of bone label markers, weeks 1, 3, 5, 7: 

Week 1- xylenol 

Week 3- Calcein 

Week 5- Alizarin 

Week 7- Tetracycline 

Fortnightly general anaesthetic (wks 2,4,6): 

Detailed wound check 

Radiographs (orthogonal views) 

Animal sacrifice at 8 weeks: 

Carbon dioxide gas induced sacrifice 

Samples stored and sent for histological analysis. 
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Figure 

4.2 Phase 1 rat treatment group 
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Figure 4.3 Phase 2 rat treatment group 

* collagen sponge soaked in saline 
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4.5.4 Surgical technique 

 

Animals 

Male Wistar rats approximately 6 months old weighing 450-520grams* were 

obtained from Harlan UK and acclimatised in individual cages for at least 7 days. 

The rats were allowed ad-libitum access to water and standard rat chow. 

 

The rats general welfare, anaesthetic, analgesia, surgical procedure and 

postoperative requirements were discussed with and approved by the lead vet 

at the unit. 

 

*It was found that rats weighing over 530g were too big for the fixator, rubbing 

and ulceration occurred if there was not adequate clearance between the rings 

and the skin allowing space for the posterior muscles to move easily without 

irritation. 

 

Induction 

General anaesthesia was induced and maintained with isofluorane (Merial 

Animal Health Ltd) vaporised with oxygen. Prior to prepping the rats were 

weighed and given an appropriate dose (0.05mg/kg) of subcutaneous opioid 

analgesia (buprenorphine ‘Vetargesic’, Alstoe Ltd Healthcare) and 5ml of sterile 

sodium chloride subcutaneously to counteract intraoperative fluid losses. 

 

Preparation 

After induction animals were laid in a supine position. A lamp was placed over 

them to prevent intraoperative heat loss. The right leg was shaved and prepped 
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with alcohol that was allowed to evaporate. Surface markings of the tibia and 

ankle joint were drawn out on the skin (red pen in photographs). The fixator 

was positioned around the leg having been assembled preoperatively. The leg 

was elevated and positioned on the operating ‘table’ and correct alignment of 

the fixator was determined.  

 

 
Figure 4.4 Surgical set up of rat 

 

External fixator placement 

Two cross wires were inserted using a Dremmel hand drill, first the most distal 

crosswire in the tibia from lateral to medial above the ankle joint line, then the 

most proximal crosswire from lateral to medial in line with the top of the 

fixator. After checking for satisfactory alignment relative of the fixator in 

relation to the tibia and for adequate clearance of the skin circumferentially the 

wires were glued onto the fixator and trimmed. 

 

Four further cross wires were drilled at angles into the tibia, two above and two 

below the central region of the fixator leaving enough of a space to carry out the 

osteotomy and periosteal stripping with ease. The positions of the cross wires 

had to be such that they could be glued to either the rings or the main columns 
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of the fixator yet provide optimal stability of the bone. The cross wires were 

then glued into place and trimmed close to the frame. 

 

After a problem with ulceration in one animal in phase one, particular attention 

was paid to the position of the frame and it was altered slightly to give better 

posterior clearance between the skin and the inferior ring. 

 

Osteotomy 

The leg was prepped again with alcohol and allowed to dry. A 10mm incision 

was made down the subcutaneous border of the tibia. Skin and muscle was 

retracted back and held in position with retractors fashioned from white 

needles. Four millimetres of periosteum was removed circumferentially from 

the osteotomy site using a size 11 blade. The osteotomy was performed using 

the Dremmel drill and a 1.8mm sterile burr. Regular irrigation with sterile 

saline was carried out to prevent thermal necrosis of the bone and surrounding 

tissue. Once the osteotomy was complete, the intramedullary canal was curetted 

proximally and distally by bending the end of a 27-gauge needle to the length 

equivalent to the diameter of the tibia and scraping the canal. At this point the 

posterior aspect of the tibia was checked for any residual periosteum. The site 

was irrigated several times and the skin subsequently closed with 4’0 monocryl 

interrupted mattress sutures. 
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Figure 4.5 Intraoperative & postoperative 

photographs of NU model 
 

Post Operative Management 

Post-operative recovery prototcol 

After cessation of the isoflurane the rats were x-rayed (see below) prior to 

waking up and allowed to recover in small cages overnight with half of the cage 

placed over a heat pad. They were provided with food pellets on the floor of the 

cage that had been soaked in water as well as normal food pellets and water. 

Day one post op they were then transferred to a large cage and remained 

housed individually on a bedding of sawdust only. Opioid analgesic was 

administered daily for the initial 48 hours in the form of buprenorphine made 

up in jelly (0.8ml buprenorphine to 10ml jelly, 5ml cube/animal once or twice 

daily). At no point were non-steroidal anti-inflammatory analgesics given. The 

animals were weighed daily for the first ten days post-op to ensure full recovery 
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from the operation, subsequent to this, weighing was performed twice weekly 

for a further three weeks and then weekly. An assessment sheet was compiled 

and used to gauge the rats’ behaviour, swelling and mobility. 

 

Post-operative observations 

The rats were mobile within an hour of their operation. There was often 

swelling of the foot in the initial 48 hours but this settled down quickly. Initially 

they would only partially weight bear on the affected right hind leg but within 

three days they were usually fully weight bearing again and able to negotiate 

going through their cardboard play tubes in their cages despite having the 

fixator on. The bedding was changed to sawdust only as it quickly became 

apparent that the previous bedding with ‘grit’ was getting embedded between 

the fixator and the skin causing irritation and skin problems. The wounds 

healed rapidly and were sealed within a few days, the sutures dissolved of their 

own accord. 

 

Weight loss was most notable in the first week. On average all the rats lost 10% 

of their preoperative weight (approximately 50g from a starting weight varying 

between 500g and 550g), which was never regained. This was thought to be due 

in part to the surgical procedure, part due to the less calorific diet they were 

being given compared to the one they were previously accustomed to and in 

part because they were in far larger cages than before and therefore more 

active. 

 

X-ray procedure and examination under anaesthesia 

All radiographs were taken with the animal under general anaesthesia in order 

to position the animal appropriately and enable adequate quality images. 

General anaesthetic was induced and maintained with isofluorane. The 

opportunity was used to inspect the operative site and fixator closely. The pin 

sites could also be cleaned as at times there was a built up of hair and bedding 
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in these areas which the rat could not reach to clean itself. Occasional 

reinforcement of the fixator was necessary due to slight loosening of a cross 

wire or rarely the chewing of the aluminium frame. 

 

In phase 1 each rat had radiographs taken at 48 hours post op at the same time 

as the injection was given. In phase 2 each rat had radiographs taken 

immediately postoperatively before they had recovered from the anaesthetic. 

Thereafter radiographs were taken every fortnight under general anaesthetic. 
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4.5.5 End points 

Phase 1 End Point 

The x-ray results at eight weeks were assessed for signs of healing. In some of 

the animals, there was evidence of radio-opaque material but it was considered 

that there was too little radio-opaque material to have a significant effect on the 

outcome of four-point bending mechanical testing. At ten weeks slight 

improvement on radiological assessment was seen. At twelve weeks there had 

been little change compared to the previous radiographs.  

The rats were sacrificed using a rising concentration of carbon dioxide. Both 

hind legs were disarticulated at the knee, the fixator and cross wires were 

removed along with the skin and part of the muscle bulk. Radiographs were 

taken in AP and lateral positions. The remaining soft tissue was dissected from 

the tibiae and the fibula removed.  

Removal of the fixator, skin, fibula and some muscle debulking was carried out 

carefully. The bones were then wrapped in PBS (phosphate buffered saline) 

soaked tissues to prevent dehydration and transferred to the four point bending 

machine. Mechanical testing was carried out within four hours of sacrifice. 

 

Phase 2 End Point 

The model was run for a shorter time period with the animals sacrificed at eight 

weeks. This decision was based on the fact that there had been almost no 

radiographic change after week eight in phase 1. 

The technique of sacrifice, disarticulation and removal of the fixator was the 

same as above. Radiographs were taken. The skin was then removed leaving 

some soft tissue coverage around the non-union site. The limbs were then 

stored in 70% ethanol in the dark prior to being prepared for histological 

analysis. 
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4.5.6 Adaptations to the model 

 
The model and surgical technique was trialled on cadaveric rats prior to the 

first live run and some refinements were made accordingly. 

 

Refinements to the fixator 

Unpublished research from this unit using the model highlighted some 

problems that had been encountered with the technique as described by Reed. 

There was a tendency for the rats to chew away at the nylon rings making the 

construct unstable, although nylon rings were advantageous in being 

radiolucent the instability was not acceptable. Other issues included were that 

the glue took a long time to set and the cross wires available were not long 

enough. 

 

To resolve the issue of the chewing rings metal ones were custom made from 

stainless steel buffed to give a matt surface to improve glue adherence. 

However, these were found to be too heavy and subsequently changed to 

aluminium. Two differing sized incomplete rings were designed to 

accommodate the differing girth and movements at the knee and ankle. 

 

The screws were stainless steel; the nuts were a mixture of stainless steel and 

nylon (for radiotransparency). Cyanoacrylate adhesive commonly used for 

gluing metal on metal parts of model aeroplanes was used. When used in 

conjunction with a spray fixative the glue instantly set and was strong. The 

cross wires were sharp, sterile 27 gauge dental needles with the flange 

removed. 
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Refinements to the operative procedure 

The technique was very similar to that described by Reed except for the 

following minor modifications: 

Size of the osteotomy: The osteotomy was slightly larger 1.8mm rather than 

1.0mm (due to availability of the burr sizes). 

 

Management of the fibula  

The fibula was not broken as it would have fully healed by the end of the eight 

week model cycle. By leaving the fibula untouched there was less potential for 

inadvertent neurovascular damage and additional haematoma formation 

(potentially effecting the inflammatory response at the adjacent tibial non-

union site). 
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Figure 4.6 Dr A Reed’s animal model external fixator 

  

 

Figure 4.7 Modified external fixator components 
 
 

 

Figure 4.8 Assembled external fixator 
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4.5.7 Outcome measure technique 

Radiographs 

All X-rays were taken with an AccuRay Junior Portable X-ray machine (PLH 

Medical Ltd), advice concerning appropriate local regulations/ distances etc 

was obtained from the University Radiation Protection Advisor. The rat was 

positioned supine and the leg held in place with a foam support. Two X-ray 

views were taken, the postoperative views were lateral and anteroposterior but 

subsequent views were lateral and oblique to avoid super-imposition of the 

fixator columns, the rings and the fibula. The rat and limb were positioned as 

similarly as possible each time but adequate views of the osteotomy site was 

priority and with the fixator being radio-opaque a clear window of the 

osteotomy site was harder to achieve. 

 

 
Figure 4.9 

 

For this second phase of this study a scoring system by An and Friedman(423) 

was used. It has three categories for bone healing assessment; periosteal 

reaction, bone union and remodelling with a maximum total score of 8 (see 

appendix). 
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Callus formation was measured using callipers with 0.1mm interval accuracy on 

the original radiographs that had been taken with the same focal distance 

(source to tibia 75cm) and settings every time (50kV, 0.06 sec).  

 

Grey scale 

Using ImageJ software, (an image analysis programme created at the National 

Institute of Health, Maryland USA), images could be converted to 8-bit and with 

a scale of 0 (pure black) to 255 (pure white) and quantitative comparison 

between the different test legs and control legs performed. 

 

Fluorochrome labels (bone markers) 

Fluorochrome dosage is weight dependant, in small animals it is safe and 

effective to give the label as a subcutaneous injection(425). In this study four 

fluorochrome colour labels were used with 2-week time intervals:  

Week 1 Xylenol  orange 

Week 3 Calcein  green 

Week 5 Alizarin  red 

Week 7 Tetracycline  yellow 

 

Histological Preparation  

The preparation and cutting of the slides was done in a separate laboratory. 

Specimens were dehydrated by submersion in 100% alcohol, which was 

changed 8 hourly over a period of 24-36 hours.  

 

They were then infiltrated with a resin (technovit 7200VLC) in a graduated way: 

70%/30% IMS/Technovit 7200VLC (3 days) 

50%/50% IMS/Technovit 7200VLC (3 days) 

30%/70% IMS/Technovit 7200VLC (3 days) 

100% Technovit 7200VLC (3 days) 
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100% Technovit 7200VLC (20 days) 

 

The samples were then placed face down in moulds and immersed in the resin 

and embedded using the Light Polymerisation Unit with 4-5 hours yellow light 

and 4-6 hours blue light. 

 

The blocks were dried out and then cut. A thin section was cut off the resin 

block containing the specimen (longitudinal in the plane of the length of the 

tibia) glued to a slide, ground down and polished to a thickness of 50μm. The 

slide was then stained with alizarin red. 

 

Four-point bending technique (post mortem) 

Once the fibula had been divided and removed it was clear that some tibiae 

would not be suitable for mechanical testing as they were floppy and had no 

innate strength at the osteotomy site other then that offered by the surrounding 

soft tissue and scar tissue. Bones were excluded from mechanical testing if there 

was visible bending of the bone at the osteotomy site when the tibia was held at 

one end. Those that were suitable were tested along side the contralateral limb. 

 

Four-point bending was carried out on a Zwick/Roell Z005 materials testing 

machine using a 100 kilonewton cell and TestXpert computer package. The 

loading jig was designed specifically for testing rat tibia strength by the 

Edinburgh Orthopaedic Engineering Department and made in the Edinburgh 

University Engineering Workshop, Kings Buildings, Edinburgh. The upper 

loading piece was free moving from a central axis to allow equal loading 

between the two contacts when they made contact with the uneven surface of 

the tibia. The lower two contacts were fixed. 
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Figure 4.10 Zwick materials testing machine 

 

The bones were orientated ensuring that the osteotomy site was centred 

between the two upper contact points. As far as the varying irregular shape of 

the tibia would allow, each of the bones was placed in the same orientation, This 

was facilitated by the surrounding fibrotic tissue, which made the bone rotate 

into a position it found most stable. The bones were tested to failure at a rate of 

2mm per minute. The measurements taken were strain, standard force and test 

time up to the point of failure. 

 
Figure 4.11 Four point bending test, Photograph courtesy of Alastair Murray 
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Measurements for stress calculations 

The cross sectional area of the bone was calculated by measuring the AP and 

lateral widths of each bone, these readings were obtained from radiographs that 

had been taken post mortem in a standardised way. 
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4.6. Results- Phase 1 

 

The model was run for 12 weeks (84 days). 

 

Two animals were put down early, one from the Supartz test group and one 

from the 0.03% monobutyrin test group, both had developed very swollen feet, 

one with wound problems and the other with a large posterior ulcer. 

 

4.6.1 Mechanical testing 

 

The radiographs were suggestive that many of the test tibiae would not be 

suitable for 4-point bending. With the bulk of the soft tissues and ex-fix 

removed and the fibula broken, only 13 of the 34 tibiae were suitable for 

mechanical testing, the remainder were floppy. Mechanical problems with the 

Zwick machine resulted in the loss of data for one test sample (0.01% group). 

18 contralateral positive control legs were tested.  

 

Treatment Premature 
Death 

Floppy 4 Point Bending Total 

Nil 0 4 2 6 
Supartz 1 3 2 6 
0.003% 0 4 2 6 
0.01% 0 3 3* (2) 6 
0.03% 1 4 1 6 
0.1% 0 3 3 6 
Total 2 21 13* (12) 36 

Table 4.15 Outcome of animals in each group 
(*one tibia was lost to mechanical error) 
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Figure 4.5 displays the results of the 12 successfully tested tibiae (green colour 

bars) with their contralateral leg (blue colour bars). Of those testable the tibiae 

with the best results had been treated with 0.003% monobutyrin. However, the 

negative controls were as strong as several of the monobutyrin treated tibiae. 

 

 
Figure 4.12 Ultimate bending strength results for test and contralateral tibiae 

Green= test tibia, blue= contralateral tibia 
 

 

Of the test legs that were suitable for mechanical testing only four achieved a 

greater bending strength than 100 Newtons (figure 4.6). Nine from the 

monobutyrin test groups (n= 24) were suitable for testing and two from each 

negative control group. All the contralateral legs exceeded 100 Newtons (mean 

204 Newtons) (figure 4.7); 89% withstood forces greater than 150 Newtons, 

with 1 in 3 ultimately failing at over 250 Newtons. 
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Figure 4.13 Four point bending results of test tibiae 

 
 

 
Figure 4.14 Four point bending results of contralateral tibiae 

 

When a mean ultimate bending strength was calculated of all the tibiae (figure 

4.7) including those too floppy to be suitable for 4 point testing (thus allocated a 

zero newton value), all the test groups did badly including the two control 

groups. The low dose monobutyrin treatment group (0.003%) had the best 

results but at that only had 30% of the strength of the contralateral tibiae and 

was not significantly better than the supartz control group. All the other 
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monobutyrin groups had similar or worse results than either of the negative 

control groups. An almost identical pattern was seen when comparing the 

Youngs Modulus between groups (figure 4.8). 

 

 
Figure 4.15 Mean ultimate bending strength for test and contralateral tibiae 

 
 

 
Figure 4.16 Mean Youngs modulus for test and contralateral tibiae
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4.6.2 Radiographic assessment of bone healing 

 

                           
Figure 4.17 Persistant non-union                   Figure 4.18 United/ bridged ostoeotomy 

 

 

Three orthopaedic surgeons (2 medical, 1 vetinary) blindly and independently 

assessed the post mortem radiographs for signs of bridging callus across the gap, 

each person scored each radiograph either 1 for bridging callus or 0 for no bridging 

callus (a red italic score indicates conflicting opinion). 
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Tx Nil Supartz 0.003% 0.010% 0.030% 0.100% 
Rat number No 

Bridging 
Bridged No 

Bridging 
Bridged No 

Bridging 
Bridged No 

Bridging 
Bridged No 

Bridging 
Bridged No 

Bridging 
Bridged 

1 3 0 Died Died 0 3 3 0 3 0 0 3 

2 0 3 0 3 0 3 0 3 3 0 0 3 

3 2 1 3 0 2 1 0 3 3 0 3 0 

4 1 2 3 0 3 0 3 0 Died Died 0 3 

5 3 0 0 3 0 3 3 0 0 3 3 0 

6 3 0 3 0 3 0 3 0 3 0 3 0 

Total 
score* 

12 6 9 6 8 10 12 6 12 3 9 9 

% 
bridged 

66.7 33.3 60.0 40.0 44.4 55.6 66.7 33.3 80.0 20.0 50.0 50.0 

Table 4.16 Scoring results of radiographic assessment of bone bridging 
*Maximum score 18 

 
 
 

 
Figure 4.19 Radiographic scoring of bone bridging 
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Bridging at the osteotomy site was low in all groups (figure 4.11). It was present 

in about half of the tibia in the 0.003% and 0.1% monobutyrin test groups and 

less in the 0.01% and 0.03% groups. The negative controls also showed signs of 

bridging in a few tibiae. 

 

4.6.3 Callus volume within the osteotomy 

The callus was measured directly from the radiographs using fine calipers, the 

measurements were taken from the lateral radiographs only due to concern of 

falsely high measurements if the fibula was superimposed. The largest amount 

of callus was radiographically visible in the 0.10% group but with a wide error 

bar (SEM). No group had significantly greater callus than the negative control 

groups (figure 4.12). 

 

 
Figure 4.20 Mean callus formation in osteotomy site 

 
 
When the callus area was plotted against the ultimate bending force of the 

tested tibia there was a rough linear relationship between increasing callus area 

and increasing ultimate bending strength. 
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Figure 4.21 area of callus in osteomoty site compared to ultimate bending strength 
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4.7. Results Phase 2 

 

The second phase was run for a shorter time of eight weeks, this decision was 

based upon the fact that minimal change occurred radiographically after week 

eight in the first phase. There were no cases of premature death or leg swelling 

in this group of animals. 

 

4.7.1 Radiographic results 

Four orthopaedic surgeons assessed the post mortem radiographs (taken after 

removal of the fixator) and were asked to score them in two different ways. 

 

The first method was similar to that used in phase 1 but with an additional 

category ‘attempting to bridge’ across the non-union site (365, 426). Each tibia 

was given a score of 1 by each surgeon for either bridged/ attempting/ no 

bridging. 

 

As illustrated by the table and chart no test group achieved more than 1 in 3 

animals with tibial bridging. The BMP treatment group had the best result for 

bridging (1 in 3). When the ‘attempted bridging’ result is combined with the 

‘achieved bridging’ result a rate of 70% is achieved in both the BMP and high 

dose MB group. 
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Treatment BMP-2 Negative Control High Dose (HD) Low Dose (LD) 

Rat number 

No 
Bridging 

Attempted 
Bridging 

Bridged No 
Bridging 

Attempted 
Bridging 

Bridged No 
Bridging 

Attempted 
Bridging 

Bridged No 
Bridging 

Attempted 
Bridging 

Bridged 

1 3 1  2 1 1  4   2 2 

2  4   2 2 2 2  4   

3   4 4   4   2 2  

4  4  4    2 2 4   

5   4 4    4  4   

6 4   4   1 3  3 1  

Total 
score* 7 9 8 18 3 3 7 15 2 17 5 2 

% 29.2 37.5 33.3 75.0 12.5 12.5 29.2 62.5 8.3 70.8 20.8 8.3 

Table 4.17 Radiographic scoring results phase 2 method 1 
*Maximum score is 24 points 

 

 

 

 
Figure 4.22 Radiological assessment of bone bridging 
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The second method of assessment used a scoring system described by An et 

al(423)  in which periosteal reaction, bone union and remodelling are given 

separate scores. The maximum score achievable is 8; points out of 3/3/2 each 

for periosteal reaction, bone union and remodelling respectively. BMP does the 

best in all 3 groups but with a wide SEM and scoring just 42% mean total score; 

the negative control group, HD and LD groups all have similar total scores of 23-

28% (mean).  

 

 
Figure 4.23 Radiological scoring of bone union 

 
 
 
 

Test Group Mean total score (max 8) Mean % score 
BMP 3.33 41.67 
Control 2.28 28.47 
HD 2.17 27.08 
LD 1.89 23.61 

Table 4.18 Mean total score of bone union 
 
 

The mean grey scale scores were only marginally different between the groups, 

compared to normal bone (100%), it was 83% in BMP-2, 78% in the control and 

low monobutyrin groups and 74% in the high monobutyrin group. 
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4.7.2 Histology results 

The histology results confirmed that two of the BMP-2 test group had almost 

entirely bridged. There was no complete bridging seen in any of the other 

treatment groups, however there was a small area of bridging of the posterior 

cortex by callus in the negative control group. Rounding of the bone ends and 

capping off of the medullary canal was seen in the majority of the monobutyrin 

and negative control tibiae but only a few of the BMP-2 group. Within the 

osteotomy gap itself there were occasional islands of bone or spurs of callus 

seen, particularly in the BMP-2 group, suggestive of attempted healing at some 

point. Even though callus formation and bridging was almost entirely limited to 

the BMP-2 treatment group all of the specimens show endosteal and periosteal 

activity of some degree within the endosteum and periosteum up to the edge of 

the osteotomy. 

 
Treatment Gap bridged by 

>80% 
Bone ends 
rounded 

Medullary canal 
capped 

Callus extending 
into gap 

Nil 0  10/12 7/10* 1/6 
BMP-2 2 3/12 1/12 5/6 
Monob HD 0 12/12 9-10/12 1-2/6 
Monob LD 0 10/12 6/8* 2/6 
*Due to the tissue cutting technique it was not possible to assess the canal in every sample 
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Of the fluorochrome markers calcein (green) and alizarin (red) injected at days 

22 and 36 respectively were the most abundant and visible, xylenol (orange, 

day 8) and tetracycline (yellow, day 50) were scant and difficult to differentiate 

between. The fluorochrome markers indicated that any bone bridging that did 

occurred was during the middle of the time course of the experiment (green and 

red).  

 

Much of the periosteal reaction occurred prior to day 50 (orange, red and green 

fluorochromes seen) around the posterior aspect of the tibia, close to where the 

fibula joins the tibia. There was also some periosteal reaction around the pin 

sites. The endosteal activity occurred mostly in the 22- 36 day time period, with 

some activity at 36-50 days.  

 

When the histology was compared to the radiology the results were very 

similar. Radiologically the two specimens that there was unanimous agreement 

regarding bridging were both BMP-2 treatment tibiae and the same two bridged 

histologically. There were three other tibiae (one from each of the non BMP-2 

groups) that had been considered to have bridged by 2 of the 4 surgeons 

assessing the radiographs, each of these on histological assessment had callus 

extending into the gap, but not completely bridging the gap. 

 

 

 
Figure 4.24 Labelled example of histology slide (normal, x1.28 and x8 magnification) 

Staining in alizarin red and underfluoroscopy 



 
Fracture non-union, epidemiology & treatment 

 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

271 

Controls 
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D3 
 

 
E1 
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Monobutyrin High Dose (0.1%) 
 

 
A3 
 

 
B2 
 

 
C1 
 

 
D4 
 

 
E3 
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Monobutyrin Low Dose (0.003%) 

 
A2 
 

 
B3 
 

 
C4 
 

 
D1 
 

 
E4 
 

F1 
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4.8. Discussion 

 
The aim of the study was to test a potentially osteogenic molecule in an atrophic 

non-union model. The primary measure was mechanical testing however with 

only 13 of a potential 34 rat tibiae had sufficient structural integrity to 

withstand mechanical testing. The radiographic assessment of bridging 

correlated closely with the ability of the tibiae to be mechanically tested, of the 

13 that underwent testing all except one was scored as having bridged, there 

were two that were tested that had not received unanimous agreement about 

radiological bridging, both were in the negative control (empty) group and both 

barely achieved a load of 50 Newtons prior to failing. Only a third of the 

monobutyrin dose groups had the structural capacity to undergo testing and 

this was not dose dependent. The 0.003% group had the highest load to failure 

result (n=2, mean 160 Newtons), however when those in the group that did not 

undergo testing were included, the mean load to failure was just over 50 

Newtons.  

 

Eighteen contralateral (non-operated) tibiae underwent mechanical testing 

achieving a mean ultimate strength of 203.7 (SD +/- 34.9), this is higher than 

other studies in which the maximum load at failure of the rat tibia varied 

between 112 and 143 Newtons(401, 406, 427); this can be accounted for by the 

fact that the rats in the other studies were younger and smaller (2-3 months old, 

weighing 200-300g compared to the 6 month old 500g animals in this study). 

Several other rat studies have used mechanical testing(373, 396, 409) but 

measured torsional load to failure of the femur rather than bending load of the 

tibia. Measuring torsional mechanical outcomes is useful for assessing fractures 

stabilised with an intramedullary nail that does not need to be removed prior to 

the biomechanical testing. 

 

Bak et al(406) studied four point bending strength of a closed rat tibial fracture 

and at 80 days found that the load to failure in the fracture group was 84% of 
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the load to failure required for fracturing the contralateral tibia (107N 

compared to 128N), at 20 days the load to failure at the fracture site was only 

14% compared to the contralateral bone, however almost a third of the rats in 

the study had been excluded from testing for various reasons (mostly due to 

technical error/ failure with 4% non-union). Utvag et al(401) studied the 4-

point bending strength of a rat tibial osteotomy with and without associated 

muscle damage (crushing or excision). A simple osteotomy was performed and 

stabilised with an intramedullary pin. At the time of mechanical testing there 

was incomplete healing at the osteotomy site in all 3 groups (radiographical 

assessment), the load to failure (after IM pin removal) was 60.2N in the simple 

osteotomy group, 53.9N in the group, which had an osteotomy with associated 

muscle damage and 32.9N in the group, which had an osteotomy with 

surrounding muscle excised compared to 123.2N in the intact tibia. The study 

was only run for 28 days making direct comparison with this study difficult 

however in conjunction with Bak et al’s(406) results it illustrates that within 

just a few weeks both a simple fracture and more invasively an open osteotomy 

of a rat tibia would regain at least 50%  bending strength without adjunct 

therapy, in this study after 12 weeks there was minimal evidence of mechanical 

restoration confirming that the success of the non-union model without the 

need for a large gap nor adjuvant thermal, physical or chemical insults. A 

positive control (e.g. no periosteal stripping) may have been useful for 

comparison.  

 

The greatest area of callus was formed in the two groups (monobutyrin 0.003% 

and 0.1%) that did best in the 4-point bending results (this was not unexpected 

as the same tibias also had the best radiographic scores) with a direct linear 

relationship between the two measurements. These 2 groups (monobutyrin 

0.003% and 0.1%) had more callus than either of the negative control groups 

and more callus than the 0.03% monobutyrin group, which had even less callus 

than the control groups. The area of callus measured was that of the callus 

found within the gap and did not include the periosteal reaction that had 
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formed bone away from the osteotomy site. Several small animal studies have 

recorded callus volume as part of their outcome measurements; the methods 

are however varied and include micro CT imaging(350), quantitative histology 

with software packages(349, 416) and direct measurement with a tape 

measure(383). Other studies (including a mouse model(354)), have assessed 

the changes in callus volume over the time period of the fracture healing, to 

illustrate the moment of peak callus volume along a fracture healing timeline. 

However it was clear in this study with fortnightly serial radiographs over the 

12 week period that callus formation across the osteotomy site was entirely 

absent in some tibiae, minimal in others and on occasion bridging the gap, it 

was not waxing and waning in volume over time.  

 

Assessing radiographs for signs of union is the most common and straight 

forward non-invasive method of assessing osteotomy and fracture sites for 

signs of healing and union in both human and vetinary medical practice, in 

complex fracture and non-union configurations the extent of healing can be 

difficult to interpret and may require further clarification with CT imaging. 

Basic assessment by deciding on the presence, absence or attempt at bone 

bridging has been used in animal models previously(365, 426) with a slightly 

more in depth scoring systems described by An et al(423) and Lane and Sandhu 

which has recently been validated by Tawonsawatruk et al(428).  

 

In three cases of the phase 1 results there was disagreement amongst the 

assessors, two in the empty osteotomy group and one in the 0.003% group. By 

adding up the points rather than applying a binary yes/no decision per tibia it 

was possible to incorporate this disagreement in the final score for each 

treatment group, however when compared to the mechanical testing results 

those that had ambiguous radiology also scored poorly mechanically (around 50 

Newtons). Overall the radiology findings were in concordance with the 

mechanical testing. 

 



 
Fracture non-union, epidemiology & treatment 

 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

278 

In phase 2 the monobutyrin doses that had given best results in phase one 

(0.003% the lowest dose, and 0.1% the highest dose) were used and introduced 

at the time of the initial procedure on a collagen sponge, both a negative and 

positive control were used (sponge with saline and sponge with BMP-2). The 

delivery method was changed to assess whether outcomes would improve with 

the monobutyrin being present from the time of the initial insult and with a 

sponge carrier intended to maintain the local concentration of monobutyrin for 

longer. 

 

As discussed in chapter one, previous studies have highlighted importance of 

BMP-2 in the fracture healing process and its potential as an agent for 

accelerated bone healing. It is licensed for clinical use in open tibial fractures 

and spinal surgery although the cost benefit analysis is not clear-cut. BMP-2 is 

found in normal human fracture callus and is an important protein in the role of 

chondrogenesis and osteogenesis of fracture healing(429, 430), it has been 

shown in a mouse model that BMP-2 is essential for normal fracture healing 

particularly around day 1 but also later on (day 10)(431). Due to this drawn out 

temporal requirement for BMP-2 and similar proteins at the fracture site, there 

has been concern about the ability of an animal to retain a high local 

concentration of BMP-2 at the osteotomy site. For this reason the carrier was 

changed from supartz (an inert glycoprotein gel) to a bovine sponge scaffold. 

More recently, a rat model with sustained release of BMP-2(432) and a rabbit 

model with a new type of ‘immobilisation’ carrier that binds to and prevents 

leeching of BMP-4(433) have been described with resultant increased 

osteoconductivity and callus formation. In this model although BMP-2 had the 

best union rate it still only resulted in 2 of 6 achieving bridging across the gap. 

 

Studies comparing human atrophic non-union and healed bone tissue found 

differing results regarding the concentration of BMP-2. In one hypertrophic 

non-union study(434) levels were similar in both normal and non-union tissue 

types In an atrophic study levels were too low to detect in either normal 
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fracture or non-union tissue(435) and in a third study the expression of BMP-2 

was significantly lower in the non-union tissue than normal tissue but the BMP-

2 inhibitor levels were not(429). It may be that even when BMP-2 is present in 

adequate concentration other local environment factors and/or proteins need 

to be present in order for the BMP-2 to act and enhance healing in a non-union 

situation.  

 

Given the three cases with interobserver disagreement two more detailed 

scoring systems were used in assessing the phase 2 results, one of which has 

been recommended for use in animal models of bone healing(423). The 

introduction of the ‘attempted bridging’ option resulted in more inter-observer 

variation, the high dose monobutyrin and BMP-2 treatment groups had a 70% 

rate of attempted or achieved bone bridging (when combined) whereas both 

the control and low dose monobutyrin had a 70% no bridging rate. However 

using the alternative scoring system assessing the periosteal reaction, union and 

remodelling the monobutyrin scored more similarly to that of the negative 

control, particularly regarding union and remodelling, there have been no 

studies to validate this scoring system(423) although a similar one has 

subsequently been validated(428). 

 

The histology confirmed the radiological findings. Only 2 tibiae (both BMP-2) 

had significant bridging of the gap. The majority of bone turnover and 

mineralisation occurred in the first 6-7 weeks as illustrated by the lack of yellow 

fluorochrome activity (injected at the start of week 7). Owing to the complete 

lack of fluorochrome activity within the gap of the monobutyrin and negative 

control group further assessment of tissue quantification and vascularity of the 

gap was not performed.  

 

The fluorochrome illumination seen on histological analysis showed that 

although there was minimal bone formation within the gap there was bone 

turnover occurring within the medullary canal, cortex and the outer surfaces of 
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the cortex up to the edge of the osteotomy in nearly all of the samples. This, 

although not quantified, illustrated that the bone was capable of osteogenic 

activity where the endosteum and periosteum had been removed, and was not 

irreversibly devitalised. There was more periosteal activity posteriorly, which 

was likely to be due to the close proximity of a local population of pluripotential 

cells in the adjacent muscle or from the fibula periosteum. In theory it could 

have been due to inadequate circumferential periosteal stripping but good 

visualisation was possible at the time of surgery and this was not the case. Yet, 

although there was no physical barrier (eg bone wax or silastic spacer) the 

repair process was not sufficient to enable bone bridging across the gap but 

often resulted in capping off of the medullary canals with a new thin layer of 

bone (seen in several of the non- BMP-2 tibiae). 

 

Although the tibiae were set in a resin block prior to cutting, grinding and finely 

polishing, the cut was not always entirely in line with the long axis of the tibia or 

straight through the middle of the specimen. This limited the histological 

interpretation and the single slice prevented a fair representation of the entire 

surface area of the osteotomy. This method of treating and slicing the tissue for 

histological assessment was limited and for some of the experiments, if they 

were repeated a different method of fixation would be used that would enable 

multiple cuts to be obtained from the centre and edges of each sample and 

several different stains to be performed (e.g. that would enable a vessel count). 

 

The pin site holes were at times larger than the cross wires with surrounding 

periosteal reaction suggesting osteolysis secondary to pin site infection or 

instability. There were two cases euthanized early in the first phase for soft 

tissue swelling but were not included in the results and there were no 

complications seen in the second phase. Typically a non-union model with 

intentional instability results in a hypertrophic non-union and excessive callus 

formation, however this was not seen in this model. Due to concerns of potential 

instability in the first phase an extra proximal cross wire was used in the second 
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phase but with no consequential increase in the bridging rate or callus 

formation.  

 

This model was very good at achieving non-union by a method that closely 

reflects the clinical situation, as extensive periosteal stripping along with more 

limited endosteal stripping occurs in high energy fractures. The learning curve 

of the procedure was not steep and the treatments were randomised to prevent 

any influence of time or learning curve to the results. The fact that the BMP-2 

positive control model also had a poor outcome would suggest that either BMP-

2 is not a suitable positive control or that the model was too ‘harsh’ yet it was 

not a critical sized defect nor were diathermy, liquid nitrogen or similar 

methods applied.  

 

It may be that by employing a local combination of endosteal/ periosteal 

damage with a small gap of non-critical size is too much to overcome for bone 

healing. Previous studies(50, 91) using the model have found it to be robust and 

did not test molecules or treatments in an attempt to overcome the induced 

non-union. The model when used in a rat by Reed et al(91) was almost identical 

except that a 1mm burr was used (1.8mm in this study). A critical size defect for 

a rat is at least 4 mm and ideally 5-8 mm, when Reed et al(91) performed the 

osteotomy without periosteal/ endosteal stripping they achieved a 100% union 

rate by 8 weeks. A similar model in the rabbit employed a 2mm defect and 

similar treatment of the periosteum and endosteum, although the 2mm gap was 

created with a hacksaw in conjunction with a small amount of distraction, with 

100% non-union outcome at 8 and 16 weeks, whereas in the control group 

(osteotomy only) 100% union occurred. Other differences between this study 

and the previous models are that the these rats were 6 month old males, 

previously they were females and likely to have been younger, smaller and 

lighter, this was not expected to have a great influence on the model however 

the fixator needed to have a wider diameter with longer cross wires which will 

have reduced the cross wire tension and enabled more micromotion at the 
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osteotomy, which may have discouraged union. However, excess callus with an 

ensuing hypertrophic non-union would be expected if the reason for non-union 

was excessive motion. A further difference was that the fibula was not fractured 

in this study, it was considered that doing so would increase the potential for 

healing at the osteotomy site in the controls due to a concomitant fracture 

healing process occurring parallel to the osteotomy and would further confuse 

the radiographic callus volume/ bridging interpretation.  

 

By adjusting the model to make it less harsh or having alternative positive 

controls e.g. by only removing the periosteum (not the endosteum) or vice versa 

or employing an intramedullary nail technique would be worth consideration, 

for evaluating the agents in a less harsh scenario. Any adjustments would 

require a prolonged test time e.g. 12- 16 weeks to be certain that non-union 

rather than delayed union was the end result as it is known that only 

performing the osteotomy and no stripping does result in union(50, 91). 

 

In the introduction a relatively clear distinction is made between atrophic (stiff) 

non-union and mobile, pseudo-arthrotic, atrophic non-unions. However this 

study and others previously would suggest that the difference is not so easily 

definable. This model did not result in hypertrophic non-union, nor a cartilage 

capped pseudarthrosis, the pin site osteolysis in the absence of infection does 

suggest that there was some instability but not enough to create a hypertrophic 

non-union. Reed et al(91), in an almost identical model, noted  rounded bone 

ends capped off with fibrous tissue and muscle fibre infiltration in the gap that 

by week 16 was becoming extensively fatty filled; structural stability is not 

mentioned and biomechanical studies were not performed. Harrison et al(373) 

described a pseudarthrosis created in a 3mm gap rabbit model with loose 

fibrous tissue and gross instability, Park et al(375) in a 3mm rabbit model with 

repeated irrigation describe an atrophic non-union with sealing of the bone 

ends ‘characteristic of an amputation’ but no biomechanical studies were 

carried out. Makino et al(409) in a rat femur atrophic non-union(ANU) model 
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found torsional stiffness to be only 5-10% of the intact side at 8 weeks, 

histologically with rounded off bone ends and a gap interposed with fibrous 

tissue. It has not been defined as to how much stiffness is required to classify an 

ANU as stiff or mobile in animal studies but 5-10% stiffness does not seem 

sufficient to fulfil the former description. Therefore it seems plausible that the 

classification of atrophic non-union covers a range of stability and the 

distinction between mobile and stiff has not been defined clearly, with this 

model falling within the stiffer end of the atrophic non-union spectrum. 
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4.9. Conclusion 

 

This model demonstrated that monobutyrin did not result in any beneficial 

healing effect or increased osteogenic activity at the non-union site and that 

BMP-2 only led to bridging of the non-union in 1 in 3 tibiae. There appears to 

have been no clear dose dependent influence or change in outcome with 

altering the method of monobutyrin delivery.  
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5.1. Abbreviations 

 

BMP  Bone morphogenetic protein 

CNS  Coagulase negative staphylococcus 

COX-2  Cyclo-oxygenase 2 

CSD  Critical sized defect 

ERI  Edinburgh Royal Infirmary 

ESWT  Extracorporeal shockwave therapy 

FDA  Food and drugs association 

FGF  Fibroblast growth factor 

GF  Growth factor 

ICD-10  International classification of diseases version 10 

IGF  Insulin derived growth factor 

IMN  Intra-medullary nail 

IP  Inpatient 

ISD  Information services division 

MSC  Mesenchymal stem cell 

NSAIDs Non-steroidal anti-inflammatory drugs 

NU  Non-union 

NUSS  Non-union scoring system 

OP-1  Osteogenic protein 1 

ORIF  Open reduction internal fixation 

PDGF  Platelet derived growth factor 

PEMF  Pulsed electromagnetic field therapy 

PTH  Parathyroid hormone 

PTHrP  Parathyroid hormone related protein 

TGF- ß  Transforming growth factor beta 

TSF  Taylor spatial frame 

VEGF  Vasoactive endothelial growth factor 

WHO  World Health Organisation 
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5.2. Statistics report- Chapter 3. 

Primary outcome 

What is the frequency and proportion of various risk factors in those with non-

union of long bone fractures.  

 

Secondary outcome 

Is there an association between the presence of various risk factors and 

subsequent response to surgery for non-union.  With response either being 

classed as responder versus non-responder or response classified into three 

categories: responder, partial responder or non-responder.  For this you will 

have to specify a time period for this to happen and also which method of 

defining your outcome you will use for the study.. 

 

Sample size 

For the primary outcome we will be expressing the proportion of subjects with 

certain risk factors.  The following table shows the width of the two-sided, 95% 

confidence interval (CI) around that proportion given varying sample sizes from 

50 to 200 to illustrate what happened as the sample size increases.  Please note 

that in all cases the specified proportion is 50%, this has been chosen as this 

represents the ‘worst-case-scenario’, i.e. around this point the width of the CI 

will be at its widest. 

 

  Confidence interval for proportion using normal approximation (n large) 

 1 2 3 4 5 6 7 

  Confidence level, 1-a   0.950   0.950   0.950   0.950   0.950   0.950   0.950 

  1 or 2 sided interval?    2    2    2    2    2    2    2 

      Expected proportion, p  0.500  0.500  0.500  0.500  0.500  0.500  0.500 

  Distance from proportion to 

limit, w 

    

0.139 

    

0.113 

    

0.098 

    

0.088 

    

0.080 

    

0.074 

    

0.069 

  n  50  75  100  125  150  175  200 
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For example with 100 patients (column 3) you would be able to express the 

proportion with a specific risk factor to within ± 9.8% 

Analysis 

Where risk factors are categorical such as smoking or not the number of people 

with the risk factor will be expressed as a proportion with an associated 95% CI.  

For age, where the variable is continuous, a description of the data will be 

presented graphically. 

 

The following depends on how you decide you are going to express your 

secondary outcomes.  If you class them as responders v. non-responders 

then….comparison of the proportions of responders will be made using a 

binomial test for the comparison of proportions between those with and those 

without the risk factor.  If you class them as responder, partial responder, non-

responder then…. association between level of response and risk factors will be 

made using a Chi-squared test. 



 
Fracture non-union, epidemiology & treatment 

 

Leanora Anne Mills  MD thesis University of Edinburgh  2015 
 

 

289 

 
5.3. Fluourochrome/ monobutyrin/ BMP-2 titrations 

Fluorochrome Label dosage 

Given subcutaneously 

Xylenol- 40mg/ kg 

Calcein- 6.67mg/ kg 

Alizarin- 15mg/ kg 

Monobutyrin instructions 

Use a positive displacement pipette as very viscous 

0.1%:   10µl in 9.99mls of sterile PBS 

0.003%: 0.1ml of 0.1% dose with 2.9ml of sterile PBS 

 

25µl of each dose to be soaked on collagen sponge prior to insertion into 

osteotomy site 

BMP-2 instructions 

Store at -20 degrees Celsius in the dark. 

1. Under aseptic conditions, pipette 50µl of sterile PBS into a vial of BMP-2. 

Dissolve the protein and transfer the 50µl of BMP-2 solution to a sterile 

eppendorf. 

2. Add 200 µl of sterile PBS to the same eppendorf.  

3.Pipette 25µl of BMP-2 low dose solution onto a sterile pre-cut piece of 

collagen sponge. The remaining BMP can be aliquoted and stored at -20°C. 

4.Incubate sponge in sealed container for a minimum of 15 minutes. Record 

final soak time.  

5. Place collagen sponge + BMP into the bone defect using sterile forceps. 

 

Each vial of BMP-2 contains 10µl, by making it up to 250µl with PBS each 25µl 

aliquot will contain 1µl of BMP-2. 
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5.4. Surgical equipment required to perform procedure 

Preparation 

Operating rig created from foam blocks to hold the leg elevated & stable 

Electric shaver 

70% ethanol 

Marker pen 

 

External fixators: 

Aluminium M16 washers (Nylon & Alloys Ltd., Hanwell, London) cut to shape  

M4 Nylon nuts and stainless steel A2 screws (RS Components, Corby, Northants) 

Cross wires from 27 gauge dental needles with the flange removed 

Cyanoacrylate glue (Wonderland Models, Edinburgh) 

Zip fixer (Wonderland Models, Edinburgh) 

Mosquito artery clip 

Dremmel hand drill 

 

Osteotomy: 

Size 11 blade 

Blade handle 

Addisons toothed forceps 

Non-toothed forceps 

Mosquito artery clip 

Large white needles 

Dremmel hand drill 

1.8mm burr 

Curved iris scissors 

Straight strabismus scissors 

4’0 monocryl suture 

Sterile saline 

Size 7 sterile gloves 

 

All the instruments were autoclaved between cases and all procedures were performed as 

aseptically as possible. 

The external fixator was assembled preoperatively.   
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5.5. Phase 1 treatment groups 

Table 5.1 Phase 1: Treatment and results of four-point bending test (numbers 1-6 represent the 6 
animals in each test group): 
Concentration Group Outcome Test leg  Contralateral Leg  
Nil   Force (N) Force (N) 
1 1F Floppy 0 170 
2 2A Floppy 0 212.2 
3 3C 4PB 54.9 266 
4 4C 4PB 50.4 272 
5 5B Floppy 0 - 
6 6F Floppy 0 183 
Supartz     
1 1E Died - - 
2 2F 4PB 135.3 181.4 
3 3D Floppy 0 - 
4 4F Floppy 0 - 
5 5E 4PB 57 232 
6 6A Floppy - - 
0.003%     
1 1D 4PB 182 136 
2 2B 4PB 140.9 196.6 
3 3F Floppy 0 - 
4 4E Floppy 0 - 
5 5D Floppy 0 - 
6 6D Floppy 0 192 
0.01%     
1 1A 4PB Machine problem 170 
2 2E 4PB 40.82 256 
3 3E 4PB 75 243 
4 4A Floppy 0 - 
5 5C Floppy 0 - 
6 6C Floppy 0 - 
0.03%     
1 1C Floppy 0 217 
2 2C Floppy 0 - 
3 3A Floppy 0 - 
4 4D Died - Died 
5 5A 4PB 38.2 256 
6 6E Floppy 0 121 
0.1%     
1 1B 4PB 81.4 Machine problem 
2 2D 4PB 158 272.4 
3 3B Floppy 0 - 
4 4B 4PB 15.4 278 
5 5F Floppy 0 - 
6 6B Floppy 0 - 
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5.6. Phase 2 treatment groups 

Table 5.2 Phase 2 treatment groups 
GROUP 

 

NUMBER 

1 2 3 4 

A 2 4 3 1 

B 1 3 4 2 

C 3 1 2 4 

D 4 2 1 3 

E 1 2 3 4 

F 4 3 1 2 

 
Treatment groups for phase 2. 
 
 

1- CONTROL 
2- BMP-2 
3- 0.1% MB 
4- 0.003% MB 

 
Therefore C1 has had treatment 3 i.e. 0.1% MB. 
The additional D5 has had the same treatment as D1 (0.003% MB) but did not 
undergo scraping of the endosteum. 
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5.7. Mechanical testing results 

Table 5.3 Mechanical four point bending results 

    yield load 

yield 
displaceme
nt failure load 

time to 
failure (s) 

time to 
yeild (s) 

yeild 
displaceme
nt (mm) 

failure 
displaceme
nt (mm) 

extrinsic 
stiffness 

vertical 
radius 

horizontal 
radius 1/2 callus I 

Stress at 
yield 

Strain at 
yield 

YoungsMod
ulus 

0.01%t average 55.5 1.3 58.0 39.9 38.8 1.3 1.3 44.5 4.0 3.7 1.9 263.5 1.8 5.2 40.1 

  SD 24.7 0.7 24.0 20.8 20.9 0.7 0.7 5.3 1.8 0.6 0.3 295.9 1.4 4.5 46.5 

  Std Error 17.5 0.5 17.0 14.7 14.8 0.5 0.5 3.7 1.2 0.5 0.2 209.3 1.0 3.2 32.9 

0.01%c average 201.7 0.6 222.0 20.1 18.0 0.6 0.7 361.4 2.6 2.9 1.5 40.5 18.5 4 827.9 

  SD 43.7 0.2 45.6 4.6 6.4 0.2 0.2 136.0 0.1 0.6 0.3 11.3 5.3 0.5 428.7 

  Std Error 25.2 0.1 26.3 2.7 3.7 0.1 0.1 78.5 0.0 0.3 0.2 6.5 3.0 0.3 247.5 

0.10%t average 82.6 1.7 85.2 53.0 51.3 1.7 1.8 52.9 4.1 4.1 2.0 239.5 3.3 5.8 33.6 

 SD 69.7 1.5 71.5 45.0 44.7 1.5 1.5 40.0 1.3 0.8 0.4 187.3 2.9 4.3 36.5 

 Std Error 40.3 0.9 41.3 26.0 25.8 0.9 0.9 23.1 0.8 0.5 0.2 108.1 1.7 2.5 21.1 

0.10%c average 260.3 0.6 274.8 18.5 17.3 0.6 0.6 463.1 3.0 2.6 1.3 58.2 14.9 1.6 654.0 

 SD 3.2 0.1 4.3 1.5 1.7 0.1 0.0 40.1 0.2 
0.3 

0.1 4.8 2.5 0.3 109.5 

 Std Error 2.3 0.0 3.1 1.1 1.2 0.0 0.0 28.3 0.1 0.2 0.1 3.4 1.8 0.2 77.5 

0.003%t average 146.1 2.2 160.6 68.0 65.5 2.2 2.3 68.2 3.4 4.0 2.0 178.9 8.7 6.4 87.9 

 SD 13.9 0.3 29.6 7.1 9.2 0.3 0.2 16.7 1.3 2.0 1.0 210.0 7.8 1.5 95.7 

 Std Error 9.8 0.2 20.9 5.0 6.5 0.2 0.2 11.8 0.9 1.4 0.7 148.5 5.5 1.1 67.7 

0.003%c average 160.8 0.8 174.2 25.5 23.1 0.8 0.9 226.8 2.6 2.7 1.4 38.2 14.4 1.8 501.4 

 SD 24.2 0.2 33.2 5.8 6.0 0.2 0.2 90.3 0.1 0.1 0.1 6.1 3.2 0.5 209.9 

  Std Error 14.0 0.1 19.2 3.4 3.5 0.1 0.1 52.2 0.1 0.1 0.0 3.5 1.8 0.3 121.2 

 5At 35.9 1.0 38.2 31.0 30.5 1.0 1.0 35.9 3.4 3.7 1.8 116.9 1.4 3.1 25.2 

0.03%t average 35.9 1.0 38.2 31.0 30.5 1.0 1.0 35.9 3.4 3.7 1.8 116.9 1.4 3.1 25.2 

0.03%c average 167.2 0.8 198.2 29.0 24.3 0.8 1.0 204.6 2.4 3.7 1.9 48.0 17.8 1.8 492.1 

  SD 68.9 0.2 69.7 6.3 6.8 0.2 0.2 32.9 0.4 1.9 1.0 38.1 2.5 0.7 278.6 
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  Std Error 39.8 0.1 40.2 3.6 3.9 0.1 0.1 19.0 0.2 1.1 0.6 22.0 1.5 0.4 160.9 

nilt average 49.6 1.1 52.7 34.5 32.4 1.1 1.1 55.4 3.0 3.5 1.7 76.6 3.1 2.8 60.1 

  SD 1.3 0.6 2.5 20.2 18.5 0.6 0.7 30.7 0.4 0.9 0.4 44.8 1.2 1.3 2.7 

  Std Error 1.0 0.4 1.8 14.3 13.1 0.4 0.5 21.7 0.3 0.6 0.3 31.7 0.8 0.9 1.9 

nil c average 182.5 0.6 220.4 24.9 20.0 0.7 0.8 342.2 2.5 2.6 1.3 32.9 18.7 1.5 865.7 

  SD 36.8 0.2 46.9 7.5 8.5 0.3 0.3 140.5 0.2 0.1 0.0 10.1 3.2 0.7 486.5 

  Std Error 16.4 0.1 21.0 3.4 3.8 0.1 0.1 62.8 0.1 0.0 0.0 4.5 1.4 0.3 217.6 

sup.t average 94.0 0.7 96.1 22.7 22.1 0.7 0.8 126.0 3.4 3.1 1.5 100.0 4.1 2.3 116.4 

  SD 56.0 0.1 55.0 2.8 2.9 0.1 0.1 60.4 0.3 0.2 0.1 30.6 3.2 0.1 85.5 

  Std Error 39.6 0.1 38.9 2.0 2.1 0.1 0.1 42.7 0.2 0.1 0.1 21.6 2.3 0.1 60.5 

sup.c average 172.8 0.6 206.0 23.2 19.7 0.7 0.8 266.4 2.7 2.6 1.3 41.8 13.4 1.6 524.6 

  SD 20.3 0.1 36.4 2.5 1.6 0.1 0.1 6.9 0.0 0.1 0.0 0.3 2.0 0.1 23.6 

  Std Error 14.3 0.0 25.7 1.8 1.1 0.0 0.1 4.9 0.0 0.0 0.0 0.2 1.4 0.1 16.7 
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5.8. Phase 1 radiographs arranged according to treatment 

Figure 5.1 Monobutyrin 0.003% radiographic images post mortem 

1D  2B 
 

3F 4E 
 

 5D  6D 
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Figure 5.2 Monobutyrin 0.01% radiographic images post mortem 
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Figure 5.3 Monobutyrin 0.03% radiographic images post mortem 
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Figure 5.4 Monobutyrin 0.1% radiographic images post mortem 
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Figure 5.5 Negative control group radiographic images post mortem 
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Figure 5.6 Supartz control group radiographic images post mortem 
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5.9. Phase 2 post mortem radiographs 

Figure 5.7 Negative control group (empty osteotomy) 
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Figure 5.8 Positive control group (BMP-2) 
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Figure 5.9 High dose monobutyrin group (0.1%) 
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Figure 5.10 Low dose monbutyrin group (0.003%) 
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Poster Presentations 
 
• Assessment of a novel angiogenic factor in a small animal model of atrophic non-union 

 
 
Podium Presentations 
 
• Long bone fracture non-union requires looking beyond the expected. Causation is multi-

factorial in 3 out of 4 of cases with a 6% occult infection rate. 

• The incidence of non-union per fracture in the paediatric population 

• Non-union risk per fracture in children 

 

Peer Review Publications 
 
• The role of growth factors and related healing agents in accelerating fracture healing 

• In vivo models of bone repair 

• The relative incidence of fracture non-union in the Scottish population 

• The risk of non-union per fracture in children 
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Podium presentation abstract 1 
 
British Orthopaedic Association Conference, 2012. 
 
Long bone fracture non-union requires looking beyond the expected.  
Causation is multi-factorial in 3 out of 4 of cases with a 6% occult infection rate. 
 
Introduction 
Fracture non-union is a devastating cause of massive patient morbidity. The cost of 
NU treatment ranges from £7,000 to £79,000. With an estimated 11,700 cases in 
the UK pa the financial implications are huge, potentially costing several hundreds 
of million of pounds per year. 
A successful outcome in the management of non-union is based upon correctly 
identifying the underlying cause(s) of and addressing them appropriately.  
 
Aim 
The aim of this study was to assess the distribution of causative factors in non-union 
in order to assist the surgeon in their decision making of NU management.  We 
have categorized the causes of NU into 4 groups (infection, dead bone/ gap, host 
factors and mechanical). 
 
Method 
100 consecutive patients who had surgery for long bone fracture non-union were 
analysed. Information was obtained from the patient clinic visits, notes, radiographs 
and laboratory results. After analysis the cause(s) of the non-union were identified 
and recorded, the causes were divided into 4 groups; host, mechanical, dead bone/ 
gap at NU site and infection. 
 
Results 
The mean age at time of injury was 41.4 (±16.7) years; male/female ratio was 3:1, 
80% were lower limb (52% of all cases were tibial). 69% were high energy, 38% 
were open. 
26% of patients had a single attributable cause, 59% had two causes, 14% had three 
causes and one had all four. 
Mechanical causation was found in 56% of cases, dead bone/ gap was present in 
51%, host factors in 44% and infection was a causative factor in 40% of patients. 
5.7% of the infections were unexpected new positive findings. 73% of previously 
treated infections considered to have any ongoing infection had multiple positive 
cultures. 
 
Conclusion 
74% had more than one attributable cause. The multi-factorial nature of NU makes 
meticulous patient assessment vital in order to exclude other causes and achieve 
treatment success. Obtaining routine multiple tissue samples for microbiology and 
pathology investigation in every patient is essential. 
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Podium presentation abstract 2 
 
MENA Paediatric Orthopaedic Conference, Dubai, May 2012. 
 
THE INCIDENCE OF NON-UNION IN THE PAEDIATRIC POPULATION 
Mills LA, Simpson AHRW 
 
Introduction 
Paediatric trauma has significant social and economic consequences, particularly in 
low income countries where inequalities of health care are at their most extreme, 
the mortality rate in the severely injured is several times higher (36% v 6%) in low 
compared to high income nations, trauma associated morbidity is likely to follow a 
similar trend.  
Although non-union is a devastating and costly consequence of trauma it is felt to 
be a rare complication of fractures in children; consequently there is no data 
available in the literature regarding its overall incidence.  
It would be beneficial to know the actual incidence of paediatric fracture non-union 
as this would enable comparison between the health care burden of different 
countries, allocation of health resources and funding, and on an individual level will 
assist the surgeon in obtaining informed consent from parents. 
 
 
Aim 
The aim of this study is for the first time to report the rates of fracture non-union in 
children. Owing to the perceived low rates of non-union in children’s fractures it is 
necessary to have a large population in order to obtain accurate data.  
 
 
Method 
Every patient admission to hospital in Scotland receives a diagnosis code, this data 
is collected by ISD Scotland. Information was obtained from ISD about all the 
paediatric non-unions in Scotland from 2005 to 2010.  
Population data was obtained from the Registrar General for Scotland. 
 
 
Results 
Over a 5 year period there were 180 cases of non-union between the ages of 0-14 
years with a further 244 in the 15-19 year age group, this translates into an 
incidence of 4.21 per 100,000 children per annum under the age of 15 years and 
7.17 under the age of 19 years. The incidence of non-union increases with age, with 
a notable increase in the teenage years. The calculated annual incidence per 
100,000 children according to age is 2.25 (0-4yrs), 5.09 (5-9yrs), 5.21 (10-14yrs), 
14.89 (15-19yrs). The forearm was twice as common as any other site and the lower 
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leg (tibia) was the second most frequent region. The incidence was greatest in boys 
in all age groups but the gap was most notable in the 15-19 year age group. 
 

 
 

 
 
Conclusion 
Fracture non-union is a rare complication in the paediatric population of Scotland. 
For those younger than 15 it is less than 4.21 per 100,000 children each year. The 
incidence increases with age, particularly in the teenage years and is more frequent 
amongst boys. These reasons are likely to be due to the increased number fractures 
and high-energy injuries that are associated with males in their teenage years.  
There is very little data available in the literature regarding non-union in large 
numbers or populations. This study’s data can be used as a baseline comparison for 
other countries to assess their outcomes of trauma care provision. 
The next step is to calculate the incidence of non-union per fracture in a large 
paediatric population. 
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Podium presentation abstract 3 
 
British Society of Childrens Orthopaedic Surgery 
 
NON-UNION RISK PER FRACTURE IN CHILDREN 
L A Mills, AHRW Simpson 
 
Introduction 
Although non-union is a devastating and costly consequence of trauma for the 
child, family and society it is felt to be a rare complication in children.  
Currently there is no data available in the literature regarding its incidence either 
per fracture or per head of population.  
Should we be taking paediatric fracture non-union more seriously regarding 
research, resource allocation and informed consent? 
 
Aim 
To determine the incidence of non-union per child and per fracture. 
 
Method 
In Scotland Information Services Division (NHS Scotland) records every inpatient 
admission by ICD-10 diagnosis. 
As almost all fracture non-unions require intervention ISD provides accurate non-
union figures by site and age. However, many fractures are treated as outpatients. 
Using local data of overall fracture numbers we were able to calculate a ratio of 
inpatient to total fracture numbers and apply this nationally. 
 
Results 
Over a 5-year period there were 180 cases of non-union between the ages of 0-14 
years, (4.21/100,000pa) and an incidence of 15,335 fractures/100,000pa giving an 
overall risk of 0.24% non-union per fracture. 
The risk of non-union per fracture did not change throughout childhood but notably 
increased in the late teenage years (15-19yrs). 
Both the incidence of fractures and non-union were far greater in boys, however 
incidence of non-union per fracture was similar in both sexes in childhood. 
Non-union per fracture was twice as frequent in the lower than upper limb, this 
trend reversed in the 15-19 year age group. 
 
Conclusion 
The annual incidence of fractures in children is 15.3%, more frequent in the upper 
than lower limb; increasing with age, particularly in boys.  
The risk of non-union is around 1/400 per upper limb and 1/250 per lower limb 
fracture in childhood. 
Fracture non-union is rare in the paediatric population but even so 4.2 cases would 
be expected per 100,000 population or 240 cases per 100,000 fractures. 
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