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Stel l ingen 
Behorende bij het proefschrift 

NONUNIONS; SURGERY AND LOW-INTENSITY ULTRASOUND TREATMENT 

Peter Nolte 
November 2002 

1 Mechanical stability through a stable osteosynthesis is the treatment of choice 
in viable pseudarthosis. (B.G. Weber) 

2 De "wave-plate" osteosynthese in de behandeling van clavicula 
pseudarthroses is de methode van eerste keus, in het bijzonder om brachialgie 
te voorkomen. 

3 De operatieve behandeling met schroeven en botplastiek van een 
symptomat ische pseudarthrose van het scaphoid leidt op lange termijn tot een 
voorspelbaar goed resultaat, ondanks toegenomen arthrotische 
veranderingen. 

4 Het effect van lage intensiteit ultrageluid op de genezing van pseudarthroses is 
duidelijk groter dan de spontane genezing van pseudarthroses. 

5 Lage intensiteit ultrageluid geeft in vitro een toegenomen endochondrale 
verbening bij foetale muizenmetatarsalia. 

6 De klinische toepassing van lage intensiteit ultrageluid bij osteotomiën leidt tot 
een aanzienlijke versnelling van de botgenezing en rechtvaardigt toepassing op 
brede schaal. 

7 Een nieuwe behandeling apriori verwerpen is zovele malen gemakkelijker dan 
deze goed te onderzoeken. 

8 Osteoporose, de ziekte van het nieuwe millennium, geeft per se geen 
gestoorde botgenezing. (R.K. Marti) 

9 The punctuated equilibrium theory accepts the literal record of geologically 
abrupt appearance and subsequent stasis as a reality for most species. (S.J. 
Gould) 

10 'Ooooh, oooooh ' , niet wéér die teletubbies. 

11 Koks die denken crème brülée heet te moeten serveren zijn achterlijk, de 
roompudding wordt er vies van. (J. van Dam) 

12 Het veelvuldig oneigenlijke gebruik van 'stuk(je)' als bijvoeglijk naamwoord, 
zoals 'een stukje zelfontplooiing' of 'een stukje motivatie', zou verboden 
moeten worden. 

13 Het dier vreet en de mens eet, maar alleen een levensgenieter wéét te eten. 
(J-A. Brillat-Savarin/W. Bom) 

14 Nunc est bibendum (Michelin). 
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Introduction 

1.1 Bone biology 
Bone is a living tissue and not some lifeless scaffold! This is one of 

the first facts the aspirant orthopedic surgeon learns. The remodeling capacity of living 

bone is tremendous. Bearing in mind the long cascade of processes needed for uneventful 

bone healing makes one marvel that bone healing so often goes well. If a delayed union or 

even nonunion develops, multiple co-acting causes have to be taken into account. 

The unique quality of bone is that it has the tensile strength of cast iron and twice the 

energy absorption capacity of oak.6* Bone can remodel itself and adapt to physiological 

and pathological stimuli as a result of cellular activity. On the one hand, woven or primary 

bone is disorganized; it contains disorientated collagen fibers and is hypercellular. The 

mechanical behavior of woven bone is similar no matter from what direction force is applied. 

Woven bone formation occurs rapidly in embryonic or fetal conditions and in adult bone 

at ligament and tendon insertions. Apart from embryonic bone in healthy conditions, woven 

bone is produced in pathological conditions such as bone injury (metabolic/traumatic) and 

as a result of dramatic changes in mechanical stimulation.64 Lamellar bone on the other 

hand behaves in the opposite way. It is highly organized and relatively hypocellular. The 

mechanical behavior of lamellar bone is orientated such that it is at its strongest parallel to 

the longitudinal axis. Lamellar bone is formed after birth and replaces woven bone. The 

diaphysial and metaphysial regions of the long bones and the small bones consist of a 

hyperdense outer shell, the cortex, surrounding the inner structure of cancellous bone. As 

in trabeculae the inner structure of lamellar bone is found around the struts in cancellous 

bone. In cortical bone the lamellar structure is mainly osteonic. An osteon is made up of 

small concentric lamellar cylinders, with osteocytes embedded (in lacunae and canaliculi), 

surrounding a central vascular channel, similar to the rings of a tree trunk. This structure of 

bone as just described maximizes both the stiffness and toughness of bone.64 

Bone consists of cells and the extracellular matrix. The extracellular matrix is composed of 

35% organic material, and 65% inorganic material. The inorganic component is largely 

hydroxyapatite, which is a crystalline calcium phosphate mineral. The organic part of bone 

is made up of collagen and noncollagenous matrix. The protein collagen is organized in 

polypeptide chains, and a double helix of chains and molecules form the collagen fibrils. 

The collagen fibrils are grouped in bundles to produce the collagen fiber. The holes in 

between the fibrils are filled with proteins and mineral deposits, through which mineralization 
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commences.83 Collagen Type I is the major structural protein component of bone, and 

provides its tensile strength. Although small in number, the biological impact of 

noncollagenous proteins is important. Noncollagenous proteins include osteocalcin, 

osteonectin, osteopontin, phosphoproteins, thrombospondin, and bone growth factors. 

Osteocalcin and osteonectin possess specific calcium binding properties and initiate 

hydroxyapatite crystal production during mineralization. The phosphoproteins are capable 

of binding to bone cells (osteoclasts) and of regulating bone resorption.54 Bone growth 

factors are low molecular weight glycoproteins. They play an important role in the 

differentiation of mesenchymal precursor cells into chondrocytes, osteoblasts, and 

osteoclasts. Bone growth factors can affect both the cells that produce them (autocrine) or 

other cells (paracrine). 

The osteoclasts compromise 1% of all bone cells and originate from hematopoietic stem 

spacecells. The osteoclasts' function is to resorb bone. The osteoblasts (5% of bone cells) 

produce bone. They originate from mesenchymal progenitor cells, similar to osteocytes 

and bone lining cells (94% of all bone cells). Bone lining cells line the bone surfaces, and 

osteocytes are situated inside the bone. The orchestrated co-operation of osteoblasts and 

osteoclasts forms a basic multicellular unit,64 through which bone modeling and remodeling 

takes place. Until relatively recently the function of the osteocytes has been unclear. Within 

the last decade, however, significant progress has been made in understanding how bone 

cells may sense and transduce mechanical signals derived from bone loading. These studies 

emphasize the role of osteocytes as the 'professional' mechanosensory cells of bone, and 

the lacuno-canalicular porosity as the structure that mediates mechano-sensing.85 Strain-

derived flow of interstitial fluid through this porosity seems to be sensed by the osteocytes. 

The osteocytes are thereby informed about the mechanical adequacy of the surrounding 

tissue. Overuse as well as disuse produces abnormal canalicular flow, which is translated 

into bone forming or bone resorbing cell signals. This concept facilitates an explanation of 

local bone gain and loss during adaptation, as well as remodeling in response to fatigue 

damage as processes supervised by mechano-sensitive osteocytes.28 Burger et al. have 

postulated an attractive theory.27 According to Wolff's law, bone tissue adapts its mass and 

structure to the prevailing mechanical loads resulting from gravity and muscle function.163 

The mechanical loads applied to bone causes flow of interstitial bone fluid in the lacunar 

canalicular porosity (not the Haversian or Volkmann channels, through which blood vessels 

run). The fluid flow (fluid shear stress) is sensed by the osteocyte,85 which communicates 

through the syncytium to the bone cells on the surface (bone lining cells, osteoblasts and 

osteoclasts). They in turn respond with bone resorption (osteoclasts) and/or deposition of 

bone (osteoblasts). In addition, another possible explanation for bone adaptation is the 

stress generated electrical potential,64 which causes streaming potentials, and which the 
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osteocytes might sense. 

The organism itself is largely dependant on hormones such as parathyroid hormone, vitamin 

D, calcitonin, and the glucocorticoids for bone mineral metabolism. 

Bone growth factors play a significant role in fracture healing.16 These factors can stimulate 

cellular proliferation and the bone cell's biosynthetic activity. The transforming growth factor-

p (TGF-P) superfamily of proteins, function in many tissues in the human body. Among 

them are bone morphogenetic protein (BMP) 2-6 and 7-9 (= osteogenic protein 1-3), 

which have osteoconductive properties.116 The recombinant human TGF-pi incorporated 

in calcium phosphate cement, st imulates bone cell d i f fe rent ia t ion in vitro and 

osteotransductivity in animal bone defects.'4 BMPs can induce ectopic bone fo rmat ion . ' " 

1.2 Fracture healing 
Fracture healing or regeneration is a complex process, the ultimate goal of which is to 

recreate a bone that can withstand normal mechanical loads. Unlike other tissues which 

form scars, bone is regenerated and the properties of the pre-existing bone are restored.52 

Many of the cellular and biochemical actions that occur during fracture healing are similar 

to those that take place in the growth plate and endochondral ossification during bone 

development. Animal studies give us the opportunity to examine these processes in detail. 

The fracture healing response can be seen as four distinct responses that take place in the 

bone marrow, cortex, periosteum, and soft tissue (Figure 1).2 '52 Within a few hours after 

fracture, there is loss of normal architecture of the bone marrow as well as a decline in the 

Tissue differentiation during fracture healing 

MU = Muscle 
NB = New Bone 
FC = FibroCartilage 
CC = Cartilage 
OB = Old Bone 
MC = Med. Cavity 

Figure 1. Histology of callus tissue, showing tissue differentiation during fracture healing. (Figure 
kindly donated by dr. M.C.M. van der Meulen, PhD, Cornell University, UK) 
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number of blood vessels and a reorganization of the cells of the bone marrow of high and 

low density.22 In high cellular density regions of the medullary callus endothelial cells are 

transformed into polymorphic mesenchymal cells. These cells differentiate into osteoblasts 

and start to form bone. These rapid, early processes occur independent of environmental 

circumstances, i.e. there is high tolerance of movement.107 Histologically, fracture healing is 

divided into primary, cortical bone healing, and secondary bone healing, which occurs in 

the periosteum and soft tissue. Primary bone healing (in which the cortices at both ends at 

the fracture site unite without external callus) can only take place if there is maximal stability, 

usually through rigid internal fixation.107161 The response of the periosteum is the opposite. 

It is enhanced by motion and inhibited by rigid fixation.107 Secondary bone healing occurs 

through a combination of intramembranous and endochondral ossification. Secondary 

bone healing goes through distinctive stages. The first stage of the regenerative process is 

inflammation. The hematoma, which develops immediately after fracture, consists of a fibrin 

clot and platelets, polymorphonuclear neutrophils, monocytes, and macrophages. New 

bloodvessels grow into this site and osteoblasts appear in the cambrium layer of the fracture 

ends.'16The enzyme endothelial cell nitric oxide synthetase (ecNOS) mediates blood flow 

to the fracture site.36 This unique shear-stress activated enzyme produces effect in endothelial 

cells, and osteocytes. 

The second stage of fracture healing is soft callus formation. Cartilage is formed in the 

peripheral region of the callus. Bone formation occurs closer to the bone ends. This phase 

is marked by an increase in vascularity at the fracture site. 

Stage three is when hard callus formation occurs. Woven bone is formed from cartilaginous 

tissue. Intramembranous ossification, in which bone is formed in the periosteal callus directly 

from mesenchymal cells,52 occurs simultaneously with endochondral ossification. Here the 

chondrocytes differentiate into bone producing cells. 

The fourth stage is the bone remodeling phase. During this stage, woven bone is converted 

in lamellar bone. 

During fracture repair, four new bone formation processes occur: endochondral ossification, 

intramembranous ossification, appositional new bone formation, osteonal migration 

(creeping substitution).29 Dependent on many factors, one or more of these processes 

occurs during fracture repair. 

1.3 Disturbed fracture healing 
1.3.1 Definition of nonunions 

The clinical definition of a delayed union of a fracture is dependent on its localization, but 

arbitrarily is normally between 3 and 6 months post fracture. The time span post-fracture 

of a nonunion is between 6 and 9 months. Nonunion is uncommon and is a serious and 
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debilitating condition. About 5-10% of all fractures have a delayed union and 1 % end in a 

nonunion or pseudarthrosis.5' The definition of a nonunion is a failure of the bone to unite 

and all healing processes have stopped. Histologically there is fibrous and cartilaginous 

tissue between the ends of the fracture. Sometimes there is fluid in the gap, with the 

histological appearance of a pseudo-joint (synovial pseudarthrosis or neo-arthrosis). 

.3.2 Classification of nonunions 

Nonunions or pseudarthroses are classified as 

hypertrophic, normotrophic/oligotrophic and 

atrophic. The radiological appearance of a 

hypertrophic nonunion is known as an 'elephant's 

foot' (Figure 2). Abundant callus is formed at the 

fracture ends. Normotrophic nonunion is 

characterized by some callus formation. Both 

normotrophic and hypertrophic nonunions are 

considered hypervascular. Conversely atrophic 

nonunion presents as sclerotic or necrotic bone ends 

without any callus formation. The distinction between 

viable and non-viable nonunions is made on the 

understanding that the hypertrophic and 

normotrophic forms are viable whereas atrophic is 

non-viable. Atrophic pseudarthroses are certainly not 

always non-vital. Bone activity can be measured by 

the uptake of radioactive strontium, calcium or 

technetium. This technique is called scintimetry or 

scintigraphy. Weber and Cech reported that on 

scintimetry most atrophic nonunion showed 

activity.'6' Only the rare, longstanding cases of 

atrophic defect nonunion showed no activity. 

Figure 2. Radiograph of a hypertrophic diaphyseal nonunion of the fibula one year after fibular osteotomy. 
The configuration of a so called 'elephant's foot' is seen 
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1.3.3 Pathophysiology of nonunions 

Classically, the three disturbances in primary bone healing that lead to the development of 

a nonunion are instability, devitalization of fragments and infection.'61 Factors that further 

determine the disturbed healing of a fracture are biomechanical counteractive forces, loss 

of bone substance, bone tumor, and necrotic bone.161 The factors that predispose to a 

disturbed fracture healing can be divided in fracture (treatment) characteristics and patient 

characteristics. 

Fracture and fracture treatment characteristics: 

The shaft or diaphyseal fractures take more time to heal than extra-articular metaphyseal 

fractures.58'113-143'156The occurrence of diaphyseal nonunions is more frequent in all long 

bones.18161 Hypovascularity or hypoxia at the fracture site seems to be very important. The 

localization of the fracture in relation to the nurture blood vessel is important especially in 

humerus,5 scaphoid,10 femoral neck,101 tibia,112 and talusfractures.69 Fractures distal to the 

vessel have a higher risk of impaired bloodflow and delayed union. Recently enhanced 

dynamic magnetic resonance imaging (MRI) findings in scaphoid fractures however show 

that poor proximal pole vascularity is not an important factor in the development of a 

nonunion.42 High energy traumas are prone to delayed bone healing. Local conditions 

predisposing the development of a nonunion are extensive damage to the bone and 

surrounding tissues, leading to bone cell death and loose fragment formation. Theories 

include soft tissue damage,113 skin necrosis,152 interposition of soft tissue and vascular 

damage.2346 Others82 have concluded that nonspiral fractures are prone to develop delayed 

union, however the soft tissue damage was not addressed to in this study. The blood flow 

pattern after fracture with blunt trauma differs from the pattern after osteotomy.153 This 

might have to do with more periosteal stripping caused by the blunt trauma resulting in a 

delayed blood flow. The presence of a compartment syndrome doubles the time to bony 

consolidation.3745 Time to fasciotomy did not affect the delay in union. The importance of 

intact neural structures to bone healing has been established by animal studies. Damage to 

the proprioceptive neural structures leads to the development of an atrophic nonunion.3 

The presence of nerve fibers in the periosteum after fracture may be the factor that induces 

angiogenesis.77 

Iatrogenic conditions contributing to delayed healing are soft tissue and periosteal damage 

and excessive debridement in a noninfected situation.69158 The persistence of a fracture 

gap after treatment is a contributing factor for delayed healing.4-31-49-98 A diastasis of more 

than 2mm in internal fixation results in an inferior healing process.32 Furthermore, gross 

instability137 and torsion instability7475 disturb normal bone healing. On the contrary, mild 

axial instability, promotes bone healing.44'62'92130 Despite achievingbetter screw fixation in 
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the osteosynthesis of osteoporotic fractures by using bone cement, the toxic effect of 

polymethylacrylate and heat it produces during the hardening process contraindicates its 

standard use in fracture treatment.55 

Patient characteristics: 

Both the condition of the patient sustaining a fracture and the nature of the fracture are 

both important factors in the development of a nonunion. Women are reported to have a 

higher incidence of tibial nonunions.90 No comparative study on gender differences exists, 

but gender does not seem to play an important role in fracture healing. The effects of 

aging on bone healing have not been examined in detail. Scintimetric evaluation of a group 

of patients with a fracture of the femoral neck treated by osteosynthesis revealed a higher 

incidence of disvascularity and nonunion when compared to lower age groups.148'49 Older 

patients who have undergone a distraction osteogenesis using the llizarov method showed 

decreasing density of the newly formed bone.57 The age related decline of cellular response 

to growth factor, due to a decreased sensitivity,6102 might be one of the underlying 

mechanisms. The thinner periosteum and the lower cellularity of adults compared to children 

is another explanation for the slower rate of bone healing in adults. 

Nutritional status is a well established factor in fracture healing. The metabolic requirements 

of a person sustaining a fracture are increased up to 55% in multiple injury cases.39,80 

Electrolyte deficiency, calcium and phosphorus in particular, will lead to a delayed callus 

formation due to impaired mineralization. Protein deficiency due to catabolic reaction after 

fracture39can lead to diminished callus strength.50 Concomitant diseases like Diabetes Mellitus 

(DM), anemia or hormone deficiencies have a negative influence on bone healing. Badly 

regulated insulin dependent DM delays fracture healing96 because of malnutrition, 

neuropathy or vascular problems. Insulin administration resulted in the reversal of mechanical 

defects in a DM animal model.96 It has been proposed that insulin works like a growth 

factor. Animal experiments on iron deficiency anemia and fracture healing showed impaired 

tensile strength of the callus and a 33% increase in the incidence of nonunion probably 

due to decreased oxygen tension at the fracture site.132 Deficiency of growth hormone109 

and estrogen159 are associated with delayed union of fractures. Administration of growth 

hormone in the early phase of fracture healing evens out the negative effect.114115 

Osteoporosis predisposes bone to fracture easily after even minimal trauma, but normal 

bone healing is not hampered. All addictive drugs, the use of which may lead to malnutrition 

or anemia can, by the same token, lead to impaired bone healing. Chronic alcoholism with 

accompanying malnutrition, hematopoietic depression and polyneuropathy has a negative 

effect on fracture healing.1291 Several studies have associated the addictive habit of tobacco 

smoking with impaired fracture healing.35'4a68'89,90Vasoconstriction or decreased vascular 
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ingrowth,13' inhibition of cell proliferation and greater risk of low energy fracture due to 

decreased bone density125 are the causes of delayed union. An increased incidence of 

nonunion due to smoking in spinal fusion152465 and ankle arthrodesis33 is reported. 

As well as causing osteoporosis, use of corticosteroids can result in an impaired fracture 

healing as their use may result in inhibition of osteoblast differentation.38The administration 

of anticoagulants (heparin and coumarin) to patients with fractures and in animal 

experiments'46 has been observed to lead to delayed union. The proposed mechanisms 

are blood clot inhibition and/or the diminishing number and metabolic activity of calcifying 

cells. Some antibiotics, for example ciprofloxacin, one of the fluorquinolones, delay bone 

healing in its early phases.76 In a retrospective study a marked association was found between 

non-steroidal anti-inflammatory drugs (NSAIDS) and delayed bone healing.61 Although the 

effect of NSAIDS on bone healing is not conclusive because of the retrospective study 

design, there are numerous data on the prostaglandin inhibitor effect of NSAIDS. ' , : 0 NSAIDS 

prevent the prostaglandin E2 activating effect on bone formation.78 

The condition of bone and soft tissue pre injury is important. Damage from previous surgery 

or trauma, irradiation,'21 vascular diseases, pre-existing edema and pathological condition 

of the bone can all affect the normal bone healing. 

1.3.4 Treatment of nonunions 

Stability, a healthy microenvironment and an adequate blood supply78 are the principles of 

normal bone healing.154166 Primary union of a fracture can be achieved by anatomical 

reduction of the viable fragments and stable osteosynthesis.161 If mechanical stability and 

good vascularity are present bone healing can occur, even in a case of infected 

pseudarthrosis.162108 Secondary union of a fracture is achieved by intramedullary or external 

osteosynthesis. The treatment for a hypertrophic nonunion is a stable fixationin order to 

correct the insufficient mechanical precondition.161123 This is the most important factor, 

which unfortunately is often not emphasized enough. Additional measures that may be 

taken are removal of devitalized fragments, decortication and drilling of sclerotic bone 

(Beck's procedure). All these procedures are aimed at improving vascularization. 

Biomechanical principle 

A special biomechanical solution for a femoral neck nonunion is a Pauwels intertrochanteric 

abduction osteotomy.120 Ununited femoral neck fracture in a series of 50 patients under 

70 years of age was treated by intertrochanteric osteotomy." After a follow-up of mean 7 

years, a prosthetic replacement was necessary in 7 patients for persistent nonunion or 

severe collapse of the femoral head. All other nonunions united in an average of 3.6 months 

(range 2 to 8 months). The outcome of the patients who underwent an intertrochanteric 
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osteotomy was good with a mean Harris hip score (HHS)67 of 91. Despite radiological signs 

of vascular disturbances of the femoral head in twenty-two patients, only three of them 

needed a prosthetic replacement. The others continued to function well with an average 

HHS of 85. The continuation report of this series101 is a consecutive series of 70 patients, all 

under the age of 70, with an ununited fracture of the femoral neck treated by Pauwels 

intertrochanteric abduction osteotomy. The average follow-up period was 12 years, range 

1-20 years. The nonunion healed in 61 patients (87%). At the most recent check-up, 90 % 

of the 61 patients were satisfied, with an average Harris hip score (HHS) of 91. A femoral 

head necrosis developed in 35 cases (57%).Twenty patients underwent a total hip 

arthroplasty (mean 8.5 years after osteotomy); the remaining 15 patients were functioning 

very well (HHS 79) after mean of 14 years. In total 41 of 70 patients (59%) had no further 

treatment after valgisation osteotomy and had a mean HHS of 79. Results of comparable 

series are the same.27-8 The low-risk, although technically demanding valgisation osteotomy 

should be the first step in the treatment of femoral neck nonunions, even in the presence 

of femoral head necrosis; secondary operations are not compromised. The ideal implant 

for the valgisation osteotomy is the AO 120Q fixed angled blade plate. An alternative is the 

95Q condylar plate which can be bent to any desired angle, creating a similar shape to the 

120Q plate. The standard procedure is wedge resection in stages, allowing several osteotomy 

reductions using the seating chisel as a handle with which to check the clinical adduction 

possibility. After removal of the seating chisel, the blade of the 120s angled blade or adapted 

condylar blade plate is introduced. The osteotomy is reduced by closing the wedge and 

applying the plate to the femoral shaft with a clamp. This action leads automatically to 

compression of the osteotomy. Fixation of the plate to the femur using the asymmetric DC-

holes for additional compression concludes the procedure (Figure 3). 

Compression principle 

As stated by Weber161 in 1976 the compression osteosynthesis, due to tension band effect 

of the plate in subtrochanteric nonunion is the treatment of choice. An incomplete wedge 

osteotomy additional plating, and autogenous bone graft are added if necessary. In 31 of 

32 cases (97%) union was achieved in one or more operative treatments.161 Marti et al.'00 

have studied the operative treatment of subtrochanteric nonunion with a condylar blade 

plate using compression osteosynthesis. Their results are similar: 23 of 24 cases (96%) healed. 
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Figure 3 
Radiographs of the proximal femur before (A) and after (B) intertrochanteric corrective osteotomy for 
femoral neck nonunion. 
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Biological principle 

Possible bone grafting materials are autogenous grafts, allografts, xenografts and alloplastic 

grafts: autogenous bone graft = fresh cancellous or corticospongious bone from the patient 

themselves 

allograft bone = deep frozen donated human bone 

xenografted bone = deproteinized, defatted bone from non-primates 

alloplastic graft = synthetic materials serving as a scaffold. 

The effect of bone substitutions can be classified in osteoconductive, osteoinductive and 

osteogenic properties. The osteoconductive effect is when the material acts as a scaffold 

for bone ingrowth from the host tissues. The material stimulating the host tissues to form 

bone is the osteoinductive effect. Finally, an osteogenic effect is when the material itself 

has the potential to form bone. 

The best bone substitute is the autogenous bone graft. It contains all the properties of 

bone. However, the amount of bone available for grafting is limited and there is the risk of 

donor site morbidity. Allografts are freely available, but carry the risk of graft rejection and 

transmission of pathogenic organisms. Xenografts have excellent osteoconductive 

properties. Unless the xenograft is freeze-dried (lyophilized), there is an immunoresponse 

from the host, which can lead to rejection. Other osteoconductive biomaterials include: 

calcium sulfate, calcium phosphate ceramics, such as hydroxyapatite (HA) and 

tricalciumphosphate (TCP), and coral and bioactive glasses.41 Calcium sulfate (plaster of 

Paris) undergoes a chemical reaction and forms a variable crystalline structure. It resorbs 

rapidly. The rate of resorption of ceramics is dependent on the structure. Ceramics are 

brittle and not particularly resistant to compressive stress, so it should be applied only in 

metaphyseal and not in diaphyseal fractures or nonunions. In a prospective randomized 

trial the use of HA/TCP in operative scoliosis correction gives a similar result to an autogenous 

bone graft.43 Bio-active bone cement paste (Norian SRS) is used in calcaneus, proximal tibia 

and distal radius fractures. Distal radius fractures treated by reduction, cast and bone cement 

showed better results than reduction and cast alone.136 Coral (calcium carbonate) has 

excellent mechanical properties. There is high compressive strength, but it is brittle and has 

low tensile strength and a porous structure. Large defect cannot be bridged. In delayed 

fracture healing and nonunion a more osteoinductive material is needed. A collagen mineral 

composite graft consisting of bovine collagen, HA and bone marrow aspirate is comparable 

to autogenous bone graft in long bone fractures with a defect stabilized by internal or 

external fixation.30 No differences in time to union or functional outcome were found. One 

of the current strategies in the use of osteoinductive materials and growth factors is the use 

of a one single recombinant osteoinductive factor delivered in much higher doses than 

during normal fracture repair. The other strategy consists of naturally derived bone extracts 
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with multiple osteoinductive factors and perhaps unintentionally undesirable factors. The 

fundamental question remains. Are the added osteoinductive factors necessary and can 

they initiate the complete cascade of bone induction process? Also a more staged release 

of factors in time or multiple dosages would perhaps be more appropriate. A lot of 

experimental work is being done on bone morphogenetic proteins13'773 and other growth 

factors. Their clinical use is promising,59 but further investigations are needed to determine 

if a single factor initiation of the cascade is possible or if multiple factors are needed. Further 

fine tuning of the delivery of rhBMP to the site where bone formation is needed might be 

possible through gene therapy.93 Ex vivo gene transfer in animal experiments is promising 

and human clinical application can be expected. 

Bone marrow contains the osteogenic precursor cells, which can be used for osteogenic 

purposes in a graft together with an osteoconductive material.2526 The osteogenic capacity 

is dependent of the capacity to select and expand the osteocompetent cells, bone marrow 

stromal fibroblasts.66126 There are no clinical trials on this type of fracture treatment yet. 

A free vascularized fibular transplant and autografting is a challenging, difficult operative 

solution to the problem of nonunions in previously irradiated bone.48 The results are 

promising, and can in some cases prevent amputation. 

There might be a single systemic factor that can induce bone. In patients with brain injury 

as well as a fracture, fractures tend to heal faster and produce more callus.60122-145 Patients 

with a spinal cord lesion develop more heterotopic bone. No causal molecule has been 

identified yet.142 Perhaps prostaglandins are the agents.51 

A difference can be made in the stimulation of bone healing by the use of physical methods 

such as mechanical stimulation, electrical stimulation and low-intensity ultrasound stimulation. 

In the area of mechanical stimulation, Kenwright et al.84 showed that in response to dynamic 

loads, through adaptation, the bone optimizes its architecture. 

Electrical stimulation techniques including: implanted-electrodes,2a56capacitive-coupled,34 non

invasive pulsed electromagnetic fields (PEMFs),'13470 and combined magnetic fields (CMF)55 

change the negatively charged bone in nonunion. Many animal and human experiments 

have established the positive effect of electrical stimulation on bone healing.997'117135140 No 

randomized, placebo-controlled study on the effect of electricity on fresh fractures has yet 

been published. In the only trial for established nonunions using electrical stimulation without 

concomitant conservative or surgical treatment, in the placebo group (no electrical stimulation 

and no other treatment) healing rate was 0% (0/11) versus 60% (6/10) in the actively treated 

group (electrical stimulation and no other treatment).139 Comparison of electrostimulation 

and low intensity ultrasound in ratfibular osteotomy show a similar stimulation of bone healing 

of both noninvasive therapies.167 
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Low-intensity pulsed ultrasound (1.5 MHz; 30mW/cm2) has demonstrated a positive effect 

on the bone healing process through high-frequency, acoustic pressure waves that cause 

low-level micro-mechanical pressure on the bone tissue.63133 Animal studies, using ultrasound 

stimulation for bone healing, have shown an increase of callus tissue47 and an acceleration 

of bone healing,124'160'165 with one report showing early healing confirmed by scintigraphic 

analysis.86 Callus maturation is enhanced and bone mineral content increased by low-intensity 

ultrasound in animal106'141 and human138 studies using distraction osteogenesis. It has been 

suggested that the stimulation mechanism of low-intensity ultrasound is based on electrical 

potentials (piezo-electricity) and not thermal effects.47 More obvious is the direct mechanical 

stimulus, which changes cell metabolism.134'135 The influence of ultrasound on secondary 

messenger activity in rat chondrocyte cultures using fluorescent markers has been 

demonstrated.118 Low intensity ultrasound (0.5 W/cm2) induced a real time increase in 

intracellular calcium.'1S Human osteoblastic and endothelial cells cultures increase the secretion 

of platelet-derived growth factor, one of the promoters of fracture healing.79 Accelerated 

bone healing by low-intensity ultrasound could be mediated by increased production of 

prostaglandin E2.
87 Therapeutic ultrasound at an intensity of 0.1 W/cm2 stimulates in vitro 

collagen and noncollagenous protein synthesis, whereas higher intensities (1.0-2.0 W/cm2) 

inhibit the protein synthesis in a mouse calvarial bone organ culture system.129The expression 

of genes involved in the stages of fracture repair could be increased by low-intensity 

ultrasound.133 Chondrocyte cultures exposed to ultrasound were studied in vitro and showed 

increased aggrecan mRNA levels and proteoglycan synthesis, suggesting direct ultrasound 

stimulation of aggrecan expression.154 Stimulation of aggrecan gene expression by low 

intensity ultrasound was demonstrated in both animal165 and in in vitro experiments.'19 

Osteogenic cells stimulated in vitro by ultrasound showed biphasic anabolic response, leading 

to bone matrix formation.'" The production of prostaglandin E2, which has been shown 

to stimulate new bone formation,127 might be stimulated by low-intensity ultrasound.155 

Bone defect and trabecular bone regeneration are affected by ultrasound in v/tro.150 An in 

vivo study using rats has shown that low intensity ultrasound did not stimulate longitudinal 

growth of the femur, thus excluding adverse effects on physeal growth.144 An increased 

vascularization in animal experiments with ultrasound was seen by Rawool.128 

Prospective, randomized, placebo-controlled and double-blind studies in humans have 

demonstrated a 40% acceleration of time to clinical and radiological healing in both fresh 

tibial diaphysis fractures71 and distal radial metaphysis fractures with the latter study also 

reporting significantly less loss of reduction of fracture reposition.88 Stratification of the 

data of these two studies by smoking habit showed that the negative effects of nicotine on 

bone healing were minimized by low-intensity ultrasound.35 The bone healing in scaphoid 

fractures was enhanced by low-intensity ultrasound in 30% in a prospective randomized 
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trial using CTscan imaging.105 However, Emami etal.53, could not find a difference between 

ultrasound and placebo treatment in a small randomized trial with intramedullary nailed 

tibial fractures. Patients with a delayed healing of tibial fracture had lower serum levels of 

alkaline phosphatase compared to patients with a normal healing. Emami et al.54 concluded 

that this might indicate more bone resorption without effect on bone formation by low-

intensity ultrasound. In case reports and uncontrolled trials the positive effect of low-intensity 

ultrasound is further demonstrated in stress fractures,198' Charcot neurarthropathies1'17 and 

nonunions.103 A large prospective, prescription use registry report shows an overall success 

rate for delayed union of 9 1 % and for nonunions 86%.104 In a rat nonunion model low-

intensity pulsed ultrasound promotes healing of the nonunion in 50%.151 The cost 

effectiveness analysis of low-intensity ultrasound in the prevention treatment of delayed 

union of tibial fractures show a cost savings over $ 13.000 per case in the USA.72 

1.4 Aims of the thesis 
Nonunion treatment is, despite improvement of surgical techniques and a better 

understanding of the biology and pathophysiology of fracture healing, a challenging 

undertaking. The aim of this thesis is to examine the results of surgical treatment of some 

non-infected nonunions and the effect of low-intensity pulsed ultrasound on bone healing. 

Scaphoid fractures have a higher incidence of nonunion and avascular necrosis than other 

fractures. The development of a scaphoid nonunion might be the result of untreated 

instability in association with avascularity of the proximal pole. The surgical treatment of a 

scaphoid nonunion confronts the surgeon with all three principles of nonunion treatment: 

create stability, compress the ununited bone, and add viable bone tissue through an 

autogenous bone graft. Osteosynthesis and bone grafting are the standard treatment for 

scaphoid nonunions. Is there one operative technique for scaphoid nonunions which gives 

superior results? Controversy still exists on the natural course of scaphoid nonunions. Will 

osteoarthritis develop with or without treatment? The results of a large series of patients 

with a symptomatic scaphoid nonunion are analyzed in Chapter 2. 

The operative techniques using plate and screws in clavicular nonunions are well established 

with predictable good results regarding bone healing. The impression is that any numbness 

with or without pain in the arm (defined as brachalgia) associated with clavicular nonunion 

is underestimated. What is the occurrence of brachialgia in our series? A comparison is 

made between standard AO osteosynthesis and the specially developed wave-plate 

osteosynthesis to assess the effect on brachialgia in Chapter 3. 

The effect of low-intensity ultrasound, one of the new promising non-operative techniques, 

on bone healing in nonunions is examined in Chapter 4. The data of patients with different 

types and localizations of nonunions is available for analysis. The study of identical nonunions 
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(localization and type) in a randomized way would need a large study population. 

Furthermore, it seems unethical to randomize between surgical (osteosynthesis and 

autologous bone graft) and nonsurgical therapy. Does low-intensity pulsed ultrasound have 

any effect on established nonunions? If there is an effect, is the healing rate greater than 

the expected spontaneous healing in nonunions? 

Some basic aspects of low-intensity ultrasound on bone healing are still unknown. The 

effect of low-intensity ultrasound on endochondral ossification in vitro in metatarsal rudiments 

of the mouse is studied in Chapter 5. This in vitro model represents two phases of embryonic 

bone development and mimics events occurring in bone healing. Namely, cartilage 

ossification and bony collar formation, which can be measured microscopically. Does 

ultrasound have an effect on calcifying cartilage and the total length of the rudiments? Are 

the rudiments growing and healthy? 

To establish the effect of low-intensity ultrasound on human bone a prospective randomized 

trial is needed. The osteotomy of the lower leg for mild varus or valgus deformity was 

chosen for the study because of its uniform operative technique and follow-up treatment. 

A double blinded, randomized trial in 90 patients with 153 osteotomies was carried out, to 

determine the additional effect of ultrasound on bone healing {Chapter 6). The results of 

bone healing, with or without ultrasound stimulation, in metaphyseal region (primary bone 

healing) and in diaphyseal defect bone healing are discussed. Is the study population large 

enough to draw definite conclusions? Is there a statistically significant effect of ultrasound 

on bone healing in osteotomies? Can 20 weeks ultrasound treatment prevent the 

development of a nonunion? 

Finally, in Chapters 7 and 8, general discussion and a summary are presented. 
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Abstract 
Background Nonunion of the scaphoid is a complex problem for which 

a number of surgical treatment options are available. The main goals of treatment are 

to achieve bone healing and, ultimately, good pain free wrist function. Little is known 

about the natural course of scaphoid nonunion. 

Methods A retrospective review of 88 cases of scaphoid nonunion treated by internal 

fixation and bone grafting was conducted at an average of 14 years. During follow-up 

66 patients were re-examined. The duration of nonunion ranged from 6 months to 17 

years. A modified Mayo Wrist Score chart was used to score the degree of postoperative 

osteoarthritis, and radiographic evaluations were also performed. 

Results Union was achieved in 97% (64/66) of patients. Of these 66 patients, 13 

patients underwent a total or subtotal arthrodesis mainly for osteoarthritis.The objective 

of surgical treatment of scaphoid nonunion is not only the elimination of pain but also 

prevention of osteoarthritis of the wrist. Radiographs revealed an increased incidence 

of progressive radio-carpal osteoarthritis in all patients. Cooney's clinical score system 

showed excellent results in 18 patients, a good result in 36, a fair result in 8 and in 4 

patients a poor result. In 27 patients anomalies varying from moderate incongruity to 

severe osteoarthritic changes were seen on the radiographs. Twenty-four percent of 

patients had symptoms of mild to severe pain. 

Conclusion Our conclusions are that freedom from pain is not a reliable prognostic 

indicator and that patients with a nonunion of the scaphoid are likely to benefit from 

surgical treatment. However, in time radio-carpal changes occur in all patients. 



Introduction 
A fractured scaphoid bone is a significant injury that can be difficult 

both to diagnose and treat. Initially, the fracture may be missed for one of the following 

reasons: low ranking in physician's index of suspicion, the irregular contour and degree of 

overlap of the carpal bones on radiographs make the fracture difficult to visualize and the 

presence of concomitant fractures of the metacarpals or distal radius. Even a healed fracture 

is no guarantee against wrist pain and loss of movement and strength.,2 Malunited fractures 

can be symptomatic and disabling.23 Most scaphoid fractures can be diagnosed without 

difficulty by physical examination and examination of conventional radiographs. Sometimes 

however, alternative diagnostic modalities may be necessary to aid its diagnosis.47 When a 

fracture is recognised treatment is generally straightforward, but even in those scaphoid 

fractures treated promptly and adequately, nonunion occurs in 5-12% of cases.1-8,9 Scaphoid 

nonunion, whether due to failure to treat appropriately or due to failure to heal despite 

appropriate treatment, can cause pain, loss of wrist motion, and loss of grip and strength. 

Scaphoid nonunion is a complex problem, in which even the aetiology of nonunion is 

unclear. Some of the potential causes of nonunion that have been put forward are; failure 

to seek medical attention, delay in diagnosis, displacement of the fracture, a fracture of the 

proximal pole of the scaphoid and insufficient immobilization.811 Diagnosis of a nonunion 

is established when six months after injury a fracture line is still visible and there may be 

bone loss, sclerosis, cystic changes or a combination of these factors.11 Treatment of a 

delayed union or nonunion of the scaphoid is problematic and cure of symptomatic scaphoid 

nonunion is generally surgical. The purpose of surgical treatment of a nonunion must be to 

restore the normal anatomical situation, heal the scaphoid and to attain a well functioning 

pain-free wrist. Several methods of surgical treatment are currently employed; all with a 

different outcome.',"16 The fact that there are so many different types of surgical procedure 

to treat the same problem indicates that there is no general agreement on which is most 

effective, nor on the indications for these procedures. 

Nonunion of the scaphoid may present late with the onset of osteoarthritis or generalized 

wrist osteoarthritis.3 There are a number of different treatment options for those cases 

where pain is persistent: prosthetic replacement, excision (radial styloid or proximal row), 

fusion (limited inter-carpal or wrist arthrodesis) or radial wedge osteotomy.17"20 

The purposes of this study are to evaluate the results of corticocancellous bone grafting 

with screw fixation and to identify the patterns and sequence of degenerative changes of 

these wrists over time. 
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Material and methods 
A retrospective study of 88 patients was undertaken. It included a 

review of records and radiographs of 88 patients with scaphoid nonunion who were seen 

between 1975 and 1994. At time of follow-up, 66 of the 88 patients were available for re

examination. Of the 22 patients who were not available for follow-up, nine patients were 

interviewed by telephone because they refused to come to the hospital, five patients had 

left the country, one patient died and the other seven patients were lost to follow-up. 

At follow-up 66 patients were available for re-examination, of these 66 patients, 13 patients 

had underwent a secondary fusion. All patients underwent physical examination, and 

standard neutral posteroanterior, lateral and oblique radiographs were performed. The 

radiographs were examined for the presence and location of osteophytes, osteoarthritis 

and joint space narrowing. Using the Mayo wrist scoring chart, postoperative osteoarthritis 

was graded as stage 0 (none), stage 1 (slight incongruency of the wrist joint) stage 2 

(moderate incongruency of the wrist joint) stage 3 (severe osteoarthritic changes of the 

wrist joint). Scaphoid and intercarpal alignment was assessed by measurement of the lateral 

and posterior/anterior intrascaphoid angles and the scapholunate angle in 53 patients.2 

The range of dorsiflexion, palmar flexion, radial and ulnar deviation of both wrists was 

measured in 53 patients using a protractor and the span was recorded in degrees. 

Measurements were taken on the non-involved side for comparison purposes. In order to 

take individual variations into account, the sum of dorsiflexion, palmar flexion, radial and 

ulnar deviation of the traumatized wrist was expressed as a percentage of that of the opposite 

wrist. A loss of wrist movement of more than 25% was considered to be significant. 

All patients were also asked to give a number on a scale from 0 to 10 how much pain they 

experienced (0 indicates no pain and 10 extreme pain). 

Grip strength of both hands was measured in all 66 patients using a calibrated Jamar 

dynamometer (Clifton, New Jersey, USA). The mean of three measurements of both hands 

was recorded. A reduction of grip strength of more than 10% in the traumatized dominant 

hand or a reduction of more than 20% in the traumatized non-dominant hand were 

considered to be significant.21,22 

A modification of the Mayo Wrist Score Chart'7 was used in all 66 patients to asses the results 

of treatment (Table I). This involved the categories; pain, ability to function in an occupation, 

range of motion, and grip strength as measured as percentages of the uninvolved side. A 

perfect score is 100 points. A score of 90 to 100 is considered excellent, 80 to 89 good, 65 

to 79 fair, and less than 65 poor. 

Analysis of range of motion and the scaphoid and intercarpal alignment was performed in 

the 53 patients without secondary fusion. 
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Table 1 Modification of the Mayo Wrist Scoring Chart. 

Pain 
(20 points) 

Occupation 
(20 points) 

Range of motion 
(20 points) 

Grip strength 
(10 points) 

Radiograph 
(20 points) 

Satisfaction 
(10 points) 

Final result 

20 - no pain 
15 - cold weather symptoms 
10 - mild, no effect on activity 
5 - moderate, affects activity 
0 - severe 

20 - same as before operation / no job 
15 - same as before operation but with limitation 
15 - changed to another job 
10 - able to work but unemployed 
5 - change to lighter work 
0 - unable to work because of pain 

20 - 140° or more 
15 - 100C-140Q 

10 - 70s-100Q 

5 - 40Q-70Q 

0 - less than 40s 

10 - normal 
5 - greater than 50% of normal 
0 - less than 50% of normal 

20 - normal 
15 - slight incongruity, malunion, rotation of scaphoid or carpal instability 
10 - moderate incongruity, malunion, rotation of scaphoid or carpal instability 

5 - severe changes noted above, or nonunion or avascular necrosis, partial 
arthrodesis 

0 - osteoarthritic changes, complete arthrodesis 

10 - satisfied 
0 - not satisfied 

Points 
Excellent 1 0 0 - 9 0 
Good 89 - 80 
Fair 79 - 65 
Poor < 65 

The data of pain experience, grip strength and Mayo wrist score chart was recorded in the 66 

patients. 

Operative technique 
A dorsal approach was used in 29 cases, a volar approach in 14 cases and a radial approach 

in 23 cases. In 54 patients, the scaphoid nonunion was treated by an AO/ASIF screw 

osteosynthesis and in 12 patients, w i t h a Herbert screw. In all these patients a 
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Figure 1 Operative technique: 
After removal of the pseudarthrotic tissue, a 
corticospongious graft with thickening in the center 
(a 'Swiss cross') is prepared. Together with the graft 
cancellous grafts are put in the prepared space. The 
nonunion is opened using a bone spreader. One or 
two (technique preferred by RM) AO 2.7 mm. lag 
screws can be used to fix and compress the graft. 

corticocancellous bone graft and free cancellous bone from the iliac crest were also used 

(Fig. 1). All patients were treated postoperatively with a plastercast with for a mean of 5.4 

weeks ± 1.2 (range 3 - 8 weeks). 

The data were statistically analysed using the Mann Whitney U test, analysis of variance or 

chi squared test. P-values of less than 0.05 were considered statistically significant. 

Results 
Of the 66 patients, 58 were men and eight women, with a mean 

age at examination of 40.9 ± 9.67 years (range 20 - 66 years). The average time from 

injury to examination was 14 ± 6.53 years (range 4 - 3 1 years). The ages of the patients at 

time of surgery ranged from 15 to 45 years, average 26.8 ± 7.09 years. The time interval 

between surgery and follow-up was 11.6 years ±5.1 (range 4 to 24 years). 

The time interval between injury and initial surgical treatment ranged from six months to 

204 months with an average of 37.7 months. Both the right and left hands were involved 

in 40 and 26 cases, respectively. Thirty-seven cases involved the dominant hand and 29 the 

non-dominant hand. In 31 cases the fracture was located in the waist of the scaphoid, 28 

in the proximal third, and seven in the distal third. In only seven patients the scaphoid 

fracture was diagnosed at the time of injury, however even after a proper period of 

immobilization these fractures did not unite. In 4 1 % of cases the cause of injury was a fall, 

in 32% sports activities, a traffic accident in 19% and in 8% a work related accident. 

Nonunion was successfully treated in all but two of the 66 patients. In 13 of the 66 patients 

an arthrodesis had been performed, seven patients having undergone a total arthrodesis of 

the wrist. In nine of these 13 patients the nonunion was treated with an AO-screw and in four 

patients a Herbert screw was used. In two of these 13 patients, the arthrodesis was performed 

because of persistent nonunion of the scaphoid. In the other 11 patients, pain due to 

osteoarthritis was the main reason for performing a total or subtotal arthrodesis of the wrist. 
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Flexion uninjured wrist 
Flexion injured wrist * 
Extension uninjured wrist 
Extension injured wrist * * 
Ulnar deviation uninjured wrist 
Ulnar deviation injured wrist 
Radial deviation uninjured wrist 
Radial deviation injured wrist * 

N 

53 
53 
53 
53 
53 
53 
53 
53 

Min 

0 
40 
10 
5 

10 
0 
0 
0 

Max 

90 
90 
95 
80 
50 
45 
40 
20 

Mean 

49.8 
75.5 
57.1 
42.4 
37.1 
27.2 
22.0 

8.8 

Std. Deviation 

19.5 
10.6 
19.3 
19.2 
8.7 
9.9 
7.8 
7.2 

Table II Results of range of motion and grip strength of the uninjured and injured wrist 
* p<0.01 
** p<0.05 

Scapholunate angle pre-operatively 
Scapholunate angle post-operatively * 
Lateral intra scaphoid angle 
pre-operatively 
Lateral intra scaphoid angle 
post-operatively * * 

N 

53 
53 

53 

53 

Min 

18 
27 

34 

34 

Max 

57 
67 

46 

57 

Mean 

40.1 
46.4 

37.7 

48.7 

Std Deviation 

8.2 
8.8 

2.5 

5.4 

Table III Results of the scaphoid and intercarpal alignment 
* p<0.05 
** p<0.01 

Analysis of the patients (n=53) without a secondary fusion 
The range of motion showed a significant difference in radial abduction, extension (p<0.01) 

and in flexion (p<0.05) on the injured side compared with the non-injured side (Table II). 

There was no statistical difference in the other movements. Postoperatively both the 

intrascaphoid and scapholunate angles were significantly decreased, p< 0.01 and p<0.05 

respectively (Table III). 

Radiographic and functional analysis (n=66) 
In the whole patient group, grip strength was comparable in both wrists. The analysis of 

the Mayo wrist score chart showed that of the 66 patients, 50 (76%) had either no pain or 

pain only during specific activities (Fig. 2A). The overall score showed 54 patients (82%) 

with good or excellent results (Fig. 2B). 

At follow-up, the radiographs of only four patients were normal. There was a slight 
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B Results 

Complaints of pain 

5 
0 : 

20 
16 

• 
pain al some moderate to < 

activities pain 

good fair 

Figure 2 A. Postoperative results Mayo Wrist Score (pain). (n=66) B. Postoperative results Mayo Wrist 
Score (overall). (n=66) 

incongruency of the wrist in 35 patients, seven patients showed moderate incongruency, 

13 patients severe incongruency and seven patients had osteoarthritic changes in the wrist. 

There was no relationship between pain symptoms, the result of the radiograph and the 

final result (Table IV a-c). No relationship could be established between the duration of 

follow-up or the age of the patient and the functional and radiographic results. 

None Sometimes lild Moderate Severe Total 

AO-screw 
Herbert screw 
(Partial) arthrodesis 
Total 

18 (46%) 12 (30%) 
6 (43%) 4 (28%) 
6 (46%) 4 (31%) 

30 20 

8 (21%) 0 1 (3%) 39 
3 (21%) 1 (4%) 0 14 
2 (15%) 0 1 (8%) 13 

13 1 2 66 

Table IV-a Result of the pain score 

Normal Slight Moderate Severe Arthritic 
incongruency incongruency changes changes 

AO-screw 2(5%) 30(77%) 1(3%) 4(10%) 2(5%) 
Herbert screw 2(14%) 5(36%) 6(43%) 1(7%) 0 
Total 4 35 7 5 2 

Total 

39 
14 
53 

Table IV - b Results of the radiographs of 53 patients 

Excellent Good Fair Poor Total 

AO-screw 
Herbert screw 
(Partial) arthrodesis 
Total 

13 (33%) 
4 (28%) 
1 (8%) 

18 

21 
5 

10 
36 

(54%) 
(36%) 
(76%) 

3 (8%) 
4 (28%) 
1 (8%) 
8 

2 (5%) 
1 (8%) 
1 (8%) 
6 

39 
14 
13 
66 

Table IV-c Final patient results 
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Late re. 

Figure 3 
A. The pre-operative antero-posterior radiograph of the wrist of a 42 year-old male patient is shown 

The patient suffered a direct injury of his left wrist during a soccer game. The scaphoid fracture 
was not recognized. Fifteen years post-fracture a scaphoid pseudarthrosis developed and nonunion 
repair was considered necessary. 

B. Ten years after operative treatment with a graft and AO screw fixation a slight incongruency and 
some arthrotic changes of the wrist are shown. The patient is satisfied, has good wrist function 
and equal grip strength in both hands. 

One patient was operated on 15 years after the initial trauma and made an excellent 

recovery; the radiograph shows only a slight incongruency of the wrist (Fig. 3A, B). 

Discussion 
Studies have shown longstanding untreated scaphoid nonunion to 

be associated with progressive degenerative changes in the wrist.323"25 These studies however 

are all cross sectional. Kerluke and McCabe concluded that they overstimated the incidence 

of development of osteoarthritic changes.26 A prospective longitudinal study showed that 

after 10 to 17 years, osteoarthritis is present in all cases of untreated scaphoid nonunion 

and subsequent to its development symptoms of wrist pain to increase.27 In a long term 

study, the development of osteoarthritis 36 years after non-operative treatment of a scaphoid 

fracture is shown to be significantly increased in patients wi th a scaphoid nonunion 

compared to patients wi th a united scaphoid fracture (5/9 versus 2/47).28 Osteoarthritis 

seems to be correlated wi th dorsiflexed intercalated segment instability (DISI).3 24-25'29 If the 

scaphoid nonunion is located in the proximal and middle thirds, degenerative changes 
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begin in the radioscaphoid joint, whereas if it is located in the distal third, degenerative 

changes begin in the lunocapitate joint, suggesting a different mechanism of pathology.30 

Ligamentous injury is often present in scaphoid nonunion and is considered a causal factor.29 

It is generally agreed that a painful scaphoid nonunion needs to be treated operatively. In 

some cases scaphoid nonunion is not accompanied by pain.3'33 It should be explained to 

these patients that painful osteoarthritis is likely to develop within ten years. 

Grafting 
In 1960, Russe34 introduced his grafting technique. Using a volar approach the nonunion is 

debrided and inlay bone grafting (peg and small chips) is carried out using bone taken 

from the iliac crest, (a modification of the original technique described by Matti35). 

Postoperative treatment with a long arm plaster is necessary with this technique. Bone 

healing is achieved in 73% to 100% according to Green's review of 13 reports.36 In his 

own series he reported 75% healing, with failures usually caused by avascularity of the 

proximal pole.36 In Barton's series, the healing rate was reported to be 65 %.37 A long term 

review, covering more than 27 years after Matti-Russe operation, revealed mild pain, a 

moderate loss of function and grip strength with a slow progression of osteoarthrotic 

changes.38 A study on patients following Russe bone grafting 39 points out that in cases of 

malunion (humpback deformity) the difference between the poor objective results and the 

comparable subjective results are comparable to cases where there is no malunion. 

Comparison between Matti-Russe reconstruction and untreated scaphoid nonunions as a 

control shows a significant difference in development of arthrosis in favour of the former.40 

Major drawbacks of the Matti-Russe bone grafting technique are the long periods of follow-

up treatment in plaster and the lack of ability of the bone grafting technique to correct a DISI 

deformity. In all our patients, the bone graft was taken from the iliac crest and not from the 

distal radius as the latter localization yields weaker cortical bone41 that cannot easily be shaped 

to the desired form. However some authors favor radial bone grafts,36"2^4 thus avoiding 

additional morbidity at the donor site. Two minor wound complications occured at the 

bone graft donor site. To our knowledge, no comparative studies between grafting 

procedures and immobilization in a plaster cast have been reported in the literature. Recent 

studies have laid emphasis on the use of vascularized bone grafts from the radial epiphysis45" 
48 and the iliac crest49 or revascularization techniques50 for scaphoid nonunion. These relatively 

difficult and delicate techniques have, in selected cases, had good short-term follow-up 

results. 
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nternal fixation 
In 1984 Herbert" introduced a double threaded bone screw for the treatment of fractures 

and nonunion of the scaphoid. Herbert used an anterior approach, excision of fibrous 

tissue from the nonunion, iliac crest grafting (in 75% of cases) and screw fixation, which 

resulted in 85% union in fibrous nonunion and 59 % in sclerotic nonunion. A postoperative 

plaster cast is not indicated." It is a technically demanding operation.5' Overall bony union 

is achieved in 74-100% of cases with an excellent to good functional outcome in 85-87%." 
56 Some explanations that have been proposedby some authors57"59 for the worse bone 

healing results in scaphoid nonunion using this operative technique are: an avascular 

proximal pole in combination with a scaphoid nonunion is liable to fair bony healing and 

bad functional outcome. A true avascular necrosis of the scaphoid bone is rare. The most 

reliable indicator of avascular necrosis is punctate bleeding during operation.36 An avascular 

proximal pole is easily established by magnetic resonance imaging (MRI).60-61 

In sclerotic nonunion, a wedge bone graft and Herbert screw fixation is superior to Russe 

bone grafting in terms of time to union and function.62 In our study, 12 patients were 

treated by bone grafts and a Herbert screw. Two patients had an excellent result, six a 

good result, three a fair result and one patient had a poor result. In six cases a volar approach 

was used, in four a radial approach and in two cases a dorsal approach. Both the dorsal 

and palmar approaches have their disadvantages; the palmar approach being safer in 

relation to vascularity, but if care is taken to preserve the dorsal proximal ridge of the scaphoid 

normal vascularity is to be expected as a result of the dorsal approach.63 The dorsoradial 

approach is used mainly in proximal pole nonunions.64 

In our study the AO compression screw in combination with a bone graft was used in 54 

cases. The results were excellent in 16 cases, good in 31 cases, fair in four cases and poor 

in three cases. In 40 cases a dorsal approach was used, a volar approach in 6 cases and in 

8 cases a radial approach. Using an AO lag screw in fixation of a scaphoid nonunion gives 

bony union in 87-90 % and improvement in function in 83-90%.'3'5 The biomechanical 

strength of both the Herbert and AO screws is the same.65 However the AO screw has a 

larger head than the Herbert screw, and its position is therefore sometimes intra-articular 

and can damage the cortex or cartilage. A secondary operation for screw removal was 

performed in 23 cases with AO screw fixation and in five cases with the Herbert screw. 

Other techniques of fixation include staple fixation6667 and the Ender compression blade68 

and have produced satisfactory results. With a prolonged immobilization time, Kirschner 

wire fixation can achieve enough stability to promote union.69'70 Due to the low costs and 

ease of insertion this is a good alternative for treatment of scaphoid nonunion in developing 

countries.64 The technique of reconstruction of a scaphoid nonunion depends on the 

surgeon's preference and does not seem to influence the outcome. A large multicentre 
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study on prognostic factors influencing the outcome of scaphoid nonunion treatment 

concluded that only a delay of more than five years between initial trauma and nonunion 

treatment was significantly associated with poor outcome.64 

Stimulation 
A pulsed electromagnetic field incorporated into a cast72 and direct current via implanted 

electrodes73 have been shown to achieve bone healing in 71-80% in non-controlled studies 

on ununited scaphoid fractures. In two non-controlled studies introducing low-intensity 

ultrasound as the only new treatment in existing nonunions, 80-100% of the scaphoid 

nonunions healed in an average of 18-20 weeks.7475 However, in both non-operative 

techniques, the scaphoid nonunion should be stabilized and there must be sufficient viable 

tissue to be stimulated. In this study no additional bone stimulation devices were used. 

Secondary solutions 
In the presence of arthritis, if reconstruction is not indicated, a soft tissue interposition may 

initially give satisfying results but in the long term leads to carpal collapse and osteoarthritis.76 

A complete or partial replacement arthroplasty using silastic, vitallium or an allograft can 

give pain relief and a fair hand function, but progressive carpal collapse, osteoarthritis and 

synovitis cannot be prevented.18 Distal scaphoid resection may be considered in patients 

with persistent nonunion and associated osteoarthritis of the distal fragment. Although in 

the short term good follow-up results can be achieved, '9 further degeneration of the wrist 

cannot be not prevented. Extensive excision of the radial styloid leads to instability of the 

wrist.77 Radial open wedge osteotomy can relieve symptoms of a painful scaphoid nonunion 

and even occasionally promote bone healing.20 

The intercarpal or wrist arthrodesis is the ultimate solution if reconstructive techniques have 

failed and painful osteoarthritis has already developed. In 11 of 13 patients, who underwent 

a partial or total wrist arthrodesis in our study, the arthrodesis was performed for painful 

osteoarthritis. Two of 66 patients could be considered as failures of nonunion treatment of 

the scaphoid, because they had an arthrodesis for their scaphoid nonunion. 

In our study, the majority of all patients (75%) experienced either no or only occasional 

pain during follow-up. 

From the group of patients with no arthrodesis, osteoarthritic changes could clearly be 

seen on the radiographs of 14 of them (26%), although, in this group 81% had an excellent 

or good result. In this analysis no relationship could be found between the osteoarthritic 

changes on the radiographs and the final clinical result. 
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Our conclusion is that patients with a nonunion of the scaphoid are likely to benefit from 

surgical treatment as this prevents progression of osteoarthritis of the wrist. Nevertheless, 

radiographic deterioration of the wrist will occur in time. 
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Abstract 
Background Decortication, debridement, bone graft and AO plate 

osteosynthesis can all be used in treatment of clavicular nonunion with excellent results. 

The high incidence of postoperative brachialgia, caused by abundant callus and scar tissue 

formation in the proximity of the neurovascular bundle, has led to the development of the 

wave-plate osteosynthesis technique for the treatment of clavicular nonunion. 

Methods Between 1974 and 1999, 28 patients with a symptomatic mid-shaft clavicular 

nonunion were treated operatively using a bone graft and AO plate osteosynthesis. In nine 

of these patients wave-plate osteosynthesis was carried out. All the patients were 

documented at the AO Documentation Centre and a final check took place after a mean 

follow-up of ten years (range 2 to 25 years). 

Results All but one nonunion (96%) showed full bony consolidation. Results of operative 

treatment of a painful clavicular nonunion with standard AO plate osteosynthesis were 

predictably good with regard to consolidation. There was a high incidence of pre- and 

postoperative brachialgia, which can be defined as any sensomotory disturbance of the 

arm. None of the patients treated by wave-plate osteosynthesis suffered from post-operative 

brachialgia. Those patients with a clavicular nonunion treated by wave-plate osteosynthesis 

had a higher Constant score than those patients treated using standard AO/ASIF techniques. 

Conclusions Wave-plate osteosynthesis as a treatment of clavicular nonunion is a save 

procedure. Although it is technically more demanding and caused a higher incidence of 

wound problems early on in the study, this technique is advocated in cases of clavicular 

nonunion with brachialgia and also to prevent brachialgia post-operatively. 



• 

Introduction 
Mid-shaft clavicular nonunion is a rare and often disabling 

complication of clavicle fracture. Etiological factors that predispose to the development of 

a nonunion include; open fracture; associated polytraumatic lesions; refracture; gross 

displacement of the fragments; insufficient initial operative treatment and an inadequate 

period of immobilization.U'3A5 The incidence of a clavicular nonunion is reported to be 0.1 

- 0.8% following conservative treatment of a clavicle fracture and 3.7 - 4.6% following its 

operative treatment.67'8 The indications for operative treatment are pain, instability and the 

consequent limited motion of the shoulder, and brachialgia. 

Several operative techniques, including intramedullary, internal and external fixation, have 

been described for the treatment of these nonunions. AO/ASIF techniques using plate and 

screws have excellent overall results.9 However, in 30% of these patients brachialgia presents 

as a serious problem.1011 Brachialgia is defined as any numbness or paresthesia in the arm, 

with or without muscle weakness, particularly on the medial aspect of the arm. Symptoms 

occur predominantly in the ulnar nerve dermatome. Excessive callus and scar tissue formation 

are important factors in the occurrence of this complication.12'13'14 Other etiological factors 

that may cause brachialgia include; cervical spine and disc problems; scalenus anticus 

syndrome and thoracic outlet syndrome. A previous, unpublished, study of our data showed 

that although bony consolidation was achieved, residual brachialgia did occur. We classified 

any sensory problems of the affected arm as brachialgia. 

The wave-plate technique may not only reduce undesirable callus formation in the wrong 

area, but also contribute to better bone healing and consequently lessen the risk of refracture 

following hardware removal. Wave-plate osteosynthesis involves bending the plate at its 

midportion.15 Due to plate shape at the site of the nonunion, the local blood supply is not 

disturbed. It allows ingrowth of vessels into the cancellous bone onlay graft and reduces 

the risk of fatigue fracture of the plate.16 An autogenous bone graft can be situated under 

the plate to share the tensile forces. The wave-plate technique has previously been 

described.15'1617'18 Its use in clavicular nonunions was introduced by the senior author [RM], 

This review reports on the indication for, the technique used and the results of the operative 

treatment of clavicular nonunions by wave-plate osteosynthesis as compared to the standard 

AO technique. 

Patients and Methods 
In the period between 1974 and 1999, twenty-eight consecutive 

patients were operated on for a mid-shaft clavicular nonunion at our hospital. There were 

15 women and 13 men. The average age at operative reconstruction was 35 years (range 
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16 - 56 years). There were 20 right sided and 8 left sided cases. In 17 cases the clavicle on 

the dominant side was injured. In 1 5 cases fracture was caused by traffic accidents, in 8 

cases by sports-related accidents, in 3 cases by a fall, and there were 2 cases of iatrogenic 

lesion (following partial clavicular resection for thoracic outlet syndrome and subclavian 

aneurysm). There was one open fracture. Initial treatment was operative in 2 cases and 

closed ("figure of eight" bandage, sling or cast) in 24 cases. In 2 cases no initial treatment 

had been given, because the fracture went unrecognised. In 8 cases secondary operative 

treatments had been performed elsewhere. The time between fracture and our operative 

treatment was on average, 48 months (range, 4 months - 34 years). By definition of a 

nonunion of at least 6 months between fracture and operative treatment, one patient 

with a time span of 4 months should not be included. However, we did include this patient 

with a painful delayed union of a clavicular fracture becasue there was no callus formation 

and immediate surgical repair was considered necessary. There were 10 atrophic, 6 

oligotrophic, and 12 hypertrophic nonunions. Indications for operative treatment of these 

nonunions were; pain at the nonunion site in all but one patient, painful limitation of shoulder 

movement in 17 cases, loss of power and instability in 11 cases, and brachialgia in 12 cases. 

Cosmetic problems were present in 14 patients. Nineteen patients were unable to work or 

play sport. 

Standard operative technique 
The patient is positioned on the operating table in a semi-recumbent, so-called "beach-

chair" position, with a folded towel under the affected shoulder. The entire extremity is 

prepared and draped so that the arm is freely movable. The donor site (preferably the 

ipsilateral iliac crest) for the bone graft is also prepared and draped. A lower paraclavicular 

approach or a pre-existent incision is used. The pseudarthrotic tissue is freed using an 

osteotome (decortication); the sclerotic bone ends are freshened with a rongeur, until 

bleeding bone is exposed. The medullary canal is opened on both sides using a power 

burr. In the case of a hypertrophic nonunion excessive callus tissue is first decorticated and 

than trimmed to suit the plate. If necessary, a cancellous bone graft is used and if the 

clavicle is shortened an intercalary bone graft is used. A 3.5 dynamic compression plate 

(DCP) or occasionally a 3.5-reconstruction plate, is used for fixation.19 The size of the plate 

should allow the placement of three screws on either side of the nonunion. 

Wave-plate osteosynthesis technique 
The same operative technique is employed, but the 3.5 DCP plate is bent in the middle. The 

plate is positioned so that its midportion is bent away from the clavicle. The intercalary and 

cancellous bone graft is placed underneath the midportion of the plate. One screw can be 
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munion 

positioned through the plate into the intercalary graft. 

The wave-plate technique was used on 9 of the 28 patients. 

Postoperative regime 
Postoperatively a sling is applied for one to two weeks (for patient comfort). Passive and 

active mobilization exercises of the shoulder are started directly postoperatively. In 22 cases 

hardware removal was performed at an average of 21 months (range 6 months - 4 years). 

Postoperative results were documented prospectively at four months, one year and at two 

years using the facility of the AO Documentation Centre in Switzerland and retrospectively 

in 1990 and 1999. The mean follow-up time was 10 years (range, 2 years - 25 years). 

Regular postoperative outpatient examination was done in all cases. Two patients had 

died by the time of the most recent follow-up. For various reasons in 6 patients follow-up in 

1999 was not possible. However, results from their earlier follow-up examinations were 

included but without a Constant score. In 20 cases, Constant scores were only determined 

at most recent follow-up (1999). This reproducible score20 estimates shoulder function using 

the variables; pain, activities of daily living, range of motion and power. A hand-held 

dynamometer was used to assess the isometric power of the shoulder.2: A visual analogue 

scale (VAS) score evaluation for rating subjective result: 0 (no pain) up to 10 (severe pain) 

was performed in each patient. 

Results 
Data from all patients included in the study were available for analysis. 

The results were gathered prospectively up to, two years postoperatively. Union of the 

clavicle occurred after a mean of 4 months (range 3 - 7 months) in 27 of the 28 patients 

(96%) with a clavicular nonunion. In one case a bony clavicle defect persisted, although 

symptoms were diminished. All patients experienced an improvement in function and less 

pain (no pain or slight pain on palpation). Brachialgia was present preoperatively in 12 

cases. Of the patients with preoperative brachialgia, 6 were treated using a standard 

osteosynthesis technique and 6 patients by wave-plate osteosynthesis. Post-operatively all 

patients treated by a wave-plate and 2 patients treated by standard osteosynthesis improved 

(Table 1). However 4 of the patients treated by standard osteosynthesis techniques 

developed brachialgia postoperatively. In 6 cases electromyography revealed symptoms of 

dysfunction of the ulnar nerve. Four of the 8 patients with post-operative brachialgia needed 

operative treatment (first rib resection) for costoclavicular compression syndrome or 
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Table 1 Postoperative Results: Consolidation, Brachialgy and Constant score 

Case 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Sex 

F 
M 
M 
F 
F 
F 
M 
M 
F 
F 
F 
F 
M 
M 
M 
F 
F 
F 
M 
F 
M 
F 
F 
F 
M 
M 
M 
M 

Age 

38 
58 
48 
28 
40 
41 
47 
41 
41 
49 
41 
49 
58 
58 
40 
29 
31 
57 
45 
45 
55 
63 
54 
33 
61 
49 
51 
26 

Side 

R 
R 
R 
R 
R 
L 
R 
R 
R 
R 
R 
R 
L 
R 
L 
L 
R 
L 
R 
R 
L 
R 
L 
L 
R 
R 
R 
R 

Operative 
Technique 

Standard 
Standard 
Wave-plate 
Wave-plate 
Standard 
Standard 
Standard 
Wave-plate 
Wave-plate 
Wave-plate 
Wave-plate 
Standard 
Standard 
Standard 
Standard 
Wave-plate 
Standard 
Standard 
Standard 
Standard 
Standard 
Standard 
Standard 
Standard 
Standard 
Standard 
Wave-plate 
Wave-plate 

Outcome 
Nonunion 

healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
defect 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 

Brachialgy 
(pre/post) 

+ / + 

-
-
-
+ / -
-
-
+ / -
+ / -
+ / -
+ / -
+ / + 

- / + 
- / + 

-
-
+/+ 
+/-

-
+ / + 
- / + 

-
-
-
- / + 
+/-
+/ -

Constant 
Right 

100 
90 
93 
89 
75 
88 
47 

100 
94 
74 
85 
51 
90 
97 
88 
90 
93 

92 
95 

100 

score 
Left 

N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
100 
94 
93 
95 
90 
77 
97 

100 
86 
89 
84 
98 
90 
95 
86 
88 
78 

N.A. 
95 
95 

100 

Avg 

92 
80 
80 
80 
80 
83 
83 
93 
97 
90 
70 
92 
80 
83 
70 
70 
90 

92 
92 
98 

Age = Age at follow-up 
Avg = Average age related score 
Brachialgy (pre/post) = Presence of brachialgy pre- and postoperatively 
N.A.= Not Available) 

brachialgia. The other four patients were able to cope with their symptoms and refused 

further treatment. 

One of the complications that occurred in the perioperative period was a slight delay in 

wound healing in two cases (Table 2). These patients had both undergone wave-plate 

osteosynthesis. A wound infection, treated by operative irrigation and drainage, occurred 

in three cases. Two had undergone wave-plate osteosynthesis. One of them developed a 

persistent nonunion. In two other patients, wound healing problems were successfully 

resolved and scar formation was normal. These wound problems all occurred early in the 
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Table 2 Postoperative results: Complications 

Complication Standard AO Wave-plate 
(N=19) (N=9) 

Wound healing problem 0 2 
Clavicle infection, operative drainage 1 2 
Crista iliaca infection, operative drainage 1 0 
Bone defect clavicle 0 1 
Refracture 0 1 
Brachialgy 4 0 

series. Since we changed the position of the skin incision to beneath the clavicle thus allowing 

adequate coverage of the plate, no more wound problems have occurred. 

In one case, a refracture occurred after healing of the nonunion, possibly because the 

hardware may have been removed too early. A serious trauma caused the refracture and 

no bone pathology was present at the time of fracture. No correlation wi th the operative 

technique could be established. Healing was achieved wi th in three months of re-

osteosynthesis. 

The only patient wi th a persistent nonunion or bone defect had undergone multiple 

procedures for infected nonunion of the clavicle. A bony bridge, which had developed 

between the distal clavicle and the coracoid process, may explain the good clinical result. 

Constant score 
The overall Constant score at follow-up in 1999 was 85 on the affected side, compared 

wi th 93 on the sound side (Table 1). Comparing the Constant score of patients wi th a wave 

plate osteosynthesis and those wi th a standard osteosynthesis resulted in an overall score 

of 93 (96 unaffected side) versus 80 (92 unaffected side). A low Constant score (less than 

the age corrected Constant score) was determined in 7 cases. The combination of items of 

the Constant score varied in these patients. The low score was caused by brachialgia in four 

of these patients. In the other cases concomitant diseases, such as larynx carcinoma, or a 

poor general condition determined the below average score. 

The overall VAS score was 1.4 (range 0 - 5). VAS scores of 3 - 5 were all due to symptoms 

of brachialgia. 

The eight patients from whom no Constant score could be determined were generally 

satisfied wi th the end result. Two of them were treated by wave-plate osteosynthesis, the 

remaining six by a standard osteosynthesis technique. The two patients treated with wave-

plate osteosynthesis had an excellent result w i th no pain or brachialgia, regained normal 

function and could work and play sport as well as before the accident. Three of six patients 

wi th a standard osteosynthesis were satisfied although two experienced slight pain with 
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activity and one had brachialgia. 

The radiographs of the clavicles were not absolutely comparable so no absolute amount of 

callus was detectable. Our impression is that there is less subclavicular callus formation in 

the wave-plate treatment group. The radiological length of the affected clavicle compared 

to the unaffected clavicle was determined in 15 cases. If there was any difference in these 

cases, it was always less than 10 millimetres. 

A forty-nine year old male patient sustained a clavicular fracture after a fall from his bicycle. 

Figure 1 Radiograph of the clavicle with a mid-shaft nonunion showing a bony spike near the brachial 
plexus. 

Figure 2 Radiograph of the clavicle after nonunion treatment with a wave-plate osteosynthesis. A nice 
restoration of length of the clavicle and no abundant callus is shown. 
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Figure 3 Radiograph of the clavicle after plate removal showing bone healing and a nearly normal 
configuration of the clavicle. 

He was treated with a sling. Clavicular nonunion developed (Figure 1). He had neurologically 

confirmed symptoms of brachialgia as well as pain and loss of movement in the shoulder. 

One year post-fracture, wave-plate osteosynthesis was performed (Figure 2). Two years 

post-operatively all symptoms were resolved. Clavicular length was restored and sound 

bone healing achieved with no excessive callus formation (Figure 3). 

Discussion 
Although non-operative treatment of a clavicular nonunion in a 

series22 of 47 patients with longstanding nonunion produced satisfactory results in 23 

patients, it is generally accepted that an uncomfortable nonunion needs to be treated 

surgically. Literature describes various operative techniques including the use of onlay bone 

grafting and screws45, wire loops and bone grafting,1 A 6 and bone grafting only,12 but with 

unpredictable results. Resection of the nonunion site or total clavectomy might appear to 

be a solution23-24 in the short term, however in the long term it is viewed negatively.5625 It 

should be considered only as a salvage procedure.26 

Several studies have reported excellent results from treatment of mid-shaft clavicular 

nonunions with AO plate osteosynthesis and bone grafting with bony consolidation in 

89% to 100% of cases.2'3'5'9'10'27"40 In our series 96% (27/28) of the midshaft clavicular 

nonunions healed successfully. All operations were performed by three senior orthopaedic 

surgeons, familiar with the operative technique, which, apart from the inclusion of the wave-

plate technique, has not changed over the years. The typical deformity, with the lateral 

fragment depressed and pulled posteriorly and the medial fragment elevated, is counteracted 
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by a cranial plate. This plate functions as a tension band.15 An antero-inferior placement of 

the plate has shown good results in a small series30, however more extensive devascularisation 

of the clavicle is to be expected. Short semitubular plates should not be used for fixation, 

because of a high risk of failure.4' The LC-DC plate3637 offers some advantages. It causes 

minimal damage to the underlying bone, has a low profile and its rigidity gives good stability. 

External fixation constitutes a solution in cases of serious infection. It can produce satisfying 

results in open fractures and non-infected nonunion,'52 although wound problems can be 

expected. The AO plate used as an external fixator43 provides good stability, so bone healing 

can be achieved in cases of infected nonunion. This technique has no serious drawbacks 

for the patients. 

A report on the treatment of clavicular nonunion comparing DC plating to treatment using 

direct current or capacitive coupling electricity, both invasive and non-invasive, has shown 

plating to give superior union rates (65% vs. 100%).44 

Intramedullary nailing for nonunion of the clavicle has been reported to give good results 

in a few small series of patients4547, although the initial results of this technique are 

disappointing.56 We have no experience of this technique, but several disadvantages can 

be distinguished however. Rotational instability is likely.48 Displacements of the pins8, 

especially medial can be catastrophic. In a retrospective study, Wu4S compared intramedullary 

nailing and plate osteosynthesis techniques in the treatment of aseptic clavicular nonunion. 

In this study, intramedullary nailing had a slightly lower complication rate and was not 

considered inferior to plate osteosynthesis in normal bone conditions. 

Some authors mention that brachial plexus lesion'0"50, subclavian vein compression5152 or 

even a thoracic outlet syndrome5354 may accompany clavicular nonunion preoperatively. 

These conditions are associated with hypertrophic midshaft clavicular nonunions and mostly 

affect the lower trunk of the brachial plexus, thereby causing ulnar nerve symptoms.1214 

These symptoms do not always disappear after operative treatment, despite employing 

meticulous techniques to avoid abundant callus formation. In most clinical reports on 

treatment of clavicular nonunion the problem of brachialgia is underestimated.1150 In our 

series, preoperative brachialgia was a serious problem in 43% (12/28) of cases. In 4 cases 

brachialgia developed postoperatively. To prevent this complication, the wave-plate 

osteosynthesis was introduced. Brachialgia either did not develop or did not persist in the 9 

cases treated by wave-plate osteosynthesis. The use of a wave-plate osteosynthesis has 

several advantages. First, a form of 'biological plating' is established.1718 It preserves the 

residual blood supply to the bone and soft tissues. Secondly, a mechanically stronger 

construction is achieved.18 Thirdly, bone healing is enhanced beneath the mid-portion of 

the plate, where controlled callus formation is needed. In complex ununited femoral shaft 

fractures, the wave-plate osteosynthesis technique has achieved very good results.17 The 



use of a wave-plate together with a cancellous bone graft in cases of atrophic diaphysial 

humerus nonunion, produced united fractures in fourteen out of fifteen patients.'8 The use 

of the wave-plate osteosynthesis in clavicular nonunion is likely to cause callus formation in 

the space beneath the plate and away from the neurovascular bundle. Initially the only 

disadvantage of wave-plate osteosynthesis in clavicular nonunions seemed to be that we 

saw more wound healing problems in the first four of the nine patients treated. However, 

after bone healing and plate removal there was no difference in the cosmetic appearance 

of the scars. This complication can be avoided by making a curved incision V2 cm. below 

the clavicle thereby forming a well vascularized flap to cover the plate. 

Shortening of the clavicle following fracture can cause shoulder girdle dysfunction.3255 56 In 

some cases a corrective osteotomy of a malunited clavicular fracture is necessary to achieve 

a better shoulder function.55'56 In our series, the clavicular length was approximately restored 

after treatment. 

Although consolidation of the nonunion, decrease in pain and improvement of shoulder 

movement are considered the most important factors in patient outcome, the Constant 

score is considered to be the gold standard when evaluating shoulder girdle problems.3538 

The Constant score is able to discriminate between slight and serious impairment of shoulder 

function. In this study, the Constant score was determined in 20 cases. In the remaining 8 

patients postoperative results were known, but for various reasons the patients could not 

be examined at the outpatient department for latest follow-up. The patients treated by 

wave-plate osteosynthesis had markedly higher Constant scores than the patients treated 

by standard osteosynthesis. 

This study was prospective only where the AO documentation was concerned and could 

not be randomised. It is our opinion that it clearly demonstrates the overall excellent results 

of wave-plate osteosynthesis in the treatment of clavicular nonunion. The established cases 

of brachialgia improved and it did not occur at all following wave-plate osteosynthesis. 
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Abstract 
Background Low-intensity ultrasound has demonstrated an acceleration 

of bone healing and more profound callus formation in animal and human clinical 

experiments. In this study, the effect of pulsed, low-intensity ultrasound was determined 

in established nonunion cases. 

Methods The enrolled cases were reviewed for the time from their last surgical 

procedure and evidence of no healing or progression of healing during the 3 or more 

months before the start of low-intensity ultrasound therapy to determine whether the 

cases were established nonunions. Twenty-nine cases, located in the tibia, femur, radius/ 

ulna, scaphoid, humerus, metatarsal, and clavicle, met the criteria for established 

nonunions. On average, the postfracture period before the start of ultrasound treatment 

was 61 weeks. Initial fracture treatment was conservative in 8 cases and operative in 

21 cases. Additional treatments including bone grafting, reosteosynthesis and other 

surgical procedures were performed an average of 52 weeks before the start of 

ultrasound treatment. Daily, 20-minute applications of low-intensity ultrasound at the 

site of the nonunion were performed by the patients at home. 

Results Twenty-five of the 29 nonunion cases (86%) healed in an average treatment 

time of 22 weeks (median, 17 weeks). Stratification of the healed and failed outcome 

for age, gender, concomitant disease, bone location, fracture age, prior last surgery 

interval, nonunion type, smoking habits, and fixation before and during treatment showed 

a significant difference only in the smoking habit strata. 

Conclusion Noninvasive ultrasound therapy can be useful in the treatment of 

challenging established nonunions. 



Introduction 
The occurrence of delayed union and nonunion is caused by many 

factors. Age, hormones, nutrition, smoking habits and the use of drugs or alcohol, and 

fracture characteristics, such as location, comminution, vascular injury, soft tissue damage 

and infection, affect fracture healing and can cause a delayed union or nonunion.1 

Established nonunion cases have essentially a zero probability of achieving a healed status 

without some form of intervention. Hypertrophic nonunions, by their nature of a we II-

vascularized callusformation but no calcification of the gap between the opposing 

fragments, constitute the nonunion type most capable of healing by itself with just inactivity 

or correct immobilization. Concerns about spontaneous healing in hypertrophic nonunion 

were minimized in this study by requiring a minimum 3-month period before the start of 

low-intensity ultrasound during which there was no healing or no progression of healing. 

Therefore, the case could be considered as an established nonunion. 

It is clear from the literature including Brashlar,2 that "nonunion is present when the repair 

process has stopped completely and union will not occur without an intervention (surgical or 

otherwise). Such a definition implies a clear-cut endpoint in fracture healing beyond which 

spontaneous healing will not take place." This definition of nonunion is repeated by Mandt 

and Gershuni:3 - "nonunion is a state in which there is a failure to heal within the expected 

time and the fracture will not heal without intervention". Additional references that deal with 

the necessity for an intervention to achieve healing in a nonunion are by Watson-Jones," who 

stated, "in a number of cases, more than one operation may be needed before union is 

achieved; and in some cases there will be failure, ending in amputation. But one thing is 

certain, no established nonunion will unite with conservative treatment alone; all require 

operation and all will need some form of bone-grafting before union is achieved"; and by 

Forsted et al.:s "by definition, nonunion will not heal without intervention". 

Surgical treatment, by removing necrotic bone tissue and providing stabilization with 

internal or external fixation devices accompanied by bone grafts, is the 'gold standard' in 

nonunion treatment.6 The optimal conditions for healing the nonunion are immobilization 

and an osteogenic environment. Despite good surgical techniques, consolidation is not 

always accomplished. Depending on the location of the nonunion, the literature reports a 

success rate for the first surgical procedure from 70% to 96% with much lower healing 

rates for subsequent procedures.7"9 

Nonoperative treatment of nonunion avoids morbidity and other possible risks of surgery. 

Noninvasive treatments include electrical stimulation, extracorporeal shock-wave therapy,10 

and low-intensity pulsed ultrasound. Electrical stimulation techniques include implanted 

electrodes," capacitive-coupled,12 noninvasive pulsed electromagnetic fields (PEMFs)12'K,
/ and 
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combined magnetic fields (CMF)15 with reported healed rates of 65% to over 80%. 

Low-intensity ultrasound has demonstrated a positive effect on the bone healing process 

through high-frequency, acoustic pressure waves that cause low-level micromechanical pressure 

on the bone tissue. Animal studies, using ultrasound stimulation for bone healing, have shown 

an increase of callus tissue16 and an acceleration of bone healing,1719 with one report showing 

earlier healing confirmed by scintigraphic analysis,20 The stimulation mechanism of low-intensity 

ultrasound was suggested to be based on electrical potentials (piezo-electricity) and not thermal 

effects.2' More obvious is the direct mechanical stimulus. Accelerated bone healing by low-

intensity ultrasound could be mediated by increased production of prostaglandin E?.
22 

Chondrocyte cultures exposed to ultrasound were studied in vitro and showed increased 

aggrecan mRNA levels and proteoglycan synthesis, suggesting direct ultrasound stimulation 

of aggrecan expression.23 An increased rate of endochondral ossification was demonstrated in 

mouse metatarsal rudiments using low-intensity ultrasound.24 

Prospective, randomized, placebo-controlled and double-blind studies in humans have 

demonstrated a 40% acceleration of time to clinical and radiological healing in both 

fresh tibial diaphysis fractures25 and distal radial metaphysis fractures with the latter study 

also reporting significantly less loss of reduction.26 Stratification of the data of these two 

studies by smoking habit showed that the negative effects of nicotine on bone healing 

were minimized by low-intensity ultrasound.27 The first preliminary results of a prospective, 

randomized, double-blind study on the effect of ultrasound on bone healing in human 

lower limb osteotomies suggest a similar effect on bone healing.28 Low-intensity ultrasound 

has been reported to be effective in treating nonunions with a success rate of about 

70% to 86%.29"32 

The purpose of this study was to evaluate the effect of low-intensity ultrasound for the 

treatment of established nonunions in a consecutively enrolled patient population from various 

trauma departments. We were interested to see if ultrasound had an effect in the treatment 

of nonunion as rigorously defined for the study. Would the results of the study provide enough 

data for the orthopaedic surgeon to select the patient or nonunion characteristics suitable 

for ultrasound treatment and identify those not likely to benefit from ultrasound treatment? 

Material and methods 
The nonunion cases in this study served as their own control with 

their prior failed treatments being the basis for evaluating the effect of the low-intensity 

ultrasound treatment. Self-pairing, as a study design, is valid because the constancy of the 

individual patient's biological mechanisms and other patient-specific factors essentially 
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eliminates differences between the treatment and the control. This study design ensures 

comparability of treatment and control, and provides the natural within-patient, self-paired 

control basis for assessing the efficacy of the treatment.33 It is scientifically valid and medically 

appropriate to use a paired design technique to study the therapy effect in a medical 

condition such as nonunion, which has a predictable outcome (e.g., the prognosis in case 

of nontreatment is unfavorable). In addition, there was no additional treatment procedure 

such as casting or surgery at the start of or during the period of low-intensity ultrasound 

treatment to influence the effect of the ultrasound therapy. 

In this study, the definition of nonunion was a failure of the fracture to unite at a minimum 

of 6 months from fracture, radiographic healing had not progressed or had stopped for a 

minimum period of 3 months prior to the start of ultrasound treatment, and the fracture 

line was clearly visible in two orthogonal views. In addition, for the protocol compliant 

study group, the interval between the last operative procedure and the start of low-intensity 

ultrasound treatment was set at a minimum of 90 days. This last criterion minimized any 

effects of surgery concomitant to or near the start of ultrasound treatment. 

From November 1995 through May 1997, 41 nonunions in 39 patients from 19 hospitals 

in The Netherlands were consecutively prescribed the use of pulsed low-intensity ultrasound 

and were included in this study. All prescription use of low-intensity ultrasound in this 

nonunion population was justified as an alternative to surgery. The treating surgeon was 

the sole judge of acceptable bone alignment and potential shortening, and surgery was 

not an option based on the surgeon's judgement and/or the patient's decision. One patient 

had bilateral tibia/fibula nonunions and one patient had two nonunions in the forearm 

with, one each in the radius and the ulna. To avoid the problem of patient and number 

differences, each nonunion was considered as a separate nonunion case and all stratification 

and effectiveness analyses refer to cases. 

Case records and follow-up reports were provided by the treating surgeons, according to 

a preset protocol. The clinical records and the radiographs of all the cases treated by each 

investigator were reviewed by one or both of the principal investigators (G.H.R.A. and 

P.P.) to assure adherence to the protocol-compliant (study group) inclusion criteria. The 

principal investigators were also treating investigators. The period between the initial injury 

date and the start of low-intensity ultrasound (fracture age), and the interval from the date 

of the last surgical procedure to the start of ultrasound treatment (prior surgical procedure 

interval), were verified from the records. In addition, the radiographs for each case were 

reviewed to determine that the healing process had not progressed or had stopped for a 

minimum of 3 months before the start of low-intensity ultrasound treatment and the 

nonunion was visible in two views. The minimum 3-month period before the start of low-

intensity ultrasound treatment provided assurance that these cases were established 
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Figure 1 : Sonic Accelerated Fracture 
Healing System (SAFHS®), Smith 
and Nephew/Exogen, GmbH, 
Tuttlingen, Germany; and Smith and 
Nephew/Exogen, Inc., Piscataway, 
New Jersey, U.S.A. 

nonunions and would not be expected to heal spontaneously. 

The review by the principal investigators of case records and radiographs for the 41 cases 

determined that 12 cases could not be included in the study group. Of these 12 cases, 4 

were not included because of lack of compliance (one patient was not using the device) 

and early withdrawal (by three patients themselves) f rom treatment. The remaining eight 

cases (seven patients) were not included because the period between the last surgical 

procedure and the start of low-intensity ultrasound treatment (prior surgical procedure 

interval) was less than 90 days. The study group of 29 cases received no additional cast or 

surgical treatment at the start of the ultrasound treatment period; low-intensity ultrasound 

was the only new treatment. The patients applied the low-intensity ultrasound device (Figure 

1) for a daily 20-minute treatment in their homes. The ultrasound device consisted of an 

attachment fixture, which allowed the transducer module either to be incorporated in a 

cast (if present) or used wi th a hook and loop fastener (Velcro) strap to hold the treatment 

module in place on the skin at the nonunion site, a treatment module that supplied the 

low-intensity ultrasound pressure waves, and a control unit. The treating surgeon did not 

require any special techniques when using the device. The surgeon marked the skin at the 

nonunion site for noncasted applications to assist the patient in positioning the treatment 

module fixture. Coupling gel was used to ensure effective transfer of the acoustic pressure 

wave to the tissue. 

The ultrasound pressure wave signal had a 200-us burst of 1.5 MHz acoustic sine waves 

which repeated at a modulation frequency of 1 kHz and provided a peak pressure of 0.3 

Pa to the tissue. Neither the patient nor the physician could change the specifications of the 

device. The device controlled the 20-minute treatment period. The investigator reported 

on the compliance wi th device use during the treatment period. Good compliance was 
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defined as the device being used for more than 75% of the time the patient had the device. 

The patients were examined in the outpatient department of their respective hospitals at 

regular intervals of 6 to 8 weeks. Clinical and radiographic evaluations were performed at 

each visit. The nonunion was considered clinically healed when there was absence of pain 

and weight-bearing without pain or normal function of the limb. For a nonunion to be 

radiographically healed, three or four cortices had to be bridged in long bones or the fracture 

line was bridged with callus in other bones. Low-intensity ultrasound treatment was continued 

until the treating surgeon declared the nonunion healed. Cases were considered failures 

when they had completed ultrasound treatment and did not meet the requirements for a 

healed outcome. The principal investigators assessed outcome from the radiographic follow-

up records of each case and always agreed with the outcome decision of the treating surgeon. 

The 29 study group (Table 1) cases (12 women and 17 men) had an average age of 47 

years (range, 18-90 years). Initial treatment was conservative in 8 cases and operative in 

21 cases. The fractured bones included the tibia-tibia/fibula (10), femur (five), radius-radius/ 

ulna (five), scaphoid (five), and one each in the ankle (medial malleolus), clavicle, humerus, 

and metatarsal. The average nonunion fracture age was 61 weeks (range of 25-137 weeks). 

There were two cases of infected nonunion. The nonunion type was atrophic for 5 cases, 

hypertrophic for 12 cases, and oligotrophic for 12 cases. The average prior surgery interval 

was 52 weeks (range of 15-137 weeks). The ultrasound device was fixed in a cast in 8 

cases and was strapped directly on the skin for the other 21 cases. The immobilization type 

(fixation) that was present before, at the start of, and during the ultrasound treatment 

period was a cast in 8 cases, osteosynthesis in 12 cases, intramedullary rod in 6 cases, and 

an external fixator in 3 cases. 

In this study, the outcome due to ultrasound treatment was the primary efficacy parameter 

where the prior failed treatment of each case served as its own control. Since established 

nonunion cases have essentially a zero probability of achieving a healed state without some 

form of intervention, we conservatively assumed that the healed rate without some form of 

intervention during the time period of this study was 5% rather than 0%. Therefore, the 

null hypothesis was that the healed rate was less than or equal to 5%, and the alternative 

hypothesis was that the healed rate was greater than 5%. The one-sided exact p value for 

this binomial test was computed.3'1 This one-sided test was appropriate because a nonunion 

can only remain a nonunion or heal, and, because the effectiveness of low-intensity 

ultrasound therapy was hypothesized a priori on the basis of earlier studies.29"32 

The variables at the start of ultrasound treatment for the study group cases were the basis 

for stratification analysis. The percentage healed was compared for homogeneity across 

strata for gender, age, fracture age, prior interval without surgery, bone, smoking habit, and 

nonunion type, and fixation present at before, at the start of, and during ultrasound treatment. 
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Table 1: Study Group Patient Characteristics, Initial Injury Treatment, and Ultrasound Treatment Results 

Patient 
No. 

5 
6 
7 
8 
9 

11 
12 
13 
14 
15 
16 

18-1 
18-2 

19 
20 
23 
24 
25 
26 
27 
28 
30 
31 
32 
34 
35 
37 
38 
39 

cons. 
fib. ost. 
o.s. 
i.m.o.s. 

Sex 

(y) 

m 
m 
m 
m 
m 
f 
f 
f 
m 
m 
f 
m 
m 
f 
m 
m 
m 
m 
m 
f 
m 
f 
f 
m 
m 
f 
f 
f 
f 

= 
= 
= 
= 

Age 

32 
46 
47 
59 
26 
78 
78 
66 
18 
49 
90 
37 
37 
49 
24 
31 
53 
31 
49 
30 
28 
57 
56 
30 
72 
42 
65 
47 
37 

conservative 

Bone 

scaphoid 
scaphoid 

ankle 
tibia/fibula 

clavicle 
humerus 

femur 
femur 

scaphoid 
femur 
ulna 

radius 
ulna 

tibia/fibula 
tibia/fibula 
tibia/fibula 

femur 
scaphoid 

femur 
scaphoid 

tibia 
tibia/fibula 

ulna 
radius 
tibia 

tibia/fibula 
tibia/fibula 
tibia/fibula 
metatarsal 

fibular osteotomy 
osteosynthesis 
intramedullary nail/osteosynthesi' 

Location in 
Bonea 

waist 
waist 

med. malleolus 
distal 

middle 
middle 
middle 
distal 
waist 

supra condylar 
proximal 
middle 

proximal 
distal 
distal 
distal 

middle 
waist 

proximal 
prox. pole 
proximal 

distal 
proximal 
proximal 
proximal 

distal 
distal 
distal 

middle 

e.f. 
inf. Rx = 
dynam. = 
b.g. 

nitial Treatment Secondary Procedure/s 
At Fracture 

cons. 
cons. 
o.s. 
o.s. 

cons. 
o.s. 

i.m.o.s. 
o.s. 

cons. 
o.s. 
o.s. 
o.s. 
o.s. 

cons. 
i.m.o.s. 

e.f. 
i.m.o.s. 
cons. 

i.m.o.s. 
cons. 

i.m.o.s. 
o.s. 
o.s. 
o.s. 

e.f./inf.rx. b.g. 
o.s./inf.rx.. e.f 

o.s. 
o.s./fib. ost. 

cons. 

external fixator 
infection treatment 
dynamization 
bone graft 

after Fracture 

no 
no 
no 
no 
no 

i.m.o.s. 
no 
no 
b.g. 

b.g./i.m.o.s. 
b.g. 
no 
no 
no 

dynam. 
2 x b.g. 

imos,dynam. 
no 
no 
no 
e.f. 
no 
no 
no 

inf.rx o.s./3x inf.rx 
./fib.ost./i.m.o.s. 

no 
b.g./o.s. 

no 

The secondary efficacy parameter was heal time, defined as days from the start of low-intensity 

ultrasound treatment to the healed outcome determination date. A descriptive parameter 

was fracture age, defined as days from initial injury to the start of low-intensity ultrasound 

therapy. The nonunion type was assessed by separating the study group into two cohorts. 

The cohorts were the hypertrophic nonunions and the oligotrophic/atrophic nonunions. 

Of particular interest was the homogeneity of each cohort for the number of long bones, 

the bone type, and the prior surgery interval and whether these characteristics could confirm 

that no spontaneous healing was expected in these cohorts. Approximately 1 year after the 

70 



Fracture Age Prior Interval w/o 
(days) 

676 
469 
333 
264 
455 
813 
957 
220 
453 
553 
518 
473 
473 
178 
202 
536 
415 
183 
716 
239 
298 
413 
466 
279 
448 
593 
316 
257 
274 

0 = 

a = 
h = 
a = 

Surgery (days) 

676 
469 
333 
264 
445 
358 
957 
220 
237 
435 
322 
473 
473 
178 
202 
244 
202 
183 
716 
239 
296 
413 
466 
263 
399 
453 
315 
105 
274 

oligotrophic 
atrophic 
hypertrophic 
Proximal, middle, and dista 

end of ultrasound treatment 

Smoking Status 

never 
never 

smoker 
smoker 
smoker 
never 
never 
never 
never 
never 
never 

smoker 
smoker 
never 

stopped 
smoker 
stopped 
smoker 
smoker 
stopped 
smoker 
never 

stopped 
smoker 
stopped 
smoker 
never 
never 
never 

=diaphysis shaft 

Nonunion 
Type 

0 

a 
o 
o 
0 

a 
h 
h 
0 

0 

h 
h 

h 
o 
h 
o 
0 

a 

h 
a 
h 
0 

h 
h 
h 

h 
0 

a 
0 

fractures 

Treatment Time to 
Outcome Outcome (days) 

healed 
healed 
failed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
healed 
failed 
failed 
healed 
healed 
failed 
healed 
healed 
healed 
healed 
healed 
healed 

183 
212 

92 
191 
182 
209 
398 
109 
84 

119 
255 

98 
98 

252 
133 
156 
112 
91 

223 
195 
220 

52 
116 
106 
86 

127 
111 
108 
97 

all patients were interviewed by telephone to determine whether 

their nonunions were still healed. 

All times to a specific response or event were calculated in 

weeks. Statistics were presented relating to the central tend 

[mean] and median). Percentages of cases were presented 

numerator/denominator in parentheses. 

days and presented as days or 

ency of the data, (i.e., average 

as percentage followed by the 

Standard error of the mean (S.E.M 

measure of variability presented. For stratification analyses 

u sed for contrasting heal ti 

, the Kruskal-Wallis 

) was the 
5 test was 

me and fracture age and the Fisher's exact test36 was used for 
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Figure 2A and B: A 53 year old male (patient no. 24) sustained a right femoral diaphysis fracture in a 
motorcycle crash. It was treated with closed reduction and a Grosse-Kempf intramedullary nail was implanted. 

Table 2: Efficacy Results for the Low-Intensity Ultrasound Treated Core Group: 

Primary Efficacy Parameter - Outcome, Number (and %) of Cases: N=29 

Outcome Prior Orthopaedic Ultrasound Exact (one-sided) 
Treatment Period (%) Treatment Period (%) p-value* 

Healed 0 (0) 25 (86) 
Failed 29 (100) 4 (14) 0.00001 
Total 9 (100) 29 (100) 

* Binomial test of the null hypothesis that the ultrasound treatment period healed rate was less than or 
equal to 5%. 

Table 3: Efficacy Results for the Low-Intensity Ultrasound Treated Core Group: 

Secondary Efficacy Parameter-Heal Time and Descriptive Parameter of Fracture Age Healed 
Cases: N=25 

Heal Time (days) Fracture Age (days) 

Mean±S.E.M.: 152 ±15.2 Mean ± S.E.M.: 429 ±38.9 
Median: 119 days Median: 448 days 
Range: 52 to 398 days Range: 178 to 957 days 
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Figure 3A and B: After 7 months, an oligotrophic nonunion had developed. The intramedullary nail 
was removed and a proximally dynamic intramedullary nailing was performed. Despite this operative 
treatment, pain and motion were present and the oligotrophic nonunion persisted. Fourteen months 
after the fracture and 7 months after the secondary nailing, ultrasound treatment was started. In less 
than 4 months clinical and radiological bone healing was established 

healed rates. The Kruskal-Wallis analysis was a two-sided 99% confidence level Monte Carlo 

estimate of the exact p value computed.34 

Results 
Patients reported that the device was easy to use and there were 

no side effects reported caused by the low-intensity ultrasound treatment. An example 

of a good clinical result after 3 months of ultrasonic treatment for a femoral nonunion is 

shown in Figures 2 and 3. 

The effectiveness of low-intensity ultrasound treatment for established nonunions was 

demonstrated by the 86% (25 out of 29 cases) healed rate, significantly better (p < 0.0001) 

when compared wi th the assumed rate of 5% for the prior failed treatment period (Table 2 

and 3). The average healing time was 152 days (median, 119 days). The average fracture 

age for the healed cases was 429 days (median, 448 days). 
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Table 4: Stratification of Study Patient and Fracture Characteristics 

Strata: 

Nonunion Type : 
Hypertrophic 
Atrophic 
Oligotrophic 

Patient Age: 
18-29 
30-49 
50-64 
>65 

Sex: 
Males 
Females 

Smoking Habit: 
Smoker 
Never Smoked 
Stopped 

Fracture Age: 
25-36 weeks 
>36 to 52 weeks 
>52 to 104 weeks 
> 104 to 137 weeks 

Prior Surg.Procedure 
12-52 weeks 
>52 to 104 weeks 
>104 weeks 

Bone: 
Tibia-Tibia/Fibula 
Femur 
Radius-Radius/Ulna 
Scaphoid 
Other Long Bones'' 
Otherc 

Healed 

10 
4 

11 

4 
12 
3 
6 

10 
15 

9 
13 
3 

4 
6 

13 
2 

Intervals: 
15 
9 
1 

10 
4 
4 
4 
2 
1 

Failed 

2 
1 
1 

0 
3 
1 
0 

2 
2 

2 
0 
2 

1 
1 
2 
0 

2 
2 
0 

0 
1 
1 
1 
0 
1 

% Healed 

80 
80 
92 

100 
80 
75 

100 

83 
88 

82 
100 
60 

80 
85 
87 

100 

88 
82 

100 

100 
80 
80 
80 

100 
50 

Exact 
p-value 

0.82 

0,68 

1.00 

0.05 

1.00 

0.92 

0.25 

Heal Time 
Mean 
(days) 

163 
155 
140 

155 
137 
118 
195 

172 
138 

141 
168 
110 

146 
139 
136 
304 

149 
129 
398 

144 
185 
139 
143 
153 
182 

K-Wa 

p-value 

0.95 

0.76 

0.52 

0.70 

0.32 

0.16 

0.75 

Fx. Age 
Mean 

(weeks) 

63.7 
61.6 
58.9 

50.3 
58.9 
52.0 
77.9 

64.9 
58.9 

56.4 
67.0 
50.7 

28.0 
40.1 
71.1 

126.4 

48.9 
71.0 

136.7 

50.1 
76.6 
62.3 
65.8 
77.7 
56.0 

K-Wa 

p-value 

0.90 

0.58 

0.93 

0.66 

na 

na 

0.48 

Fixation in Place before and 
during ultrasound therapy 

Conservative (cast) 7 
Osteosynthesis 10 
Intramedullary Rod 6 
External Fixation 2 

83 
100 
67 

0.56 
157 
121 
183 
188 

0.21 
383 
365 
276 
417 

0.52 

b = 1 humerus (healed) and 1 metatarsal (healed) c = 1 clavicle (healed), and 1 ankle (failed) a = 
Kruskal-Wallis Test: Although the mean is presented, the median was used for the K-W analysis. 
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Table 5: Comparison between Non?union Type for Prior Surgical Interval, Long Bone versus Other 
Bone, and Bone Type 

Nonunion % Healed Avg. Long Metaphyseal (M) Prior Surgical Interval Avg. 
Type (healed/ Heal Bone Diaphyseal (D) Fracture 

failed) Time Other (0)* 3-6 mos. 7-9 mos. >9 mos. Avg.d agea 

(days) (% healed) (days) (days) 

Hypertrophic 
83 163 12 D=12 83 0 2 10 406 446 

(10/12) (2 failed, 10 healed) 

Oligotrophic/ Atrophic 
88 144 9 D=9 100 3 3 11 320 409 

(15/17) (9 healed) 

M=2 50 
(1 failed, 1 healed) 

0 = 6 b 83 
(1 failed, 5 healed) 

Totals 
86 152 21 D=21 90 3 5 21 354 429 

(25/29) (2 failed, 19 healed) 

M=2 50 
(1 failed, 1 healed) 

0 = 6 b 

83(1 failed, 5 healed) 

M = metaphyseal, D = diaphyseal, O = othera One clavicle and five scaphoid. b Average is for healed 
cases only. 

The number of cases studied and the resulting small number of cases in each stratum do 

not allow an absolute determination of nonsignificance for those that appear as non

significant. With this in mind, all of the variable stratifications were nonsignificant except 

for the comparison of smoking strata (Table 4). The comparison of smoking strata was 

significant at p = 0.05 wi th the healed rate for smokers at 8 2 % (9 of 11), those who never 

smoked at 100% (13 of 13) and those who stopped smoking at 60% (3 of 5). Both infected 

nonunions healed. 

We reviewed the four failures of treatment in the study group. One failed case, with a 

nonunion of the medial malleolus, was surgically treated wi th an arthrodesis procedure of 

the ankle, because of associated severe ankle arthritis. The arthrodesis healed within 6 

months although the patient was still using crutches at the 2-year fol low up. The failure of a 

distal femoral nonunion was treated surgically fol lowing an 8-month delay and was healed 

75 



• 

table 6: Not Included Cases: Patient Characteristics, Initial Injury Treatment, And Ultrasound Treatment Results 

ase 
o. 

1 

2 
3-1 
3-2 

4 
10 
17 
21 
22 
29 
33 
36 

Dns. 

Gender 

m 

f 
m 
m 
f 
m 
m 
m 
m 
m 
m 
f 

Age 

(y) 

46 

17 
39 
39 
64 
28 
27 
22 
36 
18 
59 
25 

= conservative 

Bone 

tibia 

scaphoid 
tibia/fibula-r 
tibia/fibula-l 

tibia 
clavicle 

tibia/fibula 
tibia 

scaphoid 
scaphoid 

tibia/fibula 
humerus 

e.f. 

Location in 
Bone'1 

plateau 

waist 
distal 
distal 

proximal 
middle 
middle 
distal 

prox. pole 
waist 
distal 

middle 

Initial Treatment 
At Fracture 

o.s. 

cons. 
e.f. 
e.f. 
o.s. 

cons. 
o.s. 
e.f. 

cons. 
cons. 
o.s. 

i.m.o.s. 

external fixator 

Secondary Procedure (s) 
After Fracture 

o.s./2xb.g. i.m.o.s./dynam. 
inf rx./deb. o.s. e.f./o.s. b.g. 

no 
b.g. 
b.g. 
b.g. 
no 

fib.ost. 
i.m.o.s. 

o.s./b.g. 
no 

e.f./musc.flap 
no 

fib. ost. = fibular osteotomy inf. Rx = infection treatment 
o.s. = osteosynthesis dynam. = dynamization 
i.m.o.s. = intramedullary nail/ b.g. = bone graft 

osteosynthesis deb. = debridement 
muse, flap = muscle flap 

at 1 year after surgery. The third failure was a proximal ulna nonunion who had surgery for 

his nonunion 4 months after stopping ultrasound treatment and healed uneventfully within 

6 months of the surgery. Instability and/or impaired vascularization may have caused the 

fourth failure of an atrophic proximal pole scaphoid nonunion. The case was lost to fol low 

up to the investigator after the end of low-intensity ultrasound and, therefore, the eventual 

outcome is unknown. 

The issue of nonunion type could be important, and we anticipated this importance when 

we developed the protocol and required a minimum of 90 days before the start of the 

ultrasound therapy in which no healing progress is observed, to minimize concerns regarding 

spontaneous healing. Table 5 presents an analysis of the nonunion type as separated into 

the cohorts of hypertrophic nonunion and oligotrophic/atrophic nonunion. This analysis 

indicates that the bone types in this nonunion population were primarily in the diaphysis 

andin long bone. The cases with a prior surgery interval of greater than 7 months were 

9 0 % (26 of 29) of the study group, 100% (12 of 12) of the hypertrophic cohort, and 8 2 % 

(14 of 17) of the oligotrophic/atrophic cohort. It is interesting to review the prior surgery 

interval values of hypertrophic nonunions for each case and see that the prescribing physician 

waited a long time (average, 406 days; range, 202 - 957 days) before deciding that the 

case would not heal and prescibing low-intensity ultrasound. For oligotrophic/atrophic 
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Fracture Age Prior Interval w/o Smoking Status Nonunion Treatment Time to 
(days) Surgery (days) Type Outcome Outcome (days) 

823 12 smoker healed 113 

540 
283 
283 
279 
213 
226 
195 
646 
610 
409 
507 

h = 
0 = 

a = 
a = 

hypertroph 

543 
11 
11 
4 

213 
29 
28 
-56 
610 
42 
507 

IC 

oligotrophic 
atrophic 
Proximal, middle, and distal 

never 
never 
never 
never 
never 

smoker 
smoker 
never 
never 

smoker 
smoker 

a 
a 
a 
h 
a 
h 
h 
a 
-
h 

-

= diaphysis shaft fractures 

withdrawn 
healed 
healed 
healed 

withdrawn 
healed 
healed 
healed 

withdrawn 
healed 

non-compliant 

-
105 
105 
86 

-
94 

190 
171 

-
105 

-

nonunions, the prior surgery period is much shorter, since there is less concern on the 

prescibing physicians part that the nonunion may heal by itself. 

The compliance with device use was analyzed and the data for the study group showed 

76% (19/25) of the healed case and 50% (2/4) of the failed cases had good compliance. 

The long-term follow-up of the healed nonunion cases showed that all were still healed an 

average time of 62 weeks (range of 30 - 110 weeks) from the healed date. 

The most conservative analysis of effectiveness (termed the intention-to-treat analysis) 

combined the study group and not-included cases (Table 6) for a total of 41 cases. The 

eight cases of the not-included group, who had surgery within 90 days of the start of 

ultrasound treatment were added to the healed cases of the study group. The three 

withdrawals and the one non-compliant patient were added to the four failures of treatment 

in the study group resulting in a total of eight not healed cases. The intention-to-treat healed 

rate was 80% (33 healed / 41 not healed). 
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Discussion 
In the present study, the effect of low-intensity ultrasound on 

established nonunions was investigated, and it was demonstrated that there was a overall 

healing rate of 86%. This healed rate is in accordance with literature references.25"32 The 

study group consisted of difficult cases with a long history of a non-healing fracture. The 

patients that were included were considered by the treating surgeon to be established 

nonunions. This was confirmed by a review of the radiographs for a minimum period of 90 

days before the start of low-intensity ultrasound treatment that showed no healing or any 

progression of healing. Combining the data from all investigators was justified based on 

the common protocol used by all investigators, no surgical procedure was performed in 

the prior 3 months, no special skills were required to use the treatment, and outcome 

determinations were confirmed by independent assessments by the principal investigators. 

A self-paired study design was chosen because placebo-controlled studies in nonunions 

are considered unethical in The Netherlands, since one group (placebo) is denied treatment. 

In addition, the authors believe that it would be improper and difficult to randomize using 

either no treatment or placebo treatment or surgical intervention for the control group as 

few nonunion patients would be willing to be randomized to any of the choices. 

All surgical nonunion studies7'9 and the larger electrical stimulation nonunion studies " ' 4 

have utilized a self-paired study design. The only known randomized, double-blind clinical 

trials using electrical stimulation on delayed union or nonunion had small numbers of cases 

and were conducted in the United Kingdom.3740 In three of these studies, the control 

patients, besides receiving a placebo device, were either conservatively managed with a 

long leg cast39 A0 or surgically treated with an external fixator and a fibular osteotomy at the 

start of the study.38 In the only trial for established nonunions using electrical stimulation 

without concomitant conservative or surgical treatment, the placebo group (no electrical 

stimulation and no other treatment) healed rate was 0% (0/11) versus 60% (6/10) in the 

active treated group (electrical stimulation and no other treatment).37 Since none of the 

placebo-treated nonunions healed, this study confirms the need for an intervention to heal 

an established nonunion. The small patient numbers of the four studies demonstrate the 

difficulty of recruiting nonunion cases for a double-blind study. 

The nonunion cases of this study had an average fracture age of 1.2 years, an average of 

1.4 failed surgical procedures, an average prior surgical interval of 1 year, and the cessation 

of any healing progress at the start of ultrasound treatment. Operative procedures such as 

autologous bone grafting or reosteosynthesis had been performed at an average of 35 

weeks (range, 15 - 65 weeks) before the start of ultrasound treatment. No additional 

effect of these treatments could be expected on the bone healing process of the nonunions 



that would bias the results of the low-intensity ultrasound treatment. Fifty-nine percent of 

the nonunions were more than 64 weeks from their initial injury date and 88% (15/17) of 

these nonunions healed. The healed rate by bone was 100% in the tibia and 80% in the 

femur, radius/ulna, and scaphoid. Three of the four study case failures were in patients 

who were active smokers and confirms the negative effect of smoking on bone healing. 

There was little difference in healing rate for nonunion type with healing rates of 80% for 

hypertrophic, 80% for atrophic and 92% for oligotrophic cases. From the analysis of the 

data in Table 5, we see a relative homogeneity in long bone and bone type and prior 

surgery intervals before the start of low-intensity ultrasound therapy that provide confidence 

that the healing resulting from the use of ultrasound was the result of the stimulus and not 

spontaneous healing. 

Although our treatment group consisted of nonunions in different bones, the cases are a 

representative group of established nonunions. The only new treatment at the start of 

ultrasound treatment for these established nonunions was pulsed low-intensity ultrasound 

that achieved a significant healed rate of 86% with no reported side-effects. It is necessary 

to continue further scientific investigations on the mechanism of action of ultrasound and 

to conduct clinical trials to establish the value of ultrasound for other indications. 
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Summary 
Background Animal and clinical studies have shown an acceleration 

of bone healing by the application of low-intensity ultrasound. The objective of this 

study was to examine in vitro the influence of low-intensity ultrasound on 

endochondral ossification of 17-day-old fetal mouse metatarsal rudiments. 

Methods Forty-six triplets of paired metatarsal rudiments were resected 'en block' 
and cultured for 7 days with and without low-intensity ultrasound stimulation (30 
mW/cm2). At days 1, 3, 5, and 7, the total length of the metatarsal rudiments, as 
well as the length of the calcified diaphysis were measured. Histology of the tissue 
was performed to examine its vitality. 

Results The increase in length of the calcified diaphysis during 7 days of culture 

was significantly higher in the ultrasound-treated rudiments compared to the 

untreated controls (p= 0.OO6). The growth of the control diaphysis was 180 ± 30 

urn (mean ± SEM), while the growth of the ultrasound-treated diaphysis was 530 ± 

120 urn. The total length of the metatarsal rudiments was not affected by ultrasound 

treatment. Histology revealed a healthy condition of both ultrasound-treated and 

control rudiments. 

Conclusions In conclusion, low-intensity ultrasound treatment stimulated 
endochondral ossification of fetal mouse metatarsal rudiments. This might be due 
to stimulation of activity and/or differentiation of osteoblasts and hypertrophic 
chondrocytes. Our results support the hypothesis that low-intensity ultrasound 
activates ossification via a direct effect on osteoblasts and ossifying cartilage. 



Introduction 
Low-intensity, high-frequency ultrasound is in clinical use 

for enhancement of fracture healing. Animal studies have shown stimulation of callus 

tissue and acceleration of bone healing by low-intensity ultrasound.'•6n2° Scintigraphic 

control of the bone-healing process has shown faster healing in ultrasonically treated animals 

compared to untreated control animals.7 In fresh human diaphyseal tibia fractures the 

application of ultrasound accelerates consolidation of the fractures by 40%.2 In addition, 

the time needed for bony healing in fresh fractures of the distal radial metaphysis was 

decreased leading to diminished loss of reduction in the ultrasound-treated patients.8 Both 

studies were prospective, randomized, double-blinded, placebo-controlled clinical trials. 

The first results of a similar clinical study on the effect of low-intensity ultrasound in 

osteotomies of the lower extremities have shown an acceleration of bone healing.5 

The stimulatory mechanism of ultrasound on callus tissue healing and bone formation has 

been shown to be based on non-thermal effects.'13 Faster bone healing as a result of 

ultrasound treatment may be mediated via increased production of prostaglandin E .'7 

In a rat femur fracture model, exposure to ultrasound increased the mechanical properties 

of callus tissue, and stimulated early aggrecan mRNA and procollagen mRNA levels.21 An in 

vitro study with mesenchymal cell cultures showed that low-intensity pulsed ultrasound 

stimulated calcium incorporation.14 Ultrasound exposure of MC3T3 osteoblastic cells 

decreased PTH-stimulated adenylate cyclase activity and TGF-8 synthesis.15 The effect of 

low-intensity ultrasound (30 mW/cm2) on endochondral ossification in vitro has not yet 

been examined. Fetal mouse long bone rudiments have been used earlier as an in vitro 

model to test the effect of higher intensity ultrasound (100 mW - 770 mW/cm2), which 

produces heat.19 

In the present study, we used this in vitro model of fetal mouse long bone rudiments to 

examine the effect of low-intensity ultrasound on bone growth and events occuring during 

fracture healing. The model is extremely suited for these studies because it represents two 

phases of endochondral ossification. First, cartilage ossification, and second, bone collar 

formation occur in this model during organ culture. The model shows the process of cartilage 

calcification in the center of the rudiment and formation of a bone collar around it. 

Calcification occurs at a reduced rate compared to in utero conditions.3 Calcification of the 

fetal long bone rudiments is visible as a dark spot in the center of the rudiment. Its length 

can be measured during organ culture, and is indicative for the area of tissue calcification. 

We hypothesize that the ossification process is modulated by ultrasound's direct effect on 

calcifying chondrocytes and osteoblasts. Low-intensity ultrasound produces micromechanical 

forces, which, although the exact mechnism is still unknown, mimic the forces on bone 

applied by physical loading according to Wolff's law.1118 
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Methods 
Tissue culture 
Institutional review board approval was obtained before 

use of animal subjects. A total of four experiments were performed, with five or six paired 

metatarsal rudiments per experiment. Sixty-nine paired cartilaginous metatarsal bone 

rudiments were dissected under sterile conditions from 17-day-old fetal mice. The 2nd, 3rd 

and 4th metatarsal together with the 5th metatarsal or 4th phalange for orientation were 

taken out without disrupting the interpositioned tissue. Rudiments from each embryo were 

paired, so each animal served as its own control. The metatarsals were cultured in fluid 

culture medium within a standardized environment. This culture medium consisted of alpha 

minimum essential medium (alphaMEM) without nucleosides, supplemented with 0.3% 

fetal bovine serum (FBS), 0.6 mM L-ascorbic acid, 1,25 ug/ml fungizone, 50 ug/ml 

gentamicine, and 1 mM B-glycerophosphate, and put into six well culture dishes or petri 

dishes with the metatarsals of one foot in each well. B-glycerophosphate was added at 1 

mM to enhance calcification. The culture plates were placed in a humidified incubator (5% 

CO, in air) at 37°C for 7 days. The medium was not renewed during the investigation. 

Ultrasound treatment 
After 24 h of preculture, low-intensity (30 mW/cm2) ultrasonic treatment in a therapy unit 

(Figure 1) was started for 20 min a day, for a total period of 6 days. The therapy unit 

consisted of two sonic accelerated fracture healing system (SAFHS®) devices (model 2A; 

Exogen) and transducers (with coupling gel) connected to a multiwell tissue culture plate 

filled with 2.54 ml standard tissue culture medium. This amount of culture medium leads 

to liquid height equivalent to one-quarter of the carrier frequency wavelength. The SAFHS* 

device provides pulsed ultrasound with a carrier frequency of 1.5 MHz. This setting was 

used in earlier experiments by Exogen Inc. and has proven to provide ultrasonic waves in 

the medium.20 The multiwell tissue culture plate consisting of six wells contained the 

metatarsal rudiments. The distance between transducer and metatarsal was smaller than 2 

mm. The controls were kept under identical conditions but without the ultrasonic stimulation. 

Bone development 
After 24 h of preculture at day 1 (start of treatment), and at days 3, 5, and 7 after the daily 

ultrasonic treatment the total length and width of the metatarsal rudiments and the length 

and width of the calcification zone were measured with a linear eye piece micrometer 

(Zeiss) at 40x magnification. 
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Figure 1 . Ultrasound therapy unit for the application of low intensity ultrasound in vitro. The therapy 
unit consist of two sonic accelerated fracture healing system (SAFHS®) devices and transducers 
(with coupling gel) to which a multiwell tissue culture plate can be connected. 

Histology 
Histology of the tissue was performed to examine the vitality of the tissue. A few random 

cultures were fixed in 4% phosphate-buffered formalin overnight at 4°C. Some cultures 

were dehydrated and embedded in glycol methacrylate (GMA). From these cultures 3 urn 

sections were made using an ultracut microtome with a glass knife. These sections were 

stained with 0.1% toluidine blue and evaluated at 400x magnification using a Zeiss 

microscope for general morphology and evaluation of resorption. To examine calcification, 

some other cultures were fixed and embedded in paraffin, and 5 urn sections stained with 

alizarin red. 

Statistical analysis 
Statistical analysis of the data was performed using the Student's paired f-test. Data is 

expressed as mean ± SEM. A p-value of <0.05 is considered significant. 
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Results 
All triplets in this experiment showed a gross appearance 

of growth and calcification within 7 days. Figure 2 shows the diaphyses of randomly chosen 

paired triplets of metatarsal rudiments without (A) and wi th (B) stimulation by low-intensity 

ultrasound at day 3. Each rudiment shows an ossifying zone, consisting of a center of 

calcified cartilage plus surrounding bony collar, bordered proximally and distally by a zone 

of cartilage hypertrophy. At day 3 of culture, ultrasound-treated metatarsal rudiments 

showed some 20% increase in the length of the calcified diaphysis in comparison wi th 

non-treated controls. 

The diaphyses of another set of paired triplets of metatarsal rudiments at day 7 are shown 

in Figure 3. The diaphysis of the ultrasound-stimulated rudiments are more clearly 

A control d3 B ultrasound d3 

Figure 2. Metatarsal rudiments without (A) and with (B) ultrasound stimulation at day 3: detail of 
calcified diaphysis. The calcified tissue, consisting largely of calcified hypertrophic cartilage, can be 
seen as the black spot in the center. Original magnification: x 40. Bar = 20 um. 

A control d7 B ultrasound d7 

Figure 3. Metatarsal rudiments cultured without (A) and with (B) ultrasound stimulation for 7 days: 
detail of calcified diaphysis. Note that the area of calcification is now sharply delineated by a calcified 
bone collar (arrows). Original magnification: x 40. Bar = 20 um. 
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Figure 4. Effect of low intensity ultrasound on the length of the calcified diaphysis (A) and the total 
length (B) of the metatarsal rudiments during 7 days of culture. 
Values are means ± SEM of 69 metatarsal rudiments. *P <0.05; significant effect of low intensity 
ultrasound compared to controls. 

demarcated, due to newly formed bone. The length of the calcified diaphysis wi th ultrasonic 

stimulation was increased by 30% in comparison wi th controls after 7 days of culture. 

Low-intensity ultrasound increased the length of the calcified diaphysis of the metatarsal 

rudiments during 7 days of culture (Figure 4A). The stimulatory effect was already visible 

after 3 days of ultrasound treatment, continued during the entire treatment period, and 

reached a maximum after 7 days. The total length of the metatarsal rudiments wi th and 

without ultrasound stimulation increased 30% during the entire culture period of 7 days. 

However, the growth in length of the whole metatarsal rudiments was not changed by 

ultrasound stimulation (Figure 4B). 

The increase in length of the calcified diaphysis f rom day 1 to day 7 amounted to 194% in 

the ultrasound-treated metatarsal triplets compared to untreated controls (Figure 5A). The 
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Figure 5. Increase in length of calcified diaphysis (A) and total length (B) after 7 days of culture. 
Values are means ± SEM of 69 metatarsal rudiments. *P = 0.006; significant effect of low intensity 
ultrasound compared to controls. 



A control d7 

Figure 6. Histology of metatarsal rudiments with and without ultrasound stimulation after 7 days of 
culture. 
Details of the rudiment without ultrasound (A) and after 7 days of stimulation by low-intensity 
ultrasound (B) are shown. The hypertrophic cartilage cells, with a matrix that has calcified during 
culture (black arrows), appear quite healthy. A thin bony collar (BC) has been formed around the 
rudiment which is clearly visible in the ultrasound stimulated rudiment. HC = hypertrophic chondrocytes; 
OB = osteoblasts; P = periosteum (toluidine blue stained, original magnification x 320); bar = 5 pm. 
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increase in total length of the metatarsal rudiments from day 1 to day 7 was similar between 

the ultrasound-stimulated and the control metatarsal rudiments (Figure 5B). No gross effects 

on the width of the calcified diaphysis, the total width of the metatarsal rudiment or the 

hypertrophic zone were observed in the control and ultrasound treated rudiments (data 

not shown). 

Toluidine blue-stained plastic sections of metatarsal rudiments without and with ultrasonic 

stimulation revealed a healthy appearance of the cultured rudiments (Figure 6A,B). 

Hypertrophic chondrocytes appear as large round cells surrounded by a matrix that has 

calcified during culture in both ultrasound-treated and control rudiments (Figure 6A,B). 

The calcified matrix of the hypertrophic cartilage zone seemed more pronounced in the 

ultrasound-stimulated rudiments than in the controls (Figure 6A,B). A thin bony collar has 

been formed during culture around the central diaphysis of the rudiment, and seemed 

more pronounced in the ultrasound-stimulated metatarsal rudiment than in the control 

rudiment. Many osteoblasts are visible as plump cells lining the bone collar in both control 

and ultrasound-stimulated rudiments (Figure 6A,B). 

Discussion 
There is growing evidence that low-intensity ultrasound has an 

accelerating effect on bone healing. Clinical application of ultrasound using the SAFHS® 

device is performed worldwide. However, the direct effects of ultrasound treatment on 

endochondral ossification are still incompletely understood. To examine these effects of 

the SAFHS* device, we used an in vitro model of endochondral ossification. This in vitro 

model, consisting of cartilaginous long bone rudiments with a calcifying center, is very 

suitable for examining the short-term effects of low-intensity ultrasound, since the calcified 

diaphysis of the metatarsal rudiments can be measured daily. The present study demonstrates 

that low-intensity pulsed ultrasound applied 20 min daily to mouse metatarsal rudiments 

in vitro exerts a stimulating effect on the length of the calcified diaphysis within a few 

days. Both the bony collar and the area of calcified hypertrophic cartilage were increased 

by low-intensity ultrasound treatment. This stimulatory effect on the bony collar might be 

due to either increased activity of osteoblasts, or to an increased number of osteoblasts. 

Other studies are currently underway to address this issue. 

The endochondral ossification in vitro model that we used has previously shown stimulation 

of endochondral ossification by intermittent compressive force.4 5 This effect was similar to 

the effect we observed in the present study using low-intensity ultrasound. Both intermittent 

compressive force and ultrasound did not change the total length of the rudiments, indicating 

that there was no effect on cell (chondrocytes) proliferation by both treatments. 
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Low-intensity pulsed ultrasound in vitro did not change the total length or the length of 

the hypertrophic zone of the metatarsal rudiments. This suggests that ultrasound affected 

only the hypertrophic cartilage cells which produce the calcified matrix, as well as the 

osteoblasts, which produce the bone collar, but did not affect the non-hypertrophic cartilage 

cells. An in vivo study using rats has shown that low-intensity ultrasound did not stimulate 

longitudinal growth of the femur.'6 This observation is in agreement with our results, also 

showing that low-intensity ultrasound does not change the longitudinal growth of embryonic 

long bones. Higher intensity pulsed ultrasound (100 mW - 770 mW/cm2) has been shown 

to increase the length of the proliferative zone of metatarsal rudiments without changing 

the length of the hypertrophic cartilage zone.19 In the present study using low-intensity 

ultrasound, we did not observe an effect on the length of the proliferative zone. Other in 

vitro studies on the effects of low-intensity ultrasound have shown a stimulatory effect on 

chondrocyte activity, as well as on bone cell activity. 14 '5 Our in vitro study indicates a 

direct effect of low-intensity ultrasound on chondrocyte activity. The previous study14 used 

cell cultures, whereas in our study we used intact bone organ tissue, through which we 

determined that the increased calcification of the diaphysis of the rudiments by low-intensity 

ultrasound suggests that low-intensity ultrasound enhances the physiological process of 

calcification. 

The influence of ultrasound on second messenger activity in rat chondrocyte cultures has 

been demonstrated using fluorescent markers.'0 Low-intensity ultrasound (0.5 W/cm2) 

induced a real time increase in intracellular calcium.10 Stimulation of aggrecan gene 

expression by low-intensity ultrasound was demonstrated in both animal experiments2" 

and in in vitro experiments.20 Therapeutic ultrasound at an intensity of 0.1 W/cm2 stimulates 

in vitro collagen and non-collagenous protein synthesis, whereas higher intensities (1.0 -

2.0 W/cm2) inhibit the protein synthesis in a mouse calvarial bone organ culture system.13 

These intracellular stimulatory effects of low-intensity ultrasound, as stated above, are a 

non-thermal effect. These studies mentioned above on cellular effects on chondrocytes 

show increased matrix production after low-intensity ultrasound treatment. This is in 

agreement with our findings, i.e. increased endochondral ossification of metatarsal 

rudiments after low-intensity ultrasound treatment. 

In summary, low-intensity ultrasound as used in this study has a direct effect on chondrocytes 

and/or osteoblasts. A possible effect of ultrasound on vascularization, shown in a dog 

ulnar osteotomy model,12 could not be tested sinze vascularization is excluded using our 

model. Our study showed that calcification, rather than overall growth is stimulated by 

low-intensity ultrasound. Abnormal calcifications were not observed in our in vitro 

experiment. The histology of both stimulated and non-stimulated rudiments showed tissue 

vitality. The effect on calcification is dependent on the intensity of ultrasound applied, as 
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showed in earlier experiments by Wiltink et. al..1s The intensity we used in this study was 

only 10% of the lowest intensity as used in the study by Wiltink et. al..19 Finally, our in 

vitro study supports and provides a partial explanation for the clinical experiments using 

ultrasound, which have shown a stimulating effect of ultrasound on fracture healing.28-9 

Of course, in vivo, other factors like vascularization, hormones, growth factors, etc., also 

affect the healing of a fractured bone. 
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Summary 
Background Clinical and experimental work has shown that 

externally applied low-intensity pulsed ultrasound accelerates bone healing in fresh fractures. 

The goal of this study is to assess the effect of low-intensity ultrasound on bone healing 

following osteotomy. The process of bone healing in osteotomies follows that observed 

during normal fracture healing. 

Methods In a double-blinded trial, 97 adults (52 females and 38 males) who had undergone 

an osteotomy of the lower extremity were randomly allocated an active- or placebo 

ultrasound device. The device was used daily for a 20 minute external application over the 

femoral, tibial or fibular osteotomy site for a period of 20 weeks. Every two weeks patient 

progress was assesed by both clinical and radiological examination. Radiographs were 

evaluated by an independent radiologist, blinded to treatment type. The follow-up lasted 

18 months. 

Findings Forty-six patients (75 bones) were treated with an active ultrasound device and 

44 patients (78 bones) with a placebo device and were eligible for analysis. In the 

metaphyseal osteotomies the mean time to radiological consolidation was 16 weeks in the 

active group and 21 weeks in the placebo group (95% CI for differences 14-24). The 

radiological consolidation time for diaphyseal osteotomies (fibula) was 24 weeks in the 

active group and 38 weeks in the placebo group (95% CI for differences 20-45). A nonunion, 

which was treated operatively, occurred in four cases in the placebo group and in none in 

the active group. No other prognostic variables were found. 

Interpretation Low-intensity ultrasound can accelerate bone healing in osteotomies and 

reduce the occurence of delayed union or nonunion. Patients with a fracture or osteotomy, 

who are at high risk of developing nonunion can benefit from the adjunctive use of low 

intensity ultrasound. 



Introduction 
In 95% of fractures bone healing occurs without any problem. 

Although relatively few patients develop delayed union or nonunion the personal tragedy 

for the patient and the cost to society for a patient with a long lasting nonunion is enormous.1 

Operative treatment with or without bone grafting is standard. Noninvasive techniques, 

including electrostimulation, Shockwave therapy and low-intensity ultrasound treatment, 

have also been developed to treat this problem. 

Presently, ultrasound is used at high intensities (1-300 W/cm2) for therapeutic purposes 

and at a lower intensity (<50mW/cm2) for diagnostic purposes. There is growing evidence 

of the positive effect of low-intensity (30mW/ cm2), high-frequency (1.5 MHz) pulsed 

ultrasound on fracture healing. In 1983 the first experimental work on the positive effects 

of this specific low-intensity ultrasound signal on bone healing was published.2 Animal studies 

show increased callus tissue formation2 and acceleration of bone healing.3 Ultrasound also 

causes an increase in the mechanical strength and torsional rigidity of the callus tissue.345 

Scintigraphic studies have demonstrated improvement in bone healing in lower leg fractures 

in rabbits treated with ultrasound.6 One of the mechanisms proposed to support the 

stimulatory effect of low-intensity ultrasound is that stimulation is based on electrical potentials 

(piëzo-electricity) and not heat production.2 Micro-mechanical pressure on bone by low-

intensity ultrasound, influences the physiology and healing of bone,7 associated with an 

increase of endogenous prostaglandin (PGE2) production.8 

Heekman et al9 demonstrated a 38% reduction in time to fracture healingin a prospective, 

randomised, double-blinded, placebo-controlled clinical trial, in which fresh tibial diaphyseal 

fractures, conservatively treated by plaster immobilisation, were stimulated by ultrasound. 

In an identically designed clinical trial of distal metaphyseal radius fractures, the use of low-

intensity ultrasound accelerated bone healing and resulted in less loss of fracture reduction.10 

The same stimulatory effect is seen in a controlled study of low-intensity ultrasound in human 

scaphoid fractures.11 

The goal of this study was to evaluate the effect of low-intensity ultrasound on bone healing 

in osteotomies of the lower extremity. This model was chosen because of the ready availability 

of a study group who would undergo standard surgical technique with standardized 

treatment management. The trial reflects two types of bone healing: direct or primary 

bone healing in the femur and tibia and indirect or secondary bone healing in the fibula. 

Due to the rigid fixation in the closing wedge osteotomies primary bone healing is achieved. 

The secondary bone healing in the fibula is due to displacement of the fracture fragments 

and subsequent instability of the fibula. The gap left by the osteotomy heals by normal 

bone healing processes with visible external callus formation. 
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Our hypothesis is that low intensity ultrasound shortens the time taken to achieve bone 

healing and decreases the chance of the development of nonunion both in primary and 

secondary bone healing, with and without osteosynthesis. Possible negative acting factors 

on bone healing, such as smoking habits, medication and concomitant diseases were 

recorded. 

Patients and Methods 
Participants 
A prospective, randomised, placebo-controlled, double-blinded study 

was started at the Academic Medical Center, Amsterdam in 1996 and Hilversum Hospital in 

1998 after approval from the hospital ethics and radiation committees. All patients, who 

underwent an osteotomy of the lower extremity, were asked to give informed consent. 

Exclusion criteria followed the recommendation of the F.D.A. for the use of the Sonic 

Accelerated Fracture Healing System (SAFHS®) device and included: no informed consent, 

open wounds or skin lesions, thrombophlebitis, children with open epiphyses and patients 

with a pacemaker. In addition, local reasons for exclusion were the patient's inability to adhere 

to the protocol in travelling to the hospital for examination, inadequate or late delivery of the 

study device and if the patient was uncooperative. Secondary exclusion criteria were: 

discontinuation of the use of the device and failure to treat the fibula osteotomy site. 

Methods 
All osteotomies were performed according to standard A.O. (Arbeitsgemeinschaft für 

Osteosynthesefragen) operative techniques.12"1 In every case a closed wedge osteotomy 

was performed and the fixation with A.O. plate and screws was done using a compression 

device. The fibula was osteotomized without fixation. At enrollment, the patient sex, age, 

medication use, concomitant disease, smoking habits, andside of the osteotomy site were 

recorded. 

Exogen™ (Smith and Nephew division, Memphis, Tennessee, USA) provided the SAFHS® 

device for patients to use daily at home for 20 minutes. The device produced a 200 ms 

burst of 1.5 MHz acoustic sine waves that repeated at a modulation frequency of 1 kHz 

and provided a peak pressure of 0.3 Pa (30 mW/cm2) to the tissue. The patient applied the 

transducer module and coupling gel to the skin surface at the site of the osteotomy. The 

device controlled the 20 minute treatment period. 

Randomization was done by an independent statistician using a block randomisation of 

ten devices. The patient, treating physician and local employees of Exogen™ were unaware 
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whether the device was active or a placebo. Instruction on how to use the SAFHS® device 

at the osteotomy site was given to every patient. The treatment was started within the first 

two weeks following surgery. Follow-up treatment was in accordance with protocol: no 

weightbearing and crutches for the first six weeks and, thereafter, progressive weightbearing 

for a further six weeks. A plaster cast was not normally necessary, but if a cast was used an 

attachment fixture for the device was incorporated into it. Ultrasound or placebo treatment 

was continued until 20 weeks after the operation. The patient was seen at the outpatient 

department for clinical and radiological examination every two weeks until 20 weeks 

postoperatively. Further outpatient examination was at weeks 24, 33 and 52. In some 

cases extra examinations were considered necessary to monitor the patient clinical status. 

Final follow-up was at 85 weeks. However this follow-up was extended for one more year 

if nonunion was present. 

An independent radiologist, who was blinded as to patient status, evaluated the radiographs 

using preset criteria of fracture healing. Union was determined to have been reached, when 

radiographs in anterior-posterior and lateral dimensions demonstrated that there was bone 

bridging in at least 3 of 4 cortices. The features of endosteal healing such as osteolysis, 

disappearance of the osteotomy line, sclerotic density of the spongeous bone and complete 

continuance of trabeculae were also noted. If normal radiological healing was progressing 

and clinical healing (no pain and normal weight bearing) had been achieved but radiological 

consolidation had not, the midpoint between the date of the radiograph showing 

consolidation and the prior date with no consolidation was taken as date of bone 

consolidation. The device code was broken after the last follow-up and radiological 

determination of consolidation. To determine interobserver variation a second examination 

by the radiologist reviewed 10 cases selected randomly. 

Statistical analysis 
The Kruskal Wallis ANOVA and stratification analysis were used as applicable. Data were 

analysed using SPSS 10-0 software (SPSS, Chicago, Illinois, USA). Probability for entry was 

set at 0.05 and probability for removal 0.10. A one sided P-value was chosen at start of the 

study. A power analysis revealed a sample size of 75 subjects in each group. It was based 

on a standardized difference of 0.5. 

Results 
Between April 1996 and September 2000, 109 patients with an 

osteotomy of the lower extremity were enrolled. The total number of osteotomies performed 

in this period was 132. A complete follow up of 90 patients was available for analysis (Fig. 1). 
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Figure 1: Trial profile 109 patients with 
osteotomy 

considered for trial 

12 excluded 

97 randomised 
(167 bones) 

46 assigned placebo US 
(83 bones) 

2 excluded from analysis 
(5 bones) 

44 analysed to 
primary endpoint 

(78 bones) 

51 assigned active US 
(84 bones) 

5 excluded from analysis 
(9 bones) 

46 analysed to 
primary endpoint 

(75 bones) 

There were 52 female and 38 male patients with an average age of 49 years (range 24 -

84 years). The location of operative procedures included 6 intertrochanteric osteotomies, 

71 high tibial osteotomies and 13 supracondylar varisation osteotomies of the femur. The 

total number of osteotomies included in this stury was 153. Table 1 shows the demographics 

of both groups. 

Table 2 demonstrates the acceleration of radiological consolidation. A time reduction of 

24% in metaphyseal osteotomies (p=0.34) and 37% in diaphyseal osteotomies (p=0.004) 

was achieved. Overall the reduction in time to radiological consolidation was 32% in favour 

of the group treated by ultrasound (p<0.001). In the 10 cases randomly selected to tes 

intraobserver differences, the second radiological opinion on consolidation showed no 

difference in determination of radiological consolidation. 

Three patients (5 osteotomies) were put in a plaster cast for additional fixation, decided at 

the osteotomy operation; one from the placebo group and two from the active group. The 

time to radiological consolidation was 11 weeks in the patients with an active device and 

plaster and 16 weeks in the patient with a placebo device. No significant influence of 

plaster fixation on the results of ultrasound treatment could be established. Complications 

following operative treatment included two wound infections that required operative 

drainage (both placebo), one case of screw loosening, which needed reoperation (placebo), 
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Table 1 : Baseline characteristics of osteotomies 

Osteotomies 

Active US 

75 

Placebo US 

78 

Age 
20-30 
30-40 
40-50 
50-60 
>60 

Sex 
female 
male 

Osteotomy localisation 
proximal femur 
distal femur 
tibia 
fibula 

Smoking 
Yes 
No 
Unknown 

2 
19 
22 
16 
16 

46 
29 

3 
8 

35 
29 

26 
28 
21 

( 3%) 
(25%) 
(29%) 
(21%) 
(21%) 

(61%) 
(39%) 

( 4%) 
(11%) 
(47%) 
(38%) 

(35%) 
(37%) 
(28%) 

12 (15%) 
5 ( 6%) 

25 (32%) 
27 (35%) 
9 (12%) 

39 (50%) 
39 (50%) 

3 ( 4%) 
5 ( 6%) 

36 (46%) 
34 (44%) 

18 (23%) 
42 (54%) 
18 (23%) 

two partial nerve lesions (both placebo) and one deep venous thrombosis (active). The 

division of perioperative complications over the two groups was not statistically significant. 

The development of a symptomatic nonunion of the osteotomy, which was treated 

operatively, occurred four times. These four nonunions were in the placebo treated patients. 

There were no significant differences between the groups in terms of age, sex, osteotomy 

type, concomitant diseases, medication, smoking habits (Table 3). No side effects were 

reported by any of the patients. 

Table 2: Results of radiological consolidation of the osteotomy 

Active US Placebo US 

Osteotomy type weeks 

metaphyseal 
femur 
tibia 

diaphyseal (fibula) 
total 

16 
14 
17 
24 
19 

weeks 

21 
24 
20 
38 
28 

(95% CI) 

0.034 (14.23- 24.16) 
0.019 (10.23-32.92) 
0.19 (14.52- 23.89) 
0.004 (19.56-44.88) 
0.001 (16.99-32.23) 
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Table 3: Baseline comparison of patients according to treatment group 

Patient Characteristics 

(Active/Placebo) 

< 4 0 (21/17) 
> 4 0 (54/61) 

sex 
female (46/39) 
male (29/39) 

osteotomy type 
femur OT (11/8) 
tibia OT (35/36) 
fibula OT (29/34) 

side 
right (29/42) 
left (46/36) 

concomitant disease 
none (72/70) 
DM (0/5) 
Sickle cell anemia (1/0) 
Cardiovascular (0/1) 
Poliomyelitis (2/2) 

medication 
none (37/50) 
NSAID's (12/10) 
Anticoagulantia (2/2) 
Calcium blockers (2/0) 
Unknown (21/16) 

smoking 
yes (28/42) 
no (24/18) 
unknown (23/18) 

complications 
none (69/68) 
screw tighter (0/1) 
wound infection (0/2) 
plaster (4/0) 
nerve injury (0/3) 
DVT (2/0) 
nonunion (0/4) 

Active US (75) 

Consolidation 
weeks 

17 
20 

18 
21 

14 
17 
24 

19 
20 

19 

-
11 
-
29 (-

21 
16 
8 
11 
20 

16 
20 
22 

19 

-
-
11 

-
30 ( 

(95% CI) 
P 

(14-20) 
(17-23) 

0.14 

(15-20) 
(17-26) 

0.14 

(10-18) 
(15-19) 
(20-29) 
0.001 

(15-22) 
(17-23) 

0.68 

(17-21) 

-
-

111-169) 
0.26 

(18-25) 
(13-18) 
(-17-33) 
( -2 -24) 
(15-25) 

0.17 

(13-19) 
(16-24) 
(17-27) 

0.12 

(17-22) 

(5-17) 

-148 -208) 

0.07 

Placebo US (78) 

Consolidation 
weeks 

27 
29 

28 
28 

24 
20 
38 

30 
26 

28 
28 

-
24 
40 

28 
29 
20 

-
31 

29 
25 
30 

26 
21 
11 

-
36 

-
64 

(95% CI) 
P 

(19-34) 
(24-35) 

0.66 

(23-34) 
(23-34) 

0.97 

(15-33) 
(17-24) 
(30-45) 
<0.0001 

(25-35) 
(20-32) 

0.34 

(24-32) 
(6-49) 

-
-

(40-40) 
0.82 

(23-33) 
(23-36) 

(-82-122) 

-
(18-44) 

0.94 

(24-33) 
(16-35) 
(19-41) 

0.73 

(23-30) 

-
(-27-49) 

-
(29-49) 

-
(23-105) 
<0.001 
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Discussion 
Bone healing in human osteotomies is significantly accelerated by 

32% by low-intensity ultrasound. This study shows that low-intensity ultrasound can enhance 

the bone healing in osteotomies of both metaphyseal and diaphyseal bone and indicate 

that the chance of nonunion development is decreased. The effect of low-intensity 

ultrasound on fracture healing in humans has already been established in two prospective, 

randomised, placebo-controlled, double-blinded studies.510 However, in a study by Emami 

on tibial diaphyseal fractures treated by intramedullary osteosynthesis and additional low-

intensity ultrasound or placebo, no difference in healing time was established.'5 In orderto 

avoid any comments on beta error we calculated that 150 osteotomies are required for a 

power analysis of one sided testing. A one sided P-value was chosen at the start of the 

study because the hypothesis being tested i.e. that adjunctive ultrasound treatment has no 

effect on bone healing, is clearly one sided. In other words, the null hypothesis that placebo 

treatment has no effect on bone healing in osteotomies is not being tested. Furthermore, 

it is important that adjunctive ultrasound treatment has no known side effects and has, in 

the literature, a significant clinical effect in fractures. However, when we did two sided 

testing, the values were still significant (p<0.05). 

Bone healing in osteotomies has the same cellular processes as in fracture healing. Therefore 

the study model can be considered as standardised fracture healing. 

Although radiological consolidation introduces a subjective element in this study, only one 

radiologist used the same criteria when judging the osteotomy is to be healed. In addition 

a randomly selected 10 cases were reviewed seperately at another time. The intraobserver 

variation analysis showed no differences in these cases regarding the moment of radiological 

consolidation. Our data show accelerated healing in osteotomies with fixation (tibia and 

femur) and in non-fixated osteotomies (fibula). Our usual estimates of the average time to 

bone healing are rather aggressive. Clinical bone healing i.e. full weightbearing without 

pain does not necessarily mean a fully healed bone from a radiological perspective. Mild 

osteoarthritic symptoms might disguise the moment of clinical bone healing. The time taken 

to reach consolidation of the fibula osteotomy varies greatly and depends on the operative 

technique employed.16,; The small additional effect of ultrasound in a stable fixed osteotomy, 

which heals quickly anyway, may explain the non-significant result in the tibia osteotomy 

group. In the literature, the distal femoral osteotomy has a relatively high complication rate 

with the development of a delayed or nonunion in about 10% of the cases regardless of 

which operative technique is used.20 This rate is comparable to the present study with four 

osteotomies (3%), which received placebo treatment, resulting in a nonunion, which was 

treated surgically. 
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The pace of secondary bone healing in the fibula is dependent on the amount of 

displacement necessary to correct the deformity. The variation time to bone healing in the 

fibula is caused by the gap between the bony ends of the fibula, which in turn depends on 

the degree of valgus correction. This unstable situation at the site of the fibula osteotomy 

leads to an inconsistent bony consolidation. In all osteotomies in this study, a correction in 

anatomical alignement of less than 1 5 degrees was made. Other factors that can influence 

bone healing are vascularisation, nutritional status and concomitant diseases.18 No significant 

difference in co-factors of bone healing between active and placebo groups could be 

determined. 

Although not significant, there were more smokers in the active group in our study. In this 

study, the negative effect of smoking on bone healing did not diminish the effect of 

ultrasound. On the contrary the effect is reversed by ultrasound in this study. Cook reported 

the same effect of low-intensity ultrasound on patients who have a fracture and are active 

smokers.,s 

In vitro, low-intensity ultrasound increases aggrecan mRNA production and proteoglycan 

synthesis in chondrocyte cultures.21-22 A significant increase in calcium absorption is seen 

when mesenchymal and chondrocyte cultures are stimulated by ultrasound.2324 The 

endochondral ossification of fetal mouse metatarsal rudiments is stimulated in vitro by low-

intensity ultrasound.25 A direct effect of ultrasound on calcifying chondrocytes and/or 

osteoblasts is plausible. Cultured human osteoblastic and endothelial cells stimulated by 

ultrasound show increased platelet-derived growth factor secretion. This is one of the 

mechanisms through which ultrasound can effect bone healing.26 Furthermore, angiogenesis 

is promoted by low-intensity ultrasound.27 

The reduction of time in bone healing in osteotomies will have financially and subjectively 

large consequences both for the individual patient and for society. Cost effectiveness of 

low-intensity ultrasound is in the range of costs savings of 24%.' In the USA proactive use 

of low-intensity ultrasound can save as much as $15000 per case. The additional use of 

low-intensity ultrasound with a fracture or osteotomy is supported by our study in patients 

prone to develop a delayed- or nonunion. 
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Discussion 
This thesis is aimed at investigating some specific surgical 

interventions of nonunions and the effects of low-intensity pulsed ultrasound on bone 

healing. It is not meant to be a rewrite of the famous book by Weber14 on the surgical 

principles of treating a nonunited bone. The stabilization of an ununited bone is of paramount 

importance. Biomechanical factors, such as varus deformation in femoral neck nonunions, 

play an important role. The dislocating varus forces can be transformed into compression 

at the nonunion site by a subtrochanteric valgisation osteotomy. Furthermore, biological 

factors are also important to achieve bone healing. 

In general, osteosynthesis using a plate and screws is sufficient to fix nonunions of the long 

bones. Diaphyseal femoral13 and tibial9 nonunions can effectively be treated by reamed, 

intramedullary nailing. The advantage is earlier walking with full weigthbearing. However, 

shortening and malrotation, which can occur after intramedullary nailing, can usually be 

avoided using plate osteosynthesis. 

In scaphoid nonunion it is necessary to create stability and viable bone tissue. Osteosynthesis 

and bone grafting are the standard treatment for scaphoid nonunions. We found that 

osteo-arthritis developed whatever the treatment. The damage to the cartilage probably 

occurs during the initial trauma to the scaphoid. The surgical treatment of a symptomatic 

nonunion is nevertheless worthwhile. None of the operative techniques used was superior 

to any other. If symptomatic osteoarthritis develops an arthrodesis is the next step in 

nonunion treatment. 

The treatment of a painful disabling midshaft clavicular nonunion is normally surgery with 

the use of plate and screws, with or without a bone graft. The overall bone healing rate is 

between 95 and 100%. However, the incidence of brachialgia is underestimated. In the 

series, described in this thesis, the incidence of preoperative brachialgia was 45%. We were 

particularly alert to symptoms of brachialgia. The better results of operative treatment using 

the wave plate technique are due to no recurrence or to no development of brachialgia. 

The logical explanation seems to be that the callus formation occurs under the wave plate 

away from the brachial plexus. The study was flawed in that it was not randomized thereby 

introducing some bias. For instance, we may have been more meticulous in our operative 

technique near the brachial plexus with the wave-plate osteosynthesis. However, surgical 

technique was standardized and all operations were performed by experienced orthopaedic 

surgeons. The cases of postoperative brachialgia with standard osteosynthesis were not 

selectively the first patients treated for a clavicular nonunion. Surgeons were aware of the 

problem of callus formation near the brachial plexus from the beginning of the study. 

In the Netherlands low-intensity pulsed ultrasound has recently become available for 
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treatment of patients with a nonunion. Based on the effect of ultrasound in diaphyseal and 

metaphyseal fractures, with its shortening of the time to healing of 30-40%, the effectiveness 

of this specific signal has been established. The study of Emami et al.,2 which showed no 

effect of low-intensity ultrasound in reamed internally fixed tibial fractures, has some flaws. 

First, the number of patients needed for sufficient statistical power would exceed the 32 

patients used in the study. Second, the ultrasound treatment period was 2.5 months compared 

to 4.5 months in other studies. The tibial fracture was treated using reamed intramedullary 

osteosynthesis, thereby introducing other potential forms of bone stimulation (i.e. stabilization 

and bone graft). Thirdly, it is not known whether the patient and fracture characteristics were 

comparable and evenly devided between the active and placebo group. The statement that 

the presence of metal (osteosynthesis) might influence the effect of low-intensity ultrasound 

is subverted by experimental work5 and the study presented in Chapter 6. 

The exact mechanism of action of low-intensity ultrasound is not known. The 

micromechanical force of the ultrasound signal might influence cell activity,3 vascularity and 

angiogenesis.5 In our in vitro experiment, presented in Chapter 5, direct stimulation of 

calcifying chondrocytes and osteoblasts was seen. To further investigate this effect, a 

subsequent study histomorphometry of the rudiments is being undertaken. 

Based on the studies described in this thesis, application of low-intensity ultrasound should 

be considered in patients, who have a higher than normal chance of developing a nonunion 

after fracture or osteotomy. Patients with diabetes mellitus should be offered the opportunity 

to address ultrasound bone growth stimulation principally to prevent a Charcot deformation 

in case neuropathy occurs.10 Smokers should be told that they have a higher incidence of 

nonunion development and that ultrasound treatment is one possible way of decreasing 

the negative effect of smoking on bone healing. Generally every patient should be aware 

of the possibility of enhancing fracture healing through external daily application of low-

intensity ultrasound. 

Further experiments on the effect of pulsed low-intensity ultrasound include the effect on 

ingrowth of uncemented (total hip) implants,11'12 cartilage,17 spinal fusion,3 and dental 

application.4 
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Summary 
Chapter 1 develops the outline of this thesis. The structure of bone 

and normal bone development are briefly described. The processes that occur during normal 

fracture healing as well as processes involved in disturbed fracture healing are examined. 

Nonunion is defined as the failure of bone to unite and the cessation of all healing processes. 

Distinction is made between hypertrophic and oligotrophic (where there is cellular activity) 

and atrophic nonunion. The pathophysiology of disturbed bone healing is divided into 

patient related and fracture (treatment) related characteristics. The principles of nonunion 

treatment include stability, a healthy micro-environment, and adequate blood supply. The 

hypertrophic nonunion needs stability. Biomechanical factors in nonunion treatment are 

demonstrated by the Pauwels osteotomy for the treatment of a femoral neck nonunion, as 

described in Chapter 7. The principle of compression is also demonstrated by the example 

of surgical treatment of subtrochanteric nonunion. As well as surgery, treatment options 

include; bone graft or bone graft substitutes, bone growth factors, and physical stimulation. 

Physical stimulation consist of mechanical stimulation, electrical stimulation, and low-intensity 

ultrasound stimulation. The known effects of low-intensity ultrasound are described. 

The outcome of surgical treatment of a nonunion is predictably good in 90% of cases. The 

surgeon should act according to the treatment principles of stability, compression, and 

biology. However certain problems remain in specific nonunion locations. As the scaphoid 

bone is almost completely covered with cartilage an ununited fracture almost inevitably 

results in the development of osteoarthritis. The instability and abnormal position of the 

scaphoid bone which is created by nonunion lead to stress on the affected chondrocytes. 

The results of surgical treatment with screw osteosynthesis and bone graft are described in 

Chapter 2. In 13 patients in our study, a partial or total wrist arthrodesis was performed. 

Two of 13 patients could be considered as failures of the nonunion treatment of the scaphoid, 

since their arthrodesis was performed for persistent nonunion. However, in our study the 

majority of patients (75%) experienced either no or only occasional pain during follow-up. 

None of the operative technical differences (incision, type of screw) showed superior results. 

From the group of patients without arthrodesis, osteoarthritic changes could clearly be 

seen on 14 radiographs (26%), although, in this group 81% had an good or excellent 

result. In this analysis no relationship could be found between the osteoarthritic changes 

on the radiographs and the final clinical result. Our conclusion is that patients with a nonunion 

of the scaphoid are likely to benefit from surgical treatment as this slows down progression 

of osteoarthritis of the wrist. Nevertheless, deterioration of the wrist will occur in time. 

In Chapter 3 the treatment of clavicular nonunion is described. All but one nonunion (96%) 

showed full bony union. Results of operative treatment of a painful clavicular nonunion 

with standard AO plate fixation were predictably good with regard to consolidation. There 
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was a high incidence of pre- and postoperative brachialgia (43% and 29%), which can be 

defined as any sensomotory disturbance of the arm. None of the patients treated by wave-

plate osteosynthesis suffered from post-operative brachialgia. Those patients with a clavicular 

nonunion treated by wave-plate osteosynthesis had a higher Constant score (measurement 

of shoulder function) than those patients treated using standard AO techniques. Wave-

plate osteosynthesis as a treatment of clavicular nonunion is a safe procedure. Although it 

is technically more demanding than standard AO osteosynthesis and caused a higher 

incidence of wound problems early on in the study, this technique is advocated in cases of 

clavicular nonunion with brachialgia and also to prevent brachialgia post-operatively. 

The treatment of established nonunions with low-intensity pulsed ultrasound is studied in 

Chapter 4. Twenty-five of 29 nonunion cases (86%) healed in an average treatment period 

of approximately 5 months. The expected spontaneous healing of a nonunion is estimated 

at 5%. Stratification of healed and failed outcome parameters showed a significant 

difference in the smoking habit strata only. 

Chapter 5 concerns an investigation of the effect of low-intensity ultrasound at cellular level on 

endochondral ossification in vitro in fetal mice metatarsal rudiments. The rudiments showed a 

similar growth, but a statistically significant increase in length of the calcifying diaphysis was seen 

in the rudiments treated by ultrasound. Histologically the rudiments appeared healthy. Low-

intensity ultrasound stimulated endochondral ossification in this specific in vitro model. Stimulation 

of activity and differentiation of osteoblasts and hypertrophic chondrocytes explains this effect. 

A direct effect of the acoustic signal on the osteoblast and ossifying chondocytes which activates 

ossification is supported by this study. 

In Chapter 6 the effect of low-intensity ultrasound on bone healing in osteotomies of the lower 

extremity in humans is desribed. In the study 97 patients (167 bones) were included. Seven 

patients (14 bones) were withdrawn after randomization. Forty-six patients (75 bones) were 

treated with an active ultrasound device and 44 patients (78 bones) with a placebo device. 

Power analysis showed that a sufficient number of patients were included to be able to draw 

definite conclusions. In metaphyseal osteotomy, the mean time to consolidation was 16 weeks 

in the active group and 21 weeks in the placebo group (95% CI for differences 14-24). The 

radiological consolidation time in diaphyseal osteotomies (fibula) was 24 weeks in the active 

group and 38 weeks in the placebo group (95% CI for differences 20-45). A nonunion, which 

was treated operatively, occurred in four cases in the placebo group and none in the active 

group. No other prognostic variables were found. Low-intensity ultrasound can stimulate bone 

healing in osteotomies and may prevent development of delayed- or nonunions. 

In Chapter 7 the results of the previous chapters are evaluated and put in a wider context. 

Implications for future research and indications for more clinical applications are discussed. 
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Samenvatting 
Hoofdstuk 7 beschrijft de achtergronden en doelstellingen van dit 

proefschrift. De structuur van bot en de normale botontwikkeling worden in het kort 

beschreven. De processen die plaatsvinden bij fractuurgenezing worden bekeken. Verder 

wordt de gestoorde fractuurgenezing aan een nader onderzoek onderworpen. Een 

pseudarthrose wordt gedefinieerd als het falen van het bot om een geheel te vormen en 

alle bothelingsprocessen zijn gestopt. Onderscheid wordt gemaakt tussen hypertrofe en 

oligotrofe (waar cellulaire activiteit is) en atrofe pseudarthrose. De pathofysiologie van 

gestoorde fractuurgenezing kan worden verdeeld in patiënt gerelateerde en fractuur (en 

fractuurbehandeling) gerelateerde karakteristieken. De principes van pseudarthrose-

behandeling bestaan uit stabiliteit, een gezonde micro-omgeving, en adequate 

bloedvoorziening. De hypertrofe pseudarthrose heeft behoefte aan stabiliteit. 

Biomechanische factoren in pseudarthrosebehandeling worden getoond in de Pauwels 

osteotomie voor de behandeling van een femurhals pseudarthrose in Hoofdstuk 7. Het 

principe van compressie wordt verder gedemonstreerd in het voorbeeld van de chirurgische 

behandeling van de subtrochantere pseudarthrose. De behandelingsopties zijn, behalve 

uit eerder genoemde chirurgie, uit botplastiek of botplastiekvervangers, botgroei factoren, 

en fysische stimulatie. Dit laatste bestaat uit mechanische stimulatie, electrische stimulatie, 

en lage intensiteit ultrageluid stimulatie. De bekende effecten van lage intensiteit ultrageluid 

worden beschreven. 

Chirurgische behandeling van een pseudarthrose heeft een voorspelbaar goed resultaat in 

90% van de gevallen. De chirurg moet volgens de principes van stabiliteit, compressie, en 

biologie handelen. Daarentegen blijven bepaalde problemen bestaan in specifieke locaties 

van pseudarthrose. In een niet genezen fractuur van het os naviculare manus (scaphoid), 

dat vrijwel geheel bedekt is met kraakbeen, lijkt de ontwikkeling van arthrose vrijwel 

onvermijdelijk. Instabiliteit en een afwijkende stand van het scaphoid door de pseudarthrose 

leiden immers tot overbelasting van de aangedane kraakbeencellen. De resultaten van 

chirurgische behandeling met schroefosteosynthese en botplastiek worden beschreven in 

Hoofdstuk 2. Bij 13 patiënten in onze studie werd een gedeeltelijke of totale polsarthrodese 

verricht. Twee van 13 patiënten zouden als gefaalde pseudarthrose behandeling beschouwd 

kunnen worden, omdat de arthrodese verricht werd voor een blijvende pseudarthose. Echter 

de meerderheid van de patiënten (75%) in onze studie ervoer geen of slechts incidenteel 

pijn bij vervolg onderzoek. De verschillende operatieve technieken (incisie, schroef type) 

gaven vergelijkbare resultaten. Van de groep patiënten zonder arthrodese, waren er duidelijk 

arthrotische veranderingen op de röntgenfoto's van 14 van hen (26%), hoewel in deze 

groep het resultaat in 81% goed tot excellent was. In deze analyse kon geen relatie 
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gevonden worden tussen de arthrotische veranderingen op de röntgenfoto's en het 

uiteindelijk klinische resultaat. Wij concluderen dat patiënten met een pseudarthrose van 

het scaphoid waarschijnlijk profijt hebben van chirurgische behandeling omdat dit progressie 

van arthrose van de pols vertraagd. Niet tegenstaande dat achteruitgang van de pols in de 

loop van de tijd optreedt. 

In Hoofdstuk 3 wordt de behandeling van de clavicula pseudarthrose beschreven. Alle min 

een pseudarthrose (96%) lieten een volledige benige consolidatie zien. De resultaten van 

operatieve behandeling van een pijnlijke clavicula pseudarthrose met standaard AO plaat 

osteosynthese zijn voorspelbaar goed wat consolidatie betreft. Er is een hoge incidentie 

van pre- en postoperatieve brachialgie (43% en 29%), wat gedefinieerd kan worden als 

een sensomotorische stoornis van de arm. Geen van de patiënten behandeld met een 

'wave-plaat' osteosynthese had last van postoperatieve brachialgie. De patiënten behandeld 

met een 'wave-plaat' osteosynthese hadden dan ook een hogere Constant score (maat 

voor schouder functie) dan de patiënten behandeld met standaard AO osteosynthese 

techniek. De 'wave-plaat' osteosynthese als behandeling voor clavicula pseudarthrose is 

een veilige procedure. Hoewel het technisch moeilijker is en een hogere incidentie van 

wondgenezingstoornissen in het begin van de studie veroorzaakte, wordt deze techniek 

geadviseerd in geval van een clavicula pseudarthrose met brachialgie en om brachialgie 

postoperatief te vermijden. 

De behandeling van diverse ontwikkelde pseudarthroses met lage intensiteit gepulseerd 

ultrageluid wordt bestudeerd in Hoofdstuk 4. Vijfentwintig van 29 pseudarthrose gevallen 

(86%) genas in een gemiddelde behandelingsperiode van ongeveer 5 maanden. De 

geschatte spontane heling is 5%. Stratificatie van genezen en niet-genezen uitkomst 

parameters, liet alleen in rookgewoontes een significant verschil zien. 

Om het effect van lage intensiteit ultrageluid op cellulair nivo te bepalen is onderzoek gedaan 

op endochondral ossificatie in vitro in foetale muis metatarsaalrudimenten, zoals beschreven 

in Hoofdstuk 5. De rudimenten lieten een vergelijkbare groei zien, maar een statistisch 

significante toename van de lengte van de gecalcificeerde diafyse werd gezien in de met 

ultrageluid behandelde rudimenten (30%). Histologisch zagen de rudimenten er gezond 

uit. Lage intensiteit ultrageluid stimuleert endochondrale ossificatie in dit specifiek in vitro 

model. Stimulatie van activiteit en differentiatie van osteoblasten en verkalkende 

chondrocyten is de verklaring voor het vastgestelde effect. Een direct effect van het 

acoustisch signaal op de osteoblast en verkalkende chondrocyt, hetgeen ossificatie activeert 

wordt gesteund door deze studie. 

In Hoofdstuk 6 is het effect van lage intensiteit ultrageluid op botheling in osteotomiën van 

de onderste extremiteit bij mensen bekeken. In de studie werden 97 patiënten (167 botten) 

betrokken. Zeven patiënten (14 botten) werden teruggetrokken uit de studie na 
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randomisatie. Zes en veertig patiënten (75 botten) werden behandeld met een actief 

werkend ultrageluid apparaat en 44 patiënten (78 botten) met een placebo apparaat. 

Statistische "power analyse" liet zien dat voldoende patiënten in het onderzoek zijn 

opgenomen om bepaalde conclusies te trekken. In de metafysaire osteotomie was de 

gemiddelde tijd tot consolidatie 16 weken in de actieve groep en 21 weken in de placebo 

groep (95% betrouwbaarheidsinterval voor verschillen 14-24). De radiologische consolidatie 

tijd in de diafysaire osteotomiën (fibula) was 24 weken in de actieve groep en 38 weken in 

de placebo groep (95% BI voor verschillen 20-45). Een pseudarthrose, die operatief 

behandeld moest worden, trad in vier gevallen in de placebo groep en niet in de actieve 

groep op. Geen ander prognostische variabelen werden gevonden. Lage intensiteit 

ultrageluid kan de botgenezing stimuleren in osteotomiën en mogelijk de ontwikkeling 

van vertraagde botgenezing of pseudarthoses voorkomen. 

In Hoofdstuk 7 worden de resultaten van de voorgaande hoofdstukken beschreven en in 

een bredere context geplaatst. Tevens worden implicaties voor verder onderzoek en 

indicaties voor meer klinische toepassingen besproken. 
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