
NONUNION OF THE CLAVICLE:  
Novel use of clinical recovery and ultrasound to 
improve our ability to predict fracture healing  

 

Jamie A Nicholson 
 

MBChB (Hons), BScMedSci (Hons), MRCS (Ed), PG Cert MRS,  
PG Cert CAP, FHEA, and MFSTEd 

 

Specialist Trainee  
Edinburgh Orthopaedic Trauma Unit 

Royal Infirmary of Edinburgh 
 

 
 

 
 
 

Supervisors 
Prof AHRW Simpson 

Dr T MacGillivray 

Mr CM Robinson 
 
 

 
 

Doctor of Philosophy (PhD) 
University of Edinburgh  

2021  



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 2 

Declaration  
 

I hereby acknowledge that thesis and its composition is my own work.  

 

All of the work presented has been carried out by myself as the principal author with the 

assistance and guidance of my supervisors. The contribution and assistance of others with data 

gathering or analysis has been acknowledged. Any reproduction of work is cited accordingly. 

 

I have not submitted this work for any other degree or professional qualification. It does not 

exceed the word limit of 100,000 words set by the College of Medicine and Veterinary 

Medicine. 

 

Jamie A Nicholson 

June 2021 

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 3 

Acknowledgements 
 
I firstly like to thank my supervisors Professor Hamish Simpson, Dr Thomas MacGillivray and 
Mr Mike Robinson. I have thoroughly enjoyed writing this thesis over the last five years and I 
am grateful for the enthusiasm and guidance of my supervisors. 
 
I would like to thank Dr Jia Lizhang and sonographer Adrian Thomson for their help in 
orientating me to the ultrasound research scanner and assistance in the calibration. 
Additionally, Dr Fergus Perks, a musculoskeletal radiologist, was extremely helpful for his 
advice and expertise on the ultrasound method development and validation used in this thesis.   
 
I am grateful for the assistance from the Orthopaedic Trauma Consultants in our department 
who virtually triaged all suitable patients to a dedicated research clinic which enabled efficient 
running of the project. I would like to thank the SORT-IT research trust for providing me with 
excellent support for patient recruitment and administration during the study. Special thanks to 
Debbie Ketchin and Kerri Swain for their fantastic help with the administration and 
organisation of the questionnaires from the research clinic. Massive thanks to Deborah 
Macdonald for her invaluable help with the patient reported outcome questionnaire design and 
administration during the study (Chapter 4 and 5). 
 
I was grateful to receive excellent statistical support. Mr Nick Clement advised me on the 
statistical methods for Chapter 2, 3 and 4. I was also fortunate to receive further statistical 
advice on the logistic modelling methods used in Chapter 4 from Dr David Hope, a statistician 
from the University of Edinburgh. 
 
The only data that was not collected and supervised by myself for this thesis was the original 
patient data set from the randomized controlled trial of clavicle fixation conducted by my 
supervisor Mr Mike Robinson used in Chapter 2 and 5. The idea and design for both of these 
chapters was my own and the original data was extensively evaluated and expanded on for the 
specific purpose of these two studies. Two medical students also assisted me with aspects of 
data gathering used in this thesis, Dr Harriet Gribbin (Chapter 3) and Dr Andrew Clelland 
(Chapter 4). This essentially entailed assisting with acquiring the basic patient demographic 
data for the large databases created for each chapter. Both were supervised by me to ensure 
accuracy of the data. One of my colleagues Mr Will Oliver also provided me assistance by 
scanning patients and undertaking his own image interpretation for the purpose of validating 
the method (Chapter 6, 7 and 8).  
 
I am fortunate to have a supportive wife and family in all my endeavours and I am extremely 
appreciative for their ongoing support. 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 4 

1 Table of Contents 
 
DECLARATION ................................................................................................................................................ 2 
ACKNOWLEDGEMENTS .................................................................................................................................. 3 
LIST OF FIGURES ............................................................................................................................................. 8 
LIST OF TABLES ............................................................................................................................................ 11 
ABBREVIATIONS .......................................................................................................................................... 13 
THESIS ABSTRACT ........................................................................................................................................ 15 
LAY SUMMARY ............................................................................................................................................ 19 
1. INTRODUCTION TO THESIS AND LITERATURE REVIEW ......................................................................... 21 

 FRACTURE HEALING ................................................................................................................................ 22 
1.1.1 Primary versus secondary bone healing ....................................................................................... 23 
1.1.2 Definition of nonunion .................................................................................................................. 28 
1.1.3 Risk factors for nonunion .............................................................................................................. 30 
1.1.4 Diagnosis of impaired fracture healing ........................................................................................ 33 
 CLAVICLE FRACTURE BACKGROUND ............................................................................................................ 37 
1.2.1 Epidemiology of clavicle fractures ................................................................................................ 38 
1.2.2 Relevant surgical anatomy of the clavicle .................................................................................... 40 
1.2.3 Classification of clavicle fractures ................................................................................................. 42 
1.2.4 Nonunion prevalence and treatment ............................................................................................ 44 
1.2.5 Nonunion prediction of midshaft clavicle fractures ...................................................................... 49 
1.2.6 Malunion of the clavicle ................................................................................................................ 54 
1.2.7 Summary of current evidence for clavicle acute fixation versus non-operative management ..... 57 
 CLINICAL QUESTION AND CURRENT GAPS IN KNOWLEDGE ................................................................................ 62 
 HYPOTHESES AND AIMS OF THESIS ............................................................................................................. 64 

2 COST ECONOMIC ANALYSIS OF ROUTINE ACUTE PLATE FIXATION VERSUS NON-OPERATIVE 
MANAGEMENT OF DISPLACED MIDSHAFT CLAVICLE FRACTURES ................................................................. 65 

 ABSTRACT ............................................................................................................................................. 66 
 BACKGROUND AND AIMS OF CHAPTER ........................................................................................................ 67 
 PATIENTS AND METHODS ......................................................................................................................... 69 
2.3.1 Trial background ........................................................................................................................... 70 
2.3.2 Cost-effective analysis .................................................................................................................. 72 
2.3.3 Cost estimations of patient care ................................................................................................... 73 
2.3.4 Statistical analysis ........................................................................................................................ 75 
2.3.5 Ethics and source of funding. ........................................................................................................ 76 
 RESULTS ............................................................................................................................................... 77 
2.4.1 Patient groups and study demographics ...................................................................................... 78 
2.4.2 Quality of life recovery of operative versus non-operative management .................................... 79 
2.4.3 Cost-effective analysis of treatment ............................................................................................. 81 
2.4.4 Missing data ................................................................................................................................. 83 
 DISCUSSION .......................................................................................................................................... 84 
 TAKE HOME POINTS AND RATIONALE FOR NEXT CHAPTER ................................................................................ 88 

3 EVALUATION OF MAJOR COMPLICATIONS ASSOCIATED WITH INCREASING DELAY TO OPEN 
REDUCTION AND INTERNAL FIXATION OF DISPLACED MIDSHAFT CLAVICLE FRACTURES. A RETROSPECTIVE 
ANALYSIS. .................................................................................................................................................... 89 

 ABSTRACT ............................................................................................................................................. 90 
 BACKGROUND AND AIMS OF CHAPTER ........................................................................................................ 92 
 PATIENTS AND METHODS ......................................................................................................................... 93 
3.3.1 Surgical procedure ........................................................................................................................ 94 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 5 

3.3.2 Complications and Revision surgery ............................................................................................. 95 
3.3.3 Statistical analysis ........................................................................................................................ 96 
3.3.4 Ethics and source of funding ......................................................................................................... 97 
 RESULTS ............................................................................................................................................... 98 
3.4.1 Study demographics ..................................................................................................................... 99 
3.4.2 Complications ............................................................................................................................. 101 
3.4.3 Multivariate regression model of revision surgery risk ............................................................... 105 
3.4.4 Receiver Operating Characteristic Curves to establish time to operation ‘safe window’ ........... 106 
3.4.5 Case control matching ................................................................................................................ 109 
 DISCUSSION ........................................................................................................................................ 111 
 TAKE HOME POINTS AND RATIONALE FOR NEXT CHAPTER .............................................................................. 115 

4 NONUNION PREDICTION BASED ON FUNCTIONAL RECOVERY FOLLOWING NON-OPERATIVE 
MANAGEMENT OF DISPLACED MIDSHAFT CLAVICLE FRACTURES. A PROSPECTIVE COHORT STUDY. ........... 116 

 ABSTRACT ........................................................................................................................................... 117 
 BACKGROUND AND AIMS OF CHAPTER ...................................................................................................... 119 
 PATIENTS AND METHODS ....................................................................................................................... 121 
4.3.1 Functional assessment ................................................................................................................ 123 
4.3.2 Radiological assessment ............................................................................................................. 124 
4.3.3 Statistical analysis ...................................................................................................................... 125 
4.3.4 Ethics and source of funding ....................................................................................................... 127 
 RESULTS ............................................................................................................................................. 128 
4.4.1 Study demographics ................................................................................................................... 129 
4.4.2 Union influence on six-week history and examination findings .................................................. 130 
4.4.3 Union influence on patient reported outcome measures ........................................................... 131 
4.4.4 Receiver Operating Characteristic curves of functional outcomes ............................................. 133 
4.4.5 Independent predictors on multivariate analysis ....................................................................... 134 
4.4.6 Model prediction accuracy ......................................................................................................... 137 
 DISCUSSION ........................................................................................................................................ 138 
 TAKE HOME POINTS AND RATIONALE FOR NEXT CHAPTER .............................................................................. 143 

5 RECOVERY OF NORMAL SHOULDER FUNCTION FOLLOWING MIDSHAFT CLAVICLE FRACTURE. DOES 
PLATE FIXATION ENHANCE EARLY RECOVERY OVER NON-OPERATIVE MANAGEMENT WHEN UNION IS 
ACHIEVED? ................................................................................................................................................ 144 

 ABSTRACT ........................................................................................................................................... 145 
 BACKGROUND AND AIMS ....................................................................................................................... 147 
 PATIENTS AND METHODS ....................................................................................................................... 149 
5.3.1 Randomized trial of acute fixation versus non-operative management ..................................... 150 
5.3.2 Statistical analysis and sample size ............................................................................................ 153 
5.3.3 Ethics and source of funding ....................................................................................................... 154 
 RESULTS ............................................................................................................................................. 155 
5.4.1 Operative versus non-operative recovery in united fractures ..................................................... 156 
5.4.2 Predictors of return of function following non-operative management ..................................... 158 
 DISCUSSION ........................................................................................................................................ 161 
 TAKE HOME POINTS AND RATIONALE FOR NEXT CHAPTER .............................................................................. 165 

6 ULTRASOUND AND ITS POTENTIAL ROLE TO MONITOR FRACTURE HEALING ..................................... 166 
 PRINCIPLES OF ULTRASOUND .................................................................................................................. 167 
6.1.1 Basic components of ultrasound imaging ................................................................................... 167 
6.1.2 B-mode image processing and attenuation ................................................................................ 169 
6.1.3 Reflection, Refraction and Absorption ........................................................................................ 170 
6.1.4 Application of musculoskeletal ultrasound ................................................................................. 171 
 EVIDENCE OF ULTRASOUND IN FRACTURE CARE ........................................................................................... 173 
6.2.1 Fracture Diagnosis ...................................................................................................................... 174 
6.2.2 Paediatrics .................................................................................................................................. 175 
6.2.3 Radiologically occult fractures and other diagnostic uses .......................................................... 176 
6.2.4 Monitoring callus progression and fracture union ..................................................................... 177 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 6 

6.2.5 Ability to predict delayed fracture union and the clinical application ........................................ 181 
6.2.6 Vascular Doppler ........................................................................................................................ 184 
 TAKE HOME POINTS AND RATIONALE FOR NEXT CHAPTER .............................................................................. 186 
 ESTABLISHING A REPEATABLE TECHNIQUE TO EVALUATE SONOGRAPHIC BRIDGING CALLUS AND FRACTURE UNION OF THE 

CLAVICLE 187 
6.4.1 Abstract ...................................................................................................................................... 188 
6.4.2 Background and Aims ................................................................................................................. 190 
6.4.3 Patients and Methods ................................................................................................................. 192 
6.4.4 Results ........................................................................................................................................ 200 
6.4.5 Discussion ................................................................................................................................... 210 

7 PREDICTIVE VALUE OF SONOGRAPHIC BRIDGING CALLUS TO PREDICT NONUNION IN DISPLACED 
MIDSHAFT CLAVICLE FRACTURES. A PROSPECTIVE COHORT STUDY. ........................................................... 214 

 ABSTRACT ........................................................................................................................................... 215 
 BACKGROUND AND AIMS ....................................................................................................................... 217 
 PATIENTS AND METHODS ....................................................................................................................... 219 
7.3.1 Functional assessment ................................................................................................................ 221 
7.3.2 Radiological assessment ............................................................................................................. 222 
7.3.3 Ultrasound image details and callus interpretation ................................................................... 223 
7.3.4 Statistics ..................................................................................................................................... 225 
7.3.5 Ethics .......................................................................................................................................... 225 
 RESULTS ............................................................................................................................................. 226 
7.4.1 Sonographic bridging callus influence on patient reported outcomes ....................................... 227 
7.4.2 Patient and fracture demographics and their influence on the detection of sonographic bridging 
callus 229 
7.4.3 Fracture healing and association with six-week sonographic bridging callus ............................ 230 
7.4.4 Multivariable regression prediction model of nonunion ............................................................. 232 
 DISCUSSION ........................................................................................................................................ 236 
 TAKE HOME POINTS AND RATIONALE FOR FINAL CHAPTER ............................................................................. 239 

8 THREE-DIMENSIONAL ULTRASOUND RECONSTRUCTION OF SONOGRAPHIC CALLUS. A NOVEL IMAGING 
MODALITY FOR EARLY EVALUATION OF FRACTURE HEALING ..................................................................... 240 

 INTRODUCTION TO THREE-DIMENSIONAL FREEHAND ULTRASOUND ................................................................. 241 
8.1.1 Previous three-dimensional fracture work ................................................................................. 244 
8.1.2 Pilot data of manual versus semi-automated mapping technique ............................................. 245 
8.1.3 Take home points and rationale for next chapter ...................................................................... 251 
 THREE-DIMENSIONAL CALLUS MAPPING. DEVELOPMENT AND VALIDATION OF AN ORIGINAL IMAGING MODALITY TO 

MONITOR FRACTURE HEALING ............................................................................................................................... 252 
8.2.1 Abstract ...................................................................................................................................... 253 
8.2.2 Background and aims ................................................................................................................. 255 
8.2.3 Patients and Methods ................................................................................................................. 256 
8.2.4 Results ........................................................................................................................................ 265 
8.2.5 Discussion ................................................................................................................................... 278 
 CLINICAL EXAMPLES OF THREE-DIMENSIONAL ULTRASOUND .......................................................................... 282 

9 CONCLUSIONS OF THESIS AND FUTURE WORK .................................................................................. 288 
 CONCLUSIONS OF THESIS ........................................................................................................................ 289 
 FUTURE WORK ..................................................................................................................................... 294 

10 APPENDIX ......................................................................................................................................... 297 
 CHAPTER 2 ......................................................................................................................................... 298 
 CHAPTER 3 ......................................................................................................................................... 304 
 CHAPTER 4 AND 5 ................................................................................................................................ 307 
 CHAPTER 6,7 AND 8 ............................................................................................................................. 314 

10.4.1 Echo Intensity of sonographic callus findings ........................................................................ 319 
 SYSTEM CALIBRATION ........................................................................................................................... 322 
 SCAN TECHNIQUE AND THREE-DIMENSIONAL PLOTTING ................................................................................ 327 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 7 

 ROC TABLES ....................................................................................................................................... 330 
10.7.1 Chapter 3 ............................................................................................................................... 331 
10.7.2 Chapter 4 ............................................................................................................................... 340 

11 BIBLIOGRAPHY .................................................................................................................................. 348 
12 ACADEMIC OUTPUT .......................................................................................................................... 364 
 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 8 

List of Figures 
 
Figure 1-1 Primary bone healing cutting cones. ..................................................................... 24 
Figure 1-2. Secondary bone healing. Inflammation and haematoma. ................................... 25 
Figure 1-3 Secondary bone healing. Soft callus phase. .......................................................... 26 
Figure 1-4 Secondary bone healing. Hard callus phase. ......................................................... 27 
Figure 1-5. The incidence of clavicle fractures. ...................................................................... 39 
Figure 1-6. The Edinburgh clavicle classification by Robinson ................................................ 43 
Figure 1-7. Illustration of clavicle displacement measurements. ........................................... 49 
Figure 1-8. Clinical radiographs outlining limitations of radiograph interpretation ............... 51 
Figure 2-1. Flow diagram of recruitment and decision tree outcomes .................................. 70 
Figure 2-2. Six-Dimension Short-Form Health Survey (SF-6D) score of conservative 
management versus open reduction and internal fixation (ORIF) over 12 months. .............. 79 
Figure 3-1. Summary of study patients used in the analysis. ................................................. 99 
Figure 3-2. Bar chart showing the number of patients who underwent clavicle fixation for 
different time intervals following injury. .............................................................................. 100 
Figure 3-3. Receiver operating characteristic (ROC) curve for predicting safe window of time 
to fixation against fixation failure. ........................................................................................ 107 
Figure 3-4. Receiver operating characteristic (ROC) curve for predicting safe window of time 
to fixation against infection. ................................................................................................. 107 
Figure 3-5. Receiver operating characteristic (ROC) curve for predicting safe window of time 
to fixation against revision operation. .................................................................................. 108 
Figure 4-1. Flow diagram of patient recruitment and outcome ........................................... 122 
Figure 4-2. Estimation of overall fracture displacement on radiograph. .............................. 124 
Figure 4-3. QuickDASH score at six-weeks, three months and six months with the outcome 
of union versus nonunion respectively. ............................................................................... 131 
Figure 4-4. Violin plot of QuickDASH score at six-weeks for the cohort with the outcome of 
union (red) versus nonunion (blue) respectively. ................................................................. 132 
Figure 4-5. Receiver Operator Characteristic (ROC) curve of QuickDASH for nonunion 
prediction. ............................................................................................................................. 133 
Figure 5-1 Flow diagram of patient recruitment and outcome ............................................ 151 
Figure 5-2 DASH score at 6, 12- and 24-weeks post-injury comparing acute plate fixation 
(green) cohort against united patients following non-operative management (blue). ........... 157 
Figure 5-3 QuickDASH score at 6, 12- and 24-weeks post-injury following non-operative 
management in those patients that unite. ........................................................................... 159 
Figure 6-1. Transducer basic structure and Linear ultrasound probe representation. ........ 168 
Figure 6-2. Maffuli ultrasound work. Long axis of a humeral shaft at 8 weeks following 
injury. ................................................................................................................................... 179 
Figure 6-3. Ultrasound example of tibia callus. .................................................................... 182 
Figure 6-4. 3D reconstruction of a) power Doppler and b) microangiography CT. ............. 185 
Figure 6-5. Flow diagram of patient recruitment ................................................................. 192 
Figure 6-6. Demonstration of short axis ultrasound evaluation of the clavicle. ................... 194 
Figure 6-7. Examples of ultrasound scan where reviewers disagreed on the presence of 
intact sonographic bridging callus. ....................................................................................... 205 
Figure 6-8. Clinical example of two patients with bridging callus detection on ultrasound. 206 
Figure 6-9. Clinical examples of two patients with nonunion with absent bridging callus. . 208 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 9 

Figure 7-1. Flow diagram of patient recruitment and outcome. .......................................... 220 
Figure 7-2. Ultrasound anisotropy example. ........................................................................ 224 
Figure 7-3. Line diagram of sonographic bridging callus and influence on A.) QuickDASH and 
B.) EQ-5D. ............................................................................................................................. 228 
Figure 7-4. Ultrasound showing absent bridging callus at six weeks in patient who developed 
nonunion. Six-month radiograph below. .............................................................................. 233 
Figure 7-5. Six-week bridging callus and respective radiograph. Twelve-week ultrasound and 
radiograph showing remodelling of callus in the same patient. .......................................... 234 
Figure 7-6. Ultrasound and radiographs of incorrect bridging callus diagnosis. .................. 235 
Figure 8-1. Freehand scanning with a series of mapped 2D scans mapped to a 3D lattice. 242 
Figure 8-2. Previous work on 3D ultrasound using manual mapping ................................... 244 
Figure 8-3. Stradwin draw function for three-dimensional reconstruction. ........................ 245 
Figure 8-4. Short axis scout pilot image of an atrophic clavicle nonunion. .......................... 246 
Figure 8-5. Pilot three-dimensional result of callus in a clavicle fracture. ............................ 247 
Figure 8-6. Pilot tibia 3D reconstruction for callus volume mapping. .................................. 248 
Figure 8-7. Stradwin process of semi-automated threshold plotting. .................................. 249 
Figure 8-8. Pilot method of threshold semi-automated plotting. ........................................ 250 
Figure 8-9. Calibration of a fracture gap with phantom scanned in waterbath with a SawBone 
tibia and Orthofix external fixator. ....................................................................................... 257 
Figure 8-10. Free hand ultrasound research scanner ........................................................... 259 
Figure 8-11. Example of semi-automatic ultrasound three-dimensional mapping without 
callus ..................................................................................................................................... 260 
Figure 8-12. Example of semi-automatic ultrasound three-dimensional mapping with callus.
 .............................................................................................................................................. 261 
Figure 8-13. Two-week ultrasound of anteromedial cortex fracture site (Pt 7). .................. 267 
Figure 8-14. Six-week ultrasound of anteromedial cortex with bridging callus (Pt 7). ......... 268 
Figure 8-15. Twelve-week ultrasound of anteromedial cortex with remodelling bridging 
callus (Pt 7). .......................................................................................................................... 269 
Figure 8-16. Second observer 3D reconstruction. ................................................................ 270 
Figure 8-17. Six-week ultrasound of anteromedial cortex without callus (Pt 5). ................. 271 
Figure 8-18. Twelve-week ultrasound of anteromedial cortex without callus (Pt 5). .......... 272 
Figure 8-19. Second observer 3D reconstruction with similar findings. ............................... 272 
Figure 8-20. Six-week ultrasound of combined anterolateral and anteromedial cortex (Pt 2).
 .............................................................................................................................................. 273 
Figure 8-21. Twelve-week ultrasound of combined anterolateral and anteromedial cortex (Pt 
2). .......................................................................................................................................... 274 
Figure 8-22. Ultrasound scan of medial and anterolateral cortex showing 2D B-mode capture 
where the reviewers disagreed. ........................................................................................... 276 
Figure 8-23 Two cases where there is disagreement between reviewers for the presence of 
bridging callus. ...................................................................................................................... 277 
Figure 8-24. Tibia corticotomy scout ultrasound image. Blue ISKD nail. Green cortical surface 
of tibia. Matrix with plotted images alongside. .................................................................... 282 
Figure 8-25. Three dimensional anteromedial and anterolateral reconstruction of 
corticotomy site. ................................................................................................................... 282 
Figure 8-26. Axial (short axis) ultrasound scout image with semi-automatic plotting of 
cortical surface of clavicle using echo intensity. .................................................................. 283 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 10 

Figure 8-27. Three-week three-dimensional ultrasound reconstruction with injury 
radiograph. ........................................................................................................................... 284 
Figure 8-28. Six-week three-dimensional ultrasound reconstruction with bridging callus now 
evident across fracture with minimal callus on radiograph. ................................................ 284 
Figure 8-29. Twelve-week three-dimensional ultrasound reconstruction with remodelling 
bridging callus evident across fracture along with callus now evident on radiograph ......... 285 
Figure 8-30. Radiograph and CT reconstruction showing a displaced lateral end clavicle 
fracture. The posterior displacement in only appreciated on the 3D reconstruction. ......... 286 
Figure 8-31. Three-dimensional ultrasound reconstruction at three weeks following injury. 
Green fragments clavicle and blue is the acromion. ............................................................ 287 
Figure 8-32. Post-operative image of lateral end fixation with suspensory corocoid device.
 .............................................................................................................................................. 287 
 
 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 11 

List of Tables  
 
Table 1-1. Summary of risk factors for nonunion at time of injury ........................................ 52 
Table 1-2. Summary of acute plate fixation versus nonoperative management of randomized 
controlled trials. ..................................................................................................................... 61 
Table 2-1. Cost estimates based on the Scottish national tariff and local finance department
 ................................................................................................................................................ 74 
Table 2-2. Study demographics of conservative versus acute fixation. .................................. 78 
Table 2-3. Conservative managed fractures comparing union against nonunion. .................. 80 
Table 2-4. Cost estimations of conservative versus acute fixation. ........................................ 82 
Table 3-1. Binary Logistic regression modelling of fixation failure against covariates. ...... 102 
Table 3-2. Binary Logistic regression of revision surgery against covariates. ....................... 104 
Table 3-3. Binary Logistic regression of revision surgery. ..................................................... 105 
Table 3-4. Threshold values from Receiver Operating Curve (ROC) analysis for predicting 
‘safe window’ from time of injury to operation based on major operative complications. . 106 
Table 3-5. Case control with propensity matched scoring between the ‘safe window’ of 96 
days. ..................................................................................................................................... 110 
Table 4-1. History and examination standardized clinical review protocol. ......................... 123 
Table 4-2. Table of injury model prediction by Murray. ....................................................... 126 
Table 4-3. Predictors of union on univariate analysis. .......................................................... 129 
Table 4-4. Union influence on six-week history and exam features ..................................... 130 
Table 4-5. Patient outcome scores and influence of fracture healing .................................. 131 
Table 4-6. Receiver Operating Characteristic (ROC) curve modelling of functional scores 
against union prediction. ...................................................................................................... 133 
Table 4-7. Logistic regression modelling of significant predictors of nonunion. ................. 135 
Table 4-8. Logistic regression for nonunion predictor six-week model. ............................... 136 
Table 4-9. Performance of the six-week nonunion predictor model with respect to the 
number of risk factors identified. ......................................................................................... 136 
Table 4-10. Nonunion model accuracy comparison. ............................................................. 137 
Table 5-1 Acute plate fixation (ORIF) compared to non-operative management. ............... 156 
Table 5-2 Functional recovery following non-operative management of united fractures 
(n=173). 95% confidence interval in brackets. ..................................................................... 158 
Table 5-3 Return of predicted QuickDASH score and association with patient reported 
resumption of usual activities. .............................................................................................. 159 
Table 5-4 Table evaluating predictors of return of normal QuickDASH function at 6 and 12 
weeks in united fractures following non-operative management (n=173). ........................... 160 
Table 6-1. Acoustic Impedance (AI) of common human tissues ........................................... 169 
Table 6-2. Summary of ultrasound terminology and common examples ............................ 172 
Table 6-3. Callus appearance on ultrasound, intact bone cortices (yellow), fibrocartilaginous 
material (green) and sonographic bridging callus (blue). ..................................................... 196 
Table 6-4. Echo intensity (EI) of cortical bone, fibrocartilaginous material and bridging callus.
 .............................................................................................................................................. 201 
Table 6-5. Demographics and clinical information of nonunion versus delayed union. ....... 202 
Table 6-6. Agreement on the twenty scans between the four reviewers. ........................... 204 
Table 6-7. Overall performance of the four reviewer scans. ................................................ 205 
Table 7-1. Protocol of patient assessment. .......................................................................... 221 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 12 

Table 7-2. Table comparing patient demographics and six week clinical findings between 
union and nonunion. ............................................................................................................. 226 
Table 7-3.Table comparing demographics and functional outcomes of those with and 
without sonographic bridging callus at six weeks post-injury. ............................................. 227 
Table 7-4. Logistic regression of detection of sonographic bridging callus at six weeks using 
‘forward conditional’ methodology. ..................................................................................... 229 
Table 7-5. Absence of sonographic bridging callus in combination with six week clinical risk 
factors (QuickDASH ≥ 40, no callus on radiograph and fracture mobility on exam). .......... 231 
Table 7-6. Logistic regression prediction of nonunion using ‘forward conditional’ 
methodology. Absence of sonographic bridging callus at six weeks and night pain found to be 
significant predictors of nonunion at six months. ................................................................. 232 
Table 7-7. Ready rocker calculator of nonunion risk given as a percentage (%) based on 
regression prediction model findings ................................................................................... 232 
Table 8-1. Patient demographics of pilot study .................................................................... 265 
Table 8-2. Radiograph and ultrasound findings in the cohort. .............................................. 266 
Table 8-3. Table of reviewer agreement of three-dimensional scans for presence of any 
bridging callus and fracture outcome. .................................................................................. 275 
 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 13 

Abbreviations 
AI – Acoustic impendence  

AP - Anteroposterior 

AUC – Area Under Curve 

B-MODE – Brightness mode 

CEA – Cost effective analysis 

CI – Confidence Interval 

COTS – Canadian Orthopaedic Trauma Society 

CT – Computerized Tomography 

DASH – Disability Arm Shoulder Hand  

EI – Echo Intensity 

EQ-5D – EuroQol 5-Dimensional Health Questionnaire 

ICC – Intra Class Correlation 

ICER – Incremental Cost-Effective Ratio 

IR – Infra-Red 

LED – Light Emitting Diodes 

MRI – Magnetic Resonance Imaging  

NHS – National Health Service 

NPV – Negative Predictive Value 

NUP 0 – Nonunion Predictor Model 0 weeks 

NUP 6 – Nonunion Predictor Model 6 weeks 

OR – Odds Ratio 

OSS – Oxford Shoulder Score 

PACS – Picture Archiving and Communication System  

PET – Positron Emission Tomography  



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 14 

PPV – Positive Predictive Value 

PROM – Patient Reported Outcome Measure 

PZT – Lead Zirconate Titanate  

QALY – Quality Associated Life Years 

RCT – Randomized Controlled Trial 

ROC – Receiver Operator Characteristic Curve 

RUST – Radiographic Union Scale in Tibia Fractures 

SBC – Sonographic Bridging Callus 

SF-12 – Short Form Health Survey 12-item 

SF-6D – Short Form Health Survey 6-Dimension 

SPSS – Statistical Package for the Social Sciences 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 15 

Thesis Abstract 
 

The aim of this thesis was to progress our understanding of clavicle nonunion and the ability 

to accurately predict fracture healing in order to improve the current management of these 

injuries.  

 

Although only one in seven fractures go onto nonunion, these are challenging to predict. It is 

unclear if the recent widespread increase in the use of acute plate fixation for displaced 

fractures is justified on current evidence. It is unknown whether the early accurate prediction 

of fractures at high risk of nonunion is advantageous. Currently the perceived risk of nonunion 

is largely based on factors available at time of injury alone. The evaluation of clinical recovery 

following non-operative management and the novel use of ultrasound may advance our ability 

to accurately predict fracture healing for these injuries. 

 

The cost-effectiveness of acute clavicle plate fixation versus non-operative treatment was 

estimated from randomized controlled trial data that had been previously published.  This was 

completed prior to the start of this thesis and the author was not involved in the original trial.  

A large retrospective review of clavicle fracture fixations was undertaken to determine whether 

delayed clavicle fixation has an increased risk of complications compared to acute operative 

management. A prospective study of displaced midshaft fractures was carried out over a two-

year period to determine the influence of functional recovery on the ability to predict fracture 

healing. The influence of clavicle fracture management on the early functional recovery was 

evaluated with data from a randomized controlled trial and second prospective cohort. Finally, 

the novel use of ultrasound to detect early callus formation and determine whether this allows 

accurate prediction of fracture healing was evaluated for a cohort of clavicle and tibia fractures. 
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The estimated cost per quality-of-life adjusted year of acute plate fixation over non-operative 

treatment is £480,309.41/QALY. For a threshold of £20,000/QALY the benefit of acute 

fixation would need to be present for 24 years to be cost-effective over conservative treatment. 

Linear regression analysis identified nonunion as the only factor to negatively influence the 

SF-6D at 12-months (p<0.001). 

 

A ten-year cohort of 259 clavicle plate fixations found failed primary surgery requiring revision 

fixation occurred in 7.7% of all patients. Smoking (p<0.001), presence of a post-operative 

infection (<0.001), increasing age (p=0.018), and greater time delay from injury to surgery 

(p=0.015) was identified as significant independent predictors on regression analysis. Receiver 

operating curve analysis (ROC) revealed that surgery beyond 96 days from injury has an 

increased rate of major complications and revision surgery. Using a matched case cohort of 

cases before (n=67) and after the ‘safe window’ (n=77), the risk of post-operative infection 

increased (Odds ratio (OR) 7.7, p=0.028), fixation failure (OR 3.8, p=0.017) and revision 

surgery (OR 4.8 p=0.004).  A delay to operative fixation beyond 3 months following injury 

would appear to be associated with an increased risk of major operative complications and 

revision surgery.  

 

A large prospective cohort of 200 patients managed non-operatively with a displaced midshaft 

clavicle fracture were recruited. Regression modelling found a QuickDASH ≥40 (p=0.001), no 

callus on radiograph (p=0.004) and fracture movement on examination (p=0.001) were 

significant predictors of nonunion. If none were present the predicted nonunion risk was 3%, 

found in 40% of the cohort. Conversely if two or more of the predictors were present, found in 

23.5% of the cohort, the predicted nonunion risk was 60%. The delayed assessment nonunion 
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model appeared to have superior accuracy when compared to the estimation of nonunion at 

time of injury alone healing on ROC curve analysis (Area Under Curve analysis; 87.3% vs 

64.8% respectively). 

 

Data from a randomized controlled trial was used to compare 86 patients who underwent 

operative fixation against 76 patients that united with non-operative treatment. The recovery 

of normal shoulder function, as defined by a DASH score within the predicted 95% confidence 

interval for each respective patient was similar between each group at six-weeks (operative 

26.7% vs non-operative 25.0%, p=0.80), three-months (52.3% vs 44.2%, p=0.77) and six-

months post-injury (86.0% vs 90.8%, p=0.35). The mean DASH score and return to work was 

also comparable at each time point. Regression analysis found no specific patient, injury or 

fracture predictor was associated with an early return of function following non-operative 

management at six or twelve weeks. 

 

From a pilot study of twenty clavicle fractures, six-week sonographic bridging callus appeared 

to be the most accurate, and repeatable, predictor of fracture healing with a strong agreement 

on intra class correlation (ICC) between four reviewers (ICC 0.82, 95% confidence interval 

0.68-0.91). In a large prospective study of 112 patients, sonographic bridging callus was 

detected in 62.5% (n=70/112) of the cohort at six weeks post-injury. If present, union occurred 

in 98.6% of the fractures (n=69/70). If absent, nonunion developed in 40.5% of cases 

(n=17/42). The sensitivity to predict union with sonographic bridging callus at six weeks was 

73.4% and the specificity was 94.4%. Three-dimensional fracture reconstruction can be created 

using multiple ultrasound images in order to evaluate the presence of bridging callus. This 

imaging modality has the potential to enhance the usability and accuracy of identification of 

fracture healing at an early stage following injury. 
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Nonunion following a displaced midshaft clavicle fractures accounts for the majority of poor 

functional recovery and impaired quality of life over the first-year post-injury. Prediction of 

clavicle fracture healing at six weeks following injury maybe a safe and effective strategy to 

identify patients at greatest risk of nonunion. The use of functional recovery enables a more 

accurate estimation of nonunion risk compared to conventional prediction at time of injury 

alone. The use of ultrasound may further refine our ability to predict fracture healing. 
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Lay Summary 
 

If a fracture of the collarbone (clavicle) does not heal it usually results in pain and loss of 

function of the arm. Although surgery increases the chance of the bone healing, it is usually 

not required as six out of seven collarbone fractures in adults will heal with a simple sling. 

There is a lack of agreement in the Orthopaedic community on how to manage these common 

injuries. Often these fractures undergo operative treatment to prevent poor bone healing 

(nonunion) as this is currently very difficult to predict for a given patient. 

 

In this thesis it will firstly be determined whether it is better value for money for the NHS to 

operate on all of these injuries in order to save on the later cost of treating the fractures which 

do not heal. Additionally, if patients have a better quality of life with surgery it may prove to 

be a useful treatment to offer. It was found that fixing all of these fractures with surgery is very 

poor value for money, and instead it was the fractures which do not heal which appear to cause 

the greatest impact on the quality of life for patients.  

 

Secondly, the risk of surgery when performed late for fractures which do not heal was 

examined. This study found that the risk of complications with surgery, such as infection, does 

not appear to be greater with delayed surgery when carried out in the first three months 

following injury.  

 

The focus of the next two chapters was exploring how functional recovery is affected by 

fracture healing when collarbone fractures are managed without surgery. Here the use of patient 

reported function and pain scores, along with routine findings in clinic which doctors perform 

over a six-month period was examined. A high pain score, movement of the fracture on 
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examination and lack of new bone healing on the six-week Xray could accurately predict lack 

of healing (nonunion) at six months. This appeared to be more accurate than prediction soon 

after injury which is the current standard practice. It was also found that if fractures heal 

without surgery, the functional recovery, including return to work, was similar to that of early 

surgery. 

 

Finally, the use of sound waves (ultrasound) to determine if this detects new bone healing 

(callus) before X-rays was evaluated as this might be useful to further refine poor fracture 

healing risk soon after injury. This study found that at six weeks following injury, two thirds 

of patients have early bone healing which strongly predicts ultimate fracture healing at six 

months. Creating three-dimensional images from sound waves to further judge fracture healing 

may allow even greater usability of this method for doctors.  

 

In conclusion, fixation of displaced collarbone fractures based on poor functional recovery at 

six weeks following injury appears to be a safe and effective strategy to minimise surgery for 

this common injury. The use of ultrasound may enable accurate identification of early bone 

healing and be a useful imaging technology to improve the management of common fractures 

by Orthopaedic surgeons. 
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1. Introduction to thesis and literature review 
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 Fracture healing 
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1.1.1 Primary versus secondary bone healing  
 

Bone heals in response to its mechanical environment. The amount of movement between 

fracture fragments can be considered as strain, which is calculated by the change in length of 

an object with respect to its original length. The amount of strain over the fracture directly 

influences the type of healing that occurs (1). This relationship is known as Perren’s strain 

theory and the resultant bone healing can be considered as primary or secondary (2,3).  

 

Primary  

Operative stabilisation that produces anatomic reduction, interfragmentary compression and 

absolute stability will results in primary, or direct, bone healing (4). Here the bone does not 

require callus formation and instead cutting cones tunnel across the fracture site when the bone 

ends are in direct contact, known as contact healing. A cutting cone is formed from osteoclasts 

lined up to form a ‘ruffled border’ where osteolytic enzymes are released to absorb bone 

(known as a Howship’s lacunae, Figure 1-1) (1). This leaves a path for bloods vessels and 

osteoblasts to follow, laying down new lamellar bone and subsequent haversian systems.  

 

According to Perren, the strain across fracture fragments needs to be less than 2% in order to 

prevent callus formation and allow direct bone healing with haversian remodelling (3). This 

relies on minimal gapping between the fracture fragments so to the cutting cones can lay down 

lamellar bone and undertake remodelling simultaneously. If small gaps exist, primary bone 

healing can still occur with gap healing, here new blood vessels firstly bridge the gap followed 

by cutting cones and finally remodelling in sequential steps which can take longer. If the gap 

is too large to permit primary bone healing but the strain environment is low, a nonunion may 

result as secondary bone formation will be prevented from the rigid construct. 
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Figure 1-1 Primary bone healing cutting cones. 

Adapted from McRae’s Orthopaedic trauma (5) 
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Secondary bone healing 

When movement occurs at the fracture, secondary bone healing predominates which is 

characterized by maturing callus formation. The interfragmentary strain is initially high 

between the fracture fragments, approximately 100%, which results in the formation of 

granulation tissue. With immobilisation of the fracture, strain is further reduced which may 

permit the development of fibrocartilage which continues to stiffen the construct. In favourable 

fracture healing this results in the formation of soft callus which is then replaced by hard woven 

bony callus to bridge the fracture site (1,3). Callus formation undergoes four distinct phases 

under normal physiological conditions and when union occurs in a timely fashion. 

 

Stage 1. Inflammation and Haematoma – Week 1 

Bone bleeds in response to injury creating a local haematoma. This results in a fibrin clot which 

is in turn is invaded by the immune system with macrophages, neutrophils, and fibroblasts 

creating granulation tissue. Bone resorption takes black at the necrotic bone ends from 

osteoclasts and macrophages (Figure 1-2) (1,6). 

 

 

Figure 1-2. Secondary bone healing. Inflammation and haematoma.  

Periosteum on tension side is torn resulting in haematoma formation.  
Adapted from Rockwood and Green’s Fractures in Adults. 6th Edition 2006. (6) 
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Stage 2. Soft callus – Weeks 2 to 3 

The granulation tissue is replaced by the process of endochondral ossification resulting in 

production of fibrous connective tissue (fibroblasts) and cartilage (chondroblasts). If this soft 

callus is able to bridge the fracture gap it will provide some provisional stability to the fracture 

and in turn reduce the strain (Figure 1-3). This is a crucial step to allow calcification of the 

callus into woven bone during the hard callus stage. If bridging soft callus does not occur, the 

strain remains high and this impedes the formation of bone (1). 

 

 

Figure 1-3 Secondary bone healing. Soft callus phase. 

Organising haematoma bridging soft callus. Early new bone formation can be found on the periphery of the 

fracture. Adapted from Rockwood and Green’s Fractures in Adults. 6th Edition 2006.  (6).  
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Stage 3. Hard callus – Weeks 4-12 

Within the soft callus, bone formation begins where the strain is lowest. Intramembranous 

ossification in the periosteum produces bone directly at the periphery of the fracture site. This 

is in combination with endochondral ossification in the bridging soft callus (fibrocartilage) 

which is replaced by osteoid or woven bone. This occurs on the periphery and progresses 

centrally, further reducing stain, to form a bridge of bone (Figure 1-4). This mineralized osteoid 

bone is then typically visible on radiographs between 6-12 weeks (1,7). 

 

Figure 1-4 Secondary bone healing. Hard callus phase. 

Woven bone bridging the fracture gap. Persist cartilage can be found prior to remodelling phase. 

Reproduced by Rockwood and Green’s Fractures in Adults. 6th Edition 2006.  (6) 

 

Stage 4. Remodelling phase. Weeks 12 – Years 

Following the bridging of the fracture with hard callus, remodelling takes place for a number 

of months to years. Here the newly formed woven ‘osteoid’ bone is replaced by trabecular 

‘lamellar’ bone. Excessive fibrocartilaginous callus is removed, the medullary canal reforms 

and bone is remodelled in response to Wolff’s Law with the highest density of lamellar bone 

where the load is greatest (1). 
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1.1.2 Definition of nonunion 
 

Nonunion following a long bone fracture is relatively uncommon and occurs in approximately 

5-10% of cases (8). The incidence in the U.K. is estimated at 20 per 100,000 population with 

predominately males of the working age most commonly affected (9). The burden of a long 

bone nonunion is substantial with pain, loss of function and psychological distress commonly 

encountered (10). The financial implications can often be extensive for both patients due to 

loss of potential earnings, and society with an estimated medical expense of up to £79,000 per 

case (9). Nonunions in clinical practice are most commonly found in the long bones with the 

forearm, humerus, tibia, clavicle and femur (8,9). The incidence is believed to be increasing  

as a result of advances in the management of severe trauma where patients are more likely to 

survive but with significant musculoskeletal trauma (7).  

 

A definition of nonunion is contentious and lacks consensus among Orthopaedic surgeons (11). 

The US Food and Drug Administration defined nonunion as a fracture that has failed to unite 

at nine months or has failed to show progression over the previous three months (12). An 

alternative pragmatic definition is a fracture that has no potential to unite without further 

intervention. This is in contrast to a delayed union in which the fracture has not united in the 

expected time which is typically six months for most long bone fractures including the clavicle 

(13). The distinction between a nonunion and delayed union is therefore problematic and can 

usually only be determined in retrospect (11,14).  

 

Classification of nonunion is often thought of as two broad categories. Hypertrophic nonunion 

is defined by abundant callus formation but with lack of cortical bridging and implies the 

biology of the fracture is not impaired but there is excessive mobility, or strain, which prevents 
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progression of callus formation (1,6). Atrophic conversely suggests hypo-vascularity of the 

fracture and poor biology capacity to heal in the absence of any callus formation. However, a 

recent summary of the evidence suggests that the majority of nonunion cases are largely driven 

by the mechanical strain environment as defined by the ‘unified theory of bone healing and 

nonunion’ (15).  

 

For this thesis a fracture that had failed to unite at six months post-injury, diagnosed either at 

time of operative intervention or via lack of bridging callus on three-dimensional imaging, was 

defined as a nonunion. A fracture which unites beyond six months without further intervention 

was considered a delayed union. This is in keeping with most randomized controlled trials that 

have focussed on displaced clavicle fractures as outlined in Chapter 1.2.7. Ideally to diagnose 

a nonunion clinical and radiographic features should be present as outlined in Chapter 1.1.4.  
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1.1.3 Risk factors for nonunion  
 

Establishing key risk factors to predict nonunion has been the subject of much interest in the 

Orthopaedic literature. Despite an abundance of research on the topic, there is contradiction of 

the importance of specific risk factors, likely as a result of the heterogeneity in patients, 

fractures and definition of nonunion (16). High energy fractures associated with open injuries 

with soft tissue stripping have an intrinsic risk of poor healing as reported for clavicle (17) and 

tibia (18,19) but is likely relevant for most long bone fractures (20). The association of multiple 

fractures with polytrauma is also thought to be an independent predictor (8). Bone loss is 

encountered rarely and was found in 0.4% of all fractures admitted to our regional trauma 

centre (21). As expected, a higher incidence is seen with open injures but spontaneous healing 

can usually be expected with conventional fixation techniques if the defect is less than 2cm or 

involving no more than 50% circumference of the bone for the tibia and femur (21). Although 

increasing displacement and presence of comminution are often considered as risk factors for 

most long bone injuries, the evidence of this assumption rests largely on retrospective studies 

which are prone to bias and may lack useful prediction accuracy (16). 

 

Most orthopaedic surgeons would regard age as an independent predictor of nonunions (82% 

from a recent survey) (11). The evidence for this is poor and observational data from large 

epidemiological databases have found that nonunion incidence peaks in around the age of 35 

to 44 and decreases thereafter (9,22). For specific fractures, the evidence is contradictory which 

may reflect the poor retrospective quality (16) and only in the clavicle is age found to be a risk 

factor (23). The explanation for the association with age with nonunion may well be a 

confounder with comorbidities and medications that negatively effect on bone healing.  
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Smoking is almost universally considered to have a negative effect on bone healing and a strong 

risk factor for nonunion (11). Association has been found with smoking and poor bone healing 

for most long bone fractures with a odds ratio for bone nonunion at 2.32 for current smokers 

against nonsmokers (16,24). The effect also appears to be more pronounced in open fractures 

(24). However, approximately a third of studies in a recent systematic review did not 

demonstrate a negative effect of smoking on nonunion risk for a range of fractures (16). The 

explanation maybe that smoking has only a moderate deleterious effect on bone healing which 

is confounded by its association with comorbidities which may independently affect bone 

healing. 

 

Diabetes is thought to approximately double the risk of long bone fracture nonunion from a 

large observation database study (25). Particularly in the context of poorly controlled diabetes, 

as found with peripheral neuropathy or raised haemoglobin A1c levels. Excessive 

complications such as wound breakdown and loss of fixation are encountered in foot and ankle 

fracture along with the risk of nonunion (26). It is unclear from the current literature whether 

well controlled diabetes carries the same risk of poor bone healing and operative complications. 

 

Obesity has been associated with nonunion for the humerus, femur and tibia (16). Although 

thought to be a predominate risk factor for weightbearing bones, there is conflicting evidence 

about its risk for femoral nonunion with modern reamed reconstruction cephomedullary nails 

which may reduce the risk associated with obesity (27). Additionally, large body habitus is 

thought to independently influence fracture mobility and risk of nonunion with humeral shaft 

non-operative management (28). 

  

Despite the general consensus of most Orthopaedic surgeons that consider NSAIDs and 
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steroids as risk factors for nonunion, the evidence is spare and likely only has a small 

contributory risk for certain fractures (11). Non-steroidal consumption twelve months prior to 

a fracture have been associated with nonunion with an estimated odds ratio of 2.6 (25). The 

use of NSAIDS following femur fractures post intramedullary nailing was found to be strongly 

associated with nonunion and delayed healing (29). Steroids have not been shown to date as a 

risk factor for nonunion (16).  

 

Comorbidities and chronic disease states including osteoporosis have been associated with 

poor bone healing although not universal to all long bone fractures with some contradictory 

findings in the literature (8,16). There is better agreement for alcoholism and drug abuse 

although this is limited to the femoral neck and humerus injuries (30,31). Given the 

heterogenicity of chronic diseases it is difficult to conclude on the specific risk of nonunion for 

a given fracture. 

 

The development of nonunion appears to be multifactorial with a complex interplay between 

the fracture, patient comorbidities, medications and social behaviours (8). Despite the 

abundance of literature, accurate prediction of patients at increased risk of nonunion based on 

factors present from the time of injury remains challenging for any given fracture.  

 

The evidence of risk factors specifically relating to clavicle nonunion will be explored in 

Chapter 1.2.5. 
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1.1.4  Diagnosis of impaired fracture healing 
 

A diagnosis of nonunion is based on both clinical and radiological parameters (14). As outlined 

in Chapter 1.1.2 a fracture which has not healed at six months post-injury will be considered 

as a nonunion for the purpose of this thesis. Occasionally, fracture healing without intervention 

will take place beyond six months post-injury and can be considered as a delayed union. 

Typically, when delayed union occurs, they may exhibit clinical or radiological evidence of 

progression towards fracture healing as outlined in this chapter.  

 

History and examination 

Pain in the history is important to elicit as this will be the main reason to proceed with surgery 

in most cases. Functional limitations will give an impression of the quality of life impact (13). 

With the lower limb, persistent pain on weight bearing can often be found. Following operative 

management, complications such as a prolonged leaking wound, haematoma or superficial 

infection raise the concern of a low-grade chronic infection. Following non-operative 

treatment, ongoing tenderness at the fracture site is often present and persistent mobility of the 

fracture can be useful (32). 

 

Radiographs 

Radiographic judgement of union has traditionally been based on sequential radiographs to 

monitor the progression of healing with bridging callus and disappearance of the fracture line. 

Although no universal definition of radiographic fracture healing exists (11,14), various 

descriptions consist of decreasing size of fracture gap, callus to cortex ratio and bridging callus 

between fracture fragments which is perhaps the most objective and reproducible (33). 
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There are distinct limitations with radiographs. The two-dimensional projection of radiographs 

can cause errors in judgement. Callus can take 6-8 weeks to be evident and can take several 

months before bridging is apparent (34–36). The importance of a cortical bridge does appear 

to be the crucial event though, once this occurs union is generally observed (37–39). 

 

Radiographic scoring criteria 

Objective radiographic scoring criteria has been proposed to reduce the subjectivity of the 

assessor and improve the inter-observer repeatability. The most popular of these is the 

Radiographic Union Scale for the Tibia (RUST) (40,41). This is based on a scoring system for 

the presence of callus and disappearance of the fracture line on the four cortices of a tibia 

diaphyseal fracture based on anteroposterior (AP) and lateral radiographs. It is a continuous 

scale from 4 to 12 points, each cortex is assigned a score of 1-3 based on no callus (1), callus 

(2) and callus with no fracture line evident (3). This has later been improved to the modified 

RUST score which subdivides the presence of the bridging callus given this is often perceived 

as a crucial step to decrease the strain of the fracture to allow progression of the hard callus 

(42). This has shown good repeatability and validity to representing biomechanical properties 

(43). In general, there is agreement of union in the presence of bridging callus on a minimum 

of three out of four cortices and/or the fracture line is no longer evident. 

 

It has been proposed that such radiographic scoring criteria is of use and can be developed for 

other fractures to improve agreement and establishing objective scores for the evidence of 

nonunion. A similar scoring system has been used to assess delayed union in hip fractures with 

good agreement between users (44,45). The cumulative volume of callus following non-

operative management of humeral shaft fractures at six-weeks following injury has also been 

recently shown to have a strong predictive value for ultimate union at six months (46). 
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Computed Tomography 

Fracture healing evaluation with CT scanning can provide high resolution multi-planar imaging 

to determine the evidence of bridging callus and union (47–49). It may have the ability to 

improve agreement between observers particularly when radiographs are unclear (50).  

 

For tibia fractures the sensitivity for detecting nonunion has been shown to be 100% but the 

specificity was low at 62% (51). There may be a risk of ‘over diagnosis’ of nonunions and 

some authors have questioned its routine use over conventional radiographs (52). This may be 

a result of CT taking a similar length of time to radiographs to visualise unconsolidated callus 

and therefore not detecting bridging callus even when it is present (35).  

 

The optimal timing of CT scan and specific criteria to determine union has been poorly 

evaluated. The ability to evaluate three-dimensional bridging callus may be a useful tool to 

determine union and the ability of fracture healing after injury. CT scanning is therefore a usual 

investigation to confirm union and potentially prior to surgical intervention for nonunion, 

particularly when fracture healing is in doubt on radiographs.  

 

Alternative imaging modalities for diagnosis of nonunion 

Magnetic resonance imaging (MRI) is employed to exclude infection or devitalised bone 

fragments which can be essential for complex nonunions often following failed initial fixation 

(53). The use of MRI to evaluate callus formation to predict union has limited evidence in the 

clinical setting and to date rests on animal studies (54). There is recent work on the vascularity 

of the fracture site following fixation which may be of use in the revision nonunion setting but 

the application requires further evaluation (55,56). 
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The use of nuclear imaging and developments in positron emission tomography (PET) rests 

mainly on establishing infection in the context of osteomyelitis or nonunion (57). Laboratory 

markers from blood tests have received much interest, particularly in animal studies, but to 

date do not show major promise and are not routinely used (58). Whilst several markers have 

bene proposed there are a number of factors that are thought to influence their regulation, (e.g. 

patient age, comorbidities, fracture type) and as a result of which the clinical implications are 

yet to be established (59). 
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 Clavicle fracture background 
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1.2.1 Epidemiology of clavicle fractures 
 

Fractures of the clavicle represent one of the common fractures of the upper limb accounting 

for 35% of shoulder girdle injuries and 4% of all fractures in adults (17). The annual incidence 

is estimated between 29-64 per 100,000 population head per year (20,60).  

 

There is a distinctive bimodal distribution of injuries with the majority of injuries sustained in 

young males and a smaller proportion in the elderly (Figure 1-5) (17). A direct blow to the 

shoulder is the most common mechanism of injury. This strongly correlates with sporting 

injuries in the young, of which cycling, horse riding and rugby dominate, and conversely 

simple falls in the elderly (17,60).   

 

Clavicle fractures predominately affect those of working age and with the increasing popularity 

of cycling, there is thought to be a rising number of injuries in the last 15 years (61). The mean 

of age of injury was 33.6 years in 1998 and increased to 43 years in 2017 (62). Additionally, 

the incidence is been shown to be increasing in Europe from 35.6 to 59.3 per 100,000 over the 

last decade (63). 
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Figure 1-5. The incidence of clavicle fractures. 

Age x-axis and incidence y-axis. Male (blue) and female (red). Reproduced with permission from author (17). 
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1.2.2 Relevant surgical anatomy of the clavicle 
 

The clavicle has one of the most unique bone formations in the body being the first bone to 

ossify and the only long bone to form by intramembranous ossification without a cartilaginous 

stage. Conversely it is also the last to reach skeletal maturity with the medial epiphyseal growth 

plate fusing at around 25 years of age. Unlike other long bones is has little supply from a 

nutrient artery and relies almost exclusively on the periosteal blood supply (64,65). 

 

The clavicle is the only strut connecting the upper limb to the trunk (‘clavis’ in latin means 

key). The clavicle has two articulations, one medially with the sternum (sternoclavicular joint) 

which has strong ligamentous attachments. The other articulation is laterally with the scapula 

at the acromioclavicular joint and this is secured by coracoclavicular ligaments. The clavicle 

appears relatively straight in the coronal plane, but in the axial plane it has a double S-shaped 

curve. The cross section varies greatly throughout its length being flat laterally and more 

tubular medially which is thought to correspond with its muscular attachments (66). 

 

Tensile muscular and ligaments act laterally, and axial loading medially produces a weak point 

at the middle to distal third of the bone which corresponds with the majority of fractures. 

Interestingly this is also the thinnest portion of the bone which gives further explanation to the 

predisposition to injury (67). The superior surface of the clavicle is superficial with only a thin 

covering of clavicopectoral fascia and the platysma muscle over inner two thirds and deltoid 

more laterally. The supraclavicular nerves are found deep to platysma and can be injured often 

with surgical dissection leaving a variably degree of numbness distally over the chest wall (68). 

Over the anterior chest wall the pectoralis major is covered with clavicopectoral fascia which 

passes above and below the clavicle, inferiorly attaches to the subclavius muscle which 
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encompasses the inferior portion of the clavicle attaching medial to the costal cartilage and 

laterally to the coracoid.  

 

The clavicle has a close and significant relation to neurovascular structures both posterior and 

inferiorly (69). The myofascial layer below the clavicle consists of clavipectoral fascia, 

subclavius and pectoralis minor which is joined by the omohyoid from above to create a layer 

in front of the subclavian vein and artery. This soft tissue envelope below the clavicle likely 

explains how despite the close location of neurovascular structures, injury at the time of 

fracture is exceedingly rare. The subclavian vein has an intimate relationship with the posterior 

medial third aspect of the clavicle with an average distance of 4.8mm (70). The brachial plexus 

is intimately related to the subclavian artery crossing beneath the clavicle with three respective 

main cords. 

 

The space between the first rib and clavicle is known as the thoracic outlet. This can be divided 

into three portions; medially the scalene triangle, centrally the costoclavicular space with 

clavicle superior and first rib inferior and laterally the sub-coracoid or retropectoralis minor 

space  (71).  
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1.2.3 Classification of clavicle fractures 
 

Historical classification was based on the anatomic location of the fracture and proved popular 

with the two most widely used being Allman (72) and Neer (73). Both classification systems 

simply divided the clavicle into middle (type I), lateral (type II) and medial (type III). Given 

that approximately 80% of clavicle fractures occur in the diaphysis (midshaft), these 

classification systems failed to address the wide variety of fracture patterns that could present 

here.  

 

The Edinburgh classification developed by Robinson in 1998 was a culmination of 1000 

clavicle fractures which were subclassified them into anatomic location (medial, middle and 

lateral) but importantly according to their displacement and comminution (Figure 1-6) (17). 

This system is the most widely adopted particularly in the context of classification in clinical 

trials and has been shown to have high levels of inter- and intra-observer agreement. An 

AO/OTA classification of midshaft fractures does also exists and is comparable in principle to 

the Edinburgh model with subdivisions based on whether the fracture is simple, wedge or 

multifragmented.  
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Figure 1-6. The Edinburgh clavicle classification by Robinson 

Reproduced with permission from the author (17). 
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1.2.4 Nonunion prevalence and treatment 
 

‘When, then, a clavicle fracture has recently taken place, the patients attach much importance 

to it, as supposing the mischief greater than it really is, and the physicians bestow great pains 

in order that it may be properly bandage but in a little time the patients, having no pain, nor 

finding any impediment to their walking or eating, become negligent and the physicians 

finding they cannot make the parts look well, take themselves off, and are not sorry at the 

neglect of the patient, and in the meantime the callus is quickly formed’ 

Hippocrates 4th Century BC (74) 

 

The management of clavicle fractures can be traced back as far as Hippocrates when it was 

suggested that these injuries can be simply managed with ‘benign neglect’. That long held 

dogma proved persuasive and was widely accepted view until recently. This opinion was 

further reinforced by two prominent surgeons in the 1960s who independently reported their 

own experience of clavicles fractures stating universal excellent functional and nonunion rates 

of 0.71% (75)  and 0.13% respectively (76).  

 

When nonunion was rarely encountered, delayed surgical fixation was thought to be generally 

straight forward with a predictable outcome for patients. The first reported series on fixation 

of symptomatic clavicle nonunion was of three patients in 1977 where successful union 

occurred with compression plating (77). Over the two decades that followed, numerous small 

case series suggested that compression plating, with or without iliac bone grafting, was a safe 

and predictable treatment and excellent outcomes to be expected (78–81).  
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It was not until the turn of the 21st century that clavicle fracture management was questioned. 

A study of 52 patients at three years post-injury by Hill in 1997 found that 15% of midshaft 

fractures resulted in nonunion and up to a third of all patients were dissatisfied with their 

outcome (82). A larger series by Nowak in 2004 of 245 patients also found conservatively 

managed fractures had a dissatisfaction rate approaching half the cohort and a nonunion rate 

of 7%, both of which were strongly related to displaced fractures with comminution (83). It 

was these landmark papers which paved the way for the influential randomized trial by the 

Canadian Orthopaedic Trauma Society which is discussed later.  

 

Nonunion following a clavicle fracture is generally diagnosed at six months post-injury in most 

of the recent prospective trials (84–89). It is now established from multiple prospective studies 

that nonunion prevalence following a displaced midshaft fracture in adults (Edinburgh 2B) 

occurs in approximately 15-24% of cases (90). The majority of nonunions tend to be 

symptomatic with pain, loss of function and disability impacting the quality of life (91,92). 

From recent randomized trials, it appears to be nonunion which is largely responsible for 

driving patient morbidity and dissatisfaction following a non-operatively managed displaced 

fracture and conversely malunions are generally well tolerated (90,93).  

 

Despite the early positive case series on clavicle nonunion surgery, there were reports of 

catastrophic complications and poor outcomes following nonunion fixation. Eskola published 

the outcomes of 24 patients and found diminished shoulder function in addition to failure of 

fixation in four patients with two ultimately requiring a partial clavectomy (94). Another series 

from Jupiter of 23 patients again reported partial clavectomy in five patients with half the 

cohort experiencing reduced shoulder movement post-operatively (95).  
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The largest series to date from Endrizzi of 47 patients found residual disability and importantly 

construction failure in 7% of cases due to delayed union requiring revision (96). This is 

substantially higher revision rate when compared against acute plate fixation which is 

estimated at 1.4% from a recent meta-analysis (90). A large database observational review of 

1215 clavicle fractures by McKnight in 2016 from the United states found an increased risk of 

wound complications and any post-operative complication with nonunion fixation compared 

to acute plate fixation of clavicle fractures (97). Unfortunately, this study did not report the 

time delay between injury to fixation, complications are poorly defined, and it is unclear if such 

a comparison is valid without accounting for potential confounders.  

 

Although complication associated with nonunion fixation is important to consider, it is unclear 

whether a comparable long-term functional outcome can be expected with nonunion fixation 

when compared to acute fixation. Mckee and colleagues were the first to use objective 

examination findings and functional outcomes to compare those who underwent delayed 

fixation against a control of acute fixation patients (15 patients respectively) (92). The groups 

were well matched for demographics, and both reassuringly showed comparable satisfaction 

and patient reported outcome measures (PROM) on Constant and DASH score. Examination 

did reveal similar strength except for some endurance fatigue in the delayed group (92). In the 

same year Wallace and colleagues also showed some residual disability in 11 patients who 

underwent nonunion fixation with loss of function, pain and inability to return to normal 

activities (98). Although both studies employed objective measures to grade function, there is 

no doubt some risk of selection bias and chance findings with a small sample size, additionally 

both patient groups were identified retrospectively without prospective assessments. 
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Only one prospective case control series exists comparing acute midshaft clavicle fixation 

(n=68) against delayed fixation beyond three weeks post-injury (n=29) published in 2014 (99). 

They found similar outcomes at final review at a mean of 31 months on the QuickDASH, 

Oxford shoulder score and operative complications. It should be noted that the median time to 

fixation in the delayed cohort was 40 days, however. This study does have relatively small 

numbers and was likely underpowered to detect the less common but major complications such 

as neurovascular injury, infection, or fixation failure.  

 

A recent retrospective case series in 2018 of nonunion fixations (n=20) were compared against 

an acute plate fixation cohort (n=90) also found no increased risk in complications (100). 

However, no case control matching was used to ensure the groups were comparable, the cohort 

was small, and crucially it was again unclear what the time delay from injury to fixation was 

in the nonunion cohort. 

 

There remains a lack of understanding regarding the risk of complications and clinical recovery 

following delayed clavicle fracture fixation. Most studies to date have small numbers, without 

control for confounders or poor definitions of specific complications. Furthermore, no study 

has specifically examined whether an increasing delay from time of injury to fixation has a 

greater risk of operative complications.  

 

Anecdotally, clavicle fixation is easier to undertake when it is performed acutely as the fracture 

is easy to mobilize, the fragments are relatively straightforward to reduce, and the soft tissue 

envelope is not compromised by scar tissue. When performing clavicle plate fixation in a 

delayed fashion for a fracture with a nonunion, the operation is more challenging and time 

consuming because of tethering of scar tissue, sclerosis, and remodeling of the bone ends. It 
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would be feasible that major operative complications would therefore be more likely with 

delayed surgery but as outlined this relationship is not proven.  Establishing this relationship 

and the potential time window for surgical intervention would be extremely useful to guide 

clinical decision making.   

 

Delayed clavicle fixation and the risk of complications will be the focus of Chapter 3. 
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1.2.5 Nonunion prediction of midshaft clavicle fractures 
 

There has been much interest in both patient and fracture characteristics to identify those at 

increased risk of nonunion. The highly influential paper by Hill in 1997 found that  shortening 

of over 20mm in 66 displaced midshaft fractures was the only significant predictor of nonunion 

(82). This paper set the precedent to examine fracture specific findings which predict nonunion. 

The largest study to date was by Murray in 2013 who studied 941 adult midshaft clavicle 

fractures with an overall nonunion of 13.3%. They found rather than shortening, it was fracture 

comminution (Odds Ratio (OR) 1.75) and absolute (or overall) fracture displacement (OR 1.17) 

that predicted nonunion on regression analysis (Figure 1-7) (88). Additionally, smoking was 

an independent predictor (OR 3.76). This was validated with another series of 804 midshaft 

fractures with smoking (OR 4.16), displacement (OR 7.81) and comminution (OR 3.86) 

identified on regression analysis (101).  

 

Figure 1-7. Illustration of clavicle displacement measurements. 

Green arrow – Overlap – Measured from proximal fragment (A) to perpendicular distance of 
distal fragment (C) shortening. Blue arrow – Translation – Perpendicular to midpoint of 
overlap between long axis of fragments.  Red arrow – Overall displacement – Measured 
between the fracture lines of A to C. Reproduced with permission from the author (88). 
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Although these are objective clinical features that are easy for clinicians to determine, there are 

important limitations to consider. Whether the absolute fracture displacement beyond fully 

displaced, or lack of cortical opposition, is of relevance is unclear. Murray found that the 

overall fracture displacement was the most useful predictor when compared to overlap or 

translation (88). An overall displacement greater than 15mm of the respective medullary canal 

of each fragment was found to have the greatest sensitivity and specificity on receiver operator 

characteristic curve (ROC) analysis (2% nonunion vs 27%).  

 

Presumably a greater displacement would imply more soft tissue envelope disruption and a 

greater distance for callus to bridge.  Whether this can be accurately judged on a radiograph is 

contentious though. A two-dimensional radiograph will be strongly affected by patient 

positioning, magnification and the projection (Figure 1-8). It has been shown that altering the 

radiographic projection of the same injury results in surgeons changing their decision to 

undertake acute fixation in over 50% of cases (102). Clavicle fracture displacement may well 

be dynamic with progressive displacement reported in the first few weeks after injury (103). 

Whether the patient is supine or upright will also affect the fracture displacement (104)(105). 

In comparison to three-dimensional CT scanning, plain radiographs are likely to be inaccurate 

with regards to estimations of displacement and shortening (106). 
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Figure 1-8. Clinical radiographs outlining limitations of radiograph interpretation  

-Two examples of patients with radiographs taken at time of injury and first clinic 
appointment at one week. Projection of radiograph and patient position markedly effects 
estimated displacement and shortening of fracture. From authors own records.  
 

Patient 1 

 

Patient 2 
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As outlined in the chapter 1.1.3 there are multiple patient and fracture characteristics that exist 

which may predispose to nonunion but crucially, they need to be specific to certain fractures. 

For the clavicle these are summarized below. 

Patient risk factor Fracture characteristics 

Smoking  Fracture displacement  

Female gender  Comminution  

Increasing age Shortening (>2cm) 

Co-morbidities  Soft tissue entrapment  

High energy mechanism  Open fracture  

 

Table 1-1. Summary of risk factors for nonunion at time of injury  

(23,83,88,101,107) 

 

Essentially all of the predictors are based on information based on patient or injury factors 

present from the time of injury. It is challenging to use this collection of potential risk factors 

to reach a meaningful and accurate estimation of nonunion likelihood for a given patient. The 

ability to provide an accurate estimation of nonunion risk with non-operative management 

would be extremely helpful to guide clinical decision making. The most useful and pragmatic 

of which is the model developed by Murray on the combination of smoking, comminution and 

fracture displacement as outlined in the first paragraph. The regression model that this paper 

produced allows for an individual risk calculation based on the following formula (88). 

Logistic regression model *Logit(p)= -5.616 + (1.324 x (1 if smoker or 0 if non-smoker)) + 
(0.561 x (1 if comminuted or 0 if noncomminuted)) + (-0.153 x absolute fracture 

displacement in mm). 

Percentage probability of nonunion =exp(logit(p))/(1+exp(logit(p)))x100. 
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This is currently the best available predictor to estimate individual nonunion risk. Crucially 

though, these calculations are based on retrospective information and radiographic predictors 

which as outlined above have limitations.  

 

A novel approach to clavicle nonunion prediction could be based on poor clinical recovery 

following injury with non-operative management.  In a post-hoc analysis of the UK clavicle 

trial (108), the use of the DASH score at six weeks following injury was found to be strongly 

predictive of ultimate union at six months. In this study 92 patients were managed non-

operatively and a DASH score above 35, determined with ROC curve analysis, had a positive 

predictive value (PPV) for nonunion of 20% in non-smokers and 43.8% in smokers (109).  

There are limitations with this study, the numbers are relatively small, and the cohort was 

young with a greater representation of males then would be expected for this injury because of 

trial recruitment. Additionally, given the study was performed in a post-hoc fashion, other 

useful clinical features at six weeks were not examined.  

 

The use of a delayed assessment at six-weeks following injury to predict clavicle nonunion 

may have the advantage of including clinical information which is not present at the time of 

injury. Objective clinical examination and history features in combination with patient reported 

outcomes may yield a superior prediction of clavicle nonunion compared to the current best 

method of prediction based at the time of injury. This will be the focus of Chapter 4. 
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1.2.6 Malunion of the clavicle 
 

Displaced midshaft clavicle fractures are generally expected to unite with a malunion and 

historically that was thought to be largely of insignificant clinical relevance (75). It was not 

until the 21st century that clavicle malunion was considered a clinical entity in its own right. 

Hill was the first to report on clavicle shortening as a risk factor for nonunion in their early 

landmark paper and risk of dissatisfaction associated with it (82).  Mckee shortly after reported 

on a series of 15 midshaft fractures with malunion following nonoperative management and 

found persistent chronic pain, weakness and cosmetic dissatisfaction of the shoulder (110). 

Nowak published two similar papers from a prospective cohort of over 200 clavicle fractures 

that were managed nonoperatively and found almost half had long term problems of pain and 

cosmetic defects despite union (83,111). The importance of 2cm of shortening was again 

reinforced by Lazarides in 132 fractures following conservative management where a poor 

patient reported outcome was found despite union (112).  

 

Although these papers highlight a potentially underappreciated clinical entity, the 

biomechanical explanation for the deficit and causal relationship with clavicle malunion was 

poorly understood. The increased upward angulation of the sternoclavicular joint and excessive 

anterior scapular version was proposed by Ledger and this was associated with reduced muscle 

strength (113). This was then explored with a cadaver study where sequential shortening of the 

clavicle confirmed the increasing sterno-clavicular rotation and winging of the scapula at rest 

and in abduction (114). This was repeated with ‘in vivo’ CT scanning of the thorax in 18 

patients with a clavicle mean shortening of 21mm, abnormal translation of the scapula was 

again seen by a range of 5-21 mm in different planes of movement (115).  
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Despite these studies shedding light on the potential altered biomechanics of the shoulder girdle 

there remains a distinct lack of evidence on how much clinical impact this has on shoulder 

function. Furthermore, given the frequency of clavicle fractures and the historical widespread 

use of non-operative management, the prevalence a symptomatic malunion due to altered 

biomechanics is difficult to quantify from these highly selective case series.  

 

A common critique of all these papers is the reliance on radiographs to judge shortening of the 

clavicle. As outlined in the previous chapter, timing of the radiograph and patient positioning 

will affect perceived displacement of fracture measurement. If the clavicle is not parallel to the 

beam of the radiograph this will skew measurement. When compared to the ‘gold standard’ of 

CT reconstruction, a posterioranterior thorax radiograph proved much more successful than the 

standard clavicle radiograph or measurement with a tape (106). The discrepancies in the 

methodology used to measure shortening may explain the contrasting evidence that exist in the 

literature.   

 

Subsequent large studies using accurate measurement techniques have not shown a correlation 

with poor function and clavicle malunion. A large study of 136 patients employing a chest 

radiograph technique showed no association with poor function and shortening over 2cm in 

relation to the contralateral clavicle (116). This technique was again repeated with similar 

findings in a smaller cohort of 59 patients but importantly with prospective recruitment to 

reduce the risk of bias with retrospective selective patient series (117). 

 

A CT evaluation of 32 patients with a united clavicle fracture confirmed the presence of subtle 

scapula altered translation and scapulothoracic kinematics but this had no association with 

functional deficits and excellent outcomes were found in all patients (118). This was again 
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shown with a post-hoc analysis of the UK clavicle trial with 3D CT reconstruction of both 

clavicles in 48 patients with united fractures. This study accurately showed no correlation with 

shortening on shoulder function or satisfaction levels in patients at one-year post-injury (119). 

Importantly this study was also the first to look at proportional shortening in relation to the 

contralateral clavicle rather than an arbitrary cut off as does not take into account the variations 

found between individuals with regard to clavicle length. 

 

It would therefore appear that although a malunion can be expected after a clavicle fracture, 

along with resultant minor altered positioning of the scapula, the objective impact on function 

is likely minor. With an accurate estimation of clavicle shortening, it does not appear to 

correlate with poor patient outcome. Judging the prevalence of symptomatic malunion 

requiring intervention is difficult from the selective case series which dominate the literature. 

The numerous clinical trials as summarised in the next section show that a malunion osteotomy 

intervention rate is extremely low in prospective series. 

 

Despite the close proximity of the subclavian vessels and brachial plexus, injury seldom occurs 

(120). There are a small series of case reports in the literature which report brachial plexus 

irritation or neurogenic thoracic outlet syndrome in the presence of a united clavicle fracture 

(121–123). Successful resolution of symptoms has been described with this rare complication 

with scalenectomy of the incarcerating muscle boundary or clavicle osteotomy.  

 

The evidence that malunion significantly affects patient outcome following a displaced 

midshaft fracture is therefore limited. There is now substantial evidence from trial data that if 

union occurs, the outcome is generally good. This will be summarized in the next chapter. 
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1.2.7 Summary of current evidence for clavicle acute fixation versus non-

operative management  
 

Following the evidence presented by Hill, McKee and Nowak regarding the underappreciated 

prevalence of nonunion and dissatisfaction following non-operative management of displaced 

clavicle fractures, the question of acute fixation was raised (82,83).   

 

In 2007 the first randomized controlled trial (RCT) was published by the Canadian Orthopaedic 

Trauma Society (COTS) comparing acute plate fixation to non-operative management with a 

sling for displaced midshaft clavicle fractures in adults (84). This was a multicentre study with 

132 patients, and it was a significantly influential paper in Orthopaedic literature. It stated 

unambiguously that primary acute plate fixation of completely displaced fractures is 

advantageous given the reduced rate of nonunion and improved functional outcome at all time 

points up to 12 months post-operatively. This was based on a minimum clinical difference of 

10 points on the DASH and Constant score. Of interest 33% of the conservative arm underwent 

further surgery for nonunion fixation or malunion osteotomy which is much higher than any 

other subsequent trial. 

 

Two further trials were undertaken following the COTS paper employing similar methodology 

but with smaller numbers (60 patients respectively). Mirzatolooei found advantageous 

functional improvements at one year and a similar nonunion incidence (124) whereas Virtanen 

found no difference in functional outcomes at one year but the nonunion rate was 24% 

following conservative management versus 0% following plate fixation (85). Of note, no 

patients requested fixation of nonunion or correction of malunion in that study. 
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Despite the conflicting results produced from these trials, the influence of the COTS paper was 

significant and clavicle plate fixation increased exponentially in Europe and North America 

shortly following its publication. This also coincided with the innovation of anatomic pre-

contoured clavicle plate systems from the major trauma manufacturers which no doubt gave 

even greater appeal. It is estimated that in the decade following the COTS study, the rate of 

acute plate fixation increased tenfold despite only a small increase in the incidence of clavicle 

fractures increasing over this time (61,63,125).  

 

The trial by Robinson published in 2013 was at the time the largest trial to evaluate the benefits 

of plate fixation over non-operative management in the first 12 months post injury with 200 

patients (108). It was the first trial to evaluate the influence of nonunion on patient reported 

outcomes and concluded that if union occurs, regardless of treatment modality, an excellent 

functional result can be expected. The principal benefit of plate fixation was therefore to 

decrease the incidence of nonunion. However, given this occurred in approximately 15% of 

cases following non-operative treatment, the number needed to treat (NNT) was approximately 

7 patients to prevent 1 nonunion. Given the additional expense and complications observed 

with operative management, this trial came to the clear conclusion that routine plate fixation 

of acute fractures is not justified. 

 

A recent meta-analysis of all of the trial data (11 studies of approximately 1000 patients) found 

that plate fixation reduced the nonunion incidence of 14% down to 1.4%, but functional 

outcomes and risk of secondary surgical procedures were similar between the two groups at 

one year (90). This is also reflected in the recent Cochrane review (93). Table 1-2 summarises 

the available Level 1 data of randomized controlled trials of open acute plate fixation versus 

non-operative management. 
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Current best practice would therefore reflect that plate fixation may provide a slight increased 

rehabilitation benefit over the first three months following injury and reduce the incidence of 

nonunion.  It is unclear whether this early functional recovery associated with acute plate 

fixation is a result of reducing the nonunion burden found in the non-operative cohort. 

Furthermore, whether acute plate fixation is a cost-effective treatment to reduce the expense of 

the burden associated with nonunion is unknown. The increased rehabilitation of patients 

following surgery may have an economic benefit due to the sustained quality of life impact 

over the first-year post-injury which could make acute fixation cost-effective from a public 

health perspective.  
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Study Summary  Patient 
number 

Functional Outcomes 
 

Return 
to work  

Nonunion 
Definition 

Nonunion 
Op vs Non-op 

Plate fixation 
Further surgery/complications 

Non-operative 
Further surgery/complications 

COTS 2007 
(84) 

Plate fixation  
vs  
sling 

132 
 

Operative superior at 1 year - 12 month 3.0% 
vs 
14.3% 
 
 

8% plate removal 
4.8% superficial infection 
1.6% implant failure revised 
 

18.4% malunion re-intervention  
14.3% nonunion fixation 

Mirzatolooei 
2011 (124)  

Plate fixation   
vs  
sling 
 

60  
 

Operative superior at 1 year - 6 month 3.4% 
vs 
3.1% 
 
 

3.4% deep infection 
 
  

0% 

Virtanen 
2012 (85) 

Plate fixation 
vs  
sling 
 

60  
 

No difference at 1 year - 12 month 0% 
vs 
24% 
 
 

0%  0% 

Robinson 
2013 (108) 

Plate fixation  
vs  
sling 

200  
 

Operative superior at 1 year  
 
If Nonunions excluded - 
No difference at 1 year 

22  
vs  
24.2 
days  

6 month 1% 
vs 
16.8% 
 
 
 

11.6% implant removal 
4.7% periprosthetic fracture 
1.2% nonunion revision 
 
 
 

14.1% nonunion fixation 
3.3% osseous prominence removal 
1.1% malunion osteotomy 

Melean 2015 
(126) 

Plate fixation  
vs  
sling 

76 Operative superior at 1 year 2.9  
vs  
3.7 
months 

12 month 0% 
vs 
9.5% 
 
 
 

11.7% plate removal 
 
 

9.5% nonunion fixation 

Woltz 2017 
(86) 

Plate fixation  
vs  
sling 

160 No difference at 1 year - 12 month 2%  
vs 
23.1% 
 
 

16.7% plate removal  
2.4% deep infections  
7.2% fixation failure 
 

14.9% nonunion fixation 
1.4% malunion re-intervention 
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Ahrens 2017 
(87) 

Plate fixation  
vs  
sling 

301 No difference at 9 months - 9 month 0.8% 
vs 
11% 
 
 

1% revision fixation and  
1% plate removal 
 
 

11% nonunion fixation 

Tamaoki 
2017 (127) 

Plate fixation  
vs  
sling 

117 No difference at 1 year 112  
vs  
127 
days 

6 month 0%  
vs 
14.9% 
 
 

3.9% superficial infection 
 
 

4.3% nonunion fixation 

Qvist 2018 
(89) 

Plate fixation  
vs  
sling 

124 No difference at 1 year - 6 month 3.1%  
vs  
18.3% 
 
 

25% plate removal 
1.7% periprosthetic fracture 
1 .7% fixation failure 

15% nonunion fixation 

Bhardwaj 
2018 (128) 

Plate fixation 
Vs  
sling 

69 Operative superior at 2 years  - 24 month 0% 
vs  
6% 

3% malunion 
3% superficial infection 
3% fixation failure 
6% plate removal 
 

6% nonunion fixation 

Ban 2021 
(129) 

Plate fixation 
Vs  
sling 
 
 

105 No difference at 1 year  6 month 1.9%  
V 
18 

22.2% plate removal  
1.9% nonunion revision 
1.9% periprosthetic fracture 
 

14.0% nonunion 
10.5% osseous prominence removal 
1.8% malunion osteotomy  

Table 1-2. Summary of acute plate fixation versus nonoperative management of randomized controlled trials. 
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 Clinical question and current gaps in knowledge 
 

Progress on the management of displaced fractures over the last decade has outlined that acute 

fixation decreases the risk of nonunion but whether this justifies a more aggressive approach 

to routine fixation of displaced fracture is unclear. The optimum time window to intervene for 

fractures likely destined for nonunion is largely unknown. Furthermore, whether the ability to 

predict nonunion can be improved from the current practice of using information present at the 

time of injury alone has not been fully evaluated. In order to advance the treatment of displaced 

midshaft clavicle fractures, there are five areas of clinical importance which this thesis will 

attempt to address. 

 

Cost economics of acute fixation versus non-operative management 

The evidence is clear that acute fixation reduces the risk of nonunion. Is routine plate fixation 

of displaced fractures in adults therefore cost-effective to reduce the nonunion burden? 

Although more expensive than non-operative management, the cost and morbidity associated 

with nonunion may make this strategy cost-effective and this had clear implications for clinical 

practice. 

 

Complications associated with delayed surgery and nonunion fixation  

It is unclear whether delayed fixation of clavicle fractures has a greater risk of operative 

complications to that of acute plate fixation. Does the risk of complications increase with an 

excessive delay to surgery for those fractures which are destined for nonunion? Therefore, 

would the earlier recognition of such patients improve patient care?  
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Improving the accuracy of clavicle fracture union prediction 

The ability to accurately predict which fractures will develop a nonunion with non-operative 

management is fundamental to advancing clinical care as this would potentially allow targeted 

operative fixation for only those patients at high risk of nonunion. To date this prediction is 

almost exclusively based on factors present at the time of injury. Does the information present 

post-injury in the early recovery phase following non-operative management improve our 

ability to predict fracture healing? If so, how does this compare against prediction at the time 

of injury alone? 

 

Fracture healing and the influence on functional recovery 

When nonunion occurs following non-operative management, the functional recovery of 

shoulder function is perceived to be impaired. Acute plate fixation is thought to enhance return 

of normal shoulder function when compared against non-operative management in most 

randomized controlled trials. However, the increased prevalence of nonunion in the non-

operative treatment arm is usually not accounted for. Does acute plate fixation still have an 

early functional benefit over non-operative treatment when compared against patients that unite 

their fractures without surgery? 

 

Novel use of ultrasound to predict fracture healing 

Finally, there is limited but promising work on the novel use of ultrasound to detect early callus 

and fracture healing. Is ultrasound helpful to detect early callus formation following clavicle 

fractures? If so, can this accurately predict ultimate fracture healing? Although three-

dimensional ultrasound use has been described it is unknown if callus formation be accurately 

mapped using this imaging modality. Development and evaluation of such an imaging modality 

has great potential to improve the prediction of nonunion. 
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 Hypotheses and aims of thesis 
 

The overall aim of this thesis will be to progress our understanding of clavicle nonunion and 

the ability to accurately predict fracture healing in order to improve the management of these 

injuries. The hypotheses of this thesis are therefore as follows. 

1.  Would accurate prediction of nonunion risk following displaced midshaft clavicle 

fracture improve patient care? 

2. If so, can nonunion prediction be advanced with the use of clinical recovery and 

ultrasound following injury? 

 

This will be achieved with the following specific aims.  

• To assess the cost-effectiveness of acute plate fixation versus non-operative treatment 

• To determine whether delayed clavicle fixation has an increased risk of complications 

compared to acute operative management 

• To evaluate if delayed clinical prediction at six weeks post injury has superior accuracy 

to the current standard practice of prediction based at the time of injury alone 

• To examine what influences functional recovery following a clavicle fracture and 

whether acute fixation is comparable to non-operative management when union occurs 

• Examine the novel use of ultrasound to detect early callus formation and determine 

whether this allows accurate prediction of fracture healing  

• Finally, to determine if three-dimensional reconstruction of sonographic callus is 

feasible, reproducible, and advantageous to evaluate fracture healing 

 

In each respective chapter there is a concise overview of the relevant evidence for that subject 

along with an abstract, background, aims, methods, results and discussion.  
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2 Cost economic analysis of routine acute plate 

fixation versus non-operative management of 
displaced midshaft clavicle fractures 
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 Abstract 
 

Aims: The primary aim of this study was to establish the cost-effectiveness of acute fixation 

of displaced midshaft clavicle fractures.  

 

Patients and Methods: A cost economic analysis was conducted within a randomized 

controlled trial comparing conservative management (n=92) versus acute plate fixation (n=86) 

of displaced midshaft clavicle fractures over 12-months. The incremental cost effectiveness 

ratio (ICER) was used to express the cost per quality-adjusted life year (QALY). The short-

form 6 dimensional (SF-6D) score was used as the preference based health index to calculate 

the cost per QALY at 12-months after the injury.  

 

Results: The 12-month SF-6D of acute fixation was 0.9607 (95% CI 0.9447-0.9767) versus 

conservative management 0.9522 (0.9355-0.9689) giving an advantage of 0.0085 (p=0.46). 

The mean cost per patient was £5,405.32 for acute fixation and £1,322.69 for conservative 

management. This gave an ICER of £480, 309.41/QALY. For a threshold of £20,000/QALY 

the benefit of acute fixation would need to be present for 24 years to be cost-effective over 

conservative treatment. Linear regression analysis identified nonunion as the only factor to 

negatively influence the SF-6D at 12-months (p<0.001).  

 

Conclusion: Routine plate fixation of displaced midshaft clavicle fractures is not cost-

effective. Nonunion following conservative management has increased morbidity with 

comparable expense to acute fixation. This may suggest a targeted approach of acute fixation 

in patients at high risk of nonunion would be more cost-effective than routine fixation of all 

displaced fractures. 
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 Background and Aims of Chapter 
 

The management of displaced midshaft clavicle fractures is contentious. Early randomized 

trials suggested a functional advantage of acute plate fracture fixation over conservative 

management (84,124,126), however subsequent trials have shown equivalent outcomes at one 

year (85–87,89,108,127). It is now understood that poor outcome following conservative 

treatment is largely mediated by the development of nonunion (108). Although plate fixation 

reduces the risk of nonunion, it is unclear if the increasing trend of acute surgery is justified 

(63,125). 

 

A detailed analysis of the Canadian Orthopaedic Trauma Society (COTS) clavicle trial 

concluded acute fixation was advantageous if functional gains existed beyond nine years post-

operatively (130). Acute fixation is more expensive than conservative treatment, even when 

factoring in secondary procedures (131). More recently, Liu et al(132) combined data from 

multiple studies and concluded acute fixation is cost-effective if modelled over a five year 

period for society and hospital costs. However, these conclusions are based on projected health 

states beyond one year which is not evidence based. Furthermore, the approximate cost in all 

these studies are based on the American insurance system. 

 

No study to date has performed an economic evaluation based on a public healthcare system. 

It is unclear if the perceived inferior function and delayed expense of nonunion associated with 

conservative management warrants routine acute plate fixation.  

 

This study therefore aimed to carry out a within trial cost economic analysis comparing acute 

plate fixation to conservative management of displaced midshaft clavicle fractures.  
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The primary aim was to estimate the incremental cost effectiveness ratio (ICER) for the cost 

of quality-adjusted life year (QALY) for acute plate fixation over conservative management.  

 

The secondary aim was to carry out a sensitivity analysis that would influence a threshold of 

ICER of £20,000/QALY.  

 

The null hypothesis is that acute plate fixation of displaced midshaft fractures is not a cost-

effective intervention.  
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 Patients and Methods 
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2.3.1 Trial background 
 
A previously published prospective randomized trial that was undertaken in three UK hospitals 

was used for the purpose of this study. This trial was completed out with this thesis and the 

author was not involved in the original trial. Although operative costs and the use of healthcare 

resources were collected during the running of this trial, no formal health economic plan was 

in place. The trial recruited 200 patients with 22 lost to follow-up before completion at one 

year (108). Both treatment groups were well matched and those lost to follow-up were evenly 

distributed. A decision tree analysis was constructed to estimate the mean cost associated with 

each treatment arm (Figure 2-1). 

 

Figure 2-1. Flow diagram of recruitment and decision tree outcomes 
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All patients sustained a displaced midshaft clavicle fracture (Robinson 2B) and were 

randomized to plate fixation or conservative management with a sling. For this study only 

patients with complete follow-up were included and analysis was conducted with intention-to-

treat.  

 

Operative intervention was within two weeks of injury by a specialist shoulder surgeon. An 

anatomic contoured locking plate was used (Acumed, Hillsboro, Oregon). Rehabilitation was 

similar in both groups with physiotherapy and removal of sling at three weeks. Patient outcome 

was assessed with functional scores which included the 12-item short form healthy survey (SF-

12) (133), Constant score (134) and the DASH (135). Patients were offered delayed fixation if 

there was no evidence of bone union at six months determined by CT scan.  
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2.3.2 Cost-effective analysis  
 
Cost-effective-analysis (CEA) aims to determine the cost of an intervention to society for the 

incremental health benefit derived from a more costly intervention versus that of a presumably 

less effective treatment (136). The QALY combines both the duration and quality of life into a 

single figure irrespective of intervention and requires a single health index score (or utility) to 

calculate. The SF-12 contains 12 items selected from the SF-36 based on their performance 

across eight dimensions of health. These 12 items are scored to produce two assessments: the 

physical component summary (PCS) and the mental component summary (MCS). The single 

preference-based index measure SF-6 dimension (D) can be used to calculate a QALY. The 

SF-6D was calculated using the method described by Brazier et al by using seven components 

of the SF-12 score (137).  The SF-6D evaluates six domains, which include: physical 

functioning, role limitations, social functioning, pain, mental health, and vitality. This index is 

measured on a scale of 0 to 1, where 1 represents perfect health and 0 represents death. 

 

To compare two interventions the ICER is calculated by the difference in cost between the 

treatments divided by the difference in health index (e.g. the SF-6D). The analysis of the study 

was undertaken from the perspective of the NHS in pounds sterling (£/GBP). An ICER of 

£20,000 per QALY is the current recommendation by the NHS and above which a given 

treatment is not thought to be cost-effective (138). 

 

 

 
 

£ Acute Fixation mean per pt – £ Conservative mean per pt 
Acute Fixation SF-6D  - Conservative SF-6D 

ICER per QALY = 
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2.3.3 Cost estimations of patient care 
 
The time horizon for the CEA was 12-months. Costs were derived from the Scottish National 

Tariff based on figures 2014-2015 (139) and procurement costs from the hospital finance 

department (Table 2-1) based on prospectively gathered patient-specific health-service 

utilisation expenses gathered over 12-months. Health-service expense was considered only 

from the perspective of secondary care and indirect costs to the patient or society were not 

gathered during the original trial and therefore unavailable. 

 

Emergency department cost prior to randomisation was identical for both groups and therefore 

excluded. Patients were identified by the principal investigator in each centre. All patients 

received three physiotherapy appointments post randomisation. For all patients who underwent 

acute fixation follow-up at one year was modelled (initial consultation, 6-week, 3-month, 6-

month and 12-month). Those who united uneventfully with conservative management were 

discharged at 3-months (3 appointments) versus that of delayed union who were followed up 

at 12-months (5 appointments). Those who underwent a major secondary operation (e.g. 

nonunion surgery/revision fixation) had extended follow up along with further physiotherapy 

contact whereas minor surgeries (e.g. plate or osseous prominence removal) did not receive 

additional follow-up. 

 

Operative fixation was considered as a day case procedure and major trauma fracture fixation 

of the upper limb (£3,302). The cost of an Acumed clavicle plate with seven screws 

(combination of cortical and locking) was estimated at £463.25 and £280.53 respectively (local 

procurement cost). This give a total of £ 4,045.78 which was used for both acute fixation or 
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delayed nonunion surgery which was carried out at six months. Secondary procedures were 

modelled as day case major or minor operations with or without complication. There were no 

deep infections in the cohort, but two superficial infections were managed with oral antibiotics 

during routine follow-up.  

 

Primary clavicle fixation procedure cost 
  
-Major shoulder procedure for trauma without complication 
-Acumed plate  
-Acumed screws  
-£41.15 locking and £39 cortical 
approximately £40.08 per screw x7 screws per case 
 
- Primary fixation, Nonunion fixation, Corrective osteotomy 

£3,302 
£463.25 
£280.53 
 
 
Total 
£4,045.78 

Secondary procedure cost 
 
-Major shoulder procedure for trauma with complication 
-Acumed plate  
-Acumed screws (£41.15 locking and £39 cortical= approximately 
£40.08 per screw x7 screws per case) 
 
-Revision fixation for nonunion or periprosthetic fracture 

£5,091 
£463.25 
£280.53 
 
Total 
£ 5,834.78 

Major shoulder procedure for non-trauma without complication  
-Subacromial decompression 

 
£3,027 

Minor shoulder procedure for trauma without complication 
- Plate removal, osseous prominence resection 

 
£1,709 

Associated costs for all patients 
 
ED attendance  £98 
X-ray  £51.70 
Physiotherapy per attendance £55 
Outpatient Orthopaedic consultant clinic per attendance £118 

Table 2-1. Cost estimates based on the Scottish national tariff and local finance department 

 

 

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 75 

2.3.4 Statistical analysis  
 
Statistical analysis was performed using Statistical Package for Social Sciences version 24 

(SPSS Inc. Chicago, IL, USA). Data was tested for normal distribution with the D’Agostino 

and Pearson test. Linear variables were assessed using the independent t-test for parametric 

data or Mann-Whitney U test for nonparametric data. Differences between dichotomous data 

was assessed using the Chi-square test. Linear regression was used to determine any influence 

of SF-6D scores on multiple patient variables. A p-value of <0.05 was defined as statistically 

significant.  

 

A sensitivity analysis was undertaken to explore heterogeneity in the trial population and 

determine the influence of gender, age (<40> years), hand dominance, manual labour, duration 

of functional benefit, and nonunion on the 12-month SF-6D.  

 

For missing data, modelling of the 95% confidence interval was undertaken to ascertain if this 

made a change to the overall assumption. 
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2.3.5 Ethics and source of funding. 
 

The original trial was registered with the National Research Register of the National Health 

Service (NHS) Institute for Health Research (See Appendix 10.1 for trial protocol). No 

additional funding was required for this study. 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 77 

 Results  
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2.4.1 Patient groups and study demographics 
 

The patients in the two groups were matched for age, gender, fracture patterns, level of injury, 

hand dominance and manual versus sedentary jobs (Table 2-2). Mean time off work was 

comparable in both groups (conservative 24.2 days vs fixation 22.0 days, p=0.69). 

 
 Conservative=92 Acute fixation=86 Significance 

Age (years) 32.5 (30.0-34.9) 32.7 (30.3-35.1) 0.99* 
Gender  

Male/Female 

80/12 74/12 0.98± 

Manual labour  

Yes/No 

32/60 (34.8%) 31/55 (36%) 0.99± 

Dominant side  

Yes/No 

60/32 (65.2%) 48/38 (55.8%) 0.26± 

Days off work 

 

24.2 (16.9-31.5) 22.0 (15.1-28.9) 0.69* 

SF-12 MCS 12m 54.9 (53.3-56.6) 56.6 (55.4-57.9) 0.14* 
SF-12 PCS 12m  52.9 (51.7-54.1) 

 
54.3 (53.1-55.4) 0.11* 

SF-6D 6 weeks 

 

 
SF-6D 3 months 

 

 
SF-6D 6 months 

 

 

SF-6D 12 months 
 

0.8187 
(0.7987-0.8386) 

 
0.8871 

(0.8653-0.9088) 
 

0.9312 
(0.9099-0.9526) 

 
0.9522 

(0.9355-0.9689) 

0.8540 
(0.8347-0.8733) 

 
0.9139 

(0.8962-0.9315) 
 

0.9444 
(0.9274-0.9614) 

 
0.9607 

(0.9447-0.9767) 
 

0.01* 
 
 

0.06* 
 
 

0.34* 
 
 

0.46* 

DASH 6.1 (4.1-8.1) 3.4 (1.9-4.9) 0.04* 
Constant  87.8 (85.2-90.3) 92.0 (90.0-94.0) 0.01* 

Table 2-2. Study demographics of conservative versus acute fixation.  

Independent t-test*, chi-squared test ± and mean score and 95% confidence interval given in 
brackets.  
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2.4.2 Quality of life recovery of operative versus non-operative management 
 
The mean SF-6D at 6-weeks was higher for acute fixation; however, at 3, 6 and 12-months no 

significant difference was found (Figure 2-2, Table 2-2). The 12-month advantage was 0.0085 

for acute fixation (conservative 0.9522 vs fixation 0.9607, p=0.46). Shoulder function scores 

significantly favoured acute fixation, but this advantage was removed when patients 

complicated by a nonunion following conservative management were excluded (Table 2-3). 

 

 
 

 

Figure 2-2. Six-Dimension Short-Form Health Survey (SF-6D) score of conservative 
management versus open reduction and internal fixation (ORIF) over 12 months.  

95% Confidence intervals presented with mean value. 
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 Union =76 Nonunion =16 Significance 
Age (years) 
 

31.9 (29.1-34.6) 35.2 (29.7-40.7) 0.31* 

Gender Male/Female 
 

66/10 14/2 0.94± 

Manual labour  
Yes/No 
 

27/49 (35.5%) 5/11 (31.3%) 0.74± 

Days off work 
 

22.8 (14.4-31.2) 28.3 (15.1-41.5) 0.59* 

SF-12 MCS 12 months 
 

55.9 (54.2-57.5) 52.5 (47.3-57.7) 0.11* 

SF-12 PCS 12 months 
 

54.6 (53.6-55.7) 47.8 (43.1-52.4) <0.001* 

SF-6D 12 months 
 

0.9662 (0.9516-0.9809) 0.8884 (0.8304-
0.9464) 

<0.001* 

DASH 4.3 (2.1-6.6) 12.2 (4.2-20.3) 0.01* 
Constant 89.2 (86.0-92.6) 78.9 (71.7-86.2) 0.01* 

Table 2-3. Conservative managed fractures comparing union against nonunion.  
 

Independent t-test*, chi-squared test ± and mean score and 95% confidence interval given in 
brackets.  
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2.4.3 Cost-effective analysis of treatment 
 
Health care resource consumption is summarised in Table 2.4. Primary procedure and 

outpatient costs were higher for acute fixation although secondary procedures costs were 

greater for the conservative group, principally for nonunion fixation. This resulted in a mean 

cost per patient of £5,405.32 for acute fixation and £1,322.69 for conservative management.  

 

When using the cost difference of £4,082.63 for acute fixation over conservative management 

and SF-6D difference at 12-months of 0.0085, this gave an ICER of £480,309.41/QALY. For 

a threshold of £20,000/QALY the benefit of acute fixation would need to be present for 24 

years to be cost-effective over conservative treatment.  

 

Linear regression analysis demonstrated nonunion as the only independent variable to 

influence the SF-6D at 12-months (Coefficient Beta -0.79, p<0.001, CI -0.12 to -0.38). Gender, 

occupation, age and hand dominance influence did not show significant difference and were 

below the cost-effective threshold.  
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 Conservative n=92 Acute fixation n=86 
Outpatient 
costs 
 
 
 
 
 
 
 
 
 
 
 
 
 

-Union and discharge at 3 months 
n=67 x (3 appt x £118) = £23, 718 
 
-Delayed union with no further 
intervention and discharge at 12 months  
n=11 x (5 appt x £118) = £6, 490  
 
-Secondary procedure requiring 
extended follow up at 18 months 
n=14 x (6 appt x£118) = £9, 912 
 
-Initial physiotherapy  
n=92 x (3 appt x £55) =£15, 180 
-Additional physiotherapy session   
n=14 x (6 appt x £55) = £4, 620 
 
 
 
 
Total 
£55, 920 

-Union and discharge at 12 months  
n=70 x (5 appt x £118) =£41, 300 
 
- 
 
 
 
-Secondary procedure requiring extended follow up at 
18 months  
n=16 x (6 appt x £118) =£11, 328 
 
-Initial physiotherapy  
n=86 x (3 appt x £55) =£14, 190 
-Additional physiotherapy session 
n=6 x (6 appt x £55) = £1, 980 
 
Oral antibiotic course (flucloxacillin) 
n=2 x£5.81=311.62 
 
Total 
£67, 629.62 

Primary 
procedure 
 

- 
 
Total 
£0 

Acute fixation £4045.78 x 86 
 
Total 
£347,937.08 

Secondary 
procedure  
 
 
 
 
 
 
 
 
 
 
 
 
 

-Nonunion delayed fixation 
n=13 x £4, 045.78 = £52, 595.14 
 
-Osteotomy for malunion 
n=1 x £4, 045.78 = £4, 045.78 
 
-Osseous prominence resection  
n=3 x £1709 = £5, 127 
 
 
 
 
 
Total 
£61,767.92 

-Revision fixation for nonunion 
n=1 x £ 5,834.78 = £5, 834.78 
 
-Revision fixation for periprosthetic fracture    
n=4 x £5,834.78 = £23, 339.12 
 
-Subacromial decompression 
n=1 x £3, 027 = £3, 027 
 
-Plate removal for prominence 
n=10 x £1, 709 = £17, 090 
 
 
Total 
£49,290.90 

Total cost £ 121, 687.92 £ 464, 857.69 
 

 

Mean cost per 
patient 

£ 1, 322.69 £ 5, 405.32  

ICER £ 4, 082.63 cost difference at 12 month / SF-6D difference at 12 month = 0.0085 
 
£480, 309.41/QALY at 12 months 

Table 2-4. Cost estimations of conservative versus acute fixation. 
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2.4.4 Missing data 
 
 
Incomplete SF-6D data at 12-months was present for 10 conservative and 9 acute fixation 

patients. Their demographics were comparable to the remainder of the cohort with regards to 

age, gender, hand dominance and manual labour. This missing data was modelled on the basis 

to show the biggest difference between conservative versus acute fixation based on the 

confidence intervals. This did not result in a significant difference in the SF-6D between groups 

but lowered the ICER threshold to £262, 578.21/QALY for fixation. 
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 Discussion 
 

The routine fixation of displaced clavicle fractures is not cost-effective at one year with an 

ICER of £480, 309.41/QALY. Given the threshold of £20,000/QALY for the NHS, the benefit 

over conservative management would need to be sustained beyond 24 years to be justified. 

However, the development of nonunion following conservative management was associated 

with a significantly worse SF-6D at 12-months with a delayed treatment expense comparable 

to acute fixation. 

 

The incidence of post-operative complications and secondary procedures in this study is 

comparable to other large, published trials (See chapter 1.2.8). The cost per QALY estimate of 

acute plate fixation of displaced clavicle fractures is considerably more expensive when 

compared to the COTS study that concluded favourably at one-year post-injury 

($65,000/£47,000 per QALY) (130). This is partly explained by a greater expense in their 

conservative treatment arm with a third of patients undergoing surgery for nonunion or 

malunion, compared to 14% in this study. In addition, health index gains associated with acute 

fixation were greater than this study or that of more recent trials(85–87,89,127). The treatment 

cost estimates used in this study are less expensive than evaluations from the American health 

care system at one year post-injury after accounting for secondary procedures (acute fixation 

$14,763.21/£10,314.63 versus conservative $3,112.65/£2,332.73) (131). This may reflect 

intrinsic difference between our health care models.  

 

The original trial did not find a significant earlier return to work with acute fixation and 

therefore this was not included in the cost-economic analysis. The lack of indirect costs 

gathered during the running of the trial and potential impact of treatment on the individual and 
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society is a significant limitation of this study. Health resource costs were only considered from 

the position of secondary care and therefore may poorly represent economic benefits of surgical 

fixation on rehabilitation costs from a society perspective. Only two randomized clinical trials 

to date report return to work. Tamaoki found no difference, whereas Melean found that patients 

who underwent acute fixation returned on average at 2.9 months versus 3.7 months for 

conservative management (126,127). This contrasts with economic evaluations that use data 

from retrospective non-randomized studies where reported return to work may be subject to 

recall and selection bias (83,132).  

 

If clavicle fixation does not confer a significant economic advantage at 12-months, it is feasible 

that a longer-term improvement in shoulder function may justify the cost over a number of 

years. The perceived negative effects of malunion and shortening are controversial (82,112)  

and increasing evidence suggests it is generally well tolerated (116–119). The patients 

managed conservatively in this study had comparable SF-6D and shoulder specific functional 

scores to acute fixation when the nonunion patients were removed. From the current literature 

it is unknown if the inferior shoulder function found in patients who underwent delayed surgery 

for nonunion is permanent at one-year post-injury or if this continues to improve. Small case 

studies following nonunion fixation have shown similar complications and functional 

outcomes except for subtle muscle fatigue when compared to acute fixation (92,99,100).  

 

Given the inferior outcome following nonunion, and the comparable expense to that of acute 

fixation, it would appear more cost-effective to potentially target patients at high risk of 

nonunion with selective early plate fixation. Identifying those at risk of nonunion is difficult; 

patients characteristics (female, increasing age, smokers) and fracture patterns (comminution 

and displacement) are commonly employed but lack accuracy (88,101). Conventional 
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radiographs are slow at determining callus and even CT scans can take up to 10 weeks to show 

bridging callus (35). Objective measures such as the DASH have been shown to increase early 

detection of delayed union at 6 weeks, however the specificity is low and requires further 

validation (109). Whether similar functional results can be expected with early ‘delayed 

fixation’ at 6 weeks versus that of acute fixation within three weeks is unclear but supported in 

a recent prospective case control series (99). Further work on establishing a ‘high risk’ group 

for early targeted fixation could yield a cost-effective approach limiting excess medical 

intervention and the number needed to treat. 

 

The strength of this economic evaluation is that data was collected from a prospective 

randomized control trial with minimal loss to follow-up at 12-months. Costings were based on 

the health care provider and were gathered prospectively. The use of SF-6D as a global marker 

QALYs have been shown to be representative of shoulder function following a clavicle fracture 

(140).  One limitation is that no estimates could be made beyond 12-months, this would have 

been of interest in the nonunion group to determine if their deficit was permanent. As outlined 

earlier the lack of any personal or wider society costs of clavicle fracture rehabilitation in this 

study may significantly limit the findings and conclusions can only be considered from a 

secondary care perspective. There was missing or incomplete SF-6D data for a small number 

of patients, but their demographics were not different to the overall cohort and sensitivity 

analysis in favour of acute fixation did not significantly change the overall assumption. The 

original trial was powered to detect shoulder specific scores at 12-months and although it 

remains one of the largest trials to date, changes in health index may be underpowered. The 

SF-6D health index is an objective marker for quality of life but may overlook specific patient 

concerns, such as cosmetic appearance of the shoulder and have a ‘ceiling’ affect in certain 

groups.  
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Conclusions  

This study gives further evidence from an economic perspective that routine plate fixation of 

displaced midshaft clavicle fractures is not cost-effective. Conservative management 

complicated by nonunion does have increased morbidity at one year with comparable expense 

to acute fixation. A strategy to identify patients with a high risk of delayed union for 

consideration of selective early fixation could be a more cost-effective approach.  
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 Take home points and rationale for next chapter 
 

In this chapter a cost-effective analysis based on one of the largest randomized controlled trials 

to date of fixation versus conservative management of displaced clavicle fracture in adults was 

undertaken. It would appear that routine surgical intervention for all fractures would result in 

an excessive cost of healthcare intervention with a minimum quality of life gain and is therefore 

not cost-effective.  

 

The main driver of morbidity is nonunion which was the only clinical factor to influence the 

12-month quality of life measure, the SF-6D. Given that nonunion patients have significantly 

worse SF-6D scores at 12 months with comparable costs to that of acute fixation, a more 

targeted approach to perform fixation only on these patients would be potentially advantageous 

from a cost-economic perspective.  

 

In the next chapter the time delay to fixation of clavicle fractures and whether this effects the 

outcome will be evaluated. There may be an argument for routine non-operative management 

of all displaced clavicle fractures and simply managing the established nonunions as this would 

limit excess medical intervention and potentially be the more cost-effective approach. 

Conversely, if delayed surgery results in an increased risk of complications, then it would be 

useful to know if there is an optimum ‘safe window’ to undertaken delayed surgery.  
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3 Evaluation of major complications associated 

with increasing delay to open reduction and 
internal fixation of displaced midshaft clavicle 

fractures. A retrospective analysis. 
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 Abstract 
 

Aims: The primary aim of this study was to determine if delayed clavicle fixation results in a 

greater risk of operative complications and revision surgery.  

 

Patients and Methods: A retrospective case series was undertaken of all displaced clavicle 

fractures that underwent plate fixation over a 10 year period (2007-2017). Patient 

demographics, time to surgery, complications and mode of failure were collected. Logistic 

regression was used to identify independent risk factors contributing towards operative 

complications. Receiver operating curve (ROC) analysis was used to determine if a potential 

‘safe window’ exists from injury to delayed surgery. Propensity-score-matching was used to 

construct a case control study for comparison of risk. 

 

Results: 259 patients were included in the analysis. Post-operative infection occurred in 3.9% 

of all patients, the only variable associated was a greater time interval from injury to fixation 

(p=0.001). Failed primary surgery requiring revision fixation was required in 7.7% of the 

cohort with smoking (p<0.001), presence of a post-operative infection (<0.001), increasing age 

(p=0.018), and greater time delay from injury to surgery (p=0.015) identified as significant 

independent predictors on regression analysis. ROC analysis revealed that surgery beyond 96 

days from injury increased the rate of major complications and revision surgery. Using a 

matched case cohort of cases before (n=67) and after the ‘safe window’ (n=77), the risk of 

post-operative infection increased (Odds ratio (OR) 7.7, p=0.028), fixation failure (OR 3.8, 

p=0.017) and revision surgery (OR 4.8 p=0.004).   
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Conclusions: A delay to primary fixation of up to 3 months following injury may be 

acceptable, beyond which there is an increased risk of major operative complications and 

revision surgery. 

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 92 

 Background and Aims of Chapter 
 
Acute plate fixation of displaced midshaft clavicle fractures reduces the rate of nonunion but 

most randomized controlled trials at one year fail to demonstrate improved functional outcomes 

over conservative management (85–87,89,108,127). Clavicle nonunion surgery is traditionally 

perceived as a safe intervention (77,78,80,91,95,100) with comparable patient satisfaction and 

risk to acute fixation (91,92,99). However, in the largest series of 45 nonunion fixations to date 

there was a revision surgery rate of 7% (96), which is higher than the 0%-3.5% reported for 

acute fixation (85–87,89,108). Furthermore, an increased risk of post-operative infection has 

recently been shown with delayed clavicle fixation (97). 

 

The operative risk of acute versus delayed plate fixation of clavicle fractures remain 

contentious and under reported. If delayed fixation is associated with a higher risk of 

complications, this would have importance in the current debate regarding the management of 

displaced midshaft fractures.  

 

The primary aim of this study was to investigate whether time delay from injury to plate 

fixation of midshaft clavicle fractures results in a higher risk of major post-operative 

complications and revision surgery.  

 

The secondary aim was to evaluate if a ‘safe window’ exists for delayed fixation before the 

risk of complications increase.  

 

The null hypothesis was that there is no difference in the risk of complications and revision 

surgery with a greater time delay to operative fixation.  
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 Patients and Methods 
 

A consecutive series of patients undergoing plate fixation for a midshaft clavicle fracture were 

identified from a prospectively gathered trauma database at the study centre over a 10-year 

period (2007 to 2017). Inclusion criteria included all fractures with 100% displacement with 

or without comminution (Robinson Type 2 fractures (17)), minimum of one year follow-up 

post-operatively and discharged at the time of union. Prior to 2007, acute fracture surgery in 

the department was only performed for impending skin compromise and polytrauma for 

mobilisation. Following the Canadian Orthopaedic Trauma Society clavicle study (84), 

patients were offered acute fixation or non-operative management with the exception of a 

randomized clinical trial which was undertaken at the treatment centre (108). Delayed fracture 

fixation was carried out for ongoing pain and fracture mobility beyond 3 weeks with 

radiographic evidence of a delayed union in those initially managed non-operatively. The 

timing of delayed intervention varied given that patients were managed by different surgeons 

and was based largely on patient choice. Patients with open injuries, or re-fractures were 

excluded.  

 

Clinical data relating to the injury, index procedure, complications and subsequent follow-up 

was retrospectively collected electronically using the study centres electronic TRAK Care™ 

(InterSystems Corp, Cambridge, MA, USA) system. Radiographs were reviewed using 

Carestream Picture Archiving and Communication System (PACS) system (Carestream 

Health, USA) for fixation strategy and classification by the primary author.  
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3.3.1 Surgical procedure 
 

All operations were performed by four fellowship trained trauma surgeons in a major university 

teaching hospital. Operations were carried out under general anaesthesia, in the beach-chair 

position with a single dose of intra-venous prophylactic antibiotic.  

 

An oblique incision was utilised, preserving the deltotrapezial fascia as a distinct layer. Where 

possible, lag screws were used across the fracture or in comminuted segments. The fracture 

was reduced and definitively plate fixated with three cortical screws either side of the fracture. 

Locking screws were only used when there was poor bone quality. In delayed fixation, a burr 

was used to ensure the presence of a bleeding bone edge for compression. Iliac bone grafting 

was undertaken on surgeon preference in atrophic nonunions and was performed in 14% of 

delayed fixation cases (17/123). Plate fixation was with a dynamic compression plate (n=86, 

Stryker, USA) or anatomic contoured clavicle locking plate (n=173, Acumed, Hillsboro, 

Oregon) depending on surgeon preference. The fixation strategy (neutralisation versus bridge 

plating) and plate used was recorded from operation notes and radiographs. 
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3.3.2 Complications and Revision surgery  
 

Significant intra-operative events, such as vascular (subclavian artery or vein) or brachial 

plexus injuries were documented. Post-operative infection was defined as superficial if present 

in the first 6 weeks and resolved with oral antibiotics without debridement or wound 

dehiscence. Deep infection was defined as a surgical site infection with collection on 

ultrasound or one which did not resolve with oral antibiotics requiring surgical debridement 

with or without removal of metalwork.  

 

Fixation failure was defined as acute in the first 6 weeks post-operatively and delayed if it 

occurred after (i.e. painful nonunion beyond 6 months post-operatively diagnosed on CT, 

nonunion with implant failure or deep infection with associated nonunion).  

 

Revision surgery was for a mandatory re-operation as a direct result of a major intra-operative 

event (brachial plexus exploration), post-operative complication (deep infection), peri-

prosthetic fracture or fixation failure.  

 

Patients who underwent plate removal for cosmesis or prominence were not included given 

this was performed at patient request, and not considered to be of significance to the research 

question.   
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3.3.3 Statistical analysis 
 

Statistical analysis was performed using SPSS version 24 (Chicago, IL, USA). Data was tested 

for normal distribution with the D’Agostino and Pearson test, continuous variables were 

assessed using the Student t-test or the Mann-Whitney U test respectively. Differences between 

dichotomous data were assessed by using Chi-square test and Odds Ratio (OR). Binary logistic 

regression was used to analyse clinical risk factors in a single multivariable adjusted model to 

determine independent predictors of complications.  

 

Receiver operating characteristic (ROC) curve analysis was used to identify predictors and 

thresholds for the change in adverse outcome based on a continuous scale e.g. age or time 

delay. The area under the curve (AUC) ranges from 0.5, indicating a test with no accuracy, to 

1.0 where the test is perfectly accurate. The threshold is equivalent to the point at which the 

sensitivity and specificity are maximal in adverse outcome.  

 

Propensity score matching was used to derive a matched group of acute fixations versus 

delayed fixations as defined by the ROC threshold. The variables for control were age, gender, 

smoking and comminution (Robinson 2b2) with a score derived from multivariable binary 

logistic regression using one-to-one nearest neighbour matching.  A p-value of <0.05 was 

defined as statistically significant. 
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3.3.4 Ethics and source of funding 
Access to notes was acquired through the local Caldicott guardian and Musculoskeletal audit 

department (Appendix 10.2). Formal ethical approval was deemed not to be required following 

consultation with our local ethics department. No formal funding was received. 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 98 

 Results 
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3.4.1 Study demographics  
During the study period 1,079 displaced midshaft clavicle fracture presented to our unit and 

318 patients underwent plate fixation (Figure 3-1). Fifty-nine patients were excluded for open 

fractures or failure to complete follow-up. This left 259 patients for analysis, acute fixation was 

performed in 136 patients prior to 3 weeks post-injury and 123 underwent delayed fixation 

following failure of non-operative management.  

 

 

 

Figure 3-1. Summary of study patients used in the analysis. 
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The median time to acute fixation was 10 days (IQR 5.3-14) versus that of delayed fixation 

which was 121 days (IQR 82-227). For those patients who underwent delayed fixation, there 

was a wide range of time from injury to operation depending on surgeon preference and patient 

wish for intervention.  

 

Figure 3-2. Bar chart showing the number of patients who underwent clavicle fixation for 
different time intervals following injury. 

 

The median age of all patients was 34 years (IQR 24 to 46), the majority were male (n = 191, 

74%) and a simple fracture pattern was most common (Robinson 2B1, n = 164, 63%). There 

were 51 smokers (20%) and 11 patients (4%) with immunosuppression.  

 

Patients undergoing delayed fixation were older (median 40 (IQR 27-53) vs 29 (IQR 22-41.8) 

years, p < 0.001, Mann-Whitney U test), with a greater prevalence of female patients (38.2% 

(47/123) vs 15.4% (21/136), p < 0.001, chi-squared), smokers (26% (32/123) vs 14% (19/136), 

p = 0.015, chi-squared) and more simple fracture patterns (comminuted-acute 48.5% (66/136) 

vs delayed 23.6% (29/123), p < 0.001, chi-squared). 
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3.4.2 Complications 
 
Infection: Post-operative infection occurred in 10 patients (3.9%). Six of these were superficial, 

however, half re-presented with delayed union and failed fixation at a median time of 171 days, 

raising possibility of low-grade deep infection although no organisms were cultured on tissue 

samples. There were four deep infections that presented at a median time of 48.5 days post-

operatively, half healed after debridement with retention of metalwork. The other two patients 

had infected delayed unions with subsequent failure of fixation. One patient united after 

debridement and revision fixation, the other required two debridements, temporary external-

fixator and delayed partial clavectomy. After successful treatment of the infection, the patient 

declined further surgery. Operative time was not found to be longer in those cases complicated 

by infection. An increased time interval from injury to surgery was the only variable associated 

with post-operative infection on univariate analysis (195 vs 18 days, p=0.001 Mann-Whitney 

U).  

 

Fixation failure: Revision fixation was required in 20 patients (7.7%). Acute cut-out occurred 

in four patients and delayed fixation failure in 14 patients at a median of 198 days with 

persistent nonunion. The remaining two patients had a septic nonunion associated with deep 

infection. On regression analysis, the presence of a post-operative infection (p<0.001), 

smoking (p<0.001), increasing age (p=0.018) and time to fixation were significant 

(p=0.015)(Table 3-1). The regression model explained 43.2% (Nagelkerke R2) of the variance 

of fixation failure.  
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Parameter Fixation Failure n=20 No failure n=239 OR P value CI 95% 

Age (years) 46 (IQR 36.3-53.5) 33 (IQR 24.0-45.0) 1.05 0.018* 1.01-1.10 

Time to fixation (days) 174 (IQR 84.5-253.8) 18 (IQR 9.0-98.0) 1.002 0.015* 1.00-1.003 

Smoker 13 (65%) 38 (15.9%) 13.80 <0.001* 4.03-47.47 

Post-operative Infection 5 (25%) 5 (2%) 27.30 <0.001* 5.05-147.64 

Male/Female 13 / 7 179/ 61 1.29 0.700 0.35-4.70 

Plate type  

Anatomic locking / Dynamic compression 

11/9 75/164 2.93 0.087 0.86-10.04 

Comminution (Robinson 2B2) 7 (35%) 88 (36.8%) 1.99 0.288 0.56-7.04 

Fixation type  

Neutralisation vs Bridge 

7/13 123/116 1.15 0.811 0.36-3.72 

Table 3-1. Binary Logistic regression modelling of fixation failure against covariates.  

All variables were entered into the model using ‘enter’ methodology. Age and time to op expressed as odds ratio for every year of age or day to 
fixation respectively. * p value of <0.05. Nagelkerke R2 43.2%. IQR – Interquartile range from 25th – 75th centile. OR – Odds Ratio. CI – 
Confidence Interval. 
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Other complications: One brachial plexus injury (0.4% incidence for cohort) occurred during 

a delayed fixation and presented with a mixed cord palsy post-operatively. A re-exploration 

and neurolysis was undertaken after MRI revealed oedema in the inferior scar tissue displacing 

the plexus. There were no significant vascular injuries. No complication was noted from those 

who underwent iliac bone grafting. 

 

Revision surgery: Overall, 26 patients (10%) required revision operations (fixation failure 

revision n=20, infection debridement n=2, periprosthetic fracture revision n=3 and brachial 

plexus exploration n=1). On regression analysis, the presence of post-operative infection 

(p<0.001), smoking (p<0.001) and increasing time to fixation were significant (p=0.043)(Table 

3-2). The regression model explained 41.1% (Nagelkerke R2) of the variance. 
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Parameter Revision n=26 No Revision n=233 OR P value CI 95% 

Age (years) 43.5 (IQR 33.8-29.0) 

 

33.0 (IQR 24.0-45.0) 

 

1.03 0.171 0.99-1.06 

Time to fixation (days) 174 (IQR 56.3-241.3) 18.0 (IQR 9.0-96.5) 1.002 0.043* 1.00-1.003 

Smoker 16 (61.5%) 35 (15.0%) 12.17 <0.001* 4.12-35.95 

Post-operation Infection 7 (26.9%) 3 (1.3%) 37.63 <0.001* 7.32-193.54 

Male/Female 17/9 174/59 1.83 0.308 0.57-5.82 

Plate type 

Anatomic locking / Dynamic compression 

16/10 70/163 1.89 0.251 0.64-5.61 

Comminution (Robinson 2B2) 9 (34.6%) 86 (36.9%) 1.62 0.395 0.53-4.85 

Fixation type  

Neutralisation vs Bridge 

16 (61.5%) 113 (48.5%) 1.02 0.964 0.37-2.85 

Table 3-2. Binary Logistic regression of revision surgery against covariates.  

All variables were entered into the model using ‘enter’ methodology. Age and time to op expressed as odds ratio for every year of age or day to 
fixation respectively. * p value of <0.05. Nagelkerke R2 41.1%. IQR – Interquartile range from 25th – 75th centile. OR – Odds Ratio. CI – 
Confidence Interval. 

 
 
 
 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 105 

3.4.3 Multivariate regression model of revision surgery risk 
 
 
A multivariant regression model to determine the influence of covariates on the likelihood of 

requiring mandatory revision surgery was undertaken. This found that time to operation, 

smoking and post-operative infection were significant predictors of revision surgery explaining 

37.1% of the variance (Nagelkerke R2)(Table 3.3). The biggest risk factors were post-operative 

infection (OR 32.5), followed by smoking (OR 9.9) with a small contribution time to operation 

which appeared to increase with time. 

 

 
Table 3-3. Binary Logistic regression of revision surgery. 

 
All variables were entered into the model using ‘enter’ methodology. Nagelkerke R2 37.1%. 

OR – Odds Ratio.  

 
 

Logistic regression model *Logit(p)= -3.593 + (0.001 x number of weeks from injury to 
operation)+ (2.29 x (1 if smoker or 0 if non-smoker)) + (3.481 x (1 if post-operative infection 

or 0 if no post-operative infection)) 

Percentage probability of revision surgery =exp(logit(p))/(1+exp(logit(p)))x100. 

 
 

Parameter Coefficient Beta Wald P value OR 95% Confidence Interval
Time to operation (weeks) 0.001 5.62 0.018 1.001 1.000-1.002

Smoker 2.29 20.13 <0.001 9.88 3.63-26.86
Post-operative infection 3.481 17.86 <0.001 32.49 6.47-163.19

Constant -3.593
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3.4.4 Receiver Operating Characteristic Curves to establish time to operation 

‘safe window’ 
 
ROC curve analysis was used to determine a ‘safe window’ of delay from injury to time of 

fixation based on complications and revision surgery. The threshold point was similar for all 

variables with an overall mean of 96 days (Table 3-4, Figure 3-3, 3-4 and 3-5).  

 

ROC modelling of age influence against fixation failure revealed a threshold at 41.5 years 

(AUC 72.7%, 95% CI 64-82, p=0.001) with a OR 3.0 (95% CI 1.02-8.91, p=0.046 Chi-

squared). Prediction of fixation failure based on smoking, age of >42 and time delay to fixation 

>96 days resulted in a 94.7% negative predictive value when none were present and a 46.7% 

positive predictive value when present.  

 

 

Variable Cut off point 
ROC 
Days to operation 

Area under curve (CI 
95%) 

p-value 

Fixation failure 97.5 78.0 (67.7-88.3) <0.001* 

Post-operative Infection 104.5 80.1 (66.9-90.4) 0.001* 

Revision surgery 85.5 73.1 (62.2-84.0) <0.001* 

Mean 95.8 days 
 

  

Table 3-4. Threshold values from Receiver Operating Curve (ROC) analysis for predicting 
‘safe window’ from time of injury to operation based on major operative complications.  

* p value of <0.05. 
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Figure 3-3. Receiver operating characteristic (ROC) curve for predicting safe window of time 

to fixation against fixation failure.  

Area under the curve (AUC) 78.0%, cut-off 97.5 days, demonstrating 75% sensitivity and 

74.5% specificity. 

 

 
Figure 3-4. Receiver operating characteristic (ROC) curve for predicting safe window of time 
to fixation against infection.  

Area under the curve (AUC) 80.1%, cut-off 104.5 days, demonstrating 80% sensitivity and 

74.7% specificity. 
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Figure 3-5. Receiver operating characteristic (ROC) curve for predicting safe window of time 

to fixation against revision operation.  

Area under the curve (AUC) 73.1%, cut-off 85.5 days, demonstrating 69.2% sensitivity and 
69.5% specificity. 
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3.4.5 Case control matching 
 

Using the 96-day threshold, propensity-score-matching produced two groups with no 

significant differences in demographics (Table 3-5). The complications beyond the ‘safe 

window’ were significantly higher for risk of infection (OR 7.65, 95% CI 1.9-62.9, p=0.028 

Chi-squared), fixation failure (OR 3.81, 95% CI 1.2-12.1, p=0.017 Chi-squared) and revision 

surgery (OR 4.81, 95% CI 1.5-15.0, p=0.004 Chi-squared).  
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 Parameter <96 days  n=67 >96 days n=77 P value OR CI 95% 

Matched patient and fracture 

characteristics  

Age (years) 37.0  

(IQR 23.0-48.0) 

42.0  

(IQR 31.5-54.0) 

0.177± - - 

Smoker 15 (22.4%) 24 (31.2%) 0.237+ 1.57 0.74-3.32 

Male/Female 38/29 43/34 0.916+ 1.04 0.54-2.01 

Comminution (Robinson 2B2) 14 (20.9%) 14 (18.2%) 0.682+ 0.84 0.37-1.92 

Fixation Neutralisation vs Bridge 27/40 38/39 0.276+ 0.69 0.36-1.34 

Complication odds ratio after 96 

day ‘safe window’ 

Post-operative infection 1 (1.5%) 8 (10.4%) 0.028*+ 7.65 1.93-62.87 

Fixation Failure 4 (6.0%) 15 (19.5%) 0.017*+ 3.81 1.20-12.12 

Revision surgery 4 (6.0%) 18 (23.4%) 0.004*+ 4.81  1.54-15.03 

Table 3-5. Case control with propensity matched scoring between the ‘safe window’ of 96 days.  

+Chi squared test and ±Mann Whitney U respectively. * p value of <0.05. IQR – Interquartile range from 25th – 75th centile. OR – Odds Ratio. CI 

– Confidence Interval. 
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 Discussion 
 
This study found delayed clavicle fixation is associated with a higher risk of major operative 

complications and revision surgery that was independent of other patient specific risk factors. 

The development of a post-operative infection and smoking were the strongest risk factors for 

the ultimate need for revision surgery but increasing time delay from injury to operation also 

influenced this risk. Operative fixation within a 3 month ‘safe window’ was associated with a 

low risk of complications. This is the first large cohort of clavicle fractures to explore the 

temporal relationship between time to surgery and complications.  

 

Nonunion following a displaced midshaft fracture is higher than traditionally perceived 

(75,141). Although acute fixation decreases the risk, recent trials have shown equivalent 

function at one year for those that unite with conservative management (86,87,89,108,127). 

Whether a safe and equally good recovery can be expected following delayed fixation is 

unclear. Historical case series of compression plating with bone grafting were uniformly 

reported to be successful (77,78,80,91,95). Numbers were small and complications rarely 

reported. The largest series to date of 45 fractures observed a revision fixation rate of 7% due 

to implant loosening secondary to delayed union (96). In contrast to historical literature, the 

majority in this series did not undergo autologous bone grafting. There is increasing consensus 

against the use of bone grafting in clavicle nonunion is not required and this has the advantage 

of avoiding the associated morbidity with harvesting (142).  There was no benefit found in this 

series when grafting was used with regards to ultimate fixation failure although the numbers 

were small. 
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Functional outcomes are perceived to be equivalent to those undergoing acute fixation (91). 

McKee et al used objective outcome measures to compare delayed fixation against acute and 

found comparable results except for subtle muscle fatigue (92). Das et al prospectively 

compared patients with early fixation of less than 3 weeks (n=68) versus delayed fixation of 3-

12 weeks (n=29) (99). They observed similar functional recovery and no increase in 

complications but the median time to delayed fixation was early at 40 days. Another recent 

retrospective case review of 20 nonunions revealed no increase in complications compared to 

acute fixation (100), but no information about the length of delay from injury to surgery is 

reported. The disparity between earlier studies and the findings from this study could be the 

small number of delayed fixations in previous studies, or the lack of differentiation of time 

delay to surgery.  

 

A large study of 1215 clavicle fractures compared post-operative complications in acute versus 

nonunion surgery in the first 30 days post-operatively and found an increased risk for wound 

complications but the time delay to surgery was not reported (97). The increased risk of 

infection with delayed surgery has several potential explanations. Longer operative time to 

mobilise the fracture and devitalised tissue may play a part. The patients who develop a 

nonunion maybe inherently more predisposed to infection. Overall 3.9% of the reported cohort 

suffered an infection, which is comparable to other series (143). The risk of post-operative 

infection was influenced by increasing delay to surgery and presence of infection was the 

strongest variable related to fixation failure. Although reduced infection incidence has been 

reported with clavicle intramedullary nails these are not in routine practice and concerns remain 

over complications compared to conventional plating (144). 
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Brachial plexus injuries have been associated with delayed fixation and a 0.8% incidence was 

observed in the delayed fixation cohort in this study (0.4% overall) (70). Iatrogenic 

neurovascular injuries after clavicle fracture fixation are rare with an estimated incidence of 0-

1.5% (145). Presumably the tethering of scar tissue results in inadvertent damage when 

mobilising the fracture. 

 

Nonunion following acute fracture fixation is low and estimated at 0-3.5% from recent trials 

(93). Fixation failure is likely to be based on patient characteristics and fixation techniques. 

Smoking, increasing age, bridging fixation and non-locked plates have been identified as risk 

factors (146,147). Bridging technique rather than lag fixation, comminution and plate choice 

were not found to be significant in this series.   

 

The ability to identify patients at high risk of delayed union could be important if increasing 

time to fixation is associated with complications. Comminution and displacement of the 

fracture has an additive effect. Smoking, increasing age, females, high energy injuries and co-

morbidities are also implicated (23,88,101). However, such ‘high risk’ patients only make up 

a small overall percentage of all displaced clavicle fractures and the predictive value is poor. 

Slow recovery during rehabilitation maybe helpful, the DASH score (135) at 6 weeks is 

predictive of delayed union, particularly in smokers (109). Imaging is heavily relied upon 

despite callus formation presence being inconsistent on radiographs in the first 6 weeks 

(34,148). Early CT scanning or other potential imaging modalities such as ultrasound for early 

callus detection may be of value but remain under explored (149,150).  

 

This study was retrospective and potential errors exist with historical data. There is a risk of 

bias in patients who underwent delayed fixation as shown in demographics. The use of 
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regression and matched case control was used to attempt to reduce any confounders but 

potential errors in chance findings do remain. Although this is the largest cohort to the authors 

knowledge to explore this relationship, the number of critical events was relatively small as 

reflected with the large confidence intervals of risk prediction which does reduce the 

confidence of the findings. The risk factors for major complications are likely colinear and 

some confounder effect between the variables is to be expected despite the attempts to 

minimise this. The ROC curve threshold of three months may also over-estimate the effect of 

the ‘safe window’ given the multivariant regression model showed only a modest influence of 

time delay compared to the other risk factors that were more significant.  

 

Decision around time of surgery for delayed fixation varied reflecting the uncertainty that 

exists on deciding an optimum time for intervention and given four surgeons were involved 

with the care of these patients. Estimating the time to union was not included as this is difficult 

based on radiographs alone, particularly in the presence of metalwork. Functional outcomes 

and other clinical factors would be of interest but are beyond the focus of this study.  

 

Conclusions 

Major complications following clavicle fracture fixation were strongly associated with 

prolonged delay to operation. Delay to primary fixation up to 3 months following injury may 

be acceptable, beyond which there is an increased risk of major operative complications and 

revision surgery.  
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 Take home points and rationale for next chapter 
 

This chapter has highlighted that the current evidence to guide decision making on timing of 

clavicle fixation is poor. There is reasonable evidence to suggest that nonunion fixation has a 

higher risk of fixation failure and repeat intervention. This is in keeping with the clinical 

experience of managing these fractures, given the technical aspects of surgery which often 

involves densely sclerotic bone ends and surrounding soft tissue envelope of established scar 

tissue which requires mobilisation.  

 

This is the first study to look objectively at whether a ‘safe window’ exists in which to carry 

out operative fixation of clavicle fractures. It was found that beyond three months post injury, 

the risk of major operative complications and revision surgery increases. 

 

Therefore, there is an opportunity in the first few weeks following injury to identify patients at 

‘high risk’ of nonunion who would likely most benefit from early surgical intervention to 

prevent the morbidity associated with nonunion. This would appear to be a more cost-effective 

approach than routine fixation of all injuries as established in Chapter 2. 

 

In the next chapter the ability to predict nonunion based on the clinical information present at 

six weeks post injury will be evaluated to determine if this is a superior strategy to judgement 

based at time of injury alone. 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 116 

4 Nonunion prediction based on functional recovery 

following non-operative management of displaced 
midshaft clavicle fractures. A prospective cohort 

study. 
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 Abstract 
 
Background: The primary aim of this study was to evaluate if clinical recovery following 

midshaft clavicle fracture is associated with nonunion and if the additional information that 

can be assessed at six-weeks post-injury has superior predictive value for fracture healing 

compared to estimation at time of injury.  

 

Methods: A prospective study of all patients (≥16 years) who sustained a displaced midshaft 

clavicle fracture was performed. Patient demographics, injury factors, functional scores and 

radiographic predictors were assessed with a standardized protocol at six-weeks. Conditional 

stepwise regression modelling was used to assess which factors independently predicted 

nonunion at six months post-injury as determined by CT. The nonunion predictor six-week 

model (NUP6) was compared against a previously validated model based on factors available 

at time of injury (NUP0) which included smoking, comminution and fracture displacement. 

 

Results: 200 patients completed follow-up at six months. The nonunion rate was 14% 

(27/200). Of the functional scores, the QuickDASH had the highest accuracy on receiver-

operator-characteristic (ROC) curve analysis with a 39.8 threshold, above which was 

associated with nonunion (Area Under Curve (AUC) 76.8%, p<0.001). 69% of the cohort had 

a QuickDASH score of <40 at six weeks and 95% (131/138) of these patients united their 

fractures.  

 

On regression modelling QuickDASH ≥40 (p=0.001), no callus on radiograph (p=0.004) and 

fracture movement on examination (p=0.001) were significant predictors of nonunion. If none 

were present the predicted nonunion risk was 3%, found in 40% of the cohort (n=80/200). 
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Conversely if two or more of the predictors were present, found in 23.5% of the cohort, the 

predicted nonunion risk was 60%.  

 

The NUP6 model appeared to have superior accuracy when compared to the NUP0 model for 

fracture healing on ROC curve analysis (AUC 87.3% vs 64.8% respectively). 

 

Discussion: Delayed assessment at six weeks following displaced midshaft clavicle fracture 

enables an accurate prediction of patients that are likely to unite with non-operative 

management. One in four patients are at an increased risk of nonunion and may benefit from 

operative intervention. 
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 Background and Aims of Chapter 
 
Nonunion following displaced midshaft clavicle fracture results in inferior outcome and 

usually requires delayed fixation (92,98,151,152). Acute plate fixation reduces the incidence 

of nonunion but does not confer a functional benefit compared to non-operative management 

by 12 months when union occurs (87,89,108). Routine fixation of displaced clavicle fractures 

potentially results in over treatment and is not cost-effective, even after factoring in the cost of 

secondary procedures for nonunion (153).  

 

Smoking status, comminution, and fracture displacement at time of injury have been shown to 

be the most significant predictors of nonunion based on a regression model derived from a 

large series of patients (88). Although this model is simple to use, it does lack specificity and 

measurement of fracture displacement can be prone to error (154).  

 

There is evidence to suggest that delayed clavicle fixation undertaken between three to twelve 

weeks post-injury does not increase the risk of complications and has a similar functional 

recovery to acute fixation (99,100). Previous work revealed a DASH score above 35 at six-

weeks post injury had significantly increased risk of nonunion in a post-hoc analysis of 88 

patients from a large trial (109). Poor clinical recovery following injury may allow more 

accurate identification of patients at high risk of nonunion, along with the additional factors 

that can be assessed at this time.  

 

A prospective study of adult patients with displaced midshaft clavicle fractures managed non-

operatively was undertaken in order to develop a nonunion prediction model. 
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The primary aim of this study was to evaluate which patient- and injury-related factors, 

assessed at six-weeks post-injury, predict fracture union at six months.  

 

The secondary aim was to determine if the six-week assessment has superior accuracy against 

prediction on clinical factors available at time of injury.  

 

The null hypothesis is that a delayed six-week assessment of nonunion risk does not increase 

the prediction accuracy compared to that based at the time on injury alone. 
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 Patients and Methods 
 
A consecutive series of patients who presented to our trauma unit with an isolated midshaft 

displaced clavicle fracture were recruited over a two-year period. Inclusion criteria included 

all fully displaced midshaft clavicle fractures with no residual cortical contact, with or without 

comminution (Edinburgh Type 2 fractures (17)), aged 16 years at time of injury and locally 

resident.  

 

All patients who met inclusion criteria were referred to a single specialist clinic. On their first 

clinic review with an orthopaedic specialist, patients were consulted on operative and non-

operative treatment options. The patients who opted for acute fixation were excluded. The 

decision to undertake acute fixation was based solely on patient request and only 3.7% of all 

eligible patients underwent acute operative management over the study period (n=10/269). 

 

Exclusion criteria are summarised in the flow diagram (Figure 4-1).  

 

A total of 226 patients undergoing non-operative management were recruited into the study 

and 200 patients completed follow-up at 6 months (follow-up rate of 88.5%, 200/226). The 

mean age was 39.8 years (95% confidence interval (CI) 37.2-42.4) and 75% were male 

(149/200).  

 

The 26 patients lost to follow-up and 10 patients that chose acute fixation showed no 

statistically significant difference in demographics (age, gender, smoking status) and fracture 

characteristics (overall displacement or comminution) to those who completed the study.  
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Figure 4-1. Flow diagram of patient recruitment and outcome 

 

The non-operative management protocol was standardized, patients were instructed to discard 

their sling at three weeks post-injury and commence range of motion plus strengthening 

exercises under the supervision of a physiotherapist.  
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4.3.1 Functional assessment 
 

Patients underwent a standardized clinical review at six-weeks, three and six months by the 

lead (JAN) or senior author (CMR) using a questionnaire of symptom and examination findings 

(Table 4-1). Self-reported QuickDASH, Oxford shoulder score (OSS) and the EuroQol five-

dimension questionnaire (EQ-5D-3L; EuroQol Group, Rotterdam, Netherlands) were 

completed (Appendix).  

 

 

History Night pain at rest in bed 
  Unable to dress normally without assistance 
  Sling no longer required at any time point 
  Returned to work with or without adaptation 
  Returned to usual activities including hobbies and sport 
Examination Fracture site tenderness 
  Pain on palpation of fracture 
  Hand to head 
  Palm on forehead without assistance 
  Hand to head and elbow to back 
  Active internal rotation of shoulder with elbow on lumbar spine 
  Movement at fracture 

  
Transfixation of the medial fragment by the examiner and ability to 
passively translate the lateral fragment 

  Abduct shoulder >90 degrees 
  Active abduction beyond 90 degrees in scapula plane with elbow extended 
Patient Outcome 
Scores QuickDASH 
  Oxford Shoulder Score 
  EQ-5D 
Radiograph Calcified bone healing at fracture site either bridging or non-bridging  

Table 4-1. History and examination standardized clinical review protocol. 
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4.3.2 Radiological assessment 
 

Radiographs of the clavicle were performed at each clinical appointment in keeping with 

standard practice with a single erect anteroposterior view. These were graded prospectively for 

the presence of callus formation at six weeks in comparison to the radiograph at time of injury. 

Callus was defined as calcification at the fracture site with or without clear bridging of the 

fracture.  

 

The overall displacement of the fracture was estimated using an erect radiograph corrected for 

magnification, measuring the distance between the proximal and distal fragment from the 

centre of the medullary canal (88) (Figure 4-2).  

 

Figure 4-2. Estimation of overall fracture displacement on radiograph.  

Centre of the medullary canal – white line. Displacement difference in mm – green line. 

 

All patients who had pain, movement of fracture or absent bridging callus on radiograph at six 

months underwent a CT scan. Union on CT was defined as bridging callus of more than 50% 

of the diameter between fracture fragments on three-dimensional reconstruction (155). Of the 

final cohort 24.5% (n=49/200) of patients underwent a CT (n=27 nonunion and n=22 united). 

All patients who were ununited on CT at six months were offered plate fixation. 
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4.3.3 Statistical analysis 
 

Statistical analysis was performed using SPSS version 24 (Chicago, IL, USA). Data was tested 

for normal distribution with the D’Agostino and Pearson test. Linear variables were assessed 

using the independent student t-test for parametric data or the Mann-Whitney U test for 

nonparametric data. Differences between dichotomous data were assessed by using the Chi-

square test and Odds Ratio (OR).  

 

Receiver-operating-characteristic (ROC) curve analysis was used to identify thresholds for 

outcomes based on a linear scale e.g. QuickDASH. The area under the curve (AUC) ranges 

from 0.5, indicating a test with no accuracy, to 1.0 where the test is perfectly accurate. The 

threshold is equivalent to the point at which the sensitivity and specificity are maximal with 

respect to the adverse outcome.  

 

Risk factors identified on univariate analysis trending towards significance (p<0.1) were 

examined using conditional stepwise logistic regression using forward and backward 

conditional method entry to ensure stability of the model (Nonunion Prediction at six-weeks 

post-injury-NUP6). The results of which were used to identify any significant independent 

predictors by a p-value threshold of <0.01. The nonunion prediction for the individual patients 

was calculated using the regression coefficient of these predictors with the equation p = 

explogit(p)/(1+ explogit(p)). 

 

A previously published prediction model based on clinical features at presentation (Nonunion 

Prediction at time of injury-NUP0) consisting of smoking, comminution and fracture 

displacement (Table 4-2) (88), was used to compare against the six-week model by calculating 
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the nonunion risk for each patient in the cohort using the regression coefficient equation as 

previously published. It was thought this would be a validated ‘gold standard’ method to judge 

the delayed NUP6 model against. Given this predictor equation was based on a large database 

of over 900 patients it had greater power than the data derived from for this study for the same 

variables.  

 

Risk Factor Coefficient Beta 

 

Wald P value OR (95% CI) 

Smoking  1.32 33.2 <0.001 3.76 (2.39-5.89) 

Comminuted Fractures 0.56 5.9 0.015 1.75 (1.11-2.76) 

Absolute fracture displacement (mm) 0.15 81.0 <0.001 1.17 (1.13-1.21) 

Table 4-2. Table of injury model prediction by Murray.  

 

Logistic regression model *Logit(p)= -5.616 + (1.324 x (1 if smoker or 0 if non-smoker)) + 
(0.561 x (1 if comminuted or 0 if noncomminuted)) + (-0.153 x absolute fracture 

displacement in mm). 

Percentage probability of nonunion =exp(logit(p))/(1+exp(logit(p)))x100. 

 

 

The predicted probability values were evaluated with ROC curve analysis to determine the 

maximum sensitivity and specificity for nonunion prediction with each model respectively for 

comparison. A p-value of <0.05 was defined as statistically significant. 
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4.3.4 Ethics and source of funding 
 

The study had ethical approval and was registered with the National Health Service (NHS) 

Institute for Health Research with the unique code REC 16/SS/0026. This is a departmental 

ethics application which is used for prospective surveillance of functional outcomes of 

Orthopaedic treatments within the department (Appendix 10.3). An application specific to this 

project was registered prospectively. Given treatment for the recruited patients was not altered 

and was in keeping with the senior authors practice (CMR), a separate application was not 

submitted. 

 

No formal funding was received. 
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 Results 
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4.4.1 Study demographics 
 
Two hundred patients completed the study and the overall nonunion rate at six-months was 

14% (27/200). Displaced fractures with a simple configuration or small butterfly fragment 

(Edinburgh 2B1) were most common (85%, 170/200) and 18% of the cohort were smokers 

(36/200). 

 

Nonunion at six months was associated with smoking (OR 4.97, p<0.001), female gender (OR 

3.96, p=0.001), increasing age (p=0.004), lack of callus on six week radiograph (OR 3.49, 

p=0.003) and greater fracture displacement (p=0.027)(Table 4-3). Fracture comminution and 

energy associated with injury was not significant.  

 

 

Table 4-3. Predictors of union on univariate analysis.  

OR - Odds Ratio. CI - Confidence Interval. *Independent t-test. ±Chi-squared test. 

 

Parameter Union n=173 Nonunion n=27 P value OR CI 95%
Patient Demographic

Male 136 (78.6%) 13 (48.1%)
Female 37 (21.3%) 14 (51.9%)
Smoker 24 (13.9%) 12 (44.4%)
None smoker 149 (86.1%) 15 (55.6%)
Right 79 (45.7%) 17 (63.0%)
Left 94 (54.3%) 10 (37.0%)
Dominant 80 (46.2%) 17 (63.0%)
Non dominant 93 (53.8%) 10 (37.0%)

Injury mechanism Fall <2m 46 7
Fall >2m 8 3
Sport 86 11
RTA 19 2
Other 14 4

High energy 27 (15.6%) 5 (18.5%)
Low energy 146 (84.4%) 22 (81.5%)

Fracture findings Comminution (2B2) 27 (15.6%) 3 (11.1%)
Simple (2B1) 146 (84.4%) 24 (88.9%)

Overall fracture displacement (mm) 22.9 (21.8-24.0) 26.3 (23.1-29.4) 0.027* - -
Callus 110 (63.6%) 9 (33.3%)
No Callus 63 (36.4%) 18 (66.7%)

Six week radiograph 0.003± 3.49 1.48-8.24

Energy 0.70± 1.22 0.43-3.53

Fracture (Edinburgh classification) 0.54± 0.68 0.19-2.40

Side 0.10± 0.5 0.22-1.15

Hand dominance 0.11± 0.51 0.22-1.17

Sex 0.001± 3.96 1.71-9.15

Smoking Status <0.001± 4.97 2.08-11.89

-Age (years) 38.3 (35.5-41.1) 49.4 (43.5-55.4) 0.004* -
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4.4.2 Union influence on six-week history and examination findings 
 

There were distinct differences in the six-week history and examination finding between united 

and nonunion patients on univariate analysis as shown in Table 4-4. From the history features, 

inability to return to usual activities had the greatest OR of 5.42 (p=0.013). For the examination 

features, mobility at fracture site was the strongest predictor (OR 9.88, p<0.001).   

 

Table 4-4. Union influence on six-week history and exam features 

OR - Odds Ratio. CI - Confidence Interval. ±Chi-squared test. 

Parameter Union n=173 Nonunion n=27 P value OR CI 95%
History Yes 85 (49.1%) 20 (74.1%)

No 88 (50.9%) 7 (25.9%)
Yes 31 (17.9%) 13 (48.1%)
No 142 (82.1%) 14 (51.9%)
Yes 18 (10.4%) 8 (29.6%)
No 155 (89.6%) 19 (70.4%)
Yes 58 (33.5%) 16 (59.3%)
No 115 (66.5%) 11 (40.7%)
Yes 120 (69.4%) 25 (92.6%)
No 53 (30.6%) 2 (7.4%)

Examination Yes 38 (22.0%) 19 (70.4%)
No 135 (78.0%) 8 (29.6%)
Yes 13 (7.5%) 7 (25.9%)
No 160 (92.5%) 20 (74.1%)

Inability to reach hand to head Yes 18 (10.4%) 9 (33.3%)
and elbow to back No 155 (89.6%) 18 (66.7%)

Yes 17 (9.8%) 14 (51.9%)
No 156 (90.2%) 13 (48.1%)
Yes 24 (13.9%) 14 (51.9%)
No 149 (86.1%) 13 (48.1%)

Inability to abduct shoulder beyond 90 degrees <0.001± 6.69 2.80-15.95

0.001± 4.31 1.69-10.99

Movement at fracture <0.001± 9.88 4.00-24.45

Fracture site tenderness <0.001± 8.44 3.43-20.78

Inability to reach hand to head 0.003± 4.28 1.53-11.99

Have not returned to work 0.01± 2.88 1.26-6.61

Have not returned to usual activities 0.013± 5.42 1.24-23.71

Unable to dress normally <0.001± 4.25 1.82-9.94

Sling still required 0.006± 3.63 1.39-9.46

Night pain 0.016± 2.96 1.19-7.36
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4.4.3 Union influence on patient reported outcome measures 
 

In those patients that ultimately developed a nonunion (n=27), significantly worse patient 

outcome scores were observed over the six months following injury (Table 4-5).  

 

Table 4-5. Patient outcome scores and influence of fracture healing 

95% Confidence Interval in brackets. *Independent t-test. 

 
The QuickDASH was significantly better in those patients that unite at each time point 

following injury at six, twelve and twenty four weeks (Figure 4-3). 

 

Figure 4-3. QuickDASH score at six-weeks, three months and six months with the outcome 
of union versus nonunion respectively.  

95% Confidence intervals are displayed respectively. 

Parameter Union n=173 Nonunion n=27 P value
QuickDASH 6 week 27.2 (23.9-30.4) 47.6 (39.5-55.8) <0.001*

12 week 12.6 (10.1-15.2) 33.0 (23.8-42.2) 0.014*
24 week 5.4 (3.8-6.9) 30.9 (21.6-40.2) <0.001*

Oxford Shoulder Score 6 week 32.1 (30.5-33.7) 22.3 (18.6-26.1) <0.001*
Patient Outcome Scores 12 week 40.0 (38.7-41.3) 30.7 (26.6-34.8) 0.061*

24 week 43.4 (42.3-44.4) 31.7 (27.3-36.0) <0.001*
EQ-5D 6 week 0.76 (0.73-0.79) 0.54 (0.43-0.66) <0.001*

12 week 0.87 (0.84-0.90) 0.63 (0.51-0.75) 0.001*
24 week 0.92 (0.91-0.94) 0.60 (0.48-0.72) <0.001*
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At six weeks, one quarter of the cohort (54/200) had a QuickDASH score of 11.4 or less and 

all of these patients united their fractures (Figure 4-4). 

 

 

Figure 4-4. Violin plot of QuickDASH score at six-weeks for the cohort with the outcome of 
union (red) versus nonunion (blue) respectively. 
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4.4.4 Receiver Operating Characteristic curves of functional outcomes 
 

ROC threshold for functional scores is displayed in Table 4-6. QuickDASH was associated 

with the highest AUC representation at 76.8% and with a cut-off score of 39.8 (Figure 4-5). A 

QuickDASH score of <40 at six-weeks was found in 69% of the cohort and union was found 

in 95% of these patients at six-months (131/138).  

 
Variable Cut off point ROC 

 
AUC (95% CI) P value 

QuickDASH 39.8 76.8 (68-85) <0.001 

Oxford shoulder score 27.5 24.6 (16-34) <0.001 

EQ-5D 0.71 22.0 (13-31) <0.001 

Table 4-6. Receiver Operating Characteristic (ROC) curve modelling of functional scores 
against union prediction.  
AUC - Area Under Curve. CI - Confidence interval. 

 
 

Figure 4-5. Receiver Operator Characteristic (ROC) curve of QuickDASH for nonunion 
prediction.  
Area Under Curve 76.8% (95% confidence interval 68.3-85.2), p<0.001.  Cut-off QuickDASH 39.8, 74.1% 
sensitivity and 75.7% specificity. 
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4.4.5 Independent predictors on multivariate analysis 
 
The NUP6 model was based on the following factors that were trending towards significance; 

patient demographics (age, gender, smoking, overall fracture displacement and callus on 

radiograph)(Table 4-3), history and examination features from the six-week clinical review 

protocol (Table 4-4), and the patient outcome score as determined by ROC curve analysis with 

the highest predictive value (QuickDASH threshold)(Table 4-6). Given the ROC curve analysis 

of the QuickDASH indicated a high AUC, a threshold limit was deemed to be more useful for 

the prediction model rather than a linear QuickDASH input. 

 

Three predictors were significant on regression modelling; QuickDASH ≥40 (p=0.001), no 

callus on radiograph (p=0.004), and fracture movement on exam (p=0.001) (Table 4-7) as 

determined by both “Forward” (Nagelkerke R2 = 0.45) and “Backward” Stepwise Conditioning 

(R2 = 0.47) method entry.   

 

Altering the model to be more selective by reducing the number of variables entered, did not 

change the overall finding of these three most significant predictors.  The most significant 

finding on univariant analysis from patient demographics (smoking), fracture findings (six-

week callus on radiograph), history feature and exam finding (fracture movement on 

examination), and patient outcome features (QuickDASH cut-off) did not change the three 

significant predictors and had a similar model fit. (On “Forward” stepwise; QuickDASH ≥40 

p=<0.001, movement on exam p=<0.001, and no callus p=0.006 (Nagelkerke R2 = 0.40). 

“Backward” stepwise; QuickDASH ≥40 p=<0.001, movement on exam p=<0.001, and no 

callus p=0.008 (Nagelkerke R2 = 0.42). 
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Parameter Union 

n=173 

Nonunion  

n=27 

Coefficient 

Beta 

Wald P value OR  95% CI Sensitivity Specificity PPV NPV NNT 

Quick 

DASH 

≥40 42 20  

1.783 

 

10.60 

 

0.001 

 

6.0 

 

2.0-17.4 

 

74.1 

 

75.7 

 

32.2 

 

94.9 

 

3.1 
<40 131 7 

 

Callus 

 

Not present 63 18  

1.579 

 

8.16 

 

0.004 

 

4.9 

 

1.6-14.3 

 

66.7 

 

63.6 

 

22.2 

 

92.4 

 

4.5 
Present 110 9 

 

Movement 

Present 17 14  

1.802 

 

10.21 

 

0.001 

 

6.1 

 

2.0-18.3 

 

51.9 

 

90.2 

 

45.2 

 

92.3 

 

2.2 
Not present 156 13 

Table 4-7. Logistic regression modelling of significant predictors of nonunion.  
 
Nagelkerke R2 = 0.45, ‘Forward Conditioning’ Methodology. Constant Coefficient Beta -3.371 
OR – Odds Ratio. CI - Confidence interval. PPV - Positive predictive value. NPV - Negative predictive value. NNT - Number needed to treat. 
 
 

 
Predicted risk of nonunion therefore calculated by the following equation  

 
Logit(p)= -3.371 + ((QuickDASH≥40) x 1.783) + ((Fracture Movement) x 1.802) + ((No callus) x 1.579) 

 
Percentage probability of union =exp(Logit(p)*100)/(1+exp(Logit(p)) 
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Using the logistic regression prediction formula based on the coefficient beta of the significant 

risk factors (Table 4-7), the nonunion risk can be estimated for a given individual by the 

presence of absence of the three clinical predictors (Table 4-8). 

 

Table 4-8. Logistic regression for nonunion predictor six-week model.  

NNT- Number needed to treat.  
 

When none of the three predictors were present the nonunion estimated risk was 3%, found in 

40% of the cohort (n=80/200) (Table 4-9). When one was present the nonunion risk was 16%, 

found in 37% of the cohort (n=73/200). Conversely, if two or more of these predictors were 

present, found in the remaining 23.5% of the cohort, the nonunion risk was 60%.  

 

Table 4-9. Performance of the six-week nonunion predictor model with respect to the number 
of risk factors identified. 

 

If the nonunion probabilities were used to justify early fixation at six-weeks and we assume a 

successful union outcome, a number needed to treat (NNT) with plate fixation to prevent one 

nonunion can be calculated. To get an NNT of less than two patients per fixation, at least two 

of the three risk factors would need to be present as found in approximately a quarter of all 

patients. 

QuickDASH≥40 Movement Callus Predicted Nonunion (%) Predicted NNT Observed Nonunion (%) Cumulative Nonunion (%) Cumulative Cohort (%)
Present Present Absent 85.7 1.2 100.0 25.9 3.5
Present Present Present 55.3 1.8 50.0 44.4 8.5
Absent Present Absent 50.2 2.0 25.0 51.9 12.5
Present Absent Absent 49.8 2.0 27.3 74.1 23.5
Absent Present Present 17.2 5.8 0.0 74.1 26.5
Present Absent Present 17.0 5.9 8.7 81.5 38.0
Absent Absent Absent 14.3 7.0 6.8 92.6 60.0
Absent Absent Present 3.3 30.3 2.5 100 100.0

No. of risk factors Predicted Nonunion (%) Predicted NNT At Risk (%)
3 85.7 1.2 3.5

2 51.8 1.9 20.0

1 16.2 6.0 36.5

0 3.3 30.3 40.0
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4.4.6 Model prediction accuracy 
 

The NUP6 model fit on ROC curve analysis appeared to show superior accuracy of union 

prediction when compared to the NUP0 model (AUC 87.3% vs 64.8%)(Table 4-10).  

 

 
 
Table 4-10. Nonunion model accuracy comparison. 
 
Nonunion predictor six week model (NUP6) versus that based on presentation factors only (NUP0) of smoking, 
comminution and overall fracture displacement (mm).  
 
All figures given as percentages (%) except for P value derived from receiver operator characteristic curve 
analysis.  
 
AUC - Area Under Curve. PPV - Positive predictive value. NPV - Negative predictive value. At risk - 
percentage of cohort above the threshold limit.  
 

Nonunion Prediction Model AUC (95% CI) P value Threshold Nonunion prediction PPV NPV Sensitivity Specificity At risk Missed nonunion 

NUP6 87.3 (79.5-95.1) <0.001 15.6 35.1 95.1 77.8 79.2 28.5 4.9

NUP0 64.8 (53.2-76.5) 0.013 16.2 18.6 90.4 59.3 59.5 43.0 9.6
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 Discussion 
 
This study has demonstrated that union can be accurately estimated at six-weeks following a 

completely displaced midshaft clavicle. Logistic regression modelling revealed a stable model 

which includes a high proportion of the potential factors that predict union. A union outcome 

of 97% was predicted in just under half of the cohort based on the absence of any of the three 

risk factors from the NUP6 model. A quarter of the cohort has a nonunion risk greater than 

50%, identified with at least two of the predictors from the NUP6 model, with an NNT of less 

than two patients to theoretically prevent one nonunion. Compared to the NUP0 model, it 

appears to have superior sensitivity and specificity and identified a smaller proportion of 

patients at ‘high risk’ of nonunion.  

 

The management of midshaft clavicle fractures continues to divide opinion. Despite early 

randomized trials suggesting a sustained advantage of acute fixation at 12 months 

(84,124,126), subsequent trials have shown equivalent outcomes beyond 3-6 months post-

injury when union occurs (85–87,89,108,127). Although certain patients, e.g. athletes, may 

wish to undergo acute fixation to maximise their rehabilitation potential and reduce the risk of 

nonunion, the effect of malunion remains unclear and recent evidence suggests it is likely well 

tolerated in the majority (116–119,156). However, despite uncertainty in the evidence there 

has been approximately a tenfold increase in acute midshaft clavicle fixation worldwide over 

the past decade (63,125).  

 

The prediction of nonunion has mainly focussed on fracture and patient characteristics at 

presentation only. Fracture displacement (OR 1.17 - 7.81), smoking (OR 3.76-4.2) and 

comminution (OR 1.75) at time of injury have been shown to the strongest independent risk 

factors for nonunion followed by increasing age and female gender (88,101). It has been 
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suggested the interpretation of clavicle fracture displacement varies widely depending on the 

timing of the radiograph (103), projection of the film and change in patient position (157). 

Furthermore in comparison to CT, objective radiographic interpretation of displacement is 

likely inferior (106,154). When these risk factors where evaluated against the additional 

information available at six-weeks post injury, they did not reach significance. The comparison 

in our study of the NUP6 model to that of risk factors present at time of injury only (NUP0) 

found increased accuracy with the delayed assessment for ultimate union prediction. 

 

The ability to use the DASH questionnaire at six-weeks as an objective marker of poor recovery 

was explored in a post-hoc analysis from the UK clavicle trial (109) where a cut-off DASH of 

35 (OR 6.7) had a PPV for nonunion of 20% in nonsmokers and 44% in smokers. The use of 

poor recovery has been evaluated in this study with a large independent cohort of patients with 

the simpler QuickDASH questionnaire along with other relevant clinical features which can be 

assessed at six weeks post-injury.  Although nonunion prediction is challenging the use of the 

NUP6 model may provide an objective measure of nonunion risk for patients following injury. 

Three out of every four patients that sustain a displaced midshaft clavicle fracture are 

effectively at ‘low risk’ and union can be expected with non-operative management. Acute 

plate fixation of all displaced fracture would require seven patients to undergo an operation to 

prevent one nonunion (108). This could theoretically be reduced to less than two if a detailed 

clinical assessment was undertaken at six-weeks post-injury with this strategy. 

 

Most randomized trials undertake clavicle fixation in the first three-weeks post-injury, the 

approach as outlined in this study is essentially assuming an equally safe operation would be 

expected with this treatment rationale. There is emerging evidence that delayed fixation 

undertaken up to three-months has comparable outcomes to acute fixation (99,100). Although 
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reduced muscle strength and endurance has been found in patients with an established 

nonunion following fixation (92), this would be less likely with this rationale given that the 

time taken to identify the nonunion has been substantially reduced.  

 

Union outcome can be strongly predicted at six-week assessment with potentially increased 

accuracy compared with estimation at time of injury. A ROC curve comparison between two 

predictor models can be prone to error when used to evaluate an internal to external model for 

statistical accuracy. The number of factors used in the model and variation within the sample 

size will affect the AUC fit. Additionally, a ROC curve based on the model derived from our 

data (NUP6) may be prone to a ‘better fit’ than an external derived model (NUP0). A prediction 

model based on the NUP0 factors (smoking, displacement and comminution) from our data 

with a respective coefficient beta value to form the model, found a similar AUC of 65.3% (95% 

CI 53.0-77.9, p=0.01) to the Murray model however (88). 

 

Our model does have limitations. This approach does require a six-week wait from injury to 

decision which may not be convenient to certain patients. A six-week comprehensive 

assessment was used in this study as it did not alter the standard care and follow up of these 

patients. It may be that an earlier prediction at four weeks would also have merit, Qvist has 

recently shown that nonunion is associated with a failure to improve between two and four 

weeks following non-operative management of displaced clavicle fractures in 64 patients 

(158).  

 

A formal sample size estimate for this study at conception was not undertaken. The original 

target was to recruit a cohort powered to the DASH score based on the previous work by 

Clement from our unit (109). In that study, the six-week union DASH score was 25.9 (SD 19.1) 
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and nonunion was 40.5 (SD 21.9), with enrolment 1 nonunion for every 6 unions, alpha 0.05 

and power of 80%; this resulted in a minimum sample size of 112 (union n=96 and nonunion 

n=16) to detect a clinically significant difference. Given that other relevant clinical factors that 

may refine the nonunion prediction model were included in this study, the sample size was 

increased accordingly to recruit as many patients over the two-year study period as possible. 

 

The clinical predictors identified have odds ratios with wide confidence intervals secondary to 

the relatively low number of nonunions encountered. The number of variables included in the 

model will have also contributed to this.  To limit an overfit of the statistical model conditional 

stepwise regression analysis was used. All factors trending towards significance (p<0.1) were 

entered into the model using the forward conditional entry method to include only the 

significant predictors. Furthermore, a p value of <0.01 was deemed significant for predictors 

from this new model. Backward conditional entry method was then undertaken to ensure the 

stability of the significant predictors. Additionally, reducing the number of variables inserted 

into the model to four only did not affect the overall conclusions. A bigger cohort would have 

reduced this uncertainty and potentially identified other relevant predictors.  

 

There is the assumption that those patients identified at higher risk of nonunion would benefit 

from primary acute fixation. It is unknown if targeted fixation of these select ‘high risk’ patients 

would reduce the incidence of nonunion. A prospective study of fixation of patients only at 

high risk of nonunion at six-weeks would be required to assess the efficacy compared to routine 

non-operative management of all patients.  

 

Radiographic callus and clinical assessment, including fracture movement, can be subjective 

and may lack accurate repeatability between observers. To limit for this prospective grading 
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using a standardized protocol was used for the clinical assessment. Although fracture 

movement at six-weeks has not been shown to be predictive for clavicle fracture nonunion, it 

has recently been validated for humeral shaft fractures (32). The absolute score of the 

QuickDASH did not prove to be as useful as the cut-off on regression modelling. Presumably 

it is a combination of increased pain and functional limitations that produce a threshold ‘tipping 

point’ rather than a continuous linear relationship.  

 

The study demographics are representative of the population at risk of this injury and 

recruitment of all eligible patients was attempted. Patients lost to follow-up was low, the 

demographics were not dissimilar to the cohort analysed and there was no evidence that they 

underwent surgery at time of write up on our nationwide PACS system. CT was used to 

confirms all nonunions and employed where union was clinically in doubt at six months. 

Patients that opted for acute fixation were excluded which may give bias to those patients that 

were recruited. This was based on patient preference and not surgeon recommendation, less 

than 4% of all eligible patients underwent acute fixation over the study period and their 

demographics were not significantly different to those patients that were recruited. 

 

Conclusions 

Delayed assessment at six-weeks following displaced midshaft clavicle fractures can reliably 

predict union. Only a quarter of all patients are at increased risk of nonunion and may benefit 

from targeted intervention at six-weeks post-injury. This predictor model appears to have 

superior accuracy for nonunion prediction when compared to factors evident at time of 

presentation only.  
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 Take home points and rationale for next chapter 
 
 

The prediction of clavicle fracture healing at six weeks post-injury appears to have superior 

accuracy when compared to estimation immediately following injury. Approximately one in 

four patients have a high risk of developing nonunion, with a number needed to treat with plate 

fixation to avoid nonunion of less than 2 patients. This is the first study to comprehensively 

examine all of the available clinical factors at six-weeks post-injury in order to refine our 

current ability to predict fracture healing.  

 

This is potentially a significant advance for patient care and shifts the focus away from the 

reliance on ‘injury only’ predictors in order to estimate fracture healing. The three predictors 

are relatively simple and could be performed in an outpatient clinic. This would improve the 

cost-effectiveness of the treatment, minimise excess intervention and allow timely recognition 

to avoid the prolonged morbidity associated with nonunion. 

 

A criticism of this approach would be delaying a decision to operate until six weeks post-injury. 

Plate fixation is strongly perceived to facilitate an earlier return to function along with the 

established nonunion reduction risk. In this results chapter it was observed that there is a 

distinct early difference in recovery of non-operatively managed fractures which unite 

compared to those which develop an ultimate nonunion at six months post-injury. Therefore, 

in the next chapter the benefit of acute plate fixation over non-operative management, when 

union occurs, will be evaluated.  
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5 Recovery of normal shoulder function following 

midshaft clavicle fracture. Does plate fixation 
enhance early recovery over non-operative 

management when union is achieved? 
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 Abstract 
Background: It is unclear whether acute plate fixation facilitates earlier return of normal 

shoulder function following a displaced midshaft clavicle fracture compared to non-operative 

management when union occurs.  

 

Methods: Patient data from a randomized controlled trial was used to compare acute plate 

fixation with non-operative management of united fractures. Return of shoulder function was 

based on the age and sex matched DASH scores for the cohort. Independent predictors of an 

early recovery of normal shoulder function was investigated using a separate prospective series 

of consecutive non-operative displaced midshaft clavicle fractures recruited over a two-year 

period (≥16 years). Patient demographics and functional recovery were assessed over the six 

months post-injury using a standardized protocol. 

 

Results: Data from the randomized controlled trial consisted of 86 patients who underwent 

operative fixation compared to 76 patients that united with non-operative treatment. The 

recovery of normal shoulder function, as defined by a DASH score within the predicted 95% 

confidence interval for each respective patient, was similar between each group at six-weeks 

(operative 26.7% vs non-operative 25.0%, p=0.80), three-months (52.3% vs 44.2%, p=0.77) 

and six-months post-injury (86.0% vs 90.8%, p=0.35). The mean DASH score and return to 

work was also comparable at each time point.  

 

In the prospective cohort 86.5% (n=173/200) achieved union by six months post-injury 

(follow-up rate 88.5%, n=200/226). Regression analysis found no specific patient, injury or 

fracture predictor was associated with an early return of function at six or twelve weeks. 
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Discussion: Return of normal shoulder function was comparable between acute plate fixation 

and non-operative management when union was achieved. One in two patients will have 

recovery of normal shoulder function at three months, increasing to nine out of ten patients at 

six months following injury when union occurs irrespective of initial treatment. 
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 Background and Aims 
 

Acute plate fixation of midshaft clavicle fractures decreases the incidence of nonunion 

following injury from approximately 15% with non-operative treatment to less than 2% with 

surgery (90).  Recent randomized trials have all concluded that acute fixation facilitates earlier 

recovery of shoulder function in the first three months following injury when compared to non-

operative management (87,89,159). However, this may be influenced by the greater prevalence 

of nonunion following non-operative management which is associated with a worse functional 

recovery (153). This may adversely affect the functional outcome of non-operative 

management unless the influence of nonunion is accounted for.  

 

Recovery following an upper limb fracture should be evaluated in the context of the patient 

demographic that sustain the injury. For the clavicle the DASH score is commonly used to 

assess upper limb recovery following injury but this can be affected by both sex and age of the 

patient (160). When considering return of “normal” shoulder function following a clavicle 

fracture, it is unclear if all patients have a predictable recovery following non-operative 

management when union occurs. Patient, injury and fracture demographics have been 

extensively investigated for the risk of fracture nonunion (23,83,88,101,107) but to the authors 

knowledge, no study has prospectively evaluated the predictors associated with functional 

recovery. An improved understanding of functional recovery following clavicle fracture 

management may be useful for patients and surgeons to aid decision making.  

 

The primary aim of this study was to establish if acute plate fixation was associated with a 

greater return of normal shoulder function when compared to non-operative management in 

patients that unite their fractures.  
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The secondary aim was to investigate whether there were identifiable predictors associated 

with return of normal shoulder function in patients that achieve union with non-operative 

management.  
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 Patients and Methods 
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5.3.1 Randomized trial of acute fixation versus non-operative management  
 

A trial cohort of displaced midshaft clavicle fracture patients that underwent acute plate 

fixation (n=86) were compared against united patients following non-operative management 

(n=76). This provided a matched cohort of patients to compare return of normal shoulder 

function. These were recruited in a prospective randomized controlled trial which has been 

outlined in Chapter 2 and previously published on (108). All operations were undertaken within 

two weeks of injury using and rehabilitation between the groups was identical. Only those 

patients followed up to one year with known fracture outcomes were included. The DASH 

score was collected prospectively, and CT scanning was undertaken in all patients to confirm 

union at six months post-injury. For this study treatment allocation in the trial was handled ‘as 

treated’ rather than ‘intention to treat’ to derive the benefit of the received treatment on any 

functional rehabilitation advantage. 

 

Non-operative observational cohort  

A separate prospective cohort of consecutive patients who presented to our trauma unit with a 

midshaft displaced clavicle fracture were recruited over a two-year period. This was to increase 

the patient numbers for the secondary aim of the study and minimise the risk of a type II error 

from underpowering of the trial data for this analysis. Specific details of the inclusion and 

exclusion criteria are given in Chapter 4.  

 

Injuries were classified as high energy if they were sustained from a fall from >2m, road traffic 

accidents including high speed cycling accidents (>20 mph), and pedestrian or cyclist versus 

automobile accidents. Low energy injuries were classified as falls from standing height, 

sporting accidents or low speed cycling accidents. Occupation was considered as manual if the 
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employment had a significant physical daily component (construction, care work, fitness 

instructor etc.) otherwise it was considered as sedentary work.  

 

Exclusion criteria is summarised in the flow diagram (Figure 5-1). A total of 226 patients 

undergoing non-operative management were recruited into the study and 200 patients 

completed follow-up at 6 months (follow-up rate of 88.5%, 200/226). The mean age was 39.8 

years and 75% were male (149/200). The 26 patients lost to follow-up and 10 patients that 

chose acute fixation showed no statistically significant difference in demographics (age, 

gender, smoking status) and fracture characteristics (overall displacement or comminution) to 

those who completed the study. 

 
Figure 5-1 Flow diagram of patient recruitment and outcome 
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Patients underwent a standardized clinical review at six-weeks, three- and six-months by the 

lead or senior author. The QuickDASH (161) and EuroQol five dimension summary index 

(EQ-5D, EuroQol Group, Rotterdam, Netherlands)(162) were used for this study along with a 

proforma of history and examination findings.  

 

The overall displacement of the fracture was estimated using an erect radiograph corrected for 

magnification, measuring the distance between the proximal and distal fragment from the 

centre of the medullary canal (88). Patients who had bridging callus on radiograph with 

resolution of pain were considered united. All patients who had pain, movement of fracture or 

absent bridging callus on radiograph at six months underwent a CT scan. Union on CT was 

defined as bridging callus of more than 50% of the diameter between fracture fragments on 

three-dimensional reconstruction (155). Of the final cohort 24.5% (n=49/200) of patients 

underwent a CT (n=27 nonunion and n=22 united).  
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5.3.2 Statistical analysis and sample size 
 

Statistical analysis was performed using SPSS version 24 (Chicago, IL, USA). Data was tested 

for normal distribution with the D’Agostino and Pearson test. Linear variables were assessed 

using the independent student t-test for parametric data or the Mann-Whitney U test for 

nonparametric data. Differences between dichotomous data were assessed by using the Chi-

squared test. A p-value of <0.05 was defined as statistically significant. 

 

Recovery of shoulder function was considered if the DASH or QuickDASH score was below 

or equal to the upper limit of the 95% confidence interval (CI) of a ‘normalized score’ for each 

respective patient matched to the relevant sex and age (160). For example, a twenty-year-old 

male would have a predicted QuickDASH score mean of 5 and 95% CI of 2-7, if his six-week 

score was 7, he would be considered to have recovery of shoulder function.  This was 

considered at six-weeks, three- and six-months for each patient respectively in the cohort. 

Predictors of return of function were evaluated using logistic stepwise regression with 

‘forward’ and ‘backward’ conditional entry. A single unadjusted model was used including 

findings on uni-variate analysis trending towards significance (p<0.2) or clinically relevant 

predictors.  

 

The minimal clinical significant difference of the DASH score is considered to be 10.83 (163). 

Using the trial data, the six-week standard deviation of the cohort was 18.0. To power the study 

to detect a minimal clinical difference of 10.8, with 80% power and Type I (alpha) of 0.05; 44 

patients in each treatment arm was required.  
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5.3.3 Ethics and source of funding 
 

The study had ethical approval and was registered with the National Health Service (NHS) 

Institute for Health Research with the unique code REC 16/SS/0026 (Appendix 11.3). No 

formal funding was received. The previous randomized trial was registered at the time of the 

study (Appendix 10.1). 

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 155 

 Results 
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5.4.1 Operative versus non-operative recovery in united fractures 
 

The two patient groups that underwent operative and non-operative management in the trial 

were matched with no significant differences in patient demographics. There was no difference 

in the rate of recovery between the two treatment groups at any time point over the first six 

months (Table 5-1).  

 

 

Table 5-1 Acute plate fixation (ORIF) compared to non-operative management.  

Patient demographics and functional recovery. Independent t-test*, chi-squared test ± and 95% 
confidence interval in brackets. 

 

At six weeks 26.7% (n=23/86) of the acute plate fixation group had a return of normal shoulder 

function compared to 25.0% (n=19/76) (p=0.80) of those which united with non-operative 

management. This remained comparable at three- and six-months. There was also no difference 

in the mean DASH score (Figure 5-2) or return to work (Table 5-1) in either treatment arm at 

any time point. 

ORIF n=86 Non-op n=76 p-value

Male 86.0% (74) 86.8% (66)
Female 14.0% (12) 13.2% (10)
Smoker 16.3% (14) 17.1% (13)
None smoker 83.7% (72) 82.9% (63)

Hand dominance Dominant 55.8% (48) 68.4% (52)
Non dominant 44.2% (38) 31.6% (24)

Emplyoment type Sedate 58.1% (43) 58.5% (38)
Manual 41.9% (31) 27 (41.5%)

Energy High energy 22.1% (19) 23.7% (18)
Low energy 77.9% (67) 76.3% (58)
Comminution (2B2) 48.8% (42) 36.8% (28)
Simple (2B1) 51.2% (44) 63.2% (48)

Overall fracture displacement (mm) 27.8 (26.5-29.0) 26.5 (24.9-28.0) 0.20*
6 week 22.9 (19.0-26.9) 25.5 (21.2-29.9) 0.39*

QuickDASH 12 week 10.4 (7.7-13.1) 11.8 (8.2-15.3) 0.53*
24 week 5.2 (3.4-7.1) 5.8 (3.0-8.6) 0.70*
6 week 26.7% (23) 25.0% (19) 0.80*
12 week 52.3% (45) 44.2% (38) 0.77*
24 week 86.0% (74) 90.8% (69) 0.35*

21.6 (14.7-28.5) 22.8 (15.3-30.2)

Patient Recovery Return of normality

0.82*Return to work (days)

Fracture findings
Fracture (Edinburgh classification) 0.12±

Injury mechanism 0.81±

0.96±

0.97±

0.10±

Sex 0.88±

0.56*

Parameter

Patient Demographic

Age (years) 32.7 (30.3-35.1) 31.9 (29.1-34.6)

Smoking Status
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Figure 5-2 DASH score at 6, 12- and 24-weeks post-injury comparing acute plate fixation 

(green) cohort against united patients following non-operative management (blue).  

 

The horizontal solid and dotted lines are the estimated normal DASH mean (6.3) and respective 95% 

confidence interval (3.5-9.3) for the study cohort. 
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5.4.2 Predictors of return of function following non-operative management  
 

Two hundred patients that underwent non-operative management completed the prospective 

cohort study; 27 patients did not unite at six months post-injury giving an overall nonunion rate 

of 13.5% (n=27/200). The majority of patients were employed (89.0%, n=154/173), of which 

19.5% were in manual jobs (n=30/154). At six weeks 72.1% of patients had returned to work 

(n=111/154) increasing to 89.0% by three months (n=137/154).  

 

At six weeks 25.4% (n=44/173) of patients had return of normal shoulder function defined by 

a QuickDASH score within their matched 95% confidence interval range. This increased to 

64.2% (n=111/173) by three months and 89% (n=154/173) at six months (Table 5-2, Figure 5-

3).  

 

Table 5-2 Functional recovery following non-operative management of united fractures 
(n=173). 95% confidence interval in brackets. 

Parameter 6 week 12 week 24 week

History 50.9 23.7 18.5

17.9 11.6 5.8

10.4 2.3 1.2

72.1 89.0 91.3

30.1 67.1 87.9

Examination 22.0 12.7 9.2

7.5 5.5 3.5

Inability to reach hand to head 10.4 4.0 4.0

and elbow to back (%)

9.8 5.2 0

13.9 4.6 2.3

Patient Outcome Scores QuickDASH 27.2 (23.9-30.4) 12.6 (10.1-15.2) 5.4 (3.8-6.9)

Return of normal QuickDASH Score (%) 25.4 64.2 89.0

EQ-5D 0.76 (0.73-0.79) 0.87 (0.84-0.90) 0.92 (0.91-0.94)

Inability to abduct shoulder beyond 90 degrees (%)

Returned to work (%)

Returned to usual activities (%)

Fracture site tenderness (%)

Inability to reach hand to head (%)

Movement at fracture (%)

Night pain (%)

Unable to dress normally (%)

Sling still required (%)
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Figure 5-3 QuickDASH score at 6, 12- and 24-weeks post-injury following non-operative 
management in those patients that unite.  

The horizontal solid and dotted lines are the estimated normal QuickDASH mean (9.4) and respective 95% 
confidence interval (6.0-11.9) for the study cohort. 

 
 
The recovery of the predicted QuickDASH score was strongly associated with the resumption 

of usual activities as reported by patients during follow-up. 

 

 

Table 5-3 Return of predicted QuickDASH score and association with patient reported 
resumption of usual activities.  
 
Chi-squared test ±. 
 

 

 

QuickDASH score returned and QuickDASH score not returned and
 back to normal activities (Sensitivity) not back to normal activities (Specificity)

6 week 75% (33/44) 85.3% (110/129) <0.001±
12 week 85.6% (95/111) 66.1% (41/62) <0.001±
24 week 91.6% (141/154) 41.1% (8/19) <0.001±

p values
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On unadjusted univariate analysis there were no significant predictors associated with return 

of function at six or twelve weeks (Table 5-4). Regression analysis of clinically relevant 

predictors (age, sex, smoking, fracture displacement and comminution, with ‘forward and 

backward conditional’ entry) did not change this finding. All patients managed non-operatively 

(observation cohort and trial data) were combined into a single regression model to determine 

if this changed the overall assumption of the results.  The clinically relevant predictors and 

those trending toward significance (p<0.2 from table 5-4; smoking, employment type and 

energy) were examined with ‘forward and backward conditional’ entry in two independent 

models, however there were no significant predictors at either six or twelve weeks.  

 

Of the 19 patients who did not recover a normal QuickDASH function at six months there were 

no significant patient, injury or fracture demographic differences. One patient developed 

adhesive capsulitis and underwent a distention arthrogram at approximately four months post-

injury. Another patient had a symptomatic bony prominence at the fracture site and underwent 

osseous prominence removal at nine months post-injury.  

 

 

Table 5-4 Table evaluating predictors of return of normal QuickDASH function at 6 and 12 
weeks in united fractures following non-operative management (n=173).  
 
Independent t-test* and chi-squared test ±. Interquartile range and 95% confidence interval in brackets 
respectively. 

Returned n=44 Not Returned n=129 p-value Returned n=111 Not Returned n=62 p-value

Male 77.3% (34) 79.1% (102) 79.3% (88) 77.4% (48)
Female 22.7% (10) 20.9% (27) 20.7% (23) 22.6% (14)
Smoker 9.1% (4) 15.5% (20) 10.8% (12) 19.4% (12)
None smoker 90.9% (40) 84.5% (109) 89.2% (99) 80.6% (50)
Dominant 45.5% (20) 46.5% (60) 44.1% (49) 50.0% (31)
Non dominant 54.5% (24) 53.5% (69) 55.9% (62) 50.0% (31)
Sedate 81.6% (31) 72.1% (93) 84.2% (85) 73.6% (39)
Manual 18.4% (7) 17.8% (23) 15.8% (16) 26.4% (14)

High energy 9.1% (4) 17.8% (23) 12.6% (14) 21.0% (13)
Low energy 90.9% (40) 82.2% (106) 87.4% (97) 79.0% (49)

Comminution (2B2) 18.2% (8) 14.7% (19) 18.0% (20) 11.3% (7)
Simple (2B1) 81.8% (36) 85.3% (110) 82.0% (91) 88.7% (55)

Overall fracture displacement (mm) 23.0 (20.6-25.3) 22.9 (21.7-24.1) 0.97* 22.5 (21.2-23.8) 23.7 (21.6-25.8) 0.31*

QuickDASH 5.7 (4.2-7.1) 34.5 (31.0-38.0) <0.001* 3.6 (2.8-4.4) 28.8 (23.8-33.8) <0.001*
EQ-5D 0.90 (0.86-0.94) 0.71 (0.68-0.75) <0.001* 0.94 (0.92-0.96) 0.75 (0.69-0.80) <0.001*

Patient Reported Outcome

Injury mechanism Energy 0.17± 0.15±

Fracture findings
Fracture (Edinburgh classification) 0.59± 0.24±

0.12±

Hand dominance 0.90± 0.46±

Employment type 0.85± 0.12±

6 week 12 week

Parameter

Patient Demographic

Age (years) 40.2 (33.8-46.5) 37.7 (34.5-40.8) 0.45* 37.5 (34.1-21.0) 39.6 (34.7-44.6) 0.48*

Sex 0.80± 0.78±

Smoking Status 0.29±
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 Discussion 
 

This study has demonstrated that operative fixation of displaced midshaft clavicle fractures 

was not associated with an earlier return of normal shoulder function compared to non-

operative management when union occurs. Following non-operative management there were 

no specific patient, injury or fracture findings that were associated with early return of normal 

function at six and twelve weeks. One in four patients achieved normal shoulder function at 

six weeks increasing to one in two at twelve weeks post-injury. It takes six months following 

injury however, for approximately nine out of every ten patients to have a return of normal 

shoulder function. 

 

The outcome between acute plate fixation and non-operative treatment is thought to be similar 

at one year post-injury when all of the published level 1 data is analysed (90,93). This is likely 

because malunion is thought to be largely well tolerated in the majority of patients (164)  and 

does not appear to directly correlate with shortening when assessed with CT imaging (119). 

However, it is commonly believed in the Orthopaedic community that plate fixation facilitates 

an earlier return of function with potential economic advantages (132). This is despite the 

paucity of level 1 evidence to support that acute fixation results in a clinically meaningful 

earlier return to work. Of the three randomized trials which specifically report return to work 

(108,126,127), only one found an advantage at 2.9 months with fixation versus 3.7 months 

with non-operative management.  

 

The majority of randomized trials report that acute fixation facilitates an earlier return of 

shoulder function when compared to non-operative management in the first three months 

following injury (87,89,159). This treatment effect may be largely explained by the impaired 
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recovery in those patients who develop a nonunion following non-operative management. 

Nonunion occurs in approximately one in seven cases following non-operative management of 

displaced midshaft clavicle fractures (90). Although surgery reduces this risk, it is not cost 

effective to routinely fix all displaced fractures in adults given this results in over intervention 

(153).  

 

Following non-operative management, clavicle nonunion can be estimated by a combination 

of the QuickDASH ≥40, fracture mobility on examination and lack of callus on radiograph at 

six-weeks (Chapter 4) (165). This appears to be superior to estimation based on factors present 

at the time of injury alone which include smoking, fracture displacement and comminution 

(165). Early identification of patients at increased risk of nonunion following non-operative 

treatment for targeted fixation is an emerging strategy from recent evidence (99,109,158,166).  

 

Whether a predictable return of function can be expected for a given patient is an important 

aspect to consider in addition to the individual risk of nonunion. A recent study exploring 

patient expectations and clavicle fracture management highlighted that information on speed 

of recovery was paramount to satisfaction with treatment  (167).  It was unknown if all patients 

recover in a similar fashion with non-operative management when union occurs. This study 

found that the return of normal shoulder function varies substantially between patients over the 

first six months.  Patient demographics (age, sex, smoking etc.), injury (high versus low 

energy) and fracture findings (comminution and displacement) however, were not predictive 

of return of function at six- or twelve-weeks post-injury.  

 

Age and sex will affect the DASH or QuickDASH score and unfortunately there were no pre-

injury functional scores for the patients in this cohort. Although no patient had known pre-
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existing shoulder pathology prior to injury, increasing age and pre-clinical degenerative 

shoulder conditions (e.g. rotator cuff pathology) may well have a confounding effect (160). 

Furthermore, normative values for one population may not be internationally transferable. 

There is currently no specific clavicle scoring tool to evaluate shoulder girdle recovery. The 

DASH and QuickDASH is thought to be comparable with regards to validity and reliability for 

upper limb disorders (168) but may have a ceiling effect in certain populations and could be a 

blunt tool to measure clavicle fracture outcome. Reassuringly the patient’s own assessment of 

return to usual activities was also strongly associated with recovery of their normal predicted 

QuickDASH score.  

 

The patients from the randomized trial were well matched and sufficiently powered to detect a 

minimal clinical difference in the DASH score. A second large prospective cohort of 

consecutive displaced clavicle fractures undergoing non-operative management was also used 

in this study. Union was confirmed with CT scanning using specific criteria when clinically in 

doubt. This cohort was originally used to evaluate a nonunion prediction model at six weeks 

post-injury which has been previously published (165).  

 

The authors recognise that a power calculation was not formally undertaken for this study and 

both cohorts were not recruited for the primary purpose of evaluating functional recovery. 

Sophisticated clinical examination tools to measure range of movement, strength or endurance 

capabilities were not used which does limit the findings of this study. The population assessed 

may not be directly transferable to professional athletes with regards to return to training and 

competition. Acute plate fixation is thought to be superior in such cases although the evidence 

base for this is limited (169). The original randomized trial used for this study had 

approximately one third of patients in each group involved in competitive sports. The original 
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publication of this trial (108) reported no difference in return to sport but this may not directly 

represent high level athletes and is beyond the scope of this paper. An arbitrary definition of 

manual versus sedentary labour and distinction of mechanism of injury into high and low was 

used. This may have simplified or misclassified certain injuries, however binary definition was 

deemed to be a repeatable tool which minimised subjectivity. 

 

Conclusions 

Return of normal shoulder function was comparable between operative and non-operative 

management of displaced midshaft clavicle fractures when union occurs. In this study there 

were no identifiable patient, injury or fracture demographics associated with an early return of 

function following a displaced midshaft clavicle fracture. Prospective studies comparing 

operative fixation against non-operative management need to consider patients that unite as a 

separate analysis in order to accurately evaluate any benefit of fixation that is not mediated by 

the reduction of nonunion burden. 
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 Take home points and rationale for next chapter 
 

The effect of nonunion on the early clinical recovery following a non-operatively managed 

midshaft clavicle fracture may largely explain the perceived functional benefit of acute plate 

fixation over non-operative treatment. By reducing the nonunion burden in the non-operative 

cohort, the overall benefit of acute plate fixation appears to be advantageous. However, when 

just considering those patients that unite their fractures, no discernible benefit is seen. This 

gives further weight to the importance of nonunion prediction for these patients.  

 

As outlined in previous chapters, the use of a six-week clinical predictor nonunion model 

would appear to be both an accurate and safe strategy for clinical practice. For patients with 

two or more predictors, or for those without any, the fracture healing risk is relatively clear in 

order to inform clinical decision making and patient choice on management. The difficulty 

though is for the approximate one third of patients where one risk factor is present, with a 

predicted nonunion risk of 16.2%. This is comparable to the baseline risk of nonunion at 

presentation for all patients and therefore would not aid decision making.  

 

In chapter 4 the clinical, functional and radiological parameters available at six weeks were 

considered in the nonunion model. To improve the prediction model further, the use of a novel 

imaging adjunct will next be considered. The use of ultrasound has shown some early 

promising results to detect bridging callus, principally in the tibia to date. The ability to detect 

bridging callus prior to radiographs may hold great potential to predict fracture healing and the 

clavicle is well suited to investigate this theory.  
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6 Ultrasound and its potential role to monitor 

fracture healing  
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 Principles of Ultrasound 
 

Ultrasound is part of the acoustic spectrum above the human audible range. It can be used to 

form images of the human body due to the different composition of tissues. A sound wave will 

travel in one uniform direction until it encounters a border between two tissues that conduct 

sound differently. The sound wave will then reflect back towards its source (i.e. the transducer) 

as an ‘echo’ or continue its transmission through the tissue (170). The different behaviour of 

tissues with these two basic fates underpins the diagnostic ability of ultrasound (171).  

 

6.1.1 Basic components of ultrasound imaging 
All ultrasound devices require three basic components; an ultrasound probe or transducer, 

monitor to view the image and computer unit to process data between the two. The transducer 

has two roles. It converts an electrical transmission into ultrasonic pulses and receives the 

corresponding ‘echo’ ultrasonic pulse, converting it back into electronic signals. The 

ultrasound waves are produced with a ‘piezoelectric effect’ where an electric signal causes the 

transducer material, usually a ceramic lead zirconate titanate (PZT), to expand and contract 

producing pressure waves (172). The reverse of which occurs when it receives the response 

echo to produce an electric signal known as the ‘reverse piezoelectric effect’. 

 

The transducer is formed of a lens, PZT piezoelectric crystal within a plastic casing, a backing 

and matching layer (Figure 6-1). The mismatch between the impedance of human tissue and 

the crystal is overcome by an adapted structure of layers either side of the crystal.  The lens is 

incorporated into the matching layer and increases transmission to the PZT and the backing 

layer by dampening the oscillation of the crystal to produce short pulses for ultrasound imaging 

(170).  
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A linear probe offers a rectangular field of view with the field of vision which is appropriate 

for most musculoskeletal imaging. Other variations of probes exist but are out with the focus 

of this thesis. Ultrasound coupling gel allows contact between the transducer and the patient in 

an air-free, fluid like joint which decreases impedance and improves image quality. 

 

  

Figure 6-1. Transducer basic structure and Linear ultrasound probe representation. 

Adapted from Diagnostic Ultrasound (170) 
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6.1.2 B-mode image processing and attenuation  
 

A B-mode image is formed from the reflected echoes of ultrasound waves as they pass through 

tissues of different attenuations (171). The B-mode is made of the strength of the amplitude of 

each echo which corresponds to the respective anatomy of that tissue (173). The reflected wave 

occurs at a tissue boundary where the acoustic impedance changes, resulting in a variable 

degree of reflection or transmission of the signal. The AI and resultant attenuation of a given 

tissue, is based on its density and can be modelled with the speed of sound (174). As the speed 

of sound is relatively constant between tissues, this is assumed to be constant.  

 

The expressed value of AI is kgm-2s-1  or Rayl and common human tissues values are shown 

below with bone the highest of all. 

 

Tissue Acoustic Impedance kgm-2s-1   

Bone 6.47 x 106 

Liver 1.66 x 106 

Kidney 1.64 x 106 

Blood 1.67 x 106 

Fat 1.33 x 106 

Water 1.48 x 106 

Air 430 

Table 6-1. Acoustic Impedance (AI) of common human tissues  

(170,171) 
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6.1.3 Reflection, Refraction and Absorption 
 

As the ultrasound wave travels through tissues, it is attenuated due to reflection, refraction and 

absorption. The reflected wave is a direct result of the change in the AI of the tissue in question. 

With a large smooth target, the angle of reflection if equal to the angle of incidence (or 

approach), hence an angle of 90 degrees to the surface will minimise distortion and artefact. A 

rough or small surface however can cause scatter of the wave over a range of angles. This can 

have important ramifications for loss of returning signal and misinterpretation of the clinical 

picture, a phenomenon known as anisotropy (172). 

 

Refraction is important for deep structures, when the sound wave passes through a different 

material at an angle, there is both a change is speed and direction of the wave.  

 

Finally, attenuation (or absorption) is the gradual loss of energy of the ultrasound wave as it 

passes through tissue as conversion to heat. The significant greater AI of bone means that signal 

is strongly reflected and absorbed with little penetration to deeper structures or far cortices 

(175). 
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6.1.4 Application of musculoskeletal ultrasound 
 

Ultrasound refers to pressure waves with a frequency of 20 kHz or more. Ultrasound can be 

described according to its intensity and frequency: low intensity (< 3W/cm2) versus high 

intensity (>5 W/cm2) and low frequency (<500kHz) versus high frequency (>500kHz).  

Medical ultrasound devices utilise frequencies between 20 kHz and 18 MHz which vary 

depending on whether it is being used as a therapeutic or diagnostic tool (176).  

 

Frequency 

For most diagnostic uses of ultrasound, a frequency of 2-15 MHz is used. Attenuation of 

ultrasound in tissue increases with frequency, therefore lower frequency has greater depth 

penetration, but this is at the expanse of image quality (177).  

 

High frequency ultrasound 8-12 MHz is commonly used for superficial structures with a depth 

penetration of 2-3 cm, given the shorter wavelengths with higher frequency the image 

resolution is superior. This would be relevant for imaging of the hand/wrist and foot/ankle for 

example.  

 

Deeper structures, such as the hip, require a lower frequency 5-7.5 MHz which allows a depth 

penetration beyond 5cm (172). This would be typically used for the shoulder, hip and knee in 

clinical practice. 
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Short versus long axis 

The orientation of the probe will give an anatomic plane in real time. A long axis (parallel) 

with the diaphysis of the bone will give a coronal view in the AP plane and a short axis view 

will give a sagittal view or axial cut of the bone depending on anatomic location.  

 

Common description of ultrasound terms 

In general, a dense structure like bone has a high reflectivity appearing bright on ultrasound or 

hyperechoic. As outlined in the next ultrasound method development chapter (Chapter 6), 

cortical bone has a homogenous linear appearance and when intact does not permit penetration 

of the ultrasound wave to visualise the canal or opposite cortex (177). Hypoechoic on the other 

hand means only a small amount of the ultrasound wave is reflected and the appearance is 

darker such as muscle. Anechoic finally implies the sound wave is absorbed without any 

reflectivity and is characteristic of articular cartilage (171). 

 

Descriptive Term Reflectivity  Brightness Example 

Hyperechoic High White Bone 

Isoechoic Equal Same Tendon 

Hypoechoic Low Darker Muscle 

Anechoic 

 

Absent Black Articular cartilage  

Early callus 

Table 6-2. Summary of ultrasound terminology and common examples 
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 Evidence of ultrasound in fracture care 
 

The use of ultrasound in musculoskeletal medicine has expanded rapidly over the last two 

decades. In the field of soft tissue pathology diagnostic ultrasound has been widely adopted for 

the monitoring of synovitis in inflammatory joint disorders, tendinopathy, traumatic tendon 

ruptures and the detection of intra-articular effusions (178,179). However, despite this, 

ultrasound is not in routine use for fracture management.  

 

A structured review of the relevant literature indexed in PubMed was undertaken with 

keywords “ultrasound” or “sonography” combined with “diagnosis”, “fracture 

healing”,“impaired fracture healing” and “nonunion”. This review presents the potential 

diagnostic use of ultrasound in the management of fractures. 
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6.2.1 Fracture Diagnosis 

 

Bone has some intrinsic features that make ultrasound examination attractive. The interface 

between the skin, the soft tissue envelope, and the bone structure has distinctive planes. The 

dense nature of bone causes reflection of the ultrasound waves allowing a clear distinction from 

the soft tissue envelope creating a hyperechoic (bright) reflection from the cortical surface. 

Fractures can be visualised as a break in the smooth cortical contour and the developing 

haematoma and subsequent callus formation can be visualised from an early stage starting as 

an anechoic (dark) shadow, with a similar appearance to articular cartilage, becoming 

increasingly hyperechoic with calcification such that the normal appearance of cortical bone is 

restored (177).  

 

Ultrasound has several appealing features for evaluating fracture healing. It is non-invasive, 

does not use ionising radiation, and is delivered in real time. The use of a high frequency 

transducer (typically between 10-18 MHz) allows the study of superficial bones (e.g. tibia 

shaft) with high resolution but with limited depth penetration. For bones with greater soft tissue 

coverage (e.g. femur), a lower frequency transducer (approximately 5-10 MHz) will allow a 

greater depth of penetration beyond 6cm but image quality decreases proportionately (177).  

 

For the majority of fracture diagnostic studies to date this has been achieved with a high 

frequency probe used in two-dimensions (2D) in B-mode. Here a fracture site can be explored 

in a coronal or sagittal 2D plane. Given the difficulties of depth due to the acoustic shadow of 

intact bone, several passes of a fracture site with different ‘viewing windows’ for the probe are 

needed to gain a three-dimensional appreciation of the fracture morphology. 
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6.2.2 Paediatrics 

 
The use of ultrasound in paediatric fractures has received attention because of the benefits of 

removing radiation and because of the diagnostic challenges for plain X-rays, caused by the 

cartilaginous components of the immature paediatric skeleton (180). The first description of 

ultrasound for fracture diagnosis was in 1988 in a case series of 41 new-born infants with a 

suspected clavicle fracture following a traumatic delivery. In all cases the clavicle fracture was 

easily identifiable on ultrasound in the first few days following injury and this was validated 

with a standard X-ray (181). This finding has been replicated in a larger cohort of 49 new-

borns with clavicle fractures. This study also found ultrasound advantageous on grounds of the 

lack of ionizing radiation and equal diagnostic sensitivity (182).  

 

The use of ultrasound for costal cartilage injuries in children with suspected non-accidental 

injury has been demonstrated (183,184). In a large cohort of 224 paediatric fractures Huber et 

al found ultrasound to be an excellent diagnostic tool for diaphyseal humeral, femoral and 

forearm fractures (185). They suggested that it could be used as substitute for radiographs. In 

undisplaced forearm greenstick and torus fractures ultrasound has been shown to be 

comparable to radiographs for diagnosis and decision making (186). A recent review of 

paediatric forearm fractures concluded that ultrasound was a valid alternative to radiographs 

with a sensitivity and specificity of 0.98 (187). 

 

Other authors have been more cautious, suggesting ultrasound can aid physical examination 

findings and help to determine the need for radiographs rather than replacing them. Additional 

caution has also been advised with open fractures, fractures of the small bones of the hand and 

foot, and Salter Harris I fractures as ultrasound is difficult to interpret in these conditions (185).  
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6.2.3 Radiologically occult fractures and other diagnostic uses 

 
Ultrasound has also been used to detect occult adult fractures which might be missed with 

conventional radiographs. The use of diagnostic ultrasound in foot and ankle trauma was 

assessed following an initial ‘normal’ radiograph. It was found to detect the missed fractures 

which occurred in around 10% of the cohort and was advocated as a potential alternative to 

MRI for occult fractures (188). The use in sternal fractures has also been shown with equivalent 

sensitivity to conventional radiographs (189,190).  For the diagnosis of adult rib fractures 

ultrasound was shown to be better than plain radiographs (78% vs 12%, respectively) (191).  

 

In the emergency department the use of ultrasound to judge reduction of distal radius fractures 

in real time has been validated (192,193). Additionally, ultrasound has been suggested to aid 

the diagnosis of long bone fractures in adults during resuscitation of haemodynamically 

unstable patients (194). With minimal ultrasound training pre-hospital care physicians have 

used ultrasound to detect long bone fractures without the use of radiographs with a sensitivity 

93% and specificity 83% (195).  

 

Despite these potential advantages, there is resistance to wide spread adoption of ultrasound to 

replace conventional radiographs perhaps because of the skill and resources needed to perform 

and interpret the ultrasound images. Furthermore, the ionizing radiation dose of peripheral limb 

radiographs is considered to be relatively benign.  
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6.2.4 Monitoring callus progression and fracture union 

 
Conventional radiographs are slow to detect callus formation which limits their accuracy for 

the early diagnosis of a delayed union. It is reported to take 6-8 weeks for callus to be present 

and often beyond 10 weeks for bridging callus to be evident on plain X-ray (148,196). 

Furthermore, given the 2D projectional nature of radiographs the sensitivity of detecting a 

bridging callus can be challenging. Multiple orthogonal radiographs can aid the objectivity to 

detect a bridging callus for union along with scoring systems such as the RUST scoring system 

(148).  

 

An exciting application of ultrasound is the ability to evaluate the fracture site for evidence of 

early callus progression and union. The soft bridging callus formed during the early phases of 

fracture healing can be reliably detected with conventional 2D ultrasound imaging (196). This 

method was first described in patients undergoing limb lengthening using distraction 

osteogenesis. The use of 2D ultrasound imaging was shown to be superior to radiographs to 

observe the quality of callus which was visible within two weeks. A predictable pattern of 

anechoic signal was present before evolving into hyperechoic cortical bone, which did not 

allow transmission of the ultrasound beam. This was consistently detected prior to the 

appearance of callus on plain radiographs which was not apparent before 8 weeks (196).  

 

This has been replicated in similar small cohort studies which conclude that ultrasound can 

guide the proposed rate of limb lengthening and detect complications such as cysts or poor 

callus progression earlier than plain radiographs (34,197–199). These small case series 

describe the appearance of early callus formation but do not expand on the rate or quality of 

callus formation and whether this was predictable in all patients.  
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A larger study by Ricciardi et al (200) of 239 diaphyseal fractures treated with external fixators 

were monitored for fracture healing at regular intervals. They found that seven days after 

surgery, a haematoma could be seen in the fracture gap as a hypoechogenic area with an 

irregular perimeter. Beyond 10—16 days a dense dark anechoic material was visible in keeping 

with soft callus formation. This became increasingly hyperechogenic in keeping with 

calcification of the fracture site seen between days 20—35 but with some penetration which 

allowed it to be distinguished from the intact cortical bone. Beyond 35 days the callus was no 

longer penetrated by the ultrasound and a uniform acoustic shadow was observed. Although 

Ricciardi et al were the first to describe these early changes in detail they do not provide details 

of the individual patients enrolled in their study. Despite the number of patients there was no 

reporting of any delayed unions or the inability to detect callus. It is therefore assumed that all 

patients united with a predictable course. It is possible that there was selection or reporting bias 

within this study which limits its applicability to clinical practice.  

 

Following this Maffuli (201) expanded on the evaluation of early callus and potential 

differences in the presence of fracture non-union in an observational study of 24 patients. They 

described the typical haematoma appearance from the first week and the increasing echogenic 

appearance of the soft callus, initially irregular in morphology, but undergoing linear alignment 

with time to match the intact cortical bone (Figure 20). They were the first to comment on the 

appearance of three established humerus fracture nonunions which appeared to confirm the 

absence of a bony bridge within maturing soft callus (Figure 6-2).  
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Figure 6-2. Maffuli ultrasound work. Long axis of a humeral shaft at 8 weeks following 
injury.  
 
Graphic representation shows S-skin, C-cortex, Ca-Callus formation, F-fracture site. 
Adapted from Maffuli (201). 
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More recently a small study of 28 conservatively treated paediatric fractures compared 

radiographs with ultrasound assessment at the time of removal of cast (202).  They found that 

the measurement of callus formation and prediction of union was comparable between 

radiographs and ultrasound. However, the timing of radiographs and ultrasound was not clearly 

stated nor was the reproducibility of ultrasound assessment adequately reported.  

 

Despite numerous publications over the last decade describing the early detection of callus on 

ultrasound prior to radiographs, all are limited by incomplete reporting of the reliability and 

reproducibility of their findings.  
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6.2.5 Ability to predict delayed fracture union and the clinical application 

 

The most clinically useful study to evaluate the predictive performance of ultrasound was 

performed by Moed et al (203). In their pilot work, 14 tibial diaphyseal fractures managed with 

an unreamed statically locked intramedullary nail were prospectively scanned every fortnight 

until bone union. They determined the presence or absence of bridging callus on ultrasound. 

From three scanning portals they were able to achieve a 270-degree view of the tibia fracture 

site mitigating for the limitations of 2D scanning.  

 

The progressive loss of visualisation of the intramedullary nail at the fracture site by evolving 

sonographic callus was the most reliable predictor of union (Figure 6-3). If this ultrasound 

finding was present on at least two views they deemed this was indicative of fracture healing. 

It was found in 9 patients in their pilot work at a mean of 38 days (range 17-65 days) compared 

to 127 days (range 70-213 days) for conventional bridging callus on plain orthogonal 

radiographs. Of the five patients with nonunion requiring further intervention, ultrasound 

correctly identified the absence of bridging callus and the continued appearance of the nail at 

the fracture site in all but one patient.  
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Figure 6-3. Ultrasound example of tibia callus.  
 
First image two-week scan with black solid circle representing tibia cortex and star representing nail in the 
fracture site.  
Second image shows bridging callus obscuring nail between two black solid circles of the tibia cortex at six 
weeks post-operative. 
Adapted from Moed et al (203). 
 

A subsequent interventional study was undertaken in 47 patients (with 50 tibial diaphyseal 

fractures), treated with unreamed statically-locked intramedullary nails (204). If no signs of 

healing (as determined by their pilot work) were observed at six weeks, a further nine-week 

scan was repeated. The authors decided to intervene after two negative ultrasound scans with 

either dynamisation of the fracture or bone grafting for axially unstable patterns. They found 

in 38 fractures that an ultrasound scan with evidence of healing at six or nine weeks had 97% 

positive predictive value and 100% sensitivity for fracture union. Typically, they observed 

fracture healing determined by ultrasound at a mean of 6.5 weeks versus 19 weeks for plain 

radiographs alone (p<0.001).  
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The one false-positive the authors report was incorrectly described as healing on ultrasound 

which on retrospective review was erroneously reported and should have undergone a further 

nine-week scan. This patient went onto require further intervention for symptomatic nonunion. 

Of the twelve patients with two negative ultrasound scans, two patients refused surgery and 

autodynamised when the screws broke and went onto unite. A further ten patients underwent 

either dynamisation or bone grafting following the second scan at nine weeks. Of these, four 

fractures still went onto non-union and underwent an exchange nailing. All patients had no 

evidence of radiographic union at the time of their repeat procedure in keeping with the 

ultrasound findings.  

 

Management of tibial diaphyseal fractures has evolved since this study with modern nailing 

techniques tending to use larger reamed nails and early weight-bearing (205). However, in this 

clearly defined and well-reported prospective study, the results support the clinical application 

of ultrasound to predict fracture union. 

 

The detection of sonographic bridging callus with modern reamed nails for tibia fractures has 

also been recently demonstrated (206). In this study the authors also found the ultrasound 

consistently detected callus prior to radiographs by approximately two weeks earlier. The 

authors state that all of the delayed unions and nonunions declared themselves earlier on 

ultrasound than radiographs implying they were a useful screening tool during recovery 

following intramedullary nailing. 
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6.2.6 Vascular Doppler  

 
Assessment of the microvascular blood flow at the site of early callus formation is of interest 

for evaluating the progression of vascular invasion.  Power doppler can be used to quantify 

neovascularisation in a defined area of callus. New vessels with a diameter of >1mm, indicate 

an increase in vascularity which can be referenced against healthy periosteum away from the 

fracture location. It has been suggested that neovascularisation can be used to predict callus 

formation (202,207–209). This relationship was explored by Caruso et al (208) with a series 

of 20 tibia shaft fractures managed using external fixators. New vessel formation within a 

maturing callus was followed by a decrease that was seen after approximately 100 days with 

uneventful union in 18 patients. In two patients with a delayed union there was a persistently 

high vascularity beyond three months in keeping with the absence of bridging callus on 

ultrasound and radiographs. However, there is a concern of scanning error when vascular 

doppler is used to assess fracture healing. Low blood flow, image artefacts due to movement 

and random 2D slice sampling of a callus can lead to variable interpretation of the clinical 

picture.  

 

It has been suggested that 3D high frequency power doppler ultrasound can reduce the 

variability of multiple 2D slices. Sun et al (210) evaluated the validity of high-power vascular 

doppler using ex-vivo microangiography CT as a gold standard in an animal model. They found 

that the two modalities were strongly correlated and that power doppler ultrasound was 

sufficiently reproducible (Figure 6-4). The vascularity of the fracture site decreased predictably 

with time in keeping with the developing callus and bone union.  

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 185 

 

Figure 6-4. 3D reconstruction of a) power Doppler and b) microangiography CT.  
 
Reproduced from Sun (210) 
 

The use of contrast enhanced ultrasound using microbubble contrast agents has been shown to 

be able to determine vascularity accurately with some increased sensitivity over conventional 

power doppler. This has been explored in tendinopathy of the tendoachilles   (211) and rotator 

cuff of the shoulder (212) but its application to assess fracture healing has not yet been 

evaluated.  

 

Despite the sound biological principles that underpin vascular inspection of the early fracture 

site, the clinical use to predict delayed union requires development. The subtle vascular 

changes seen by doppler ultrasound at three months in potential delayed union sites does not 

offer a significant advantage over traditional radiographs. However, there is potential for 

further development of this technology which may enhance the clinical application in this area. 
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 Take home points and rationale for next chapter 
 
 
In summary, ultrasound is a developing technology in fracture management with potential for 

both diagnostic and therapeutic use.  Emerging evidence has shown the potential of ultrasound 

as a valid alternative to radiographs in certain diagnostic clinical situations. Of potential greater 

value, however, is the ability to determine the early presence of callus for the prediction of 

fracture healing. 

 

The current evidence on the use of ultrasound to influence decision making in modern fracture 

management is relatively limited. Specific criteria to undertake a reliable, repeatable ultrasound 

technique does not exist. The description of timing and appearance of specific sonographic 

callus findings also lacks detail in the current literature. Furthermore, the agreement between 

observers to ensure its application to clinical decision making has not been assessed.  

 

The next chapter will set out to establish a reliable ultrasound scanning technique to monitor 

fracture healing. Following this the aim will be to undertake an observational study on a 

prospective cohort of displaced clavicle fractures to see if this enables accurate prediction of 

fracture healing. 
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 Establishing a repeatable technique to evaluate 

sonographic bridging callus and fracture union of the 

clavicle 
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6.4.1 Abstract 

 
Background: There is currently a lack of agreed criteria for sonographic assessment of callus 

and reliability between reviewers. 

 

The primary aim of this study was to determine criteria and reviewer agreement for 

sonographic bridging callus (SBC) on ultrasound. The secondary aim was to analyse the use 

of ultrasound to detect bridging callus in a prospective cohort of patients with a conservatively 

managed clavicle fracture. 

 

Methods: A prospective cohort of conservatively managed displaced midshaft clavicle 

fractures underwent ultrasound scanning at three-, six- and 12-weeks post-injury. The main 

outcome was nonunion confirmed at six months on CT scanning. Five patients with confirmed 

nonunion were compared against a control group of 15 patients with timely union at three 

months.  

 

The ultrasound scans were interpreted by two blinded reviewers to evaluate sonographic callus 

features with agreement determined by weighted kappa. A further validation study was 

undertaken by four blinded reviewers using the intraclass-correlation-coefficient (ICC) using 

the most clinically relevant findings of the pilot work. 

 

Results: At three weeks post-injury fibrocartilaginous material was present in 80% of patients 

(16/20). When detected this was associated with union (sensitivity 93%, specificity 60%, 

p=0.03) with the inter-observer agreement rated ‘fair’ on kappa (0.44).  
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At six weeks only 10% (2/20) of patients had bridging callus on radiograph but 60% (12/20) 

had sonographic bridging callus (SBC) and when present all united (sensitivity 80%, specificity 

100%, p=0.002). At 12 weeks, bridging callus was present on both radiographs and ultrasound 

in all patients that united (n=15, sensitivity 100%, specificity 100%, p<0.001). No patient that 

developed a nonunion at six months post-injury had SBC at any time point. At six-weeks the 

absence of SBC had a positive predictive value for nonunion of 63% of patients (5/8) and by 

12 weeks it was 100% (5/5).  

 

The SBC detection rated ‘very strong’ for intra- (kappa 0.92) and inter-observer agreement 

(kappa 0.84). The ICC of SBC at six-weeks with four blinded reviewers was 0.82 (95% 

confidence interval 0.68-0.91). 

 

Conclusions: This is the first study to establish time specific ultrasound fracture findings with 

a repeatable technique and assess the agreement between blinded reviewers.  
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6.4.2 Background and Aims 

 
Nonunion is associated with considerable patient morbidity and increased medical costs. The 

ability to predict union of fractures is challenging. Despite the widespread use of radiographs, 

the ability to detect bridging callus in skeletally mature adults in the first six weeks following 

injury is unreliable in long bone fractures and agreement between observers is often poor 

(39,148,196). Use of CT to accurately determine fracture union is increasing, but this requires 

a substantial radiation dose and detection of bridging callus is visualized at a similar time scale 

to radiographs (50,213). 

 

Over the past two decades the potential role of ultrasound to detect unmineralized callus prior 

to radiographs has been proposed by several independent research groups (34,196–200,202). 

Most papers describe a sequence of evolving callus at the fracture site represented by a 

hyperechoic (white) signal that bridges the fracture ends. This is consistently detected prior to 

the appearance of callus on radiographs from as early as 2-6 weeks post-injury. Evaluating the 

fracture using different ‘windows’ allows for a three-dimensional assessment of callus 

configuration in real time (149). This could have implications for confirming union and 

identifying those at high risk of delayed union in long bone fractures following both 

conservative and operative management (e.g. tibia, humerus, ulnar and clavicle). 

 

Despite work on early callus identification, ultrasound is not routinely used in clinical practice 

and further research in this area has been limited in recent years (206). One of the main 

limitations is orthopaedic surgeons’ unfamiliarity with ultrasound and the absence of specific 

agreed criteria for ultrasound interpretation of callus. What constitutes sonographic detected 

callus lacks a clear description and agreement between observers has not been previously 

explored. Secondly, if ultrasound does have the ability to detect bridging callus reliably prior 
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to plain radiographs, this requires further validation in the clinical setting to assess whether this 

translates into the early prediction of confirming union and identifying those at high risk of 

delayed union. 

 

The primary aim of this study was to determine objective interpretation criteria and reviewer 

agreement callus on ultrasound.  

 

The secondary aim was to analyse the use of ultrasound to detect bridging callus in a 

prospective cohort of patients with a conservatively managed clavicle fracture to determine if 

ultrasound could predict union earlier to conventional radiographs. 
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6.4.3 Patients and Methods 
 

A prospective cohort of patients with conservatively managed displaced midshaft clavicle 

fractures were recruited at their first clinic presentation. At each appointment (3, 6 and 12 

weeks) a plain anteroposterior radiograph was performed with an ultrasound scan of the 

fracture site. If there was persistent pain or absence of bridging callus on the radiograph at six 

months post-injury, patients underwent a CT scan to confirm nonunion and were offered 

fixation. From this cohort the first five nonunion patients were selected, along with a control 

group of 15 patients that united in a timely fashion with clear bridging callus on the three-

month radiograph. The cohort of patients from this pilot study was also included in the next 

chapter for the larger prospective study (Chapter 7). 

 

Figure 6-5. Flow diagram of patient recruitment 

 

The mean age of patients was 40.3 (95% confidence interval (CI) 33.2-47.4), there were 11 

men (55%) and 5 were smokers (25%). Those with a nonunion were more likely to be smokers 

(p=0.04). All patients tolerated the ultrasound scanning without difficulty and the fracture site 

was visualized in all cases to allow interpretation as planned.  
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6.4.3.1 Ultrasound B-mode imaging and scanning protocol 
 
Patients underwent a standardised ultrasound scan performed by the lead researcher who is an 

Orthopaedic surgeon with training in ultrasound. The TA Sonix L14-5 MHz/38mm ultrasound 

probe (BK Medical North, America) was used and set to 3-7 MHz and calibrated to 6cm depth, 

a standard setting for most superficial musculoskeletal ultrasound evaluations. The resolution 

was set to 1mm in order to detect small changes of callus formation. These settings were 

established on previous calibration work in the department using phantom models of Perspex 

rods and saw bone, the calibration requires periodical checking on an annual basis to ensure it 

remains accurate as outlined in the appendix. 

 

The fracture site was imaged in both the long and short axis moving slowly at approximately 

5-10 mm per second with real time capture of frames for multiple slices over the site of interest. 

At the fracture site the probe was carefully rocked, tilted and rotated to ensure perpendicular 

visualisation of callus and avoid anisotropy which may produce a false anechoic signal (loss 

of signal). Most displaced clavicle fractures have a medial fragment which is superiorly 

displaced due to the trapezoid and sternoclavicular muscles, and a lateral fragment that is 

inferior due to pectoralis major and weight of the upper limb girdle. The long axis gave a 

familiar view of the fracture site similar to a radiograph and could evaluate the superior, 

anterior and posterior cortical edges of the fracture depending on probe orientation. The short 

axis gives a cross-section of the bone similar to a sagittal slice on CT of the clavicle (Figure 6-

6). This can be useful if the fracture site is distorted by acoustic shadow on the long axis and 

to confirm or refute the presence of bridging callus. The long axis view gives an excellent view 

of the superior, anterior and posterior surface of the clavicle, but the inferior surface is 

invariably lost due to acoustic shadow. 
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Figure 6-6. Demonstration of short axis ultrasound evaluation of the clavicle.  

A. Ultrasound probe position.  

B. Short axis scout image. 

C. Ultrasound image with the cross section anatomy defined. Subclavian vein posterior 
to clavicle (red). Superior cortical surface of the clavicle (yellow). Pectoralis major 
muscle anterior to the clavicle (orange) 
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6.4.3.2 Callus detection on ultrasound and radiographs 
 
To determine the acoustic properties of callus a discussion took place between the authors 

which included orthopaedic surgeons, a musculoskeletal radiologist and an imaging physicist, 

based on the existing literature and previous pilot work in the department. Long and short axis 

ultrasound scanning enabled several different orientations of the fracture site, and it was agreed 

that callus detection should take place on both the long axis and short axis to limit the artefact 

from acoustic shadow.  

 

Ultrasound interpretation at the fracture site was considered as one of three distinct entities; no 

callus, fibrocartilaginous material or sonographic bridging callus (SBC)(Table 6-3). No callus 

meant there was no change at the fracture compared to that of the surrounding soft tissue 

envelope. Early fibrocartilaginous material (e.g. mesenchymal callus) was defined as 

hypoechoic homogenous signal extending between the fracture out with the cortical surface of 

each of the respective bone ends. SBC was defined as a linear hyperechoic signal, with a similar 

echo intensity (EI) to that of the cortical bone, bridging the fracture ends. To avoid confusion 

with fracture comminution, a complete unbroken view of SBC was required between the 

fracture fragments on either the anterior, superior or posterior cortices without any obvious 

gapping. For segmental fractures this was required at both fracture sites.  

 

Detection of bridging callus on radiographs was graded prospectively and based on a standard 

anteroposterior radiograph. Bridging callus required an unbroken cortical line extending 

between the medial and lateral fragment. When comminution was present, bridging callus 

needed cross all fracture lines otherwise the callus was considered non-bridging. Given that a 

clavicle fracture line can usually be visualised for several months post-injury, the presence of 

the fracture line itself did not affect assessment provided the line did not extend into the callus. 
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Fibrocartilaginous material 3 weeks Sonographic bridging callus 6 weeks No callus 6 weeks 

Table 6-3. Callus appearance on ultrasound, intact bone cortices (yellow), fibrocartilaginous material (green) and sonographic bridging callus 
(blue).
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6.4.3.3 Identifying tissue with grayscale echo intensity 

 
EI can be used to discriminate between tissues and is well-established in musculoskeletal 

ultrasound for identifying muscle pathology with good repeatability (173,175). It is unknown 

if the EI provides information on the developing callus or the early prediction of delayed union. 

On B-mode the EI is visualised as a grayscale value of individual pixels in a defined region of 

interest. This is typically processed from 0 (black) to 255 (white). A low EI represents less 

reflectance (therefore low acoustic impedance) with a resultant dark (hypoechoic) image, 

whereas a high EI represents greater reflectance and a bright image (hyperechoic). 

 

A total of 60 patient scans were available from the study cohort (20 patients from 3 different 

time intervals). From these the EI of the fibrocartilaginous material and sonographic callus 

(bridging or non-bridging) was estimated. Five estimates of the EI area of interest were 

determined from independent image slices. Imaging interpretation was performed using 

Stradwin (Cambridge University Engineering Department, UK). This allows a predefined area 

of interest to be selected and a mean EI taken from this. All measurements were performed by 

the first author blinded to the patient outcome.  
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6.4.3.4 Reviewer agreement and statistics 

 
Statistical analysis was performed using SPSS version 24 (IBM, Chicago, IL, USA). Data was 

tested for normal distribution with the D’Agostino and Pearson test. Linear variables (EI data) 

were assessed using the independent student t-test for parametric data or the Mann-Whitney U 

test for nonparametric data.  ANOVA was used to compare the mean EI of over two mean 

variables. Differences between dichotomous data were assessed using the Chi-square test. A 

p-value of <0.05 was defined as statistically significant. 

 

To determine the agreement of callus interpretation, a pilot of 30 ultrasound scans were 

reviewed by two observers, both of whom were Orthopaedic surgeons with training in 

performing and interpreting ultrasound for the purpose of fracture evaluation as described 

above. Both reviewers were blinded to the outcome of the cases (i.e. union or nonunion) and 

reviewed the ultrasound and radiographs independently. The first author completed a second 

series of blinded observations with a minimum of 72 hours separation for intra-observer 

agreement. Weighted kappa was used to determine the strength of association between two 

observers with 0.4-0.6 fair, 0.6-0.8 strong and 0.8-1.0 close to perfect agreement (214).  

 

A further evaluation of the clinical application and usefulness of the scan interpretation was 

undertaken using four blinded reviewers including orthopaedic surgeons and radiologists to 

determine the intraclass-correlation-coefficient (ICC). The scan timing and callus findings that 

proved most useful from the pilot data was used. A two-way mixed model, with assessment of 

consistency between observers was used to calculate a ‘single measure’.  
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6.4.3.5 Ethics 

 
Ethical approval for the use of ultrasound to observe fracture healing was prospectively 

obtained from the local Research Ethics Committee (Appendix 10.4).
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6.4.4 Results 
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6.4.4.1 Definition of tissue and echo intensity 

 

The surface of the cortical bone was easily defined as a thin linear structure with a uniform 

hyperechoic surface and a dense acoustic shadow cast deep to it. There was a wide variation in 

EI, with a mean of 137.5 (SD 19.2, 95% CI 134.6-140.5)(Table 6-4)(Appendix 10.4). 

 
 Echo Intensity (EI) 

3 week 6 week 12 week p-value 
Cortical Bone 126.9 (129.8-144.1) 137.8 (133.8-141.7) 137.5 (131.8-143.2) 0.904* 
Fibrocartilaginous  10.6 (8.6-12.6) 10.0 (9.1-10.9) 10.2 (9.1-11.3) 0.078* 
Bridging Callus 80.6 (71.1-90.1) 87.9 (83.5-92.3) 83.1 (79.0-87.1) 0.169* 

Table 6-4. Echo intensity (EI) of cortical bone, fibrocartilaginous material and bridging 
callus. 

Results show mean (95% confidence interval). ANOVA test* 

 

Fibrocartilaginous material was identifiable as an irregular, homogenous, hypoechoic signal 

extending above the periosteal cortical surface of the bone at the fracture site. It was visualised 

in most patients at three weeks post-injury (16/20). The EI was a mean of 10.2 (SD 4.2, 95% 

CI 9.5-10.8). There was no difference in the EI at any of the three time-points (ANOVA, 

p=0.08). There was no difference in the fibrocartilaginous material EI in patients with union 

versus nonunion (p=0.17).  

 

The SBC had a clear hyperechoic, homogenous, linear border which formed near the surface 

of the fibrocartilaginous material between the fracture ends. Although no complete SBC was 

observed until six weeks, non-bridging sonographic callus at three weeks allowed EI estimates. 

The EI of the callus was below that of the cortical bone but clearly identifiable from the 

surrounding soft tissue envelope with a mean of 85.0 (SD 19.1, 95% CI 82.1-88.0). No 

difference was observed between the three-, six- and 12-week EI (ANOVA p=0.17) or the 

appearance in patients with union versus nonunion (p=0.30). 
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6.4.4.2 Fibrocartilaginous material 

 

Sonographic fibrocartilaginous material was more likely to be seen at three weeks in those who 

went onto union with a sensitivity of 93.3% and specificity of 60% (p=0.03) (Table 6-5). At 

six weeks this improved to 100% sensitivity to determine union but only 40% specificity as 

patients which ultimately developed a nonunion also had evidence of fibrocartilaginous 

material by this time point (p=0.05). At 12 weeks the fibrocartilaginous material began to 

disappear, and remodelling occurred as the SBC formed a hyperechoic linear border. It was not 

useful at this time point to distinguish between union and nonunion patients (p=0.29).  

 

Kappa agreement for fibrocartilaginous material was ‘fair’ for intra- (0.55, p=0.002, CI 0.24-

0.87) and inter-observer (0.44, p=0.008, CI 0.12-0.77) error which reflected the difficulty with 

interpretation mostly due to the acoustic shadow from cortical bone. 

Parameter Union n=15 Nonunion n=5 p-value 

Age (years) 36.9 (29.3-44.5) 50.4 (30.7-70.1) 0.08* 

Male/Female 8/7 3/2 0.795± 

Smoker  13.3% (2/15) 60% (3/5) 0.037± 

Simple/Comminution  10/5 3/2 0.787± 

Fibrocartilaginous  

3 week 

6 week 

12 week 

 

14/15 

15/15 

10/15 

 

2/5 

3/5 

2/5 

 

0.032± 

0.05± 

0.292± 

Sonographic bridging callus 

3 week 

6 week 

12 week 

 

0/15 

12/15 

15/15 

 

0/15 

0/15 

0/5 

 

1.0± 

0.002± 

<0.001± 

Radiographic bridging callus 

3 week 

6 week 

12 week 

 

0/15 

2/15 

15/15 

 

0/15 

0/15 

0/15 

 

1.0± 

0.389± 

<0.001± 

Table 6-5. Demographics and clinical information of nonunion versus delayed union. 
*Independent t-test. ±Chi-squared test. 
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6.4.4.3 Sonographic Bridging Callus detection  

 

At six weeks SBC was evident in 60% of patients (12/20) and when present all achieved union 

(sensitivity 80% and specificity 100% for union (p=0.002)). Of the eight patients without 

bridging callus, five went onto nonunion (positive predictive value for nonunion 63%, 

p=0.001). Of the five smokers in the study, none displayed SBC at six weeks (p=0.002), three 

of which ultimately developed a nonunion. Age, comminution and gender did not affect 

presence of bridging callus. At twelve weeks 100% of those who united displayed SBC and 

none in those who developed a nonunion (sensitivity 100% and specificity 100%, p<0.001). 

 

The weighted kappa indicated near perfect agreement for SBC interpretation for both intra- 

(0.92, p<0.001, CI 0.76-1.08) and inter-observer error (0.82, p<0.001, CI 0.63-1.05). There 

was less difficulty with interpretation of the linear hyperechoic bridging hard callus between 

reviewers, and the risk of anisotropy was minimised by multiple image captures over the 

fracture site. Agreement was not affected by fracture comminution (p=0.39). 

 

At six weeks 90% (18/20) of patients had some callus evident on radiograph but this was not 

significantly different between union and nonunion (p=0.74). Bridging callus was evident in 

only two patients at six weeks, when present union occurred (p=0.39). By 12 weeks, 100% of 

patients that united had bridging callus, conversely none was found in those who developed a 

nonunion (p<0.001) in keeping with the ultrasound findings.  
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6.4.4.4 Intra class correlation and agreement between multiple 

reviewers  

 

The six-week detection of SBC proved to be the most clinically applicable and reproducible 

ultrasound finding from the initial pilot work. This observation was further validated with four 

independent reviewers (one consultant radiologist, one orthopaedic consultant and two 

orthopaedic registrars). This enabled an assessment of the repeatability of the technique and to 

highlight any potential error prone patterns of SBC interpretation.  

 

Twenty anonymised six-week ultrasound scan captures were identified by the researcher and 

given a unique study number. These were disseminated to the reviewers to complete 

independently (Table 6-6). The ICC was 0.82 (CI 0.68-0.91) between the four observers giving 

an excellent agreement. No patient with an ultimate nonunion was found to have bridging 

callus by any reviewer. The result breakdown is given below. 

 

 

Table 6-6. Agreement on the twenty scans between the four reviewers.  

1-denotes the presence of sonographic bridging callus and 0-absent. 

Patient number Fracture outcome Radiologist Ortho 1 Ortho 2 Ortho 3 Percentage agreement (%)
1 Nonunion 0 0 0 0 100
2 Nonunion 0 0 0 0 100
3 Union 1 1 1 1 100
4 Union 1 1 1 1 100
5 Union 1 0 0 1 50
6 Union 1 1 1 1 100
7 Nonunion 0 0 0 0 100
8 Nonunion 0 0 0 0 100
9 Union 1 1 1 1 100

10 Union 1 1 1 1 100
11 Union 0 1 0 1 50
12 Union 0 0 0 0 100
13 Union 0 0 0 0 100
14 Union 1 1 1 1 100
15 Union 1 1 1 1 100
16 Union 0 1 1 1 75
17 Nonunion 0 0 0 0 100
18 Union 1 1 1 1 100
19 Union 1 1 1 1 100
20 Union 1 1 1 1 100
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The overall sensitivity to detect sonographic bridging callus in those patients that went onto 

union was 78.3% with 100% specificity (or a PPV of 100% and NPV of 58.8%). This was 

comparable between the four reviewers on their overall performance. 

 

Table 6-7. Overall performance of the four reviewer scans. 

 
 

Overall, there was perfect agreement on 17 of the 20 scans. The three scans where there was 

disagreement all concerned the presence of sonographic bridging callus in patients which 

ultimately united. All had the presence of callus but with an incomplete cortical bridge in the 

image capture given for review as demonstrated below.  

 

 
Figure 6-7. Examples of ultrasound scan where reviewers disagreed on the presence of intact 
sonographic bridging callus.  

White arrows signify the observed break in the cortical bridge which caused the disagreement between 
reviewers.  

 
 
 

Radiologist Ortho 1 Ortho 2 Ortho 3 Overall agreement
Sensitivity 73.3 (11/15) 80 (12/15) 73.3 (11/15) 86.7 (13/15) 78.3
Specificity 100 (11/11) 100 (12/12) 100 (11/11) 100 (13/13) 100

PPV 100 (11/11) 100 (12/12) 100 (11/11) 100 (13/13) 100
NPV 50.6 (5/9) 62.5 (5/8) 50.6 (5/9) 71.4 (5/8) 58.8
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6.4.4.5 Clinical examples 

Figure 6-8. Clinical example of two patients with bridging callus detection on ultrasound. 
A 6-week radiograph. B 6-week ultrasound. C 12-week radiograph 
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Second example. A 6-week radiograph. B 6-week ultrasound. C 12-week radiograph. 
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Figure 6-9. Clinical examples of two patients with nonunion with absent bridging callus. 
A. 6-week radiograph. B. 6-week ultrasound.   
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Second example. A. 6-week radiograph. B. 6-week ultrasound. 
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6.4.5 Discussion 

 

Ultrasound evaluation of fracture healing has distinctive findings which may allow the early 

identification of bone union and prediction of patients at risk of delayed union. This is the first 

study to the authors knowledge to evaluate and appraise time specific ultrasound fracture 

findings between multiple reviewers in order to determine a reproducible technique for 

sonographic bridging callus evaluation. Although fibrocartilaginous material could be 

visualized at three weeks, SBC at six weeks had superior reviewer agreement and a higher 

degree of accuracy for predicting union with 80% sensitivity and 100% specificity when 

present. Agreement between four independent reviewers for SBC was excellent suggesting this 

is a clinically useful and reproducible method for future work. 

  

The ability to form bridging callus across a fracture site is crucial for the reduction of strain, 

and thereby promoting union in keeping with Perren’s strain theory (1,3,4). The main limitation 

with radiographs is the time required to visualise bridging callus, usually at the 10-12 weeks 

for long bone fractures (35,38,39,148). This reduces the utility of radiographs to identify 

delayed union within the first three months of injury. The cohort of clavicle fractures chosen 

for this study provided a homogenous sample for callus evaluation. Early prediction of clavicle 

nonunion would be advantageous given increasing evidence that outcome following 

conservative management is equivalent to acute fixation if timely union occurs (93). Nonunion 

development is influenced by smoking, increasing age, fracture displacement (88,101), and 

lack of clinical recovery (109)(Chapter 4). Ultrasound may further refine the ability to predict 

fracture healing for the clavicle and other commonly managed fractures. Sonographic bridging 

callus was present at six weeks in the majority of those who united and was absent in all those 

who went on to nonunion, giving an excellent sensitivity of 80% and a specificity of 100% for 
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union prediction. Modelling ultrasound with delayed clinical recovery in a larger cohort may 

yield more specific findings and this will be the focus of the next chapter. 

 

Distinguishing between tissue on B-mode ultrasound imaging is based on the echogenicity of 

tissue which is dependent on the AI. Bone has the greatest AI (6.47 x 106 kgm-2s-1) followed 

by cartilage (2.12 x 106) haematoma (1.67 x 106) and fat (1.33 x 106) (170,171). Given the high 

attenuation of ultrasound in bone, a strong acoustic shadow is cast beyond the near cortex 

meaning assessment of deeper structures including the far cortices is not possible. A fracture 

causes a linear uniform break in the hyperechoic surface of the cortical bone and is easily 

identifiable (215). Early fibrocartilaginous callus on the periosteal surface appears to have a 

similar appearance to articular cartilage which has a uniform homogenous hypoechoic structure 

(dark appearance) due to ultrasound wave absorption but little reflection (171,215). Maturing 

callus is thought to have an increasingly dense hyperechoic boundary as it calcifies and 

reconstitutes into cortical bone. These appearances do not appear to be based on dense 

mineralization as required for traditional radiographs and are detectable earlier with ultrasound.  

 

The main limitation with ultrasound studies to date is the lack of agreed objective criteria for 

callus interpretation, reviewer agreement and finally the accuracy of callus interpretation in 

ultimately predicting clinical union. The findings from this study suggest that SBC had superior 

intra- and inter-observer reliability over early sonographic detected fibrocartilaginous material 

(196,200,201). The EI evaluation of callus was not found to be useful for the prediction of 

union. Anisotropy can affect the SBC interpretation as bridging callus (white signal) could be 

missed if the ultrasound probe is not directed perpendicular to the site of interest thereby giving 

a false anechoic signal (black signal). This is akin to evaluations in the shoulder where a tendon 

tear is falsely interpreted due to loss of signal by anisotropy. Once the fracture site is located, 
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this can be minimised by holding the ultrasound probe in the same position and gently altering 

the beam direction to ensure perpendicular image capture. The disagreements between the 

multiple reviewers were all related to image captures where a break in the sonographic bridging 

callus was present. This illustrates the importance of viewing multiple images of a fracture, 

with different ultrasound probe orientations, in order to determine the difference between 

anisotropy and true absence of intact cortical bridging.  

 

All scans in this study were undertaken by one Orthopaedic surgeon with ultrasound training. 

There was a risk of observer bias with scan interpretation as the author was not blinded to 

patient recovery whilst undertaking the scans. Interpretation of the images were carried out at 

a later date with the fracture outcome blinded to the observer to try and minimise any bias. 

There would be a potential advantage in a blinded observer acquiring the scans to ensure the 

recovery of the patient does not influence the scanning technique or image quality acquisition.  

 

The ultrasound frequency and depth of signal settings reflected standard settings used for 

visualisation of superficial structures in musculoskeletal ultrasound and were not adjusted. 

Altering the frequency for depth of acoustic sound wave penetration may improve visualisation 

of the fracture site in select patients if body habitus was challenging but was not found to be 

required in this study given the clavicles superficial orientation. A short learning curve was 

observed for ultrasound scanning in this study, which principally requires attention at the 

fracture site to ensure several images are acquired with alternating (‘rocking’) orientation of 

the probe to ensure perpendicular visualisation of callus to avoid loss of signal and anisotropy. 

It would be possible to request such information from a radiologist, however, the scan 

technique used in this study was relatively easy to acquire with minimal training. Fractures 
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with marked tenting of the skin can result in temporary loss of signal but in all cases in this 

series visualisation of the fracture site was sufficient to make a judgement.  

 

A cohort of patients with early clinical and radiological union at three months was chosen for 

the control group. The findings from this study require validation in a larger cohort of fractures 

to establish the accuracy of ultrasound scanning to ultimately predict nonunion and this will be 

the focus of the next section. 

 

Conclusions 

The ability to monitor diaphyseal fracture healing with ultrasound may have practical 

implications for early identification of patients at high risk of nonunion. Evaluation of SBC at 

six weeks has excellent accuracy to predict union with strong reviewer agreement.  

 

This is the first study to establish time specific ultrasound fracture findings with a repeatable 

technique and assess the agreement between blinded reviewers.  
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7 Predictive value of sonographic bridging callus to 

predict nonunion in displaced midshaft clavicle 
fractures. A prospective cohort study. 
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 Abstract  
 

Aims: To evaluate if union of clavicle fractures can be predicted at six weeks post-injury by 

the presence of bridging callus on ultrasound. 

 

Methods: Adult patients managed non-operatively with a displaced midshaft clavicle were 

recruited prospectively. Ultrasound evaluation of the fracture was undertaken to determine if 

sonographic bridging callus was present. Clinical risk factors at six weeks were used to stratify 

patients at high risk of nonunion with a combination of QuickDASH ≥40, fracture movement 

on examination or absence of callus on radiograph.  

 

Results: 112 patients completed follow-up at six months with a nonunion incidence of 16.7% 

(n=18/112). Sonographic bridging callus was detected in 62.5% (n=70/112) of the cohort at six 

weeks post-injury. If present, union occurred in 98.6% of the fractures (n=69/70). If absent, 

nonunion developed in 40.5% of cases (n=17/42). The sensitivity to predict union with 

sonographic bridging callus at six weeks was 73.4% and the specificity was 94.4%.  

 

Regression analysis found failure to detect sonographic bridging callus at six weeks was 

associated with older age, female sex, simple fracture pattern, smoking and greater fracture 

displacement (Nagelkerke R2 =0.48). 

 

Of the cohort, 30.4% (n=34/112) had absent sonographic bridging callus in addition to one or 

more of the clinical risk factors at six weeks that predispose to nonunion. If one was present 

the nonunion rate was 35%, 60% with two and 100% when combined with all three. 
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Conclusions: Ultrasound combined with clinical risk factors can accurately predict fracture 

healing at six weeks following a displaced midshaft clavicle fracture.  
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 Background and Aims 
 

There is increasing evidence that acute plate fixation of midshaft clavicle fractures does not 

result in long-term functional advantage over non-operative management provided union 

occurs (87,89,90,93,108). Early operative fixation only for those patients destined to develop 

nonunion would reduce the overall intervention rate, minimise prolonged delay to treatment 

and potentially is a more cost-effective approach (153).  

 

The ability to accurately predict nonunion following a displaced midshaft clavicle fracture is 

challenging. Currently, prediction is largely based on patient or fracture characteristics at the 

time of presentation (88,101). In chapter 4 all of the available clinical, functional and 

radiological data in the early recovery phase following non-operative treatment and found this 

improves nonunion diagnostic accuracy. At six weeks post-injury, a combination of a 

QuickDASH score of ≥40, fracture movement on examination and absence of callus on 

radiographs were significant predictors on regression modelling (165).  

 

Improving the accuracy of this model further is difficult. Radiographic callus at six weeks can 

be found in patients who ultimately go onto nonunion and conversely, can be absent in patients 

who progress to union (9,23,36). Bridging callus however, accurately predicts union in long 

bone fractures but is rarely detected before three months on radiograph (37–39). Ultrasound 

may have the ability to evaluate bridging callus at the fracture site prior to radiographs from as 

early as three to six weeks following injury (197,201,203). The application of ultrasound to 

predict fracture healing has been employed in two studies of tibial fractures to date where it 

has been shown to detect union prior to radiographs (149,206).  
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The use of ultrasound to detect bridging callus at six weeks following a displaced midshaft 

clavicle fracture may further improve the accuracy to predict fracture healing.  

 

The primary aim of this study was to establish the accuracy of sonographic bridging callus to 

predict ultimate fracture healing at six months post-injury. 
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 Patients and Methods 
 

A consecutive series of patients who presented to our trauma unit with a midshaft clavicle 

fracture were recruited over a two-year period. Inclusion criteria included a fully displaced 

midshaft clavicle fractures with no residual cortical contact, with or without comminution 

(Edinburgh Type 2 fractures (17)), age over 16 years at time of injury and able to attend for 

follow-up.  

 

All patients who met the inclusion criteria were referred to a single specialist clinic during the 

study. On first clinic review with an orthopaedic specialist, patients were consulted on 

operative and non-operative treatment options for displaced midshaft fractures. The patients 

who opted for acute fixation following injury were excluded. The decision to undertake acute 

fixation was based solely on patient request. 

 

Over the study period 139 fractures eligible for recruitment were identified, of which six 

patients opted for acute plate fixation (4.3%, n=6/139). Exclusion criteria are summarised in 

Figure 7-1. A total of 125 patients undergoing non-operative management were recruited into 

the study, of which 112 patients completed follow-up at 6 months and were analysed (follow-

up 89.6%, n=112/125).  

 

The non-operative management protocol was a sling for three weeks post-injury, after which 

patients received range of motion and strengthening exercises under the supervision of a 

physiotherapist using a standardized regime.  
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Figure 7-1. Flow diagram of patient recruitment and outcome. 
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7.3.1 Functional assessment 

 

Patients underwent a standardized clinical review at 6, 12 and 24 weeks using a questionnaire 

of symptoms and examination findings (Table 7-1). Self-reported QuickDASH, and EuroQol 

five-dimension questionnaire (EQ-5D; EuroQol Group, Rotterdam, The Netherlands) were 

completed (216).  

 

 
Table 7-1. Protocol of patient assessment. 

 

 

History Night pain at rest in bed
Unable to dress normally without assistance
Sling no longer required at any time point
Returned to work with or without adaptation
Returned to usual activities including hobbies and sport

Examination Fracture site tenderness
Pain on palpation of fracture
Hand to head
Palm on forehead without assistance
Hand to head and elbow to back
Active internal rotation of shoulder with elbow on lumbar spine
Movement at fracture
Crepitus or movement of fracture on palpation with passive movement of the shoulder
Abduct shoulder >90 degrees
Active abduction beyond 90 degrees in scapula plain with elbow extended

Patient Outcome Scores QuickDASH
EQ-5D

Radiograph Bridging or non-bridging callus present
Ultrasound Sonographic bridging callus present
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7.3.2 Radiological assessment 

 

Radiographs of the clavicle were performed at each clinical appointment in keeping with 

standard practice with a single erect anteroposterior view. These were graded prospectively for 

the presence of callus formation at six weeks in comparison to the radiograph at time of injury. 

Callus was defined as calcified material at the fracture site with or without clear bridging of 

the fracture. The overall displacement of the fracture was estimated using an erect calibrated 

radiograph measuring the distance between the ends of the proximal and distal fragment from 

the centre of the medullary canal using a validated technique (88).  

 

All patients who had ongoing pain at rest or on movement, palpable movement at the fracture 

or absent bridging callus on radiograph at six months underwent a CT scan. Union on CT was 

defined as bridging callus of more than 50% of the cortical diameter between fracture 

fragments on three-dimensional reconstruction (155). Patients that had ongoing symptoms and 

nonunion on CT at six months were offered operative exploration and plate fixation. 
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7.3.3 Ultrasound image details and callus interpretation 

 

At each clinic visit all patients underwent a standardised ultrasound scan performed by an 

Orthopaedic surgeon with training in ultrasound. A Sonix L14-5 MHz/38mm ultrasound probe 

(BK Medical North, America) was used and set to 3-7MHz and calibrated to 6cm depth (a 

standard setting for superficial musculoskeletal ultrasound evaluations).  

 

Ultrasound interpretation was carried out using a validated technique (217). Sonographic 

bridging callus was defined as a continuous hyperechoic signal, with a similar EI to that of the 

cortical bone, bridging the fracture ends. The fracture site was imaged in both the long and 

short axis. The probe was carefully rocked, tilted and rotated at the fracture site to ensure 

perpendicular visualisation of the callus and to avoid anisotropy which may produce a false 

anechoic signal (loss of signal)(Figure 7-2). To avoid confusion with fracture comminution, a 

complete unbroken view of the bridging callus was required between the fracture fragments 

without any obvious gapping. For segmental fractures this was required at both fracture sites.  

 

Scans were given a unique code at time of capture. Judgement for the presence of sonographic 

bridging callus was carried out by the lead author who was blinded to the patient’s details, 

radiograph and clinical union outcome. The repeatability of this technique was established with 

a series of 20 scans by four independent reviewers (musculoskeletal radiologist and three 

orthopaedic surgeons) which revealed an intra-class correlation of 0.82 (95% CI 0.68-0.91) 

giving excellent agreement. 
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Figure 7-2. Ultrasound anisotropy example.  

A. Ultrasound example of six week bridging callus. Cortical surface of bone (vertical arrows) and bridging callus 

(horizontal arrow). Note acoustic shadow below surface of bone. 

B. Example of anisotropy or loss of ultrasound signal during the same scan sequence. Orientation of the probe 

that is not perpendicular to the callus results in loss of signal of callus as shown by the horizontal arrow. 
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7.3.4 Statistics 

Statistical analysis was performed using SPSS version 24 (Chicago, IL, USA). Data was tested 

for normal distribution with the D’Agostino and Pearson test. Linear variables were assessed 

using the independent student t-test for parametric data or the Mann-Whitney U test for 

nonparametric data. Differences between dichotomous data were assessed by using the Chi-

square test and Odds Ratio (OR). Logistic regression was used to determine the influence of 

variables present at time of injury on six-week sonographic bridging callus detection. Forward 

and backward conditional regression was used to ensure stability of predictors. Clinically 

relevant predictors identified on univariate analysis with a p value of <0.1 were inserted into a 

single unadjusted model. 

  

The absence of sonographic bridging callus was modelled with clinical risk factors for 

nonunion at six weeks post-injury from a published regression model; QuickDASH ≥40, 

fracture movement on examination and no callus on six-week radiograph (165). This was used 

to determine if the accuracy of nonunion prediction was improved when combining 

sonographic callus findings with clinical recovery. 

 

7.3.5 Ethics  

Ethical approval was prospectively obtained from the local Research Ethics Committee 

(Appendix 10.4).   
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 Results 
 

The mean age was 41.3 years (SD 17.6, range 16-73) and 77% were male (n=86/112). Of the 

13 patients lost to follow-up and 6 patients that chose acute fixation, no evidence of statistically 

significant differences in demographics (age, gender, smoking status) and fracture 

characteristics (overall displacement or comminution) were found compared to those who 

completed the study.  

 

The nonunion incidence was 16.7% in the cohort (n=18/112) and this was associated with 

increasing age (p=0.0015), fracture displacement (p=0.006) and smoking (p=0.002) on 

univariate analysis (Table 8-2). The functional outcome scores were significantly better at six 

months for patients that united their fractures compared to those that developed nonunion; six-

month QuickDASH (6.4 vs 29.7, p<0.001) and EQ-5D (0.92 vs 0.64, p<0.001). 

 

 
 

Table 7-2. Table comparing patient demographics and six week clinical findings between 
union and nonunion. 
OR - Odds Ratio. CI - Confidence Interval. *Independent t-test. ±Chi-squared test.  
 

 

Parameter Union n=94 Nonunion n=18 P value OR CI 95%
Age (years) 39.6 (35.9-43.3) 50.6 (44.2-56.9) 0.015* - -
Male (%) 75 (79.8%) 11 (61.1%) 0.086± 2.5 0.9-7.3
Smoker (%) 13 (13.8%) 8 (44.4%) 0.002± 5 1.7-15.0
Right Side (%) 42 (44.7%) 9 (50%) 0.706± 0.8 0.3-2.3
Dominant side (%) 44 (46.8%) 10 (55.6%) 0.496± 0.7 0.3-1.9

Injury mechanism High energy (%) 14 (14.9%) 3 (16.7%) 0.848± 1.1 0.3-4.5
Comminution (Edinburgh 2B %) 25 (26.6%) 3 (16.7%) 0.373± 0.5 0.1-2.1
Overall fracture displacement (mm) 23.0 (21.6-24.4) 28.0 (24.6-31.3) 0.006* - -
Night pain 44 (46.8%) 15 (83.3%) 0.004± 5.7 1.5-20.9
Unable to dress normally 14 (14.9%) 7 (38.9%) 0.017 3.6 1.2-11.0
Sling still required 7 (7.4%) 5 (27.8%) 0.011 4.8 1.3-17.3
Have not returned to work 26 (27.7%) 11 (61.1%) 0.006 4.1 1.4-11.7
Have not returned to usual activities 70 (74.5%) 15 (83.3%) 0.420 1.7 0.5-6.4
Fracture site tenderness 21 (22.3%) 11 (61.1%) 0.001± 5.5 1.9-15.8
Inability to reach hand to head 5 (5.3%) 5 (27.8%) 0.002 6.8 1.7-26.9
Inability to reach hand to head and elbow to back 7 (7.4%) 4 (22.2%) 0.054 3.5 0.9-13.7
Movement at fracture 8 (8.5%) 5 (27.8%) 0.019 4.1 1.2-14.6
Inability to abduct shoulder beyond 90 degrees 10 (10.6%) 9 (50%) <0.001 8.4 2.7-26.1
DASH >40 22 (23.4%) 11 (61.1%) 0.001± 5.1 1.8-14.9

Patient Outcome scores QuickDASH 27.2 (23.1-31.3) 44.2 (32.9-55.5) 0.002* - -
EQ-5D 0.74 (0.71-0.78) 0.61 (0.46-0.76) 0.020* - -
Callus 6 week radiograph 59 (62.8%) 6 (33.3%) 0.020± 3.4 1.2-9.8
Callus 12 week radiograph 92 (97.9%) 9 (50%) <0.001 9.2 4.6-18.2
Callus 24 week radiograph 94 (100%) 10 (55.6%) <0.001 10.4 5.8-18.7
Sonographic briding callus 6 weeks 69 (73.4%) 1 (5.6%) <0.001± 46.9 5.9-371.1
Sonographic briding callus 12 weeks 82 (87.2%) 1 (5.6%) <0.001 116.2 14.1-954.2
Sonographic briding callus 24 weeks 94 (100%) 1 (5.6%) <0.001 - -

Ultrasound

Patient Demographic

Fracture findings

History 

Examination 

Radiograph
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7.4.1 Sonographic bridging callus influence on patient reported outcomes 

 

The presence of sonographic bridging callus at six weeks was strongly associated with superior 

patient reported outcome measures at each time point over the six months post-injury when 

compared against those patients which lacked it (Figure 7-3)(Table 7-3).  

 
Table 7-3.Table comparing demographics and functional outcomes of those with and without 
sonographic bridging callus at six weeks post-injury.  

OR - Odds Ratio. CI - Confidence Interval. *Independent t-test. ±Chi-squared test.  
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Figure 7-3. Line diagram of sonographic bridging callus and influence on A.) QuickDASH and 
B.) EQ-5D. 
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7.4.2 Patient and fracture demographics and their influence on the detection of 

sonographic bridging callus 

 
Logistic regression for sonographic bridging callus detection at six-weeks post-injury was 

modelled on age, sex, smoking, energy, comminution and fracture displacement. Sonographic 

callus was less likely to be detected with increasing age (p=0.004), female sex (p=0.013), 

simple fractures (Edinburgh 2B1)(p=0.027), smoking (p=0.009) and greater overall fracture 

displacement (p<0.001) (Forward and Backward Conditional entry, Nagelkerke R2 

=0.48)(Table 7-4). 

 

 

Table 7-4. Logistic regression of detection of sonographic bridging callus at six weeks using 

‘forward conditional’ methodology.  

OR Odds Ratio. Nagelkerke R2 =0.48 model fit. 

 

 

Paramater P value OR 95% Confidence Interval
Age 0.004 1.05 1.01-1.08

Female 0.013 4.39 1.37-14.08
Simple fracture pattern (Edinburgh 2b1) 0.027 4.05 1.17-13.96

Smoker 0.009 5.14 1.50-17.63
Fracture Displacement <0.001 1.16 1.07-1.25
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7.4.3 Fracture healing and association with six-week sonographic bridging 

callus  

 
At six-weeks following injury, sonographic bridging callus was found in 62.5% of the cohort 

(n=70/112) increasing to 74.1% (n=83/112) by 12 weeks. This was in contrast to radiographs 

at six weeks where callus was found in 52.7% of the whole cohort (n=59/112) but only bridging 

in 22.3% of patients (n=25/112). When sonographic bridging callus was found, 98.6% 

(n=69/70) of these patients united their fractures by six months (Figure 29 and 30). Of the 

patients without sonographic bridging callus at six weeks, 40.5% (n=17/42) went onto 

nonunion. One patient who ultimately developed a hypertrophic nonunion was classified 

incorrectly with sonographic bridging callus. Therefore, when sonographic bridging callus was 

detected it had a 98.6% positive predictive value (PPV) for union and a 42.9% negative 

predictive value (NPV) when absent (p<0.001, Odds ratio 46.9). Alternatively, 73.4% 

sensitivity to detect union and 94.4% specificity.  

 

There were none of the three clinical risk factors for nonunion in 38.4% (n=43/112) of the 

cohort, of which only 4.7% developed nonunion (n=2/43). The remainder had one or more risk 

factor present (n=69/112), and when combined with absent sonographic bridging callus 

(n=34/69) the nonunion prediction could be further refined. If just these patients underwent 

fixation and assuming union is successfully achieved following surgery, the numbers needed 

to treat (NNT) to prevent one nonunion can be estimated. If there was absent sonographic 

bridging callus with one risk factor the nonunion risk was 35% (NNT 2.9), if two clinical 

predictors were present this increased to 60% (NNT 1.7) and when all three were present the 

nonunion incidence was 100% (NNT 1)(Table 7-5). 
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Table 7-5. Absence of sonographic bridging callus in combination with six week clinical risk 
factors (QuickDASH ≥ 40, no callus on radiograph and fracture mobility on exam).  
NNT – Number needed to treat with plate fixation to prevent nonunion.  
 

Number Risk Factors Observed Nonunion Predicted NNT At risk (%)
3 100% 1 2.7%
2 60% 1.7 9.9%
1 35% 2.9 17.9%
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7.4.4 Multivariable regression prediction model of nonunion 

 
A multivariate regression prediction model was created using risk factors associated with 

nonunion from time of injury and at six weeks post-injury as identified on univariate analysis 

(p<0.05) from Table 7-2. Risk variables were examined using conditional stepwise logistic 

regression using forward and backward conditional method entry. 

 

The absence of six-week sonographic bridging callus and presence of night pain were strongly 

associated with six-month nonunion development (Table 7-6). When both were present the risk 

of nonunion was 50.9% and when both were absent the risk was 1.0% (Table 7-7). 

 

 
Table 7-6. Logistic regression prediction of nonunion using ‘forward conditional’ 

methodology. Absence of sonographic bridging callus at six weeks and night pain found to be 

significant predictors of nonunion at six months. 

OR Odds Ratio. Nagelkerke R2 =0.469 model fit. 

 

 

 
Table 7-7. Ready rocker calculator of nonunion risk given as a percentage (%) based on 
regression prediction model findings 

 
 

Parameter Coefficient Beta Wald P value OR 95% Confidence Interval
Absence of Sonographic Bridging Callus 3.709 12.18 <0.001 40.81 5.08-327.55

Night Pain 1.435 3.84 0.05 4.20 1.00-17.66
Constant -5.110

Sonographic Bridging Callus Absent Sonographic Bridging Callus Present
Night Pain Present 50.9 2.5
Night Pain Absent 19.7 1.0
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Figure 7-4. Ultrasound showing absent bridging callus at six weeks in patient who developed 
nonunion. Six-month radiograph below. 
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Figure 7-5. Six-week bridging callus and respective radiograph. Twelve-week ultrasound and 
radiograph showing remodelling of callus in the same patient. 

 
 

 

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 235 

a.)  

 
 
 
 
 
 
 
 
 
 
 
                              b.) 
 

 

c.)  

Figure 7-6. Ultrasound and radiographs of incorrect bridging callus diagnosis.  

a.) Injury radiograph b.) six-week ultrasound and radiograph and c.) twelve-week below. 
Segmental fracture with surrounding callus incorrectly identified as cortical bridging callus. 
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 Discussion 
 

Ultrasound evaluation of bridging callus may have a useful role following non-operative 

management of clavicle fractures to predict healing. In a prospective cohort of 112 displaced 

midshaft clavicle fractures that underwent non-operative management, ultrasound detection of 

bridging callus was strongly predictive of ultimate union. When bridging callus was observed 

on ultrasound at six weeks post-injury, it predicted union in 99% of cases. In combination with 

a previously validated model of clinical predictors of nonunion, fracture healing estimation can 

be further refined. To the authors knowledge, this is the first study to explore the use of 

ultrasound to predict nonunion following a clavicle fracture, or indeed any fracture which has 

been non-operatively managed. 

 

The role of acute fixation for midshaft clavicle fractures is contentious. Despite early trials 

suggesting a sustained benefit of plate fixation over non-operative management at one year 

(84,124,126), increasing evidence suggests functional outcomes are similar if union occurs 

(85–87,89,108,127). Therefore, rather than the perceived malunion causing morbidity, it is the 

development of nonunion which likely accounts for the majority of dissatisfaction and poor 

function at one year post-injury (116,118,119). The ability to target those at high risk of 

nonunion would decrease the morbidity associated with prolonged delay to treatment and 

reduce unnecessary intervention in those patients whom would likely unite with non-operative 

treatment.  

 

A six-week clinical assessment would appear to have superior accuracy to predict fracture 

healing when compared to estimate at time of injury alone, however the model has limitations 

and relies on radiographic callus detection (88). Callus on ultrasound is thought to have an 
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increasingly hyperechoic ultrasound signal as it calcifies and reconstitutes into cortical bone 

and this does not appear to be based on dense mineralization as required for traditional 

radiographs (197,218). The ability to detect callus formation at three weeks following a fracture 

was first described by Ricciardi (200) and soon after Maffuli who described the lack of 

sonographic callus in a patient with a humeral shaft nonunion (201). Following this, Moed 

reported that ultrasound can predict union prior to radiographs in a series of tibia shaft fractures 

following intra-medullary nailing (149,203). They reported that bridging callus could be found 

at a mean of 6.5 weeks on ultrasound versus 19 weeks on radiographs, with a PPV of 97% to 

predict union when present. This finding has been recently replicated by an independent group 

examining a series of tibial fractures post-operatively, where ultrasound was able to detect 

bridging callus prior to radiographs and this correlated with union (206).   

 

This work is the first to evaluate the prognostic use of ultrasound to identify patients at high 

risk of nonunion following a clavicle fracture.  Six-week sonographic bridging callus was more 

likely to be absent with increasing age, female sex, absence of comminution, smoking and 

increasing fracture displacement. When present, the functional recovery was superior over the 

first six months following injury. The two-dimensional scanning technique was found to have 

excellent agreement between observers (Chapter 7)(217). The detection of bridging callus on 

six-week ultrasound in that pilot study of 20 patients was 80% sensitive and 100% specific for 

subsequent union. In this larger cohort of 112 patients, this result was validated with 73.4% 

sensitivity to detect union and 94.4% specificity. Whether this holds true for other long bone 

fractures is an interesting premise for future work. The combination of absent bridging callus 

and clinical risk factors for poor fracture healing at six weeks post-injury enabled further 

nonunion prediction. The previously validated model of six week clinical risk factors from 

Chapter 4 was used for this study (165). Furthermore, a regression model based on this cohort 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 238 

found that the presence of night pain and absent six week sonographic callus was strongly 

predictive of nonunion. 

 

The main limitation with conventional ultrasound is the reliance on the operator for image 

acquisition and Orthopaedic surgeons’ unfamiliarity with image interpretation. Additionally, 

there is the risk of loss of signal and incorrect image evaluation if an ultrasound beam is not 

perpendicular to the site of interest (anisotropy).  One surgeon performed all of the ultrasound 

scans and image interpretation. Bias was kept to a minimum by grading the anonymous scans 

independently of the clinical review of patients to avoid potential interpretation bias.  

 

In this study at least one patient was misinterpreted with bridging callus who was later 

diagnosed with a hypertrophic nonunion at six months post-injury. In equivocal cases, CT 

evaluation beyond three months may play a role to detect bridging callus when ultrasound 

cannot make an adequate judgement (155). Specific fracture patterns may also affect the ability 

to detect bridging callus. A more detailed analysis of sonographic bridging callus and fracture 

patterns using three-dimensional modelling may enable more accurate image interpretation.  

 

Conclusions 

Ultrasound evaluation of bridging callus following a displaced midshaft clavicle fracture has 

excellent accuracy to predict fracture healing. When combined with clinical risk factors for 

nonunion at six weeks post-injury, the absence of sonographic bridging callus may enable 

targeted operative fixation in select patients. 
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 Take home points and rationale for final chapter 
 
 
The use of ultrasound to evaluate sonographic bridging callus may have a useful role in 

predicting fractures at high risk of nonunion. Although the repeatability and reliability of this 

method appears acceptable, there is a heavy reliance on the operator to capture and interpret 

the image. This does have limitations, particularly the challenge of accurate image 

interpretation of complex three-dimensional structures where signal loss can occur due to 

anisotropy. At least one patient in this cohort was wrongly classified with sonographic bridging 

callus when it was not present on CT imaging or at time of operative intervention. 

 

The ability to compile a single three-dimensional ultrasound image from multiple viewing 

windows maybe useful to aid visualisation and interpretation of fracture ultrasound imaging. 

Refinement of the two-dimensional method established in the last two chapters may enable 

fracture ultrasound imaging to be more reproducible and user friendly for potential clinical 

practice.  

 

In the next chapter the ability to produce a three-dimensional ultrasound reconstruction will be 

attempted with an evolution of the technique that was established in this previous chapter. 
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8 Three-dimensional ultrasound reconstruction of 

sonographic callus. A novel imaging modality for 
early evaluation of fracture healing  
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 Introduction to three-dimensional freehand ultrasound 
 

The term ‘3D’ refers simply to three dimensions (x, y and z axis) or alternatively a volume. 

This is in contrast to ‘2D’ which is two spatial dimensions which is an area. Somewhat 

confusingly ‘4D’ also exists but this is usually in reference to a combination of 3D scans over 

a period of time (e.g. video), often used for foetal imaging. Although 3D medical imaging is 

common in other imaging modalities, such as CT reconstructions, it is unfamiliar in ultrasound 

imaging and only in its infancy. 

 

There are some theoretical advantages over 2D ultrasound which include (170,219) 

• Ease of visualization and usability. A structure can be viewed in its entirety in an 

anatomical familiar structure. Multiple images can be combined to view a ‘complete’ 

structure rather than judgement by multiple passes of an area of interest by the operator. 

• Decreased reliance on the operator for judgement. Once the image is acquired and 

processed, the result can be reviewed at any time point for diagnostic purpose. 

• Quantitative measurements. Accurate volumetric and length measurements can be 

judged because of the tracking device used to capture each image. 

• Repeat assessment of an area of interest at different time points. Accurate tracking 

and 3D reconstruction of a specific area of interest, e.g. a fracture site, could be 

theoretically evaluated at multiple time points for subtle changes in anatomy. 
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The technology is relatively simple, and the most common application is a ‘freehand system’ 

where a conventional 2D ultrasound transducer is swept over the area of interest and the 

position of the transducer is obtained via a tracking device. This produces a series of 2D scans, 

typically in B-mode, but tagged and orientated in a 3D space or lattice (Figure 8-1).  

 

 

 

Figure 8-1. Freehand scanning with a series of mapped 2D scans mapped to a 3D lattice. 

 

Interpretation of data that is acquired in the 2D (B-mode) plane, can then be mapped to the 3D 

position and orientation. The construction of the 3D image can be either manual, semi- or fully 

automatic.  

• Manual: This requires each area of interest to be mapped on each 2D capture scan prior 

to creating the 3D image or volume desired. This is the most labour intensive of the 

three methods but is required for tissue without a definitive boundary e.g. solid and 

fluid. There are clear limitations of this technique as the 3D reconstruction rests entirely 

with the interpretation of the 2D image by the observer which can lead to subjectivity 

and potential inaccuracy.  

• Semi-automated: This involves some key identification of important areas of interest 

to guide the automation. Refinement can still be performed by the observer to create 
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the final image. This allows for artefact or the occasional loss of signal on the 2D image 

to be accounted for.  

• Fully automated: If the surface of the structure is easily distinguishable, then fully 

automated imaging processing can be undertaken to construct an image without any 

user intervention. This requires advanced software programming designed specifically 

for the desired 3D image. This is well established in obstetrics for antenatal scanning 

of the foetus in the uterus as this has a clear distinction from the surrounding amniotic 

fluid. 

 

The essential components required are an ultrasound machine, a targeting device on the 

transducer and a receiver to track the position. This can be electronic within a magnetic field 

or optical (170).   

 

Optical tracking uses an infrared sensor to capture the transducer position device with a direct 

‘line of sight’, capturing images in real time with excellent accuracy (220,221). This has been 

used to measure muscle volumes in vivo with findings comparable to MRI (222,223). The 

potential clinical use to date has been highlighted in clubfoot assessment in neonates (224) and 

brachial plexus mapping (225). 
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8.1.1 Previous three-dimensional fracture work  

 
A previous pilot study carried out in our unit showed the feasibility of using manual mapping 

of 2D images to produce a three-dimensional image for inspection of the fracture site following 

intramedullary nailing and distraction osteogenesis of the tibia (Figure 8-2) (226). In five 

patients the early bridging callus was visualised, and in one an early cyst at the fracture site 

was detected prior to radiographic detection. 

 

  

Figure 8-2. Previous work on 3D ultrasound using manual mapping  
A. Reconstruction following tibia shaft nailing. 2D reconstruction shows consolidating callus formation 

and 3D reconstruction shows the bridging callus from an early stage.  
B. B Patient with an intramedullary skeletal kinetic distractor (ISKD) nail in situ at eight weeks following 

distraction osteogenesis. 2D view and 3D view presented with a cyst (red) detected at the distraction 
site 

 Reproduced with permission from author (226)  
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8.1.2 Pilot data of manual versus semi-automated mapping technique 

 
The previous reconstruction technique was performed with manual mapping of the images. 

This required the operator to identify the region of interest on each respect 2D image and plot 

the sequence. The ‘Draw’ function of Stradwin is chosen, followed by the colour of the desired 

object (Object 1) and finally the stencil button in order to trace around the area of interest. After 

tracing out the area of interest on multiple ultrasound images, ‘update all’ will produce the 

three-dimensional representation. 

 

Figure 8-3. Stradwin draw function for three-dimensional reconstruction. 
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An example of how this can be achieved is shown with a clavicle nonunion patient using the 

short axis scout image (sagittal view). 

 

 

Figure 8-4. Short axis scout pilot image of an atrophic clavicle nonunion.  

The two cortical fragments are overlapping as defined with manual plotting in green and 
blue. The three-dimensional image is shown following mapping of numerous 2D image 
captures down the length of the bone. 
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Although this technique is relatively straight forward for well-defined fragments, with 

progressive callus formation the boundaries became less clear. Here an attempt to plot bridging 

callus (yellow) between overlapped clavicle fragments at three months post-injury is performed 

on an axial scout view. The boundary between where cortical bone ends, and callus starts 

becomes difficult to distinguish and the callus boundary is hard to accurately define. 

Additionally, this method requires careful ‘tracing’ around each area of interest which can 

produce irregular margins in the final image which are a misrepresentation of anatomy.  

 

 

Figure 8-5. Pilot three-dimensional result of callus in a clavicle fracture.  

The short axis scout images shown the overlapped clavicle segments (blue and green) with 
bridging callus between (yellow). The three-dimensional reconstruction is viewed from a 
cranial-caudal direction. 
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A reconstruction attempt is shown below for a tibial nail at six weeks post-operative. Over the 

medial cortex a large amount of callus is evident which appears to be bridging. The benefit of 

plotting the callus separate to the cortical surface allows a volume estimation to be undertaken. 

Here the callus is measured as 1.19 cm3 using the Strawdin system to calculate the volume of 

a defined object. Although the manual tracing method does have a degree of subjectivity, the 

individual mapping of cortical bone and callus would allow for periodic mapping of callus at 

different time points which could be advantageous. 

 

 

Figure 8-6. Pilot tibia 3D reconstruction for callus volume mapping. 

Yellow callus. Blue proximal tibia. Green distal tibia. Red intra-medullary nail. 
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The ability to use semi-automated ultrasound plotting would reduce the reliance on the image 

interpreter to manually define and plot boundaries of cortical bone and callus. As outlined in 

Chapter 6, the EI or grey scale of cortical bone and callus has a distinctive appearance from 

that of the surrounding soft tissue envelope. Stradwin allows threshold plotting of the EI over 

a defined area of interest. Using a threshold above 80 grey scale (EI) would ensure both cortical 

bone and maturing hard callus can be captured (blue square). The interpreter can then simply 

select the areas which correspond to cortical bone and callus to map (red square) for the final 

three-dimensional reconstruction. 

 

 

Figure 8-7. Stradwin process of semi-automated threshold plotting. 
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An example is shown below is a scout long axis of a tibia cortex following intra-medullary 

nailing. 

 

 

 

Figure 8-8. Pilot method of threshold semi-automated plotting. 

Long axis view of the tibia. Threshold echo intensity view of pixels greater than 80 shown with 
purple areas highlighted. Plotting by interpreter of cortical surface (green) and callus at fracture 
(yellow). The callus has been plotted as a separate colour for identification in this case. 
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8.1.3 Take home points and rationale for next chapter  

 
The use of 3D ultrasound to study fracture healing has the potential advantage to assess the 

presence of bridging callus with an anatomic reconstruction of the fracture site. Additionally, 

the evolving callus can be interrogated at different time points which may give further insight 

into the early development of nonunion. The ability to produce a repeatable technique with 

minimal subjective interpretation by the observer is essential to the success of this novel 

imaging method.  

 

There is currently no published method to create and evaluate three-dimensional callus of 

fracture healing. Previous work in the department has highlighted the potential application of 

ultrasound for the visualisation of callus with manual mapping. The use of threshold semi-

automated plotting would potentially enable a repeatable objective imaging technique and has 

not been previously attempted.  

 

The aim of the next chapter will be to create a reproducible method of three-dimensional callus 

mapping and validate it. This will be undertaken with a small cohort of tibia shaft fractures to 

show the feasibility of the technique. 
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 Three-dimensional callus mapping. Development and 

validation of an original imaging modality to monitor 

fracture healing  
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8.2.1 Abstract  

 

Background 

Three-dimensional visualisation of sonographic callus has the potential to improve the 

accuracy and accessibility of ultrasound evaluation of fracture healing. The aim of this study 

was to establish a reliable method for producing three-dimensional reconstruction of 

sonographic callus.  

 

Methods 

A prospective cohort of ten patients with a closed tibial shaft fracture managed with 

intramedullary nailing were recruited and underwent ultrasound scanning at 2-, 6- and 12-

weeks post-surgery. Ultrasound B-mode capture was performed using infrared tracking 

technology to map each image to a three-dimensional lattice. Using echo intensity, semi-

automated mapping was performed to produce an anatomic three-dimensional representation 

of the fracture site.  

 

Two reviewers performed three-dimensional reconstructions of each scan independently to 

evaluate the presence of sonographic bridging callus and kappa coefficient was used to 

determine agreement. A further validation study was undertaken with ten reviewers to estimate 

the clinical application of this imaging technique using the intraclass-correlation-coefficient 

(ICC).  

 

Results 

Nine of the ten patients achieved union at six months. At six weeks, seven patients had bridging 

callus at ≥1 cortex on the three-dimensional reconstruction and when present all united. 
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Compared to six-week radiographs, no bridging callus was present in any patient. Of the three 

patients lacking sonographic bridging callus, one went onto a nonunion (77.8%-sensitive and 

100%-specific to predict union).  

 

At twelve weeks, nine patients had bridging callus at ≥1 cortex on three-dimensional 

reconstruction (100%-sensitive and 100%-specific to predict union). Compared to radiographs, 

seven of the nine patients that united had bridging callus. Presence of sonographic bridging 

callus on three-dimensional reconstruction demonstrated excellent reviewer agreement on ICC 

at 0.87 (95% confidence interval 0.74-0.96). 

 

Conclusion 

Three-dimensional fracture reconstruction can be created using multiple ultrasound images in 

order to evaluate the presence of bridging callus. This imaging modality has the potential to 

enhance the usability and accuracy of identification of early fracture healing. 
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8.2.2 Background and aims  

 

Following a long bone fracture bridging callus usually requires three months to be detected on 

radiographs (34–36). The development of a cortical bridge of callus appears to be crucial to 

reduce strain and once achieved, is strongly predictive of ultimate fracture union (37–39). The 

use of ultrasound to detect early callus formation from six weeks post intra-medullary nailing 

has shown promise in two studies to date (149,203,206).  

 

Current evaluation of callus on ultrasound is entirely operator dependent. Multiple viewing 

‘windows’ are required for long bone fractures in order to appreciate the circumferential 

presence of callus on each respective cortical surface. This can lead to potential errors in 

judgement and makes the repeat assessment of a fracture at different time points extremely 

difficult. The ability to visualize multiple ultrasound images of a cortical surface in a single 

three-dimensional image has great potential to improve the accuracy and usability of this 

imaging technique. To date there is no published standardised method to reproduce a three-

dimensional ultrasound scan of bridging callus at a fracture site.   

 

The primary aim of this study was to establish a scanning technique to allow three-dimensional 

imaging of callus formation of a long bone fracture at multiple time points.  

 

The secondary aim was to evaluate the reliability of reconstruction and judgement of bridging 

callus between independent observers.  
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8.2.3 Patients and Methods 

 
8.2.3.1 Calibration of the system 

 

The freehand ultrasound software Stradwin version 6.0 (MIG, Engineering Department, 

Cambridge University) was used for image acquisition and analysis. This allows simultaneous 

image and position acquisition. B-mode images are acquired at full speed and mapped to the 

3D lattice as the transducer probe is moved through a determined pattern of movement. The 

ultrasound frequency (3-7 MHz), depth penetration (60 mm) and resolution (1 mm) were 

identical to that used in the 2D scanning method (Section 7.3.1).  

 

Stradwin requires a calibration process for accurate measurement of the optimal tracking 

system. Once the calibration is set the landmark locations of a known object can be mapped in 

3D to ensure accurate measurements. This process is repeated periodically to ensure the 

machine remains calibrated and accurate. This entails performing a series of predetermined 

movements with the ultrasound probe of a flat surface within a water bath to triangulate co-

ordinates for the optical tracking system. The ultrasound probe frequency, depth and focus of 

interest can be set into a template for future calibration use on future occasions. This does 

however require the optical tracking system to remain in the same position and the scan settings 

cannot be altered. The specific sequence of probe motions is outlined below in five steps as 

recommended by Stradwin. This is repeated to make approximately 40 data sets and carried 

out in the water bath known as the ‘phantom plane’ (Appendix 11.5). 

 

This calibration is then verified with a tibia SawBone model (SawBones Worldwide) with a 

simulated transverse fracture held by a uni-lateral Orthofix external fixator which serves as a 

phantom model to scan in a water bath. The fracture site accuracy could be mapped within +/- 
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0.25mm of various fracture gap simulations from 1-3mm increments. Measurements were 

made from three locations over the different faces of the tibia with equal recordings. A fracture 

gap of approximately 1mm could be accurately seen on both the 3D and 2D model. Any less 

than this, essentially an undisplaced fracture simulation, was not detected on the 3D 

reconstruction. 

 

Examples of this calibration is shown below. 

 

 

 

Figure 8-9. Calibration of a fracture gap with phantom scanned in waterbath with a SawBone 

tibia and Orthofix external fixator.  

Figures A and B show the 3D and 2D image produced from a 5-10 MHz scan with an arrow showing the 

location of the simulated fracture gap of approximately 1mm. Adapted from Ross 2009 (226) 
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8.2.3.2 System set up 

 

Optical tracking for freehand scanning uses several infrared sources mounted on a transducer 

which are tracked by two cameras to triangulate the position. These infrared (IR) sources are 

LEDs (light emitting diodes) which are firmly attached to the transducer (Figure 8-10 next 

page). A clear line of sight is required at all times between the camera and LEDs to track the 

position of the transducer.  

 

An AdapTRAX tracking tool (Traxtal, Toronto, Canada) was mounted on the transducer which 

allows triangulation with six degrees of freedom from the tracking unit. This directly 

corresponds to the position of the ultrasound transducer which is indirectly mapped with 

accuracy to 0.35mm (Polaris, Northern Digital Inc.). This allowed orientation of each captured 

image based upon the position of the probe during scanning for review at a later date. 

 

Ensuring the patients limb was positioned within the field of capture. Scanning via the 

anteromedial and anterolateral window was performed for the tibia with slow movements over 

the fracture site with a coupling gel, similar to that of the 2D method. At the fracture site 

multiple captures with different orientations of the probe were performed to limit anisotropy.  

 

The posterior aspect of the tibia was challenging to visualize in the early pilot work of this 

study given the depth of soft tissue envelope associated with the gastrosoleus complex. 

Therefore, focus was placed on the anterior surface of the tibia for the purpose of this pilot 

study. 
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Figure 8-10. Free hand ultrasound research scanner 

A. Adaptrax tracking tool and Sonix transduce 

B. Polaris NDI tracking unit and patient couch 
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8.2.3.3 Image interpretation with semi-automated plotting 

 

Semi-automated ultrasound plotting was possible via the use of the EI. Using the long axis 

ultrasound scout of the tibia, the cortical bone and callus surface can be identified due by the 

high homogeneity grey scale signal and linear border using a EI with a mean of 87.9 (95% CI 

83.5-92.3)(Chapter 6.4.4). EI is known to fluctuate from the depth of penetration of the 

ultrasound signal across the soft tissue envelope, therefore a threshold above 80 was used to 

identify the desired surface with the Stradwin threshold tool which was then plotted on 

sequential images by the reviewer. 

A B  

C  

Figure 8-11. Example of semi-automatic ultrasound three-dimensional mapping without 
callus 

 A. Long axis scout of the tibia. B. Cortical surface mapped as a threshold above 80 grey scale. C. Plotting of 
the cortical surface in green was then performed with semi-automated processing (green), tibia nail (blue) is 
evident via the fracture site at six weeks with no callus formation present. 
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The evolving bridging callus can then be plotted between the ends of the cortical surface using 

semi-automated plotting. Using this technique, subsequent 2D image slices can be sequentially 

mapped from different ‘windows’ around the surface of the tibia to build a single three-

dimensional image.  

A B  

C D  

 

Figure 8-12. Example of semi-automatic ultrasound three-dimensional mapping with callus. 

A. Long axis of tibia.  
B. and C. Mapping with sonographic callus using the grey scale threshold of 80. Note the intact cortical border 
at the fracture site with the IM nail no longer visible in the canal. 
D. Matrix plot of sequential 2D images. 
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8.2.3.4 Patient cohort and follow up routine 

 

Eligible patients were those with a closed diaphyseal tibia fracture with or without fibula 

fracture. Patients were required to give informed consent and be local to the treatment centre 

for follow up. Exclusion criteria were open injuries or significant soft tissue crush element with 

compromised skin, compartment syndrome, under 16 years of age at time of injury or within 

the metaphyseal width (Mueller box) of the joint surface. Segmental fractures were excluded 

but fractures with simple comminution or a butterfly fragment were not. 

 

The modified RUST score was used to grade radiographic callus formation at six and twelve 

weeks (42). Union was determined by absence of pain on weightbearing, bridging callus on 3 

of the 4 cortices (RUST score of 11 or more). If the diagnosis of union was in doubt, patients 

underwent a CT scan of the fracture at six months. 

 

All patients were reviewed and scanned in a designated clinic by one of the two surgeons. 

Patients were seen at two weeks after the injury and recruited. At six- and twelve-weeks 

patients underwent radiographs and an ultrasound scan. At six months they were seen for a 

final clinical review and radiograph to ensure union. A pilot cohort of ten patients was the 

desired sample size in order to establish the practicality and feasibility of the technique. 18 

patients were recruited and ten of these completed six months follow up. Eight patients were 

lost to follow up and were excluded from the analysis.  
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8.2.3.5 Callus observer agreement on three-dimensional scan 

 

To determine the repeatability and usability of the method, three-dimensional image production 

and judgement on the presence or absence of bridging callus was determined by two observers. 

Both were Orthopaedic surgeons with training in performing and interpreting ultrasound for 

the purpose of fracture evaluation. The reviewers were blinded to the outcome of the cases (i.e. 

union or nonunion) and radiographs. The ten six-week scans from the cohort were used for this 

purpose. The lead author performed intra-observer repeats with a minimum of 24 hours 

between each reconstruction. Weighted kappa was used to determine the strength of association 

between two observers with 0.4-0.6 fair, 0.6-0.8 strong and 0.8-1.0 close to perfect agreement 

(214).  

 

A second validation of the technique was then undertaken with ten reviewers which included 

five Orthopaedic consultants and five senior trainees to determine agreement and general 

usability of the imaging method. A random selection of ten three-dimensional reconstructions 

were presented to each reviewer without any indication of scan timing, corresponding 

radiograph or clinical information. A two-way mixed model, with assessment of consistency 

between observers was used to calculate a ‘single measure’ using the ICC.  

 

Statistical analysis was performed using SPSS version 24 (IBM, Chicago, IL, USA). Data was 

tested for normal distribution with the D’Agostino and Pearson test. Linear variables (EI data) 

were assessed using the independent- student t-test for parametric data or the Mann-Whitney 

U test for nonparametric data.  Differences between dichotomous data were assessed using the 

Chi-square test. A p-value of <0.05 was defined as statistically significant. 
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8.2.3.6 Ethics 

 
Ethical approval for the use of ultrasound to observe fracture healing was prospectively 

obtained from the local Research Ethics Committee (reference number (Appendix 10.4). 
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8.2.4 Results 

 
8.2.4.1 Study cohort and RUST findings 

 
The mean age was 49.8 years at time of injury (range 27-73 years) and 7 of the 10 patients 

were male. Half of the injuries were a low energy mechanism with a fall from standing height 

(Table 8-1). At six weeks the median RUST score was 4 (IQR 4.0-6.25) increasing to 9.5 (IQR 

7.75-10.25) at twelve weeks. Nine of the ten patients were clinically and radiologically united 

at six months with a minimum RUST score of 11.  

 

One patient was classified with a nonunion at six months post-injury (Patient number 5) and 

they were the only smoker in the cohort. One cortex was judged to have bridging callus on 

radiograph at 24 weeks with a RUST score of 8. They underwent a CT scan for a suspected 

nonunion at approximately nine months post-operatively. Bridging callus was found on two 

cortices of the four cortices and the patient was treated as a delayed union and did not undergo 

any further intervention as their symptoms were minimal at that point.  

 

 

 

Table 8-1. Patient demographics of pilot study 

 

Pt No. Age Gender Mechanism Smoker Side Comminution
1 34 F Sport No L No
2 27 M Fall >2m No R No
3 61 M Fall >2m No R Yes
4 51 M Sport No R Yes
5 55 M Fall<2m Yes L Yes
6 62 M Crush No L Yes
7 62 F Fall < 2m No L Yes
8 73 F Fall < 2m No L No
9 37 M Fall < 2m No R No

10 36 M Fall < 2m No R No
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8.2.4.2 Ultrasound findings and fracture healing prediction 

 

At two weeks post intramedullary nailing, the fracture site was clearly visible in all patients 

but there was no detection of bridging callus (Figure 8-13). At six weeks, 70% of patients 

(n=7/10) had bridging callus of at least one cortex (Table 8-2). When detected all united by six 

months (77.8% sensitive and 100% specific to predict union). Of the three patients which 

lacked bridging callus, one went onto a nonunion.  

 

The RUST score did not show any correlation with the detection of bridging callus on 

ultrasound at six weeks (4.0 vs 4.0, p=1.0). Fracture comminution also did not influence the 

detection of bridging callus on ultrasound (p=1.0). Compared to radiographs, no bridging callus 

was found at six weeks in any patient. 

 

At twelve weeks, 90% of patients (n=9/10) had bridging callus of at least one cortex. When 

detected all united (100% sensitive and 100% specific to predict union). In comparison to 

radiographs at twelve weeks, seven of these nine patients had at least cortical bridge evident.  

 

 

Table 8-2. Radiograph and ultrasound findings in the cohort.  

RUST – Radiographic Union Score for Tibia Fractures.  

 

Pt No. RUST Bridging callus RUST Bridging callus RUST Bridging callus 
1 5 No Yes 8 Yes Yes 11 Yes
2 4 No Yes 10 Yes Yes 12 Yes
3 4 No Yes 7 No Yes 11 Yes
4 4 No Yes 10 Yes Yes 11 Yes
5 4 No No 5 No No 8 Yes
6 6 No Yes 8 No Yes 12 Yes
7 4 No Yes 9 Yes Yes 11 Yes
8 8 No Yes 11 Yes Yes 12 Yes
9 4 No No 11 Yes Yes 12 Yes

10 7 No No 10 Yes Yes 12 Yes

Radiograph
24 weeks

Radiograph Radiograph
6 weeks 12 weeks

Ultrasound Ultrasound
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Figure 8-13. Two-week ultrasound of anteromedial cortex fracture site (Pt 7).  

2D and 3D reconstruction showing fracture and no bridging callus. 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 268 

 

 

Figure 8-14. Six-week ultrasound of anteromedial cortex with bridging callus (Pt 7).  

Xray showing no bridging callus. 2D and 3D reconstruction showing early bridging callus is 
evident. 
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Figure 8-15. Twelve-week ultrasound of anteromedial cortex with remodelling bridging 
callus (Pt 7).  

Xray, 2D and 3D reconstruction showing developing bridging callus with expansion in 
volume. 
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Figure 8-16. Second observer 3D reconstruction. 

Appearances are similar with abundant bridging callus remodelling and the edge of a fracture 
line on periphery still evident. 
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Figure 8-17. Six-week ultrasound of anteromedial cortex without callus (Pt 5).  

2D and 3D reconstruction showing no bridging callus is evident. 
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Figure 8-18. Twelve-week ultrasound of anteromedial cortex without callus (Pt 5).  

Xray, 2D and 3D reconstruction showing no bridging callus is evident. 

 
 

 

Figure 8-19. Second observer 3D reconstruction with similar findings. 
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8.2.4.3 Three-dimensional reconstruction of multiple cortices  

 

Using a combination of the anteromedial and anterolateral scanning enabled an anatomic 

reconstruction of the anterior 180 degrees of the fracture site. 

 

 

 

Figure 8-20. Six-week ultrasound of combined anterolateral and anteromedial cortex (Pt 2).  

Xray minimal callus, 2D and 3D reconstruction showing early bridging callus is evident on 
anterolateral cortex. 
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Figure 8-21. Twelve-week ultrasound of combined anterolateral and anteromedial cortex (Pt 
2).  

Xray, 2D and 3D reconstruction clear bridging callus expansion on anterolateral cortex. 
Second reconstruction shows axial view of medial and anterolateral cortex. 
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8.2.4.4 Reviewer agreement  

 
 

The three-dimensional reconstructions of the ultrasound scans enabled an anatomic 

reconstruction of the cortical surface and bridging callus which showed excellent correlation 

on visual inspection for the majority of patients between the two reviewers (Figure 8-16 and 

Figure 8-19).  

 

The kappa intra-observer agreement showed near perfect agreement for the detection of any 

bridging callus at 1.0 (p=0.02 (95% CI 1.0-1.0)). The kappa inter-observer agreement between 

the two independent observers for sonographic bridging callus was 0.78 (p=0.011 (95% CI 

0.39-1.18)(Table 8-3).  

 

 

Table 8-3. Table of reviewer agreement of three-dimensional scans for presence of any 
bridging callus and fracture outcome. 

 
 

Patient number Fracture outcome Author Second observer Agreement 
1 Union 1 1 Yes
2 Union 1 1 Yes
3 Union 1 0 No
4 Union 1 1 Yes
5 Nonunion 0 0 Yes
6 Union 1 1 Yes
7 Union 1 1 Yes
8 Union 1 1 Yes
9 Union 0 0 Yes

10 Union 0 0 Yes

Author Second observer Overall agreement

Sensitivity 77.8 (7/9) 66.7 (6/9) 72.3
Specificity 100 (7/7) 100 (6/6) 100

PPV 100 (7/7) 100 (6/6) 100
NPV 33.3 (1/3) 25 (1/4) 29.2
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For one patient there was disagreement between the presence of bridging callus (Figure 8-22). 

On the medial cortex there was disagreement regarding the presence of bridging callus, the 

lead author plotted this as bridging on the reconstruction and the second reviewer did not (A). 

On the lateral image the nail is clearly visible across the fracture site and both reviewers plotted 

this as absent bridging callus on the reconstruction (B). At three-months the bridging callus 

across the fracture is now more apparent on the medial cortex which both reviewers plotted 

(C). 

A B  

C  

Figure 8-22. Ultrasound scan of medial and anterolateral cortex showing 2D B-mode capture 
where the reviewers disagreed.  
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The agreement of bridging callus between the ten reviewers was excellent with an ICC of 0.87 

(95% confidence interval 0.74-0.96). There was perfect agreement on eight of the ten scans 

that were presented.  

 

On one six-week scan, 90% interpreted the image as non-bridging callus but one reviewer 

interpreted the scan as bridging callus (Figure 8-23 A and B). Similarly on the second scan 

which caused discrepancy of judegement, 60% evaluated it as non-bridging an 40% as bridging 

(C and D). 

 

A  B      C                            D 

Figure 8-23 Two cases where there is disagreement between reviewers for the presence of 
bridging callus.  

A-Anterior view and B-Lateral view of a six week scan 
C-Anterior view and D-Lateral view of a two week scan 
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8.2.5 Discussion  

 

In this cohort of ten tibia shaft fractures, prospective ultrasound evaluation of the fracture site 

with three-dimensional reconstruction was a useful aid to predict union in the majority of 

fractures. In those patients that united their fractures at six months, bridging callus was 

visualized on three-dimensional ultrasound reconstruction at six weeks in 70% of patients, 

increasing to 100% by three months. Two independent reviewers produced three-dimensional 

reconstructions with a high level of agreement in order to base clinical judgements upon. 

Further validation with ten orthopaedic surgeons found excellent agreement on the judgement 

of bridging callus.  The accurate mapping of three-dimensional callus without ionizing 

radiation holds great potential to monitor and predict impaired fracture healing. 

 

Nonunion causes considerable morbidity and expense (9)(10). In modern orthopaedic practice, 

intramedullary nailing is the most popular initial management of unstable tibial diaphyseal 

fractures. Nonunion is found in approximately 9% of cases with modern reamed techniques for 

closed tibia diaphyseal fractures (9,227,228). As expected open fractures have a higher 

incidence of nonunion and the risk correlates to the severity of the injury (227). When aseptic 

nonunion occurs, exchange nailing is a straightforward method of treatment with a high success 

rate (229)(230). The indications and timing for exchange nailing must take into account the 

severity of the original injury. Most closed tibial diaphyseal fractures will heal between 12 and 

16 weeks following injury. Absence of radiographic evidence of progression to union by 16 

weeks is therefore a relative indication for exchange nailing (230).  

 

Callus on radiograph usually takes six to eight weeks to be evident and often requires at least 

three months before bridging is apparent in long bone fractures (34–36). The importance of a 
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cortical bridge does appear to be the crucial event and once this occurs, union is generally 

observed (37–39). The two-dimensional projection of radiographs can cause errors in 

judgement and the development of the RUST score has been advocated to improve user 

agreement (36). Although CT may improve the accuracy of judging the cortical bridge (47–

50), it requires ionizing radiation and the timing at which callus can be found is likely similar 

to that of radiographs (35).  

 

The use of ultrasound to detect early bridging callus prior to radiographs has been demonstrated 

by two independent research groups. Moed demonstrated a scanning technique in a pilot study 

of tibial nails using three scanning portals to achieve a 270-degree view of the tibia (203). A 

second prospective study of 50 tibial diaphyseal fractures treated with unreamed statically-

locked intramedullary nails, found 38 fractures had ultrasound evidence of healing between six 

and nine weeks with a 97% positive predictive value and 100% sensitivity for fracture union 

(204). They observed fracture healing on ultrasound at a mean of 6.5 weeks versus 19 weeks 

on radiographs (p<0.001). Management of tibial diaphyseal fractures has evolved since this 

study with modern nailing techniques using larger reamed nails and early weight-bearing (205). 

A second research group using modern reamed nails found ultrasound consistently detected 

callus prior to radiographs at approximately two weeks earlier (206). The authors state that all 

of the delayed unions and nonunions declared themselves earlier on ultrasound than 

radiographs, implying they were a useful screening tool during recovery following 

intramedullary nailing.  

 

Despite this promising research, ultrasound has not found a routine use in clinical practice, 

possibly due to its unfamiliarity for surgeons. The ability to visualize the fracture site as a three-

dimensional reconstruction would enable clinicians unfamiliar with ultrasound to make their 
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own judgement on the progression of callus. A series of ultrasound scans can be used to form 

a three-dimensional reconstruction allowing for a more anatomic representation of the fracture 

site and maximising the ability to view callus from different orientations. The agreement was 

excellent between observers with potential superiority to the 2D method which was previously 

evaluated (Chapter 7.4.4). Reviewers were presented with anterior and lateral cortex of the 

tibia to judge the presence of bridging callus on. Although the ICC showed excellent agreement 

there were two cases where there were discrepancies on the presence of bridging callus. In both 

cases there was minor projections of callus from the fracture ends but no substantial bridge 

between cortical fragments. There is no widely accepted definition of union, or bridging callus, 

on CT scanning but 50% cortical width of bone would be a reasonable judgement. The ability 

to rotate and scale up the three-dimensional reconstruction was not enabled to the reviewer and 

this may have further improved agreement on the scans. 

 

There were other potential challenges discovered with the three-dimensional reconstruction 

process. The reconstruction is based on the quality of image acquisition during routine 2D (or 

B-mode) scanning. If the operator does not capture adequate images the reconstruction will be 

flawed. The use of thresholds to plot cortical bone and callus reduced the subjectivity of 

reviewer interpretation, but this is far from fully automated reconstruction. The echo intensity 

of superficial tissue above the cortical surface can cause considerable artefact and the reviewer 

still needs to plot each area of interest on sequential imaging. A more refined technique would 

be the use of an algorithm to produce an automated three-dimensional reconstruction which 

would reduce the subjectivity and labour intensiveness of the process. 

 

Critically for the tibia, any nonunion intervention within the first three months following 

surgery would likely be considered inappropriate, given the decision to undertake an exchange 
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nailing might be premature at this stage. However, ultrasound evaluation beyond three months 

may display evidence of bridging callus prior to radiographs and with potentially superior 

accuracy. For other fractures such as the clavicle and humerus shaft which are often managed 

non-operatively, three-dimensional reconstructions to monitor callus progression over the first 

three months following injury has great potential to refine the prediction of fracture healing to 

guide treatment. 

 

This was a prospective study carried out with a defined cohort of patients. Scans were carried 

out by two orthopaedic surgeons with training in the technique and reconstructions performed 

independently of each other. Whether this technique would be valid in open fractures or those 

with significant soft tissue injury is unclear but theoretically would be applicable. The size of 

this pilot cohort limits the generalisability of the findings, the effect of smoking and level of 

energy on the detection of callus in the tibia is unknown from this work. Furthermore, this 

study was underpowered to determine the prognostic value of ultrasound to predict nonunion 

of the tibia given that all fractures in this cohort united without further intervention. However, 

the technique which has been outlined and validated in this study would be a reproducible 

research tool for other groups to employ.  

 

Conclusion 

 Three-dimensional reconstruction of callus progression at a fracture site may enhance the 

usability and reproducibility of ultrasound for the monitoring of fracture healing. The is the 

first study to the authors knowledge to outline a reliable and repeatable technique for three-

dimensional fracture site evaluation for bridging callus detection. 
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 Clinical examples of three-dimensional ultrasound  
 
Growing intra-medullary nail for tibia distraction osteogenesis - ISKD nail (blue) 

following corticotomy of the tibia (green) for length correction. Three-dimensional 

reconstruction allows visual representation of the distraction site. 

 

 
Figure 8-24. Tibia corticotomy scout ultrasound image. Blue ISKD nail. Green cortical 
surface of tibia. Matrix with plotted images alongside. 

 
Figure 8-25. Three dimensional anteromedial and anterolateral reconstruction of corticotomy 
site. 
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Midshaft clavicle fracture at six-weeks following non-operative management 

The ability to use semi-automatic three-dimensional mapping is feasible for clavicle fractures 

using the axial (short axis) B-mode images of the bone. The EI of the cortical bone of the 

clavicle can vary between patients as a result of body habitus.  Below shows an example of an 

EI threshold of 80 for the superior surface of the clavicle. The bottom images show the plotted 

cortical surface outlined after the observer selects the cortical surface on the image. 

 
 

 
 

 
Figure 8-26. Axial (short axis) ultrasound scout image with semi-automatic plotting of 
cortical surface of clavicle using echo intensity. 
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Figure 8-27. Three-week three-dimensional ultrasound reconstruction with injury radiograph.  

 

 

 
Figure 8-28. Six-week three-dimensional ultrasound reconstruction with bridging callus now 
evident across fracture with minimal callus on radiograph. 
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Evolving bridging callus can be seen at six weeks with extensive remodelling by twelve weeks 

post-injury in the three-dimensional reconstruction below.  

 

 
 

 
Figure 8-29. Twelve-week three-dimensional ultrasound reconstruction with remodelling 

bridging callus evident across fracture along with callus now evident on radiograph 
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Lateral end displaced clavicle fracture  
 

Lateral end clavicle fracture which appeared minimally displaced on radiograph. On clinical 

exam there was posterior displacement suspected. A CT scan shows there is posterior 

displacement beyond one cortical width of bone significantly increasing the risk of nonunion. 

 

 
 

 
Figure 8-30. Radiograph and CT reconstruction showing a displaced lateral end clavicle 

fracture. The posterior displacement in only appreciated on the 3D reconstruction. 

 

An ultrasound scan with three-dimensional modelling was undertaken. A similar quality image 

to the CT reconstruction can be achieved in order to appreciate the degree of fracture 

displacement in the axial plane. 
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Figure 8-31. Three-dimensional ultrasound reconstruction at three weeks following injury. 
Green fragments clavicle and blue is the acromion. 

 

 
Figure 8-32. Post-operative image of lateral end fixation with suspensory corocoid device. 

 
This example of three-dimensional ultrasound shows the useful anatomic reconstruction of 

fractures in order to visualise the degree of displacement which can be challenging on 

radiographs. This would reduce the reliance on CT for relatively simple fractures patterns 

where the degree of displacement is unclear. 
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9  Conclusions of thesis and future work 
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 Conclusions of thesis 
 

Displaced midshaft clavicle fracture management remains extremely contentious in current 

Orthopaedic trauma practice. As outlined in Chapter 1, acute plate fixation is thought to reduce 

the nonunion burden associated with this injury however the appropriate use of this treatment 

remains elusive. Whether the treatment is cost effective and facilitates an earlier return is 

function is unknown. Furthermore, the ability to accurately predict nonunion within a potential 

safe window for intervention remains poorly understood. In this section the main conclusions 

from the thesis will be summarised.  

 

 Chapter 2 was a cost economic evaluation based on a large, randomized trial. Although wider 

societal and individual economic benefits of operative fixation cannot be fully addressed by 

this study, it does not appear to be cost effective to routinely plate all displaced fractures from 

a secondary care provider perspective. Importantly, the only influence on the quality of life 

(SF-6D) at one year following injury was the development of nonunion, again confirming the 

importance of this complication as the main driver of morbidity following non-operative 

management. This study therefore indicates that a more targeted approach for only those 

fractures at greatest risk of nonunion, would potentially result in a more cost-effective strategy 

and identify those patients most likely to benefit from surgery. 

 

Simply allowing nonunions to ‘declare themselves’ at six months is a potentially attractive 

approach, given this would reduce the number of patients undergoing unnecessary operative 

fixation. Although there is some morbidity with this approach, given patients will have a 

prolonged period of pain and recovery, there is no clear evidence that the ‘delayed’ operation 

itself carries a greater risk of complications. Previous literature is flawed as the timing of most 
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‘delayed nonunion’ interventions is not reported. Furthermore, confounders related to both the 

development of complications and nonunion (e.g. smoking) are not adequately accounted for.  

 

Chapter 3 attempted to establish the relationship, if any, between time from injury to operation 

and found the risk of major operative complications increases with delayed operative 

intervention. Regression modelling identified the time from injury to surgery as an independent 

risk factor for post-operative infection, fixation failure and any cause mandatory revision 

surgery. When considering a multivariate regression model for the risk of mandatory revision 

surgery, it was found that the development of a post-operative infection and smoking were the 

principal risk factors with a smaller contribution from increasing time from injury to surgery. 

Via the use of receiver operator characteristic curves, there is a potential three month ‘safe 

window’ in which fixation can be carried out where the risk appears comparable to that of acute 

fixation. The idea of the ‘safe window’ may be an inappropriate arbitrary cut-off and 

oversimplification of the risk of increasing time from injury to surgery. However, if there is a 

modest cumulative risk of major complications from excessive delay to operative intervention, 

this would support early accurate identification of patients that are at a high risk of nonunion. 

 

The ability to accurately predict nonunion based on injury factors alone has been extensively 

investigation. As summarised in Chapter 1.2.5, the most robust of these is smoking, 

displacement and comminution of the fracture. These predictors have limitations, they are 

based on retrospective data and accurate judgement of displacement on radiograph can be error 

prone. The ability to refine prediction using markers of poor clinical recovery at six weeks 

following injury was proposed in Chapter 4 as a potential advancement on the reliance on 

injury predictors alone. Using regression modelling, a ‘risk calculator’ for individual nonunion 

prediction was produced using objective clinical markers at six weeks in a large prospective 
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cohort. Comparing the six-week model against a previously published model at time of injury 

found that six-week prediction had improved accuracy. This has clear clinical implications as 

a simple universal tool to risk stratify patients at six weeks post-injury and identify those which 

would most likely benefit from operative intervention.  

 

The other popular argument that is often used in support of acute fixation is the enhanced 

recovery over non-operative treatment. As discussed in Chapter 5 the current literature does 

not examine the negative effects of nonunion in the non-operative cohort when directly 

compared to acute operative management. When comparing acute operative fixation against 

those patients that unite their fractures without surgery, the return of normal shoulder function 

was comparable at every time point over the first six months post-injury. Therefore, it is likely 

that any enhanced recovery effect of acute operative management is a direct result of reducing 

the nonunion burden in that patient cohort. 

 

To further refine fracture healing prediction, the novel use of ultrasound was explored in 

Chapters 6 and 7. In Chapter 6 a literature review highlighted the potential use of ultrasound 

to evaluate fracture healing and the current limitations of this method. The specific criteria and 

repeatability of sonographic bridging callus evaluation was established in a pilot study of 

displaced clavicle fractures. The identification of the evolving callus with specific criteria was 

found to be a repeatable observation between independent reviewers. The detection of 

sonographic bridging callus at six weeks following injury was shown to have an excellent 

ability to predict six month fracture union.  

 

In Chapter 7 the accuracy of this imaging modality was further established with a large cohort 

of displaced clavicle fractures. Sonographic bridging callus strongly correlated with fracture 
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union and was readily identifiable in almost two thirds of the cohort at six weeks following 

injury. It was found that the nonunion risk could be further stratified with regression modelling 

with the absence of sonographic bridging callus and persistent night pain at six weeks post-

injury strongly predictive of fracture outcome. 

 

Further development of this imaging modality was undertaken in Chapter 8 with a cohort of 

tibial shaft fractures where a novel method to visualise the evolving three-dimensional callus 

was created. An innovative technique using semi-automated plotting of cortical bone and callus 

was established which enabled objective recreation of callus at sequential stages of fracture 

healing. This imaging method has the potential to improve the accuracy and usability of this 

technique to monitor fracture healing.  
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When considering the hypothesis of this thesis from Chapter 1.4.  

1. Would accurate prediction of nonunion risk following displaced midshaft clavicle 

fracture improve patient care? 

2. If so, can nonunion prediction be advanced with the use of clinical recovery and 

ultrasound following injury? 

 

Firstly, it can be concluded that accurate prediction of nonunion risk following displaced 

midshaft clavicle fractures would improve patient care. Targeted early fixation of just those 

patients destined for nonunion would be both cost-effective and would potentially reduce the 

morbidity associated with a prolonged delay to fixation.  When union occurs without surgery, 

the early functional recovery following injury appears to be comparable to acute plate fixation. 

Therefore, the early identification of fracture healing in those patients destined to unite would 

reduce over intervention and unnecessary use of plate fixation.  

 

Secondly, nonunion prediction can be advanced with the use of clinical recovery and 

ultrasound. Rather than relying on the traditional use of risk factors from the time of injury, 

use of objective clinical markers at six weeks post-injury improves the accuracy of nonunion 

risk prediction. Furthermore, the novel use of ultrasound to evaluate sonographic bridging 

callus has the potential to further refine the risk prediction of nonunion for both the clavicle 

and other common fractures in Orthopaedic practice. 
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 Future work 
 
 
This thesis has created the potential for future work on both the clinical aspects of clavicle 

fracture management and the use of ultrasound as an imaging modality for the prediction of 

fracture healing. 

 

Clinical trial for targeted fixation of patients at high risk of clavicle nonunion 

Using the clinical predictors as outlined in Chapter 4, it would appear the next step would be 

to evaluate the efficacy of this approach with a prospective study.  

 

This could either be in the form of observational trial whereby those patients with two or more 

risk factors at six weeks (approximately one in four patients) are offered plate fixation and the 

remaining patients continue with non-operative management. The functional recovery, cost-

effectiveness and nonunion rate could then be evaluated. This would have some limitations 

given some patients may not wish to take part in the study leading to participation bias and 

without randomisation may skew the groups.  

 

Alternatively, a randomized trial comparing the targeted approach against the standard of non-

operative management for all would allow for stratification between the groups. This would 

require greater recruitment numbers and potentially several units to engage for recruitment. 

 

Use of selective ultrasound scanning to identify patients that would most likely benefit 

from early fixation  

The use of bridging callus evaluation beyond six weeks appears helpful to predict nonunion 

for the clavicle, particularly when combined with poor clinical recovery. Given the limited 
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access to this imaging modality, selective ultrasound scanning of only high-risk patients may 

be a pragmatic use of this imaging modality.  

 

A flow diagram of this approach is shown below using the data from chapter 7. Using the 

clinical predictors to firstly ‘screen patients’ for selective ultrasound scanning would reduce 

the number of patients undergoing ultrasound by approximately 40%. In this modelling 

example, one third of the cohort would be deemed at high risk of nonunion by the absence of 

sonographic bridging callus and one or more of the clinical predictors present.  

 

 

 

Validation of ultrasound technique 

The ultrasound technique that has been outlined in this thesis needs validation with an 

independent group of researchers. Additionally, the influence of different ultrasound probes, 

frequency and depth of penetration may alter the detection of sonographic bridging callus.  
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Use of ultrasound in other fractures 

As already demonstrated in the tibia, ultrasound use in other long bone fractures may have a 

practical role. For isolated humerus or ulnar shaft fractures, operative intervention is usually 

performed for the perceived risk of nonunion. Ultrasound screening in these patients would 

theoretically allow for targeted early intervention. Similar to the clavicle, both fractures would 

be feasible to examine with ultrasound and would be of value to study.  

 

Advancing the accuracy and usability of three-dimensional ultrasound 

The ability to create anatomical three-dimensional ultrasound images, like that of a CT 

reconstruction, would improve the usability of ultrasound and potentially the accuracy of 

bridging callus interpretation. Particularly for fractures like the humerus or tibia where the bone 

can be imaged from multiple angles, a single formatted image compiled from multiple images 

has a clear advantage.  

 

Although semi-automated processing reduced the subjectivity of the interpretation, it is still 

extremely labour intensive and open to errors in observation. The development of software to 

map cortical bone and callus with pattern recognition, potentially with the use of EI as outlined 

in this thesis, would theoretically improve this process, and make the technology more practical 

for future clinical use.  
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10  Appendix 
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 Chapter 2 
 
 
 
Operative Fixation of Displaced Midshaft 
Clavicle Fracture Study (M-CLAVFIX) 
 
 
Trial Protocol 
 
 

Hypothesis/ Research Question 
 
Clavicle fractures in the UK have traditionally been treated nonoperatively with immobilisation 
for 2-3 weeks, in the belief that the vast majority of them will go on to bony union, and will have 
no long term functional impairment as a result.  
 
There is now a growing trend in some centres to treat these injuries operatively in the acute 
setting. There are however no studies which compare primary fixation with delayed fixation in 
identified non-union and malunion situations in terms of functional outcomes, strength, and 
complications. 
 
A paper published recently demonstrated that patients with displaced middle third fractures 
treated nonoperatively, had marked reduction in shoulder strength at 1 year. It also showed that 
patient satisfaction with the functional outcome was worse than had been previously thought. 
 
Another recent paper suggested improved functional outcomes with primary plate fixation in 
these fractures. It advocated primary plate fixation for all displaced midshaft fractures. It is 
acknowledged that the evidence to support primary fixation is equivocal and further research is 
necessary to examine the hypothesis above. 
 
The primary aim of our trial is to investigate whether patients undergoing primary fixation of 
displaced midshaft clavicle fractures have improved rates of union. 

 
Our secondary outcomes are:  
 

1. Which patients have better functional outcome 
2. Which patients have fewer complications 
3. Which patients have the least economic implications both to service delivery and patient 

employment 
 
As there can be difficulty using plain radiographs to assess clavicular nonunion. We will examine 
the extent of union, nonunion and malunion using a computed tomography (CT) scan at 6 
months in both groups of patients. This will allow comparison to be made of the accuracy of 
plain radiographic assessment at 6 months post fracture. 
 
Final functional assessment will be made at one year.  
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Study Design 
 
Multicentre stratified randomised control trial 
 

Centres & Contacts 
 
Chief Investigator  Michael Robinson, Edinburgh Royal Infirmary 
Clinical Research Fellow Paul Jenkins, Edinburgh Royal Infirmary 
    paul@jenkinsnet.org.uk 
    0131 242 3499 

 
Centre Lead Investigator Contact 
Edinburgh Mr M Robinson c.mike.robinson@ed.ac.uk 

Royal Infirmary of Edinburgh 
51 Little France Crescent 
Old Dalkeith Road 
Edinburgh 
EH16 4SU 
Tel: 0131 536 1000 

Glasgow  Mr A Brooksbank 
Mr M Blyth 

andrew.j.brooksbank@northglasgow.scot.nhs.uk 
mark.blyth@northglasgow.scot.nhs.uk 
84 Castle St 
Glasgow 
G4 0SF 
Tel: 0131 211 4000 

Bristol  Mr T Chesser timandsallychesser@hotmail.com 
Frenchay Hospital 
North Bristol NHS Trust 
Frenchay, Bristol  
BS16 1LE 
Tel: 0117 9701212 

Swansea Mr M Pritchard markpritchard@doctors.org.uk 
 
 
 

Dunfermline Mr Ivan Brenkel Ivan.Brenkel@faht.scot.nhs.uk 
Whitefield Road 
Dunfermline 
KY12 0SU 
Tel: 01383 623623 

Southampton Mr Andrew Cole Andycole34@btopenworld.net 
Southampton General Hospital  
Tremona Road 
Southampton 
Hampshire  SO16 6YD 

 
Inclusion Criteria 
 
Patients aged between 18-60 
Patients without serious co-morbidity 
Fractures less than 2 weeks old 
Completely displaced fractures of the middle third of the clavicle (Type 2B) 
 

Exclusion Criteria 
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Patients with pre-existing shoulder pathology 
Patients who constitute a significant anaesthetic risk 
 

Patient Identification/ Recruitment 
 
Patients will be seen routinely in the fracture clinic following referral from the emergency 
department. In the clinic appropriate patients would be identified by the principal investigator in 
each centre and invited to participate in the trial. 
 
Patients who are willing would sign two consent forms, one for there own keeping, and would 
also be asked to fill in the initial section on their questionnaire 
 
Patients declining entry into the trial would be recorded in keeping with CONSORT guidelines. 
 
The patient would be randomised to the operative or non-operative treatment by a computerised 
randomisation generator and a unique study number for future reference. 
 
The study group will be stratified by gender and age: 18-30, 30-40 and 40-60 as both factors have 
been previously identified as being significant predictors of non-union. This will ensure an even 
spread of patients into each group. 
 
Patients declining entry into the trial would be treated in standard fashion with monitoring of the 
fracture in clinic and open reduction and internal fixation at 6 months if symptomatic non-union 
occurs. 

 
TREATMENT PROTOCOL 
Operation Cohort 
 
These patients would be asked to fill out a standard operation consent form, and would undergo 
open reduction and internal fixation within 2 weeks of their injury, carried out by a surgeon(s) in 
each centre with an interest in shoulder/clavicle injuries. 
 
This would entail a plate (DCP, Recon or Anatomical) and screws for the diaphyseal fractures. 
This is a standard operative technique for the relevant site of the fracture. 
 
The incision would be closed with absorbable subcutaneous suture, and 10mls 1% lignocaine 
infiltrated into wound for postoperative pain. 
 
A check x-ray is taken at the end of the procedure 
 
Patient would be immobilised for 3 weeks postoperatively in a collar and cuff or polysling. 
Patients will be routinely discharged on day 1 postoperatively. Follow up will be arranged in a 
clinic at 3 weeks at which point both groups  will be referred to pysiotherapy for range of 
movement exercises. Active strengthening will commence at 6 weeks. 
 
 

Non-operative Cohort 
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These patients would be treated for 3 weeks in a collar and cuff or polysling, and would be seen 
back in the shoulder clinic at this point, when a physiotherapy referral would be made. 
 

Assessments 
 
Assessment of outcome is determined by a functional assessment based on DASH/SF-36/ and 
Constant validated questionnaires, range of motion, strength testing in flexion and abduction, 
and the incidence of complications. The SF36 score is a general health assessment, and the 
Constant and DASH scores are limb specific. These are administered at each time period to 
examine the recovery trajectory of each group. 
 
Follow-Up Protocol 
 
Visit Validated 

Functional 
Assessment 

Clinical Assessment 

Pre-operative SF36 
DASH 

 

3 Weeks  Wound check 
Referral to physiotherapy for both 
groups 

6 Weeks SF36 
DASH 
CONSTANT  

Plain radiograph 

3 Months SF36 
DASH 

Plain radiograph 

6 Months SF36 
DASH 
 
 

Plain radiograph 
CT Scan 
Assessment of Union – If non 
union/symptomatic malunion in 
conservative group – crossover to 
intervention 

12 Months SF36 
DASH 
CONSTANT 

Plain radiograph 
Physiotherapist ROM Assessment 

 
The questionnaires are used to determine the patient’s general health, limb function, daily 
activities and hobbies, satisfaction with treatment, and economic situation both before and after 
their injury. 
 
A research physiotherapist, who will be blinded to the patient’s treatment will assess range of 
motion and strength in both limbs. The patients will be asked to wear a t-shirt to cover their 
clavicle during these examinations to uphold the blinding process. 
 
The lead investigator, who will not be blinded to their treatment option, will assess for any 
possible complications. X-rays will also be taken at each appointment and reviewed by the lead 
investigator in each unit and comment made on progress of union. CT scan will be performed at 
6 months to assess union in both groups. Furthermore this could be used to plan intervention if 
necessary in the nonoperative group. 
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Complications 
 
The following have been identified as possible complications for the patients in the trial, and 
includes our proposed management for each situation. 
 
a. Operation Cohort  

• Wound haematoma-this early complication would be dealt with by returning to theatre 
for drainage and closure of wound. 

• Early Infection: Early infection (within 2 weeks of surgery), without frank pus or 
wound breakdown would be treated with a course of organism specific antibiotics. Early 
infection with frank pus or wound breakdown would be treated with surgical wash out/ 
debridement, and intravenous organism specific antibiotics. 

• Late infection with loose metalwork would be treated by surgical debridement, removal 
of metal work, and organism specific antibiotics. 

• Hardware prominence/irritation: treated with removal of metalwork 
 
b. Nonoperative Cohort 
 
 Symptomatic nonunion: continued motility across the fracture as demonstrated by the 
examiner, associated with pain and tenderness, and radiological evidence of non-union. The 
definition would be made at 6 months post injury. This would be treated by open reduction and 
internal fixation.  
 
Symptomatic malunion: Scapulothoracic pain or neurovascular compromise associated with 
malunion would be treated from 6 months following CT scan. Treatment would consist of 
clavicular osteotomy and ORIF. 
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Patient Consent Form 
 

Centre Number:  
 

1: Edinburgh Royal Infirmary 

Study Number:  
 

07/S0501/47 

Patient Number 
 

 

Title of Project: Primary Fixation of Displaced Midshaft Clavicle 
Fractures:  

A Multicentre Prospective Randomised Controlled 
Trial 

 
Researcher  

 
  
 Please 

initial 

I confirm that I have read and understood the information sheet dated 17 July 2007 
(Version 4) for the above study. I have had the opportunity to consider the 
information and ask questions and have had these satisfactorily answered. 

 

I understand that my participation is voluntary and that I am free to withdraw at any 
time without giving any reason, without my medical care or legal rights being 
affected. 

 

understand that relevant sections of my medical notes and data collected during the 
study,  
may be looked at by individuals from [company name], from regulatory authorities or 
from the  
NHS Trust, where it is relevant to my taking part in this research. I give permission 
for these  
individuals to have access to my records.  

 

I agree to my GP being informed of my participation in the study 

 
 

I agree to take part in the above study.  
 

 

 
Patient Signature  

 
Patient Name  
Date  

 
Researcher Signature  

 
Patient Name  
Date  

 
When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical notes 
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 Chapter 3 

PROJECT PROPOSAL AND REGISTRATION FORM 
Please see sections in the workbook for guidance on completion of the form.  

Please note - your form will be returned if any section is blank.     
Project Title: (include population, condition and intervention – see section D)  
Review of clavicle fracture surgery 

Why was the project selected? (e.g. “Implementation of SIGN Guideline” - see section C) 
Recent evidence has suggested that early clavicle fixation for acute fractures has little advantage over 
conservative management for long term function but does reduce the risk of non-union.  
 
Clavicle non-union surgery is challenging and can often require a prolonged operation. There is lack of 
knowledge and understanding if delayed surgery for non-union versus that of early surgery for acute 
fractures carries a higher operative risks (principally infection) and would be important knowledge when 
consenting patients.  
 
The diagnosis and management of non-union is also variable and depends on clinical recognition and 
early referral for specialist input. 
 

Objective(s): (Why are you doing the project and what do you hope to achieve – see section E) 

We wish to evaluate our own departments practice for internal audit and to determine if delayed 
surgery has higher operative risks than acute surgery. Additionally, we suspect the current management 
of non-union in our department is widely variable, specifically the time delay to diagnosis and 
management. 
 

The objectives are therefore: 
1) To identify all clavicle fractures operated on at the RIE since November 2010 (when the ORSOS 

data began to be routinely collected) 

2) To perform a review of the patients notes to establish the presence of any complication such 

as infection, wound dehiscence, non-union, further surgery etc. 

3) To determine if delayed surgery versus acute surgery carries a higher operative risk 

4) To audit the departments practice of time to diagnosis and management of suspected non-

unions 

 

Appropriate Quality Improvement Team    (see section I)  …MSK Orthopaedic………………………………………… 

Main project contact:  
Name   Mr Jamie A Nicholson………………………………………………………………… 

Job title   ST5 Orthopaedics / Clinical Teaching Fellow …………………………………………………. 

Service (see section U) Musculoskeletal…………………………………………………………………………………… 

Division (see section T) Edinburgh HSCP………………………………………………………………………………… 

Phone number   07792 422118…………………………………………………………………………………… 

E-mail address  jamienicholson@nhs.net… ……………………………………………………… 

Supervisor / Line Manager     
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Name    Chris Myers……………………………………………………………………….……………..… 

Job title   Manager, MSK - Orthopaedics…………………………………………………………………… 

E-mail address                   Chris.Myers@nhslothian.scot.nhs.uk  

Methodology (brief outline)  (see section F) 
(please attach any relevant documents such as the data collection form, interview schedule, consent form etc ) 

We will identify patients through the ORSOS database with the coding for clavicle (Z68.1) for the upper limb consultant Mr 
Robinson, Mr Reid and Mr Brown. Patients notes on TRAK will then be reviewed to determine if any complications were 
encountered during the peri- or post-operative management and the timing of their diagnosis and management. 
Estimated start date:          Estimated completion date: 

       (day /month /year):      01/11/2017              (day /month /year):                 1/03/2018 

Confirmation that the governance topics in 

this workbook have been addressed (P):    Brief explanation if the governance topic is considered 

to be not applicable 

x Other people involved (Section H) Harriet Gribbin – Medical Student 

Mike Robinson - Consultant 

 

x Literature search (Section J) Surgical management of midshaft clavicle nonunions is 

associated with a higher rate of short-term 

complications compared with acute fractures  

J Shoulder Elbow Surg (2016) 25, 1412–1417  

x Resources (Section K) Staff time.  Storage of data collection spreadsheet on 

secure nhs computer. 

x Ethical considerations (Section L) No ethical issues envisaged.  No patient contact, 

recruitment or change to patient care are planned.  

This is a review of service. 

x Equality and Diversity (Section M) All eligible patients who underwent clavicle fixation 

will be included. No equality issues envisaged. 

x Consent (Section N) N/A 

x Data protection (Section O) Data is to be stored on a secure NHS computer during 

the course of data collection.  Fully anonymised results 

without any patient identifiable information will be 

ensured. 

x Caldicott principles (Section P) CHI numbers will be used only to identify patients and 

formulate our database. We will ensure these are 

always on a locked NHS computer. They will be deleted 

from the database following completion of patient 

identification and data gathering.  
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 Chapter 4 and 5 
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 Chapter 6,7 and 8 
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12/01/2015  Version 3.0 

 
 

Participant Information Sheet 
 
 
Chief Investigator 
Professor Alasdair HWR Simpson 
University of Edinburgh 
Department of Orthopaedic Surgery & Trauma 
Chancellor’s Building 
49 Little France Crescent 
Edinburgh 
EH16 4SB 
Tel: 0131 242 6465 
 
 
Principle Investigator Independent Advisor 
Dr Jia Lizhang Professor William N McDicken 
Edinburgh Orthopaedic Engineering Centre Medical Physics & Medical Engineering 
Chancellor’s Building Room SU225 
Room FU413 Chancellor's Building 
49 Little France Crescent 49 Little France Crescent  
Edinburgh Edinburgh 
EH16 4SB EH16 4SB 
Tel: 0131 242 6497 Tel: 0131 242 6312 
  
 
 
 
 
Study title 
Imaging of the musculoskeletal system using freehand three dimensional ultrasound - clinical 
investigation 
 
Invitation to participate 
You are being invited to take part in a research study to investigate the feasibility of using freehand 3-
dimensional (3D) ultrasound for the imaging of the musculoskeletal system in particular for 
monitoring bone repair.  Before you decide it is important for you to understand why the research is 
being done and what it will involve.  Please take the time to read the following information carefully.  
Talk to others about the study if you wish.  Ask us if there is anything that is not clear or if you would 
like more information.  Take time to decide whether of not you wish to take part.   
 
 
What is the purpose of this study? 
. The aim of this research project is to compare the imaging abilities of freehand 3-dimensional 
ultrasound with those of x-ray for the monitoring and assessment of bone repair after fracture or 
during limb lengthening 
 
 
Why have I been chosen? 
We would like to obtain 3D ultrasound scans of regions of bone and soft tissue repair in skeletally 
mature males and skeletally mature non-pregnant females. The information that can be derived from 
these scans will be compared with the information available from the standard x-rays used to monitor 
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12/01/2015 Version 2.0 

 
 

Centre Number: 
Study Number: 
Participant ID number for this study: 
 

 
 

CONSENT FORM 
 

Project Title:  Imaging of the musculoskeletal system using freehand three dimensional ultrasound - 
clinical investigation 

 
Name of Researcher: Jia Lizhang 
 

TO BE COMPLETED BY THE PARTICIPANT. INITIALS 

I have read the Information Sheet dated 12/01/2015 (V3.0) for the above study. I have been 
given the opportunity to consider the information and ask questions. I have had these questions 
answered satisfactorily and have been given a copy of the information sheet to keep. 

 

I understand that taking part is entirely voluntary and I am free to withdraw at any time without 
giving any reason, without my medical care or legal rights being affected. 

 

I understand that information gathered for the purpose of the study will be kept in a secure 
confidential file. I agree that this file may be looked at by researchers involved in this study or, 
where relevant, approved NHS Lothian and University of Edinburgh personnel overseeing the 
research. I understand that my personal data will be processed and stored in compliance with the 
1998 Data Protection Act. 

 

I understand that my GP (family doctor) will be informed that I have taken part in this research 
study. 

 

I understand that relevant information about me will be acquired from my medical records and 
will be accessed by authorised researchers for the purpose of this research project. 

 

I agree that these images may be used in future studies on condition that I cannot be identified 
from these images. 

 

I agree to partake in this study after over 24 hours consideration.  

 
 
 

 
 Participant's Signature:  

 PRINT NAME:  Date :  

 Researcher’s Signature:  

 PRINT NAME:  Date :  

1 form for the participant; 1 form to be kept as part of the study documentation. 
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10.4.1 Echo Intensity of sonographic callus findings 

 
Three weeks – 1 Union / 2 Nonunion  

 

Union Soft callus Hard callus Cortical bone
2 155
2 142
2 150
2 140
2 160
1 9 100
1 10 90
1 6 115
1 8 95
1 11 120
2 159
2 150
2 160
2 140
2 149
1 11 96 140
1 9 101 151
1 13 99 160
1 11 90 135
1 10 121 140
1 19 104
1 18 95
1 15 110
1 10 115
1 17 90
1 17 140
1 11 146
1 9 136
1 15 150
1 10 148
1 17 79 119
1 19 55 147
1 10 59 145
1 5 51 120
1 19 65 124
1 12 111
1 14 109
1 17 140
1 20 145
1 16 139
2 150
2 157
2 130
2 139
2 140
1 12 148
1 15 140
1 18 167
1 12 150
1 16 169
1 9 134
1 8 136
1 10 126
1 10 95
1 8 128
1 7 56 110
1 8 60 135
1 6 70 150
1 4 94 106
1 5 65 147
1 17 66 112
1 5 54 140
1 7 53 126
1 11 70 130
1 19 95 145
2 172
2 195
2 145
2 151
2 149
1 15 160
1 5 170
1 9 127
1 16 169
1 10 150
1 177
1 165
1 161
1 121
1 131
1 6 95 162
1 16 116 160
1 14 131 125
1 11 83 171
1 5 91 123
1 5 153
1 11 176
1 10 101
1 15 157
1 8 140
1 10 124
1 12 178
1 14 145
1 15 136
1 9 165
2 145
2 163
2 136
2 120
2 155
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Six weeks – 1 Union / 2 Nonunion 

 

Union Soft callus Hard callus Cortical bone
2 5 80 150
2 10 83 140
2 12 71 130
2 16 131 160
2 9 130 151
1 4 47 100
1 8 45 110
1 10 57 115
1 7 50 108
1 6 44 120
2 11 60 161
2 14 87 157
2 5 65 164
2 9 82 155
2 10 71 150
1 7 80 110
1 10 83 135
1 8 71 130
1 9 131 109
1 3 130 120
1 17 79 137
1 12 82 122
1 10 96 145
1 15 107 150
1 9 94 136
1 12 138
1 15 124
1 9 151
1 14 157
1 16 148
1 11 72 145
1 19 84 105
1 15 79 129
1 16 100 138
1 10 89 110
1 9 60 143
1 11 87 110
1 15 65 123
1 10 82 131
1 8 71 135
2 88 124
2 90 150
2 94 132
2 95 143
2 102 140
1 5 96 145
1 8 103 155
1 13 71 127
1 13 90 147
1 10 97 131
1 13 128 137
1 11 79 132
1 10 60 146
1 12 83 127
1 8 101 120
1 5 88 145
1 7 90 157
1 11 94 165
1 5 95 141
1 4 102 139
1 16 77 141
1 19 82 135
1 10 80 127
1 9 74 146
1 8 69 154
2 12 130
2 15 180
2 7 154
2 13 187
2 9 155
1 10 99 170
1 8 89 159
1 14 91 127
1 12 119 145
1 8 125 161
1 5 122 145
1 18 77 166
1 10 75 152
1 5 111 110
1 4 106 170
1 8 80 129
1 10 104 147
1 11 93 139
1 9 100 163
1 15 80 139
1 3 98 120
1 20 106 157
1 10 99 144
1 6 82 100
1 11 101 125
1 5 95 143
1 9 99 163
1 10 83 111
1 12 89 135
1 10 105 150
2 160
2 127
2 132
2 151
2 119
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Twelve weeks – 1 Union / 2 Nonunion 

 

Union Soft callus Hard callus Cortical bone
2 8 135
2 11 142
2 7 140
2 8 140
2 10 130
1 10 42 129
1 8 55 145
1 6 65 135
1 5 80 140
1 9 61 129
2 3 103 140
2 4 121 155
2 5 96 146
2 7 92 160
2 8 99 165
1 103 146
1 99 132
1 119 118
1 110 140
1 101 125
1 86 148
1 82 125
1 77 152
1 96 140
1 70 143
1 20 70 104
1 12 81 129
1 18 65 137
1 15 69 11
1 17 63 121
1 132 145
1 111 131
1 120 117
1 125 121
1 119 125
1 6 92 150
1 9 90 158
1 5 79 131
1 10 100 135
1 12 70 129
2 16 160
2 12 155
2 9 156
2 15 140
2 11 145
1 15 101 144
1 1 80 131
1 9 79 120
1 6 88 151
1 10 71 139
1 5 86 137
1 7 92 132
1 12 78 146
1 14 99 127
1 10 83 120
1 16 67 147
1 10 79 135
1 15 66 155
1 11 76 139
1 9 71 141
1 16 79 135
1 19 91 151
1 10 60 132
1 9 75 141
1 8 61 139
2 179
2 136
2 146
2 171
2 154
1 12 61 112
1 15 90 130
1 5 87 145
1 10 75 120
1 8 95 155
1 97 180
1 111 127
1 120 165
1 138 171
1 122 162
1 6 103 129
1 16 85 147
1 14 98 139
1 11 101 163
1 5 84 139
1 14 105 153
1 17 75 176
1 8 99 101
1 10 71 157
1 11 90 140
1 5 82 159
1 15 83 145
1 11 105 162
1 10 117 124
1 9 102 144
2 131
2 121
2 182
2 162
2 161
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 System Calibration  
 

Reproduced from Stradwin Website  

http://mi.eng.cam.ac.uk/~rwp/stradwin/docs/calibrate.htm accessed 10/8/2020 

Stradwin incorporates automatic spatial and temporal calibration systems for 3D ultrasound, 
derived from the successful Stradx system. The calibration process takes only minutes to 
perform. 

In order to perform probe calibration, you need to do the following things: 

• Fill a flat-bottomed water bath with water. The water should be at room temperature. 
Ideally the temperature of the water should be fairly constant during the calibration 
process. 

• Mount your position sensor rigidly on the ultrasound probe. A Polaris or Bird sensor 
may usually be mounted close to the body of the probe, but a Fastrak should be fixed 
about 10 cm away using some sort of rigid plastic strut. 

• If you have a Cambridge phantom available, mount the probe in the phantom, ensuring 
that the brass strip in the phantom is at all times in the centre of the ultrasound beam. 
If you don't have a Cambridge phantom, ensure that the bottom of the water bath is flat 
and roughen it uniformly using small circular motions with very fine emery cloth or 
sand paper. This will improve the reflection of ultrasound at oblique angles. 

• Check that you have Stradwin running with both images and positions available. This 
information is displayed on the 'Record' task page. The configuration dialogs for both 
images and positions can also be accessed from this page. Use the 'image source' dialog 
to select the image source you wish to use and the area of the ultrasound scanner screen 
that you want to record. When you are happy with the image cropping you should save 
it to a template file using the file menu, so you can use it with other calibrations if 
required. 

• On the 'Record' task page, set the 'Video Rate' to 'Full Speed'. After changing this value, 
select the 'Probe Calib' task page. 

• Switch on live display mode using the (leftmost) button on the toolbar. Configure the 
controls of the ultrasound machine so that the line feature appears clearly in the B-scan 
image. 

• If you have a curvilinear probe, use the 'Define region of interest' button to outline the 
region of the image occupied by the scan. The left mouse button is used to specify each 
point round the edge of the region, and the right button is used to indicate the final 
point. 

• Set the controls of the ultrasound machine so that the line detector locks on to the 
bottom of the water bath (or bar of the Cambridge phantom).  

• Select the 'Probe Calib' task page and press the 'Toggle temporal calibration' button. 
Stradwin is now in temporal calibration mode. Follow the instructions at the top of the 
task page. You will be asked to hold the probe steady while imaging the bottom of the 
water bath. You will then be asked to move the probe up and down while Stradwin 
tracks the bottom of the water bath in the image. By matching the image motion with 
the readings from the position sensor, Stradwin can estimate the temporal calibration, 
which is the relative lag between the position and image streams. The result is presented 
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in terms of the lag, and also a confidence value, representing how how well the image 
and position streams correlated. You should repeat the temporal calibration a few times 
(by pressing the 'Toggle temporal calibration' button again), and obtain a few results 
with confidences exceeding 95%. Keep repeating this process until Stradwin displays 
a temporal calibration result that is in line with the >95% confidence consensus, then 
move on to the next step. 

• Measure the temperature of the water in Celsius (degrees Centigrade), enter the value 
in the box on the 'Probe Calib' task page and press the 'Set' button. Note that the 
temperature compensation strategy is not completely effective for probes with very 
high curvature, such as rectal probes. For these probes, it will be more accurate to 
calibrate with warm water as close as possible to 48 Celsius. 

• This next step involves estimating the x and y image scales (mm per pixel). You should 
skip this step if you have an RF image source, or are using a Terason or Sonix, in which 
case the scales are implicit. Most ultrasound machines have facilities for measuring 
distances in the image. Use a facility of this sort to display either a line of a known 
length, or two marks a known distance apart. You need to be able to see both marks, or 
both ends of the line, in the live Stradwin image window. For maximum accuracy, the 
line should not be short: it should occupy a good portion of the visible ultrasound image. 
Click the button 'Mark ends of first line', and click the left mouse button on one end of 
the line and the right mouse button on the other end. Then click the 'Finished locating 
ends of line' button. Set the slider as close as you can to the correct length of the line in 
millimetres. Repeat this process for a second line (use the 'Mark ends of second line' 
button), which should be roughly perpendicular to the first line. 

• Go through the sequence of movements listed below and, when you are happy that the 
line detector is locked onto the bottom of the water bath in each position, click the 
'Accept line for calibration' button. If the line detector is not happy with the line it will 
display 'No valid line' on this button, but you also need to exercise judgement to avoid 
capturing incorrect lines. If you mistakenly accept a line that is not an image of the 
bottom of the bath (or bar of the Cambridge phantom), then you should click the 'Delete 
all accepted lines' button and start again. 

• You should aim to acquire about 40 lines, as described below. 
• Press the 'Solve for spatial calibration' button to run the calibration solution algorithm. 

This algorithm uses the recorded positions of those lines which were accepted. 
• Enter the name of the ultrasound probe and the depth setting in the two boxes. Since a 

calibration applies only to a specific probe and depth setting, it is very important that 
you correctly identify these at this stage. You need to press 'enter' in both boxes before 
the 'Accept calibration' button is enabled. 

• Press the 'Accept calibration' button. The effect of the new calibration is now apparent 
in all of Stradwin's windows. However, the calibration is not yet saved to file. 

• On the 'Record' task page, set the 'Video rate' to the value that you will require when 
you reload the template to use it for recording data. The recommended value for this is 
the 'Gated' setting. 

• Save the calibration to a template file using the file menu. 
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Motion sequence for calibration 
In what follows, the term 'phantom plane' refers to the bottom of the water bath or the virtual 
plane swept out by the bar of the Cambridge phantom. Initially position the probe above the 
phantom plane. This is the starting position for all the movements described below. 

(A) Move the probe vertically up and down without changing its orientation.  

(B) Rotate the probe from side to side while keeping the scan plane and the phantom plane 
perpendicular. You should rotate the probe both clockwise and anticlockwise from its starting 
position. 

(C) Rotate the probe towards you and away from you, changing the angle between the scan 
plane and the phantom plane. Note that the angle of the image of the phantom plane should not 
change significantly during these moves. 

(D) Rotate the probe through 45 degrees in each direction about its vertical axis. 

(E) Translate the probe across the phantom plane and perform motions A, B, C and D in a total 
of three non-collinear locations. 

You should aim to acquire about 40 lines.  

 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 325 

 
Verification of calibration consistency with the pointer 

Wherever possible, you should evaluate your calibration by testing whether or not it is 
consistent with your pointer calibration. 

To do this you need to have a Polaris position sensor that is able to track two things 
simultaneously. Ensure that the tracked probe and a trackable pointer are both in the active 
volume of the position sensor. Use the position source dialog from the configuration menu to 
get Stradwin to track both of them. You should be able to see them both in the 3D window 
when live display is enabled (using the left-most button on the toolbar). 

If the pointer has not already been calibrated, calibrate it as described on the pointer calibration 
page. 

Ensure that the pointer calibration task page is selected. While keeping the probe in the tracked 
volume, dip it in a water-bath and hold the tip of the pointer in the beam. You should be able 
to see the reflections from the tip of the pointer in the live B-scan image. If the calibration of 
the probe and the pointer are consistent, you will also see a dot with a circle around it. The dot 
indicates the location of the pointer in the B-scan calculated by the system. The radius of the 
circle indicates the measured distance of the pointer tip from the plane of the B-scan. If the 
calibrations are consistent, the circle should be small when the pointer tip shows up most 
strongly in the B-scan image. Note that there is a small delay in displaying the pointer position 
in the image. This is not a sign of a problem with the system. The goal is to ensure consistency 
when both the pointer and the ultrasound probe are effectively stationary. 

It is important to repeat the consistency check described in the previous paragraph with the 
pointer tip at various different positions in the B-scan image. You should make sure you check 
out all parts of the B-scan, not just the centre or one corner. 

Controls affecting the line-fitting algorithm 
Variance of Gaussian kernel 

This controls the smoothing applied to the image in advance of the edge detection 
process. 

Vertical analysis bands 
This sets the number of vertical bands in the image that are used for the edge detection 
process. They are indicated in the image window by vertical red lines drawn down the 
image. 

Gradient threshold 
This threshold governs the way the line detection algorithm detects edge elements. The 
algorithm scans down the image and picks the first local maximum which exceeds the 
threshold, or the biggest local maximum if none exceed the threshold. 

Pixel linearity threshold 
The random sample consensus (Ransac) algorithm requires a minimum proportion of 
the edge elements to be collinear, otherwise the line is not considered reliable. This 
parameter determines the vertical tolerance (in pixels) that is used when determining 
collinearity. 

Ransac acceptance proportion 
This is the proportion of edge elements that must be collinear for the line to be accepted. 

Configure for upside down image 
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It is conventional with some probes (eg. endovaginal) to view the image upside down, 
so that the probe face is at the bottom of the image and objects distant from the probe 
at the top of the image. By clicking on the 'Configure for upside down image' button, 
the edge detector will scan up from the bottom of the image for the first strong edge, 
instead of down from the top. Click this button when the image is inverted. 
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 Scan technique and three-dimensional plotting 
 
Stradwin image acquisition software set up 
 

1. Configure tab – Position source. Selection serial port COM1. Probe in line of site with 
camera to register with programme 

 
2. Template – Select template folder to load previous calibration attempt as outlined in 

previous chapter 
 

3. Select monitor signal to start input 
 

4. Record – Select video rate at full speed. Finish recording and save file. 
 
 
Patient set up and kit required 
 
Optical tracking for freehand scanning uses several infrared sources mounted on a transducer 

tracked by two cameras to triangulate the position. These infrared (IR) sources are LEDs (light 

emitting diodes) which are firmly attached to the transducer. A clear line of sight is required at 

all times between the camera and LEDs to track the position of the transducer.  An AdapTRAX 

tracking tool (Traxtal, Toronto, Canada) is mounted on the transducer which allows 

triangulation with six degrees of freedom from the tracking unit. This directly corresponds to 

the position of the ultrasound transducer which is indirectly mapped with accuracy to 0.35mm 

(Polaris, Northern Digital Inc.). Coupling gel is required on the desired area. 
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Scan capture method 

The fracture site can be imaged in both the long and short axis by moving slowly at 

approximately 5-10 mm per second with real time capture of frames for multiple slices over 

the site of interest. At the fracture site the probe should be carefully rocked, tilted and rotated 

to ensure perpendicular visualisation of callus and avoid anisotropy which may produce a false 

anechoic signal (loss of signal). 

 

Three-dimensional plotting 

 
The Echo Intensity, or grey scale, of cortical bone and callus has a distinctive appearance from 

that of the surrounding soft tissue envelope. Stradwin allows threshold plotting of the EI over 

a defined area of interest. Using a threshold above 80 grey scale (EI) would ensure both cortical 

bone and maturing hard callus can be captured (blue square).  Once the image is acquired it 

can then be edited. By selecting the draw tab and then threshold settings the minimum desired 

EI can be chosen. The reviewer can then simply select the areas which correspond to cortical 

bone and callus to map (red square) for the final three-dimensional reconstruction.  
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This needs to be plotted on sequential images to form the 3D lattice. 

 
 
Once the desired number of images is complete. The update tab on draw function creates the 
three-dimensional image. 
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 ROC Tables 
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10.7.1 Chapter 3 

ROC Table for fixation failure against time to operation 
Positive if Greater Than or Equal 
To 

Sensitivity 1 - Specificity 

0 1 1 

1.5 1 0.983 

2.5 1 0.962 

3.5 1 0.933 

4.5 1 0.887 

5.5 1 0.858 

6.5 1 0.837 

7.5 0.95 0.812 

8.5 0.95 0.762 

9.5 0.9 0.745 

10.5 0.9 0.682 

11.5 0.9 0.632 

12.5 0.9 0.611 

13.5 0.9 0.594 

14.5 0.9 0.577 

15.5 0.9 0.544 

16.5 0.9 0.527 

17.5 0.9 0.502 

18.5 0.85 0.481 

19.5 0.85 0.456 

20.5 0.85 0.448 

21.5 0.85 0.444 

22.5 0.85 0.431 

23.5 0.85 0.427 

26.5 0.85 0.423 

29.5 0.85 0.41 

31.5 0.85 0.402 

34.5 0.85 0.397 

36.5 0.85 0.393 

39 0.85 0.389 

41.5 0.85 0.385 

43.5 0.85 0.377 

49 0.85 0.372 

53.5 0.85 0.368 

58.5 0.85 0.364 

64 0.85 0.36 

65.5 0.85 0.356 

66.5 0.85 0.351 
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68 0.85 0.347 

70 0.8 0.343 

73.5 0.8 0.339 

76.5 0.8 0.335 

77.5 0.75 0.331 

80 0.75 0.326 

82.5 0.75 0.318 

84 0.75 0.314 

85.5 0.75 0.31 

87 0.75 0.305 

88.5 0.75 0.297 

89.5 0.75 0.293 

91.5 0.75 0.289 

93.5 0.75 0.28 

94.5 0.75 0.268 

95.5 0.75 0.259 

96.5 0.75 0.255 

97.5 0.75 0.251 

99 0.75 0.243 

101.5 0.75 0.238 

104.5 0.75 0.234 

106.5 0.75 0.23 

108 0.7 0.226 

109.5 0.7 0.218 

113.5 0.7 0.213 

118 0.7 0.209 

120 0.7 0.205 

124 0.7 0.197 

127.5 0.7 0.192 

130 0.7 0.188 

134.5 0.65 0.188 

138.5 0.65 0.18 

143.5 0.65 0.176 

147.5 0.65 0.167 

151 0.65 0.163 

158.5 0.6 0.163 

163.5 0.55 0.163 

164.5 0.55 0.159 

166.5 0.5 0.159 

174.5 0.5 0.155 

182 0.5 0.151 

187 0.45 0.146 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 333 

191.5 0.45 0.142 

192.5 0.45 0.138 

195.5 0.45 0.134 

198.5 0.45 0.13 

200.5 0.4 0.13 

204 0.4 0.126 

207 0.4 0.121 

213.5 0.35 0.121 

221 0.35 0.113 

224 0.35 0.109 

225.5 0.35 0.105 

226.5 0.35 0.1 

228.5 0.35 0.092 

230.5 0.35 0.088 

233 0.3 0.088 

237 0.25 0.088 

242.5 0.25 0.084 

253 0.25 0.079 

266.5 0.2 0.075 

281.5 0.2 0.071 

291 0.2 0.067 

295 0.2 0.063 

301.5 0.2 0.059 

310.5 0.2 0.054 

334 0.2 0.05 

363.5 0.2 0.046 

375.5 0.2 0.042 

392 0.15 0.042 

411 0.15 0.038 

433.5 0.1 0.038 

459.5 0.1 0.033 

468 0.1 0.029 

495.5 0.1 0.025 

549 0.1 0.021 

608.5 0.1 0.017 

746.5 0.05 0.017 

1000.5 0.05 0.013 

1195 0.05 0.008 

1337 0.05 0.004 

2233.5 0.05 0 

3036 0 0 
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ROC Table for post-operative infection against time to operation  

Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

0 1 1 

1.5 1 0.984 

2.5 1 0.964 

3.5 1 0.936 

4.5 1 0.892 

5.5 1 0.863 

6.5 1 0.843 

7.5 1 0.815 

8.5 1 0.767 

9.5 1 0.747 

10.5 1 0.687 

11.5 1 0.639 

12.5 1 0.618 

13.5 1 0.602 

14.5 1 0.586 

15.5 1 0.554 

16.5 1 0.538 

17.5 0.9 0.518 

18.5 0.9 0.494 

19.5 0.9 0.47 

20.5 0.9 0.462 

21.5 0.9 0.458 

22.5 0.9 0.446 

23.5 0.9 0.442 

26.5 0.9 0.438 

29.5 0.8 0.43 

31.5 0.8 0.422 

34.5 0.8 0.418 

36.5 0.8 0.414 

39 0.8 0.41 

41.5 0.8 0.406 

43.5 0.8 0.398 

49 0.8 0.394 

53.5 0.8 0.39 

58.5 0.8 0.386 

64 0.8 0.382 

65.5 0.8 0.378 

66.5 0.8 0.373 

68 0.8 0.369 
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70 0.8 0.361 

73.5 0.8 0.357 

76.5 0.8 0.353 

77.5 0.8 0.345 

80 0.8 0.341 

82.5 0.8 0.333 

84 0.8 0.329 

85.5 0.8 0.325 

87 0.8 0.321 

88.5 0.8 0.313 

89.5 0.8 0.309 

91.5 0.8 0.305 

93.5 0.8 0.297 

94.5 0.8 0.285 

95.5 0.8 0.277 

96.5 0.8 0.273 

97.5 0.8 0.269 

99 0.8 0.261 

101.5 0.8 0.257 

104.5 0.8 0.253 

106.5 0.8 0.249 

108 0.7 0.245 

109.5 0.7 0.237 

113.5 0.7 0.233 

118 0.7 0.229 

120 0.7 0.225 

124 0.7 0.217 

127.5 0.7 0.213 

130 0.7 0.209 

134.5 0.7 0.205 

138.5 0.7 0.197 

143.5 0.7 0.193 

147.5 0.7 0.185 

151 0.7 0.181 

158.5 0.7 0.177 

163.5 0.6 0.177 

164.5 0.6 0.173 

166.5 0.6 0.169 

174.5 0.6 0.165 

182 0.6 0.161 

187 0.6 0.153 

191.5 0.5 0.153 
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192.5 0.5 0.149 

195.5 0.5 0.145 

198.5 0.4 0.145 

200.5 0.4 0.141 

204 0.4 0.137 

207 0.4 0.133 

213.5 0.3 0.133 

221 0.3 0.124 

224 0.3 0.12 

225.5 0.3 0.116 

226.5 0.3 0.112 

228.5 0.3 0.104 

230.5 0.3 0.1 

233 0.3 0.096 

237 0.3 0.092 

242.5 0.3 0.088 

253 0.3 0.084 

266.5 0.2 0.08 

281.5 0.2 0.076 

291 0.2 0.072 

295 0.2 0.068 

301.5 0.1 0.068 

310.5 0.1 0.064 

334 0.1 0.06 

363.5 0.1 0.056 

375.5 0.1 0.052 

392 0.1 0.048 

411 0.1 0.044 

433.5 0.1 0.04 

459.5 0.1 0.036 

468 0.1 0.032 

495.5 0.1 0.028 

549 0.1 0.024 

608.5 0.1 0.02 

746.5 0 0.02 

1000.5 0 0.016 

1195 0 0.012 

1337 0 0.008 

2233.5 0 0.004 

3036 0 0 
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ROC Table for revision surgery against time to operation 
Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

0 1 1 

1.5 1 0.983 

2.5 1 0.961 

3.5 1 0.931 

4.5 1 0.884 

5.5 0.962 0.858 

6.5 0.962 0.837 

7.5 0.923 0.811 

8.5 0.885 0.764 

9.5 0.846 0.747 

10.5 0.846 0.682 

11.5 0.808 0.635 

12.5 0.808 0.614 

13.5 0.808 0.597 

14.5 0.808 0.579 

15.5 0.808 0.545 

16.5 0.808 0.528 

17.5 0.808 0.502 

18.5 0.769 0.481 

19.5 0.769 0.455 

20.5 0.769 0.446 

21.5 0.769 0.442 

22.5 0.769 0.429 

23.5 0.769 0.425 

26.5 0.769 0.421 

29.5 0.769 0.408 

31.5 0.769 0.399 

34.5 0.769 0.395 

36.5 0.769 0.391 

39 0.769 0.386 

41.5 0.769 0.382 

43.5 0.769 0.373 

49 0.769 0.369 

53.5 0.769 0.365 

58.5 0.769 0.361 

64 0.769 0.356 

65.5 0.769 0.352 

66.5 0.769 0.348 

68 0.769 0.343 

70 0.731 0.339 
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73.5 0.731 0.335 

76.5 0.731 0.33 

77.5 0.692 0.326 

80 0.692 0.322 

82.5 0.692 0.313 

84 0.692 0.309 

85.5 0.692 0.305 

87 0.692 0.3 

88.5 0.692 0.292 

89.5 0.692 0.288 

91.5 0.692 0.283 

93.5 0.692 0.275 

94.5 0.692 0.262 

95.5 0.692 0.253 

96.5 0.692 0.249 

97.5 0.692 0.245 

99 0.692 0.236 

101.5 0.692 0.232 

104.5 0.692 0.227 

106.5 0.692 0.223 

108 0.654 0.219 

109.5 0.654 0.21 

113.5 0.654 0.206 

118 0.654 0.202 

120 0.654 0.197 

124 0.654 0.189 

127.5 0.654 0.185 

130 0.654 0.18 

134.5 0.615 0.18 

138.5 0.615 0.172 

143.5 0.615 0.167 

147.5 0.615 0.159 

151 0.615 0.155 

158.5 0.577 0.155 

163.5 0.538 0.155 

164.5 0.538 0.15 

166.5 0.5 0.15 

174.5 0.5 0.146 

182 0.5 0.142 

187 0.462 0.137 

191.5 0.423 0.137 

192.5 0.423 0.133 
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195.5 0.423 0.129 

198.5 0.385 0.129 

200.5 0.346 0.129 

204 0.346 0.124 

207 0.346 0.12 

213.5 0.308 0.12 

221 0.308 0.112 

224 0.308 0.107 

225.5 0.308 0.103 

226.5 0.308 0.099 

228.5 0.308 0.09 

230.5 0.308 0.086 

233 0.269 0.086 

237 0.231 0.086 

242.5 0.231 0.082 

253 0.231 0.077 

266.5 0.192 0.073 

281.5 0.192 0.069 

291 0.154 0.069 

295 0.154 0.064 

301.5 0.154 0.06 

310.5 0.154 0.056 

334 0.154 0.052 

363.5 0.154 0.047 

375.5 0.154 0.043 

392 0.115 0.043 

411 0.115 0.039 

433.5 0.077 0.039 

459.5 0.077 0.034 

468 0.077 0.03 

495.5 0.077 0.026 

549 0.077 0.021 

608.5 0.077 0.017 

746.5 0.038 0.017 

1000.5 0.038 0.013 

1195 0.038 0.009 

1337 0.038 0.004 

2233.5 0.038 0 

3036 0 0 
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10.7.2 Chapter 4 

 

ROC Table for QuickDASH 
Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

-1 1 1 

1.135 1 0.954 

3.41 1 0.908 

5.685 1 0.861 

7.955 1 0.809 

10.225 1 0.769 

12.5 1 0.688 

14.77 0.963 0.659 

15.905 0.963 0.647 

17.045 0.889 0.607 

18.19 0.852 0.555 

19.1 0.852 0.543 

20.225 0.852 0.538 

20.475 0.852 0.509 

21.615 0.852 0.497 

23.865 0.852 0.468 

26.135 0.815 0.434 

28.41 0.815 0.399 

30.685 0.778 0.335 

32.955 0.778 0.318 

35.225 0.778 0.295 

37.48 0.778 0.272 

38.62 0.778 0.26 

39.77 0.741 0.243 

40.905 0.704 0.237 

42.045 0.593 0.22 

44.315 0.556 0.202 

46.59 0.481 0.185 

48.865 0.407 0.173 

51.135 0.37 0.162 

53.41 0.333 0.162 

55.685 0.333 0.133 

57.955 0.296 0.098 

60.225 0.259 0.087 

62.5 0.259 0.069 

64.775 0.222 0.058 

67.045 0.185 0.052 
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69.315 0.185 0.046 

71.59 0.111 0.046 

73.865 0.074 0.04 

76.135 0.074 0.029 

78.41 0.074 0.023 

81.825 0.037 0.023 

87.505 0.037 0.017 

93.18 0.037 0.006 

96.45 0 0 

 

ROC Table for EQ-5D 
Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

-1.04 1 1 

-0.03 0.963 1 

-0.01 0.926 1 

0.01 0.889 0.994 

0.035 0.889 0.988 

0.065 0.852 0.988 

0.12 0.852 0.977 

0.175 0.852 0.971 

0.2 0.815 0.971 

0.215 0.815 0.96 

0.255 0.778 0.96 

0.31 0.778 0.954 

0.345 0.778 0.942 

0.395 0.741 0.942 

0.475 0.741 0.931 

0.555 0.741 0.919 

0.625 0.593 0.855 

0.675 0.296 0.775 

0.71 0.222 0.734 

0.745 0.222 0.711 

0.77 0.074 0.416 

0.79 0.074 0.41 

0.805 0.074 0.283 

0.83 0.074 0.266 

0.865 0.037 0.266 

0.94 0.037 0.225 

2 0 0 
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ROC Table for Oxford Score  
Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

2 1 1 

4.5 0.963 1 

6.5 0.926 0.994 

7.5 0.926 0.988 

9 0.926 0.977 

10.5 0.889 0.977 

11.5 0.889 0.965 

12.5 0.852 0.96 

13.5 0.852 0.942 

14.5 0.852 0.919 

15.5 0.815 0.908 

16.5 0.741 0.896 

17.5 0.704 0.89 

18.5 0.667 0.873 

19.5 0.63 0.838 

20.5 0.519 0.832 

21.5 0.519 0.809 

22.5 0.519 0.798 

23.5 0.444 0.775 

24.5 0.407 0.74 

25.5 0.333 0.728 

26.5 0.296 0.723 

27.5 0.296 0.705 

28.5 0.259 0.659 

29.5 0.148 0.624 

30.5 0.148 0.59 

31.5 0.148 0.566 

32.5 0.148 0.532 

33.5 0.111 0.497 

34.5 0.074 0.445 

35.5 0.037 0.422 

36.5 0.037 0.387 

37.5 0.037 0.376 

38.5 0.037 0.335 

39.5 0.037 0.272 

40.5 0.037 0.26 

41.5 0.037 0.225 

42.5 0.037 0.191 

43.5 0.037 0.173 

44.5 0.037 0.121 
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45.5 0.037 0.104 

46.5 0.037 0.075 

47.5 0.037 0.058 

49 0 0 

 

ROC Table for NUP6 Model 
Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

0 1 1 

0.0213225 0.963 0.613 

0.0386761 0.926 0.549 

0.0488742 0.889 0.347 

0.0540811 0.852 0.266 

0.0986878 0.852 0.243 

0.1562671 0.778 0.208 

0.1710171 0.741 0.168 

0.1939234 0.741 0.156 

0.2170893 0.667 0.092 

0.2371088 0.63 0.075 

0.3766937 0.63 0.069 

0.5001278 0.481 0.04 

0.5278742 0.444 0.023 

0.5890402 0.259 0 

0.7410324 0.185 0 

1 0 0 

 

ROC Table for NUP0 Model 
Positive if Greater Than or Equal To Sensitivity 1 - Specificity 

0 1 1 

0.0174 1 0.994 

0.0182 1 0.988 

0.0194 1 0.983 

0.0206 1 0.977 

0.022 1 0.965 

0.0239 1 0.96 

0.025 1 0.954 

0.0255 1 0.948 

0.0275 0.963 0.942 

0.0296 0.963 0.936 

0.031 0.963 0.931 

0.0321 0.963 0.919 

0.0331 0.963 0.908 

0.0344 0.926 0.902 
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0.0351 0.926 0.879 

0.0362 0.926 0.873 

0.0375 0.926 0.867 

0.0384 0.926 0.861 

0.0389 0.926 0.855 

0.0398 0.926 0.85 

0.0407 0.926 0.838 

0.0413 0.926 0.832 

0.0432 0.926 0.827 

0.0454 0.926 0.815 

0.0464 0.926 0.798 

0.0478 0.926 0.786 

0.0492 0.889 0.786 

0.0499 0.889 0.78 

0.0513 0.889 0.775 

0.0524 0.889 0.769 

0.0533 0.889 0.763 

0.0545 0.889 0.751 

0.0565 0.889 0.74 

0.0585 0.889 0.734 

0.0598 0.852 0.728 

0.0609 0.815 0.728 

0.0614 0.815 0.723 

0.062 0.815 0.717 

0.0629 0.815 0.711 

0.0652 0.815 0.705 

0.0676 0.815 0.694 

0.0685 0.815 0.688 

0.0695 0.815 0.682 

0.0708 0.815 0.676 

0.0728 0.815 0.671 

0.0746 0.815 0.665 

0.0757 0.815 0.659 

0.0779 0.815 0.653 

0.0801 0.815 0.647 

0.0812 0.815 0.642 

0.0845 0.815 0.63 

0.0899 0.815 0.624 

0.0934 0.815 0.613 

0.0947 0.815 0.601 

0.0957 0.815 0.595 

0.097 0.778 0.595 
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0.0984 0.778 0.59 

0.1012 0.778 0.584 

0.1039 0.741 0.584 

0.1051 0.741 0.578 

0.1062 0.741 0.572 

0.1072 0.741 0.566 

0.1107 0.741 0.561 

0.1145 0.741 0.555 

0.1163 0.741 0.549 

0.1176 0.741 0.543 

0.1184 0.741 0.538 

0.12 0.741 0.532 

0.1233 0.741 0.526 

0.1269 0.741 0.514 

0.1299 0.741 0.497 

0.1317 0.741 0.491 

0.1329 0.704 0.491 

0.1347 0.704 0.486 

0.137 0.667 0.474 

0.1388 0.667 0.468 

0.142 0.593 0.468 

0.1455 0.593 0.462 

0.1464 0.593 0.451 

0.1474 0.593 0.445 

0.1483 0.593 0.439 

0.1516 0.593 0.434 

0.1556 0.593 0.422 

0.1583 0.593 0.416 

0.1603 0.593 0.41 

0.1617 0.556 0.41 

0.1638 0.556 0.405 

0.1659 0.556 0.399 

0.1687 0.556 0.393 

0.1709 0.556 0.387 

0.1723 0.556 0.382 

0.1762 0.556 0.37 

0.1807 0.519 0.37 

0.183 0.519 0.358 

0.1865 0.481 0.358 

0.1905 0.481 0.347 

0.1929 0.481 0.341 

0.1953 0.481 0.335 



Nonunion of the Clavicle. Novel use of clinical recovery and ultrasound to improve our ability to predict fracture healing  
 

 346 

0.2022 0.481 0.329 

0.2118 0.481 0.324 

0.2174 0.481 0.318 

0.2204 0.481 0.312 

0.2238 0.481 0.306 

0.2265 0.481 0.301 

0.2284 0.444 0.301 

0.232 0.444 0.295 

0.2369 0.444 0.283 

0.2397 0.444 0.277 

0.2431 0.444 0.272 

0.2486 0.444 0.266 

0.2524 0.444 0.26 

0.256 0.444 0.254 

0.2589 0.444 0.249 

0.2604 0.444 0.243 

0.2617 0.444 0.237 

0.2672 0.407 0.237 

0.2724 0.407 0.231 

0.2816 0.407 0.225 

0.2909 0.407 0.22 

0.2946 0.407 0.214 

0.2994 0.407 0.208 

0.3092 0.407 0.202 

0.3275 0.407 0.197 

0.3385 0.407 0.191 

0.3406 0.407 0.185 

0.3442 0.407 0.179 

0.3555 0.407 0.173 

0.3661 0.407 0.168 

0.3738 0.407 0.162 

0.3828 0.37 0.162 

0.3874 0.37 0.156 

0.3944 0.37 0.15 

0.4063 0.37 0.145 

0.4158 0.37 0.139 

0.427 0.37 0.133 

0.4408 0.37 0.127 

0.4474 0.333 0.121 

0.4512 0.333 0.116 

0.4544 0.333 0.11 

0.4563 0.333 0.104 
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0.4582 0.333 0.098 

0.4601 0.296 0.098 

0.4673 0.296 0.092 

0.474 0.296 0.087 

0.4779 0.296 0.081 

0.4963 0.296 0.075 

0.5203 0.259 0.075 

0.5362 0.259 0.069 

0.5466 0.259 0.064 

0.5512 0.222 0.064 

0.5607 0.222 0.058 

0.5738 0.222 0.052 

0.586 0.222 0.046 

0.5999 0.185 0.046 

0.6099 0.185 0.04 

0.6348 0.185 0.035 

0.6638 0.148 0.035 

0.6784 0.111 0.035 

0.7043 0.111 0.029 

0.7298 0.111 0.023 

0.741 0.111 0.017 

0.7607 0.111 0.012 

0.7947 0.111 0.006 

0.8282 0.111 0 

0.8544 0.074 0 

0.8947 0.037 0 

1 0 0 
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