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[bookmark: _Toc172662809]Abstract
The limited resources and ongoing financial pressures which face the National Health Service necessitate economic evaluation to justify the decision-making and allocation of resources. Cost-utility analysis although is one of the most useful types of economic evaluation is not particularly common in paediatric orthopaedics. This study outlines the concepts of cost-utility analysis and applies them to evaluate an intervention for femoral lengthening in children.  
Femoral lengthening is a procedure of great importance in the treatment of congenital and acquired limb deficiencies. If left untreated these conditions could result in many physical and emotional problems to the patients. Femoral lengthening surgeries used to rely on external fixation to achieve the required length and to stabilise the bones until satisfactory healing is achieved. Technological advances have led to the design of fully implantable motorized intramedullary lengthening nails, which are reported to avoid some complications of external fixations. Nevertheless, lengthening nails implants are more expensive than external fixators.
This thesis presents a cost-utility analysis of femoral lengthening in children with intramedullary magnetic lengthening nails compared to external fixators.
No previous literature evaluated the costs or the quality-of-life outcomes of the interventions. The clinical effectiveness and the costs of treatment with the intramedullary lengthening nails and external fixators were compared retrospectively in age and diagnosis matched cohorts. While the health utilities were compared prospectively between two different cohorts.
Intramedullary magnetic lengthening nails have the potential to be a safe and effective option for femoral lengthening in children. The lower cost of post-operative care may be enough to outweigh the higher cost of the lengthening nail implants. When compared to external fixation devices, lengthening nails provide a higher quality of life throughout the treatment process. Within the National health care services setup, paediatric femoral lengthening with PRECICE nails was determined to be cost-effective.
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[bookmark: _Toc172662822]Chapter 1: Background, Aims and Objectives.
[bookmark: _Toc172662823]Background
Congenital limb-length discrepancy and post-traumatic disorders including malunion and growth arrest are some of the most common reasons for bone lengthening and deformity correction. For more than 50 years, distraction osteogenesis has been utilised successfully for this purpose. External fixation has proven to be a reliable method for achieving the correct rate and rhythm of distraction for effective distraction osteogenesis. External fixation, on the other hand, can cause many problems, including a loss of joint range of motion, pin tract infection, scarring, soft-tissue contractures, and pain. Furthermore, the patient may find it difficult to cope psychologically with wearing the fixator for months at a time. Pin sites care can be painful, making it difficult for the parent or caregiver to complete this daily. To accommodate the external device, children frequently require adapted clothing and long-term pain management. This can impact their quality of life, self-confidence, and mental health.
The pot of gold of limb lengthening has been a fully implanted lengthening device with no wires or pins traversing the soft tissues. Because there are no pins or wires, soft tissues are not tethered, allowing patients to preserve improved mobility and limb function. Furthermore, without pin tracts, the risk of infection in soft tissue or bone is considerably minimised. This might explain the overwhelming popularity of the relatively new technology of intramedullary motorised lengthening nails. Early reports about these devices were promising, which led to the further development of many variations of these implants.
The lack of comparative studies between limb lengthening with motorised lengthening nails and external fixators, in addition to, the apparent increase in the cost of the lengthening nails compared to external fixators motivated this research. 
The new generation of magnetic lengthening devices raised biological safety concerns. This resulted in a temporary recall of these devices for further biocompatibility testing. Recently, some models were re-introduced to the US market with new labelling. This research was started 2 years before these events. Hence, despite the uncertainty about the future of magnetic lengthening devices for limb lengthening in children, this is the first study to offer a comprehensive clinical and economic analysis of limb lengthening in children.
This research focused on the paediatric age group for multiple reasons. First, limb lengthening is more common in children compared to adults. Second, indications for limb lengthening in children are wider than in adults. Third, children are less likely to have social habits that might affect bone healing such as smoking and alcohol. And finally, the research was conducted in a children’s hospital with no access to patients older than 18 years. 

[bookmark: _Toc172662824]Aims
This research aims to evaluate the intervention (magnetic intramedullary lengthening nails) and compare it to external fixation. Also, it aims to economically evaluate the intervention by looking at the clinical, quality of life and cost of treatment compared to the standard treatment with external fixation.
[bookmark: _Toc172662825]Objectives
To evaluate motorised lengthening nails for femoral lengthening of children following the IDEAL framework. To achieve this objective the following points were required
1. Conduct literature to evaluate the current evidence about motorised intramedullary lengthening nails in comparison to external fixators for femoral lengthening in children. 
2. Design and conduct a phase 2a study to compare the radiological and clinical outcomes of femoral lengthening in matched paediatric patients using magnetic lengthening nails to external fixation.
3. Design and Conduct phase 2a to analyse and compare the costs of femoral lengthening in matched paediatric patients using magnetic lengthening nails to external fixation.
4. Design and conduct a prospective study to compare the quality of life of children during the treatment with lengthening nails and external fixations. This is in addition to calculating the quality-of-life adjusted years to inform the further economic evaluation.
5. Economic analysis weighing the quality of life, and costs of treatments to conclude the cost-utility of the magnetic lengthening nails for femoral lengthening in children compared to external fixation.
6. Propose further research to explore the clinical equipoise. 
7. Propose a phase 3 study (RCT) protocol to evaluate the effectiveness and safety of motorised lengthening nails.
8. Propose measures to evaluate the long-term effects of the motorised lengthening nails (phase 4 evaluation)
[bookmark: _Toc172662826]Research question
Which option is more cost-effective for femoral lengthening in children, motorised lengthening nails or external fixators?
[bookmark: _Toc172662827]Thesis structure 
The evaluation of surgical intervention is known to be challenging. This is likely due to the variable quality of the available research. The IDEAL framework describes the stages of surgical innovations and outlines the suitable research to evaluate the interventions at these phases. 
This research is an attempt to evaluate motorised lengthening following the IDEAL framework. An introduction of this research was presented in Chapter 2. The current evidence was evaluated in chapter three. The systematic review showed a lack of current evidence and left unanswered questions regarding the efficacy, cost-effectiveness and safety of the intervention. This prompted further research to study the clinical outcomes (Chapter Four), cost analysis (Chapter Five), health utilities (Chapter Six) and an economic evaluation (Chapter Seven) of the motorised lengthening nails compared to the standard treatment with external fixators in children. Chapter Eight included a general discussion about the research and its limitations. The protocol for phase 3 randomized controlled trial to evaluate the intervention is outlined in chapter Nine and a proposal for phase 4 evaluation.

This thesis was prepared and presented in the style of scientific papers that could be published in a peer-reviewed journal. Chapter Nine was presented in the form of a research protocol for the clinical equipoise Delphi method study and an RCT protocol that is suitable for grant applications.
The University of Sheffield supports this alternative PhD thesis style as a means of preparing PhD candidates for grant applications and academic publication. 
Four chapters were published in peer-reviewed Pubmed indexed journals.
[bookmark: _Toc172662828]COVID-19 and implant Recall impacts
During the COVID-19 Pandemic, most of the elective surgeries were stopped for a long time. This has affected the recruitment of patients in the different parts of the research.
The expanding rule of virtual clinics reduced the number of children who were able to fill and return the quality-of-life questionnaires. 
PRECICE nails were recalled by the manufacturer in 2021, this has also affected the recruitment of children.

[bookmark: _Toc172662829]Chapter 2 Introduction.
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Description automatically generated]Anisomelia, or limb length discrepancy (LLD), is a condition in which paired limb lengths are unequal. LLD is a common condition, affecting 40 to 70 per cent of the population. LLD of greater than 20 mm affects at least one in every 1000 people(1,2). The aetiology of Limb length discrepancy (LLD) includes multiple disorders which could be divided into systemic and localised causes. Systemic causes of LLD include neurological disorders (such as poliomyelitis, cerebral palsy and spinal dysraphism) and genetic conditions (such as Ollier’s disease, multiple hereditary exostosis, neurofibromatosis, fibrous dysplasia, Beckwith-Wiedemann syndrome, Russell Silver syndrome and Klippel-Trenaunay syndrome).  Local causes of LLD include congenital longitudinal deficiency, tumours, post-traumatic bone loss, infection and physeal injuries. LLD can also be classified according to the changes throughout the child’s development; to a static and progressive LLD.[bookmark: _Toc95952626][bookmark: _Toc95952727][bookmark: _Toc172662947]Figure 1 Shapiro classification of Limb length discrepancy

Identifying the pattern of LLD is crucial in choosing the treatment strategy for patients with LLD. Shapiro (3)  defined 5 different patterns for the development of LLD over childhood outlined in Figure 1. The main determinant of the development of LLD is the initial pathology that results in LLD. The upward slope in type 1 is mainly due to physeal injuries where the LLD increases constantly with time. The upward slope-deceleration pattern (type 2) happens when a previously constantly increasing rate of LLD reduces with time such as in cases of neuromuscular disorders. The upward slope- Plateau pattern (type 3) is a result of the momentary increase of LLD at a constant rate for a while followed by unchanged LLD such as cases of LLD due to femoral fractures. Perthes disease is a good example of type 4 where the discrepancy increases then stops before it increases again. In the Type 5 pattern, the previously increased LLD reduces after achieving a peak with an example of Juvenile inflammatory arthritis. 
LLD is not only a source of cosmetic concern for patients and their families but also it can result in significant consequences such as changes in gait biomechanics, back pain, lower limb joints arthritis, psychological problems, and poor lifestyle.  The recommendations of the American Association of Orthopaedic Surgery (AAOS) in their study guide on the management of LLD(4) are as follows. 
1. LLD less than 2 cm non-operative treatment with appropriate orthotics such as shoe raises might be required. 
2. For LLD of 2-5 cm, the recommended treatment is growth modification (epiphysiodesis) of the longer side at an appropriate time before skeletal maturity. However, limb lengthening might be necessary for patients with expected short stature. Following skeletal maturity, children with LLD between 2-5 cm might require surgical intervention for either shortening the longer side or lengthening the shorter limb.  
3. For LLD of more than 5 cm, limb lengthening is frequently indicated(4,5). Major LLD (>20 cm) can be treated with ablation and prosthetic fittings or consecutive limb lengthening. The anatomy of the limb, available resources, culture, and surgical skills are all important factors for the treatment of patients with LLD.
[bookmark: _Toc172662831]Limb lengthening
[bookmark: _Hlk96118921]The science of leg-lengthening has evolved over the last century. Alessandro Codivilla of Bologna in 1905 (6) described the first femoral lengthening technique. A plaster spica was applied to the leg in addition to a calcaneal skeletal traction pin, following femoral osteotomy, distraction was applied, and the plaster was completed to maintain the gained length. This procedure was done under narcotics and was repeated as necessary. Putti(7) 1921 introduced the concepts of osteotomy, continuous traction and simple external fixators. De Bastani et al (8) published the first report of femoral lengthening with distraction osteogenesis in the English language. That paper outlined the concepts of low-energy corticotomy with minimal periosteal stripping, latent phase and distraction in multiple small turns (1/4 turn four times a day). Healing index (HI) was another new term defined by De Bastani to identify the time for healing divided by length gained in centimetres. Gavrill Ilizarov revolutionized limb reconstruction by introducing the fine wire circular frame for the management of trauma and deformities(9). The general Ilizarov principles of distraction osteogenesis include low energy osteotomy and stabilization (fine wires circular frame) followed by a latent phase during which soft callus forms before the distraction phase. The distraction phase is when the patients/parents gradually distract the soft callus. The average distraction rate is 1mm/day although it is usually tailored to individual patients. The consolidation phase starts after achieving the desired length and lasts roughly double the time of the distraction phase. During the consolidation phase, the newly formed bone (regenerate) ossifies and consolidates. Further advancement of external fixation frame designs introduced the 6 strut circular frames which utilise computer software to enable 6 degrees of freedom to correct complex deformities(10) (figure 2).
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[bookmark: _Toc172662948]Figure 2 Clinical photograph of a circular external fixator.

[bookmark: _Hlk96120922]The results of limb lengthening in children are generally good. Prince et al(11) reviewed the outcome of femoral lengthening in 38 children with congenital femoral deficiency using mono-lateral external fixators. Patients were reviewed at 2 years following surgery to assess outcome scores, average length gained, complications and range of motion of hip and knee joints. The average gained length was 6cm, Paediatric Outcome Data Collection Instrument (PODCI) scores were better in all patients except in cases when the length gain exceeded 25% of the original femoral length or 6cm. There was no significant loss in the range of motion (ROM) of hip or knee joints at the final follow-up compared to preoperative ranges. Complications were reported in 50% of the patients. This study focused exclusively on children and assessed the clinical, as well as patient’s reported outcomes which are strong points however the scores were subjected to recall bias as they were filled 2 years following the lengthening. In another study (12), 24 children had femoral lengthening using Ilizarov circular external fixation. The average age of participants was 11 years, and the average gain in length was 5cm. HI was 35 days/cm and 50% of participants had complications such as fractures, pin site infection, and secondary deformity. Eren et al(13) compared the outcome of 77 Hexapod frames (computer-assisted struts)  to 94 Ilizarov and concluded better HI with the Ilizarov however hexapod fixators resulted in better overall alignment. 
Complications with limb lengthening were categorized in one of the key studies by Paley et al (14) into problems, obstacles and complications. Problems with lengthening included all incidents that did not need operative intervention such as pin site infection. Obstacles were the incidents requiring operative intervention such as premature consolidation, hardware loosening and delayed union. True complications included all intraoperative complications such as neurovascular injuries as well as postoperative complications such as refracture and joint dislocations. This study reported the incidence of complications in 60 lengthening with an average gained length of 5.5 cm (range from 1-16 cm). There were 35 problems, 11 obstacles and 27 true complications. This study included paediatric and adults (ages ranged from 2 to 54 years) and there was no comparison made between the complications rate between the 2 groups. This study did not aim to report the outcomes for lengthening, it included variable pathologies, a wide group of patients and patients who had deformity correction with no lengthening, hence it is not possible to criticise the outcomes and the presented results are not sufficient to understand the aetiology of the adverse events. That study aimed to describe the outlined classification of complications, this classification system has been used widely by other researchers.
[bookmark: _Hlk96121228]The external fixation technique is the traditional method of lower limb lengthening. It is thought to be cost-effective, reproducible, allows correction of angular deformities and spans the knee/hip joints if necessary(11). However, external fixation could limit the patients’ activities and lifestyles, this is in addition to the increased risk of postoperative infection(15) and scarring(16). The lengthening over a nail (LON) technique is an alternative option that combines using external fixators for lengthening and intramedullary nails to allow early removal of the external fixators. LON involves the application of external fixation and non-mechanised intramedullary nail in the same setting, once the final length was achieved the external fixator is then removed and the locking screws are inserted into the nail. The use of combined techniques resulted in less time of external fixation with an average of 20 weeks; however, the deep infection rate was 6% which is higher than intramedullary nails(17). 

[bookmark: _Toc172662832]Lengthening nails
The difficulties of living with external fixators and the common complications which are associated with these devices resulted in many attempts to minimise the period of external fixation. Lengthening nails have been used for decades. Intramedullary lengthening nails follow the Ilizarov principles of low-energy corticotomy, the latent postoperative phase followed by gradual distraction and finally the consolidation phase. Lengthening nails are intramedullary telescopic devices that fix the bone ends and telescope/lengthen to produce the desired length. The early designs of fully implantable lengthening nails relied on a ratchet mechanism, where lengthening was achieved by rotations of the limb. Examples of mechanical lengthening nails included the Albizia nail and the Intramedullary Skeletal Kinetic distractor (ISKD).
Albizzia nail
Albizzia nail (DePuy, Villeurbanne, France) was developed in the early 1990s in France by JM Guichet who published their early results in 2003(18). The Albizzia nail was a mechanical lengthening nail which was activated by internal and external rotations of the limb, where five internal and external manoeuvres were equivalent to 1 mm of distraction. Guichet et al reported the outcome of 41 femoral lengthenings (31 patients) with the Albizzia nail, the mean age was 21 years (12-39 years). Indications of lengthening in their series included congenital, posttraumatic and cosmetic LLD. All patients required at least 3 procedures; implantation, manipulation under anaesthesia to start the distraction and a third procedure for removal of the implant. The authors reported that all the patients achieved their target lengths, with a mean gain of length of 3.5 cm (2 to 5.5 cm) for unilateral and 6.3 cm (4.6 to 8.4 cm) following bilateral procedures. The ROM was reported to be identical to the contralateral side for unilateral lengthening or the preoperative range for bilateral lengthening. Three nails failed to distract which resulted in exchange nailing, one patient had hip subluxation which did not require surgical treatment, three femora had delayed union, premature consolidation was reported in 2 femora while deep infection was reported in two other cases. Despite this study’s encouraging results, the Albizzia nail was not used on a wide scale. This might be due to the special training which was required to do the procedure or the marketing policy of the manufacturer/developer. As a result, there are limited reports about this device. This study included a mixture of adults and children and was a case series. These findings were reported by the developer of the device, which may have resulted in bias in assessing the efficacy and safety of the intervention, also there are concerns regarding the reproducibility of the outcomes. Mazeau et al(19), reported the outcome of Albizzia nail in 36 femora, the average age was 16 years and the average gained length was 4.7 cm. Eight patients required manipulation under general anaesthesia to help with the distraction, while six patients required further procedures to achieve appropriate healing.
The intramedullary skeletal kinetic distractor (ISKD)
The intramedullary skeletal kinetic distractor (ISKD, Orthoﬁx Inc., McKinney, TX, USA) is another mechanical lengthening nail. Cole and colleagues developed the ISKD and reported their initial results in 2001(20). ISKD required a small degree of rotation to result in distraction. 60 rotations of three to nine degrees which could be achieved during normal activities such as walking were enough to produce 1mm distraction. ISKD was approved by the Food and Drug Administration (FDA). It had a wide market and was used frequently in North America and Europe before it was discontinued due to implant-related complications. 
Cole et al (20),  focused on the adult population and included 20 bony segments (4 femora and 16 tibias). Two broken nails were reported, and all their patients achieved the target length. Burghardt et al(21), Kenawey et al(22) and Lee et al(23) focused on the device-related complications of ISKD. The largest cohort was from Burghardt et al (21), who reported on 242 lengthening procedures in 180 patients. The mean age was 29.6 years (9- 60 years). The authors reported failure of 15 nails (6.2%). The device-related complications included nail breakage in ten femora and a failed distraction mechanism in five other nails. Three of these nails were thought to have been forcefully impacted through un-reamed segments which might have failed in the distraction mechanism, while the other two devices were found to have assembly errors.
Many authors reported runaway failure of the ISKD (21,22,24,25). Runaway was an uncontrolled distraction >1.5mm/day. Nageeb and colleagues in their systematic review(26), suggested the cause of the runaway phenomenon was patient-related. It was hypothesised that patients’ unfamiliarity with the sensor and the device was responsible for runaway failure. Additionally, variation in the level of activity might explain the variation in daily lengthening. Hence, it was recommended that patients who were unreliable or unable to fully understand the mechanical lengthening mechanism should have been scheduled for external fixators, instead of undergoing ISKD treatments. Kenawey et al(22), suggested the device to be responsible for runaway failure, following reporting 9 runaways in 45 femora. It was claimed that the nail was too sensitive which resulted in its activation with muscle contraction. Simpson and colleagues (27) observed 7 runaways in 33 femora, the authors suggested that runaway was more likely with thinner nails and in cases where the nail length in the distal fragment was less than 80mm. 
On the other hand, failure of the distraction mechanism or difficulty in achieving the target length was associated with having more than 125mm of the thick portion of the nail in the distal fragment.  There was a high risk of runaway with a wide medullary canal which could be related to using a thinner nail, over-reaming and lack of support of the distal fragment by having less the 80 mm of the thicker nail in the distal fragment. But where the medullary canal was tight the risk of failure of distraction increased. The authors suggest planning the osteotomy so that between 80-125 mm of the thicker part of the nail is in the distal fragment, reaming by 2-2.5 mm more than the nail diameter(27).
ISKD breakages were reported by multiple authors(21,22). Failure in device assembly and excessive device loading (in cases of lack of compliance with weight-bearing instructions or delayed union) were the commonest reported causes of failure. The recurrent implant-related complications resulted in ISKD nails falling out of favour and the ISKD was recalled in 2013. There is no available literature comparing the outcome of ISKD lengthening with external fixation in children.
The difficulties with the mechanical lengthening nails resulted in the development of fully implantable, externally controlled, motorised lengthening nails. The PRECICE (PRECICE lengthening nail (Nuvasive. California, United States) are magnetic nails activated with application of an External Remote Control (ERC) over the magnet of the PRECICE nail, while the electromechanical FITBONE nails (FITBONE Telescope Active Actuator [TAA] nail; Wittenstein Intens, Igersheim, Germany) are activated by placing an external transmitter over the implanted receiver which is placed in the subcutaneous tissue. 
The initial results of PRECICE nails (28) in 24 skeletally mature patients suggested a precision of 98% for PRECICE nails in achieving preoperative goals. The average gained length was 3.5 cm. 1 of the nails in this study had a faulty distraction mechanism while 6 patients had other complications such as early consolidation and soft tissue problems. This study was criticized for having a very short follow-up of 3-29 weeks which might have resulted in missing other complications during consolidation such as collapse, non-union and fractures. The precision of PRECICE nail in comparison with ISKD (29) was 98% compared to 38% for PRECICE nails and ISKD respectively. This study prompted the change of practice from ISKD nails to PRECICE nails in West Scotland based on the fewer complication rates and better accuracy.
[bookmark: _Toc172662833]PRECICE nail description
PRECICE nail is a telescopic intramedullary locking nail. A rare-earth magnetic metal spindle is connected to a set of three planetary gear clusters, each of which creates a 1/4 reduction between the magnet and the drive screw. Between the gears and the driving screw is a coupling with a built-in safety mechanism, similar to an automobile clutch, to prevent breaking in the face of extreme torque resistance (Figure 3). 
An ERC device activates the mechanism (actuator) to magnetically couple to and rotate the magnetic metal spindle, the ERC uses two motor-driven rotating magnets. The ERC rotates at a rate of 30 rotations per minute. To achieve 1 mm of lengthening, it takes 7 minutes and 210 revolutions. Pointing the ERC in one direction causes the nail to extend, whilst facing it in the opposite direction causes the nail to shorten.
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 A: magnet, B: Gearbox, C: Lead screw. Permission from Nuvasive.














PRECICE nail & locking screws
The first generation of the PRECICE nail was offered for the tibia and femur. Two diameters were available (10.7 and 12.5 mm), with stroke lengths of 65 mm, and overall pre-distraction lengths of 230–355 mm. The intramedullary limb lengthening actuator component of the first-generation PRECICE (PRECICE 1) required assembly during the surgery to extension rods of different lengths and anatomical shapes. The length of the intramedullary limb lengthening actuator was constant, whereas the length of the extension rod varied. The intramedullary limb lengthening actuator, which included a rare earth magnet, telescoping lead screw/nut assembly, and gearing, was housed in a rod section welded to the rest of the nail housing above and below(30).
The second-generation PRECICE 2 nail was released in November 2013. The modified implantable nail is offered in the tibia and femur variants with diameters of 8.5, 10.7, and 12.5 mm, stroke lengths of 50 and 80 mm, and overall pre-distraction lengths of 195–365 mm.
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 permission from NUVASIVE.



External remote control
[image: 2]The ERC is a non-invasive device that accurately distracts the nail at predetermined rates (Figure 5). The ERC consists of two magnets which are rotated by an electrically powered motor. When the ERC magnets are rotated close enough to the PRECICE nail (less than 5.5 cm), the rare earth magnet in the nail spins, and the distraction rod either lengthens or shortens the intramedullary nail, depending on which way the ERC magnets are rotated. It is a common practice to use the ERC in the operating theatre after the implantation of the nail to test the nail mechanism. This is usually achieved by distracting the nail by 1mm and confirming this distraction radiologically. [bookmark: _Toc172662951]Figure 5: clinical picture demonstrating the ERC while being used



Encouraging outcomes of lengthening nails were reported in multiple studies(31–35).
Lengthening nails are thought to offer a more active postoperative lifestyle and a more socially acceptable body image during treatment due to the ability of patients to wear normal clothing, fewer metalwork problems and without the postoperative pin site infections compared to earlier designs and external fixation(36). The average cost of the magnetic nail implant is around £12,000 to £13,000 while the average cost of the external fixators varies between £3,000 to £6,000 depending on the type of external fixator(37). With the limited resources available to the National Health Service (NHS) and the United Kingdom being a welfare state, increasing emphasis has been placed on cost-effectiveness and the assessment of Health-Related Quality of Life (HR-QoL) has become the foundation of economic evaluation of health technologies and gained detrimental rule in supporting the decision for allocation of NHS resources(38,39). The recent shift to using motorised nails for bone lengthening in children despite the obvious difference in the implant costs compared to the traditional treatment with external fixation necessitated this systematic review.
This thesis evaluated the intervention of lengthening nails for lower limb lengthening in children according to the IDEAL framework. The research started with a literature review about the outcomes of motorised lengthening nails in children, this was followed by a complementary review on the outcomes of intramedullary nails for lower limb lengthening in children. Next, a phase 2a IDEAL study was conducted to review the outcomes and costs of treatment with lengthening nails compared to external fixators in children. The thesis then progressed to describe a phase 2b IDEAL study to prospectively compare the quality of lives of children during the treatment with these devices. Building on that a cost utility analysis was discussed. Finally, a proposal for phase 3 RCT trial was described along with a feasibility Delphi method to understand the clinicians’ equipoise regarding the treatment. 

[bookmark: _Toc172662834]Chapter 3 literature review.
[bookmark: _Toc172662835]Abstract
Background: Femoral lengthening is a procedure of great importance in the treatment of congenital and acquired limb deficiencies. The fully implantable motorised intramedullary lengthening nails were introduced to offer the patients a friendly alternative to external fixators.
Aim: To review and critically appraise the literature comparing the outcome of intramedullary lengthening nails to external fixators, with a focus on femoral lengthening in children.
Methods: This review was conducted in two parts; the first was a systematic review of the outcomes of femoral lengthening in children using lengthening nails compared to external fixators, while the second part was an umbrella review of the outcomes of intramedullary nails for lower limb lengthening. The electronic databases (MEDLINE, Scopus) were systematically searched in May 2024 for studies comparing the outcome of femoral lengthening in children using motorised lengthening nails and external fixation. The outcomes included the amount of gained length, healing index, complications, and patient-reported outcomes. The second review was conducted to study the outcomes of all designs of lengthening nails. The data was collected from the electronic databases focusing on published systematic reviews.
Results: Of the 165 identified studies only two (retrospective and non-randomized) met the inclusion criteria. Both studies were published following the dissemination of the results of this thesis. A total of 68 femora were included. The ages of patients in both studies ranged from 8-18 years. Both lengthening nails and external fixation achieved the target length. The adverse events were more common with external fixators than lengthening nails. Neither study presented patient-reported outcomes. The second review included 6 systematic reviews which discussed the outcomes of intramedullary nails for distraction osteogenesis. 
Conclusion: The included studies in the systematic review concluded that lengthening nails were an effective and safer alternative to external fixators for femoral lengthening in children. The available literature is limited and does not provide evidence on patient quality of life or the cost-effectiveness of the interventions. In light of these findings and since there is a rise in the use of lengthening nails further research is necessary to study the effectiveness of the motorised lengthening nails in comparison with the traditional lengthening with external fixators.
[bookmark: _Toc172662836]Systematic review.
[bookmark: _Toc172662837]Background:
Lengthening nails are considered as surgical innovations because of the following points: (i) they present a risk profile that differs from the traditional procedure; (ii) they require additional training;(iii) they use an alternative anatomical approach to traditional lengthening with external fixators; (iv) the possibility of increased cost; and (v) the outcomes are not fully reported yet. This is in addition to the rather uncommon disorders; they are used to treat(40,41).
The evaluation of novel procedures is very challenging, there are several variables to consider, including the development of the operative technique, the surgeons' learning curves, and the choice of appropriate outcome(41). The (IDEAL) framework was developed for the evaluation of surgical innovations, this framework includes Idea, Development, Exploration, Assessment, and Long-term follow-up—which outlines five stages of assessment.
Stage 1 Idea:
Following the preclinical animal and/ or cadaveric phase (stage 0) the innovation is tested on a small number of patients at stage 1 (idea). Results are often published in case studies and papers that describe the novel procedures. Stage 1 focuses mainly on the proof of the concept.
Stage 2a Development:
At this stage, the innovation is used more frequently. Ethical approval is often required because the device is being used experimentally. The results are usually published as operative techniques and a single-centre retrospective small-number case series. The procedure's safety and technical success are the main priorities during this stage.
Stage 2b Exploration:
This is the stage at when more surgeons broadly accept the invention, and as a result, the technique matures. The indications of the intervention are broader. Clinical results and PROMS are often the main outcomes.  At this point, prospective case series and RCT feasibility studies are the right kinds of study.
Stage 3 Assessment:
The innovation is then an established treatment, it is accepted by patients and clinicians. Multicentre randomised controlled trials are usually used to compare the outcome of the intervention to the standard care. The outcomes should focus on specific graded clinical outcomes, PROM, QOL and cost-effectiveness.

Stage 4 Long-term:
This stage is for the surveillance of the device. Research from this phase is usually derived from the registries and rare case reports.
The development of motorised lengthening nails went through some stages of the IDEAL framework, there are some stage 1 reports(34,42) where the authors who collaborated in the designing of the devices reported their preliminary results in small groups of patients. Studies from the stage 2a (43,44) focused on operative techniques or the outcomes of case series (45,46). Literature from stage 2a also focused on wider indications of lengthening nails such as humeral lengthening (47) , bone transport (31,48) and distraction osteogenesis in children(31). There are no reports from the third and fourth stages.
Lengthening nails are thought to offer a more active postoperative lifestyle and a more socially acceptable body image during treatment due to the ability of patients to wear their usual clothing, fewer metalwork problems and without pin site infections compared to earlier designs and external fixation(36). The average cost of the magnetic nail implant is around £12,000 to £13,000 while the average cost of the external fixators varies between £3,000 to £6,000 depending on the type of the external fixator(37). With the limited resources available to the National Health Service (NHS) and the United Kingdom being a welfare state, increasing emphasis has been placed on cost-effectiveness and the assessment of Health-Related Quality of Life (HR-QoL) has become the foundation of economic evaluation of health technologies and gained detrimental rule in supporting the decision for allocation of NHS resources(38,39). The recent shift to using motorised nails for bone lengthening in children despite the obvious difference in the implant costs compared to the traditional treatment with external fixation necessitated this systematic review.
This is a systematic review of the studies which compared femoral lengthening in children using motorised nails to external fixation. This research aimed to identify the most clinically and economically effective technique of femoral lengthening in children.
The purpose of the review was to inform decision-makers about the effectiveness of the current treatment options, this could aid in further economic evaluation. This review focused on motorised lengthening nails in comparison to external fixators rather than including historical/obsolete devices which had their device-specific complications.
[bookmark: _Toc172662838]Review question:
Is the extra cost of the motorised intramedullary nails compared to external fixation in children justified?
This question can be divided into the following questions
· Primary question
What is the clinical effectiveness of motorised lengthening nails in comparison to external fixation for femoral lengthening in children?
· Secondary questions
a. Is there a difference in the HR-QoL between the two techniques?
b. What is the cost-effectiveness of the two techniques?
[bookmark: _Toc172662839]Methods
[bookmark: _Toc172662840]Types of studies
[bookmark: _Hlk38022156]Most of the research in limb lengthening falls in the category of non-randomised studies. The studies which compared the outcomes of both techniques for femoral lengthening in children (less than 18 years old) for any clinical indication were eligible. The motorised lengthening nail was the intervention, while any type of external fixation was the comparator. The outcomes included clinical, radiological and HR-QoL outcomes. Motorised lengthening nails rather than all types of lengthening nails (mechanical and motorised nails) were chosen as the intervention because motorised nails are the current and realistic comparator.
Case reports, systematic reviews, authors reviews, case series (non-comparative studies), abstract-only, non-English language literature, and studies with adult participants where it was not possible to extract the paediatric population’s results were excluded. There was no time limit to this research, and this is to include the studies that were published recently.
[bookmark: _Toc172662841]Literature search strategy:
A literature search on Medline and SCOPUS databases was conducted by two researchers (MH, SW). The medical subject heading (MeSH) was identified from the available studies and searched separately. References and citations from the identified studies were screened to identify further eligible papers. The terms were “limb-lengthening” OR  “leg lengthening” OR  “distraction osteogenesis’’ OR   callotasis AND Femur OR   femora OR   femoral AND  “external fixation” OR  ’’ external fixator’’ OR  ring OR  circular OR    Ilizarov” OR   LRS OR   monolateral AND PRECICE OR  FITBONE OR   “lengthening nails” OR  “magnetic nails” OR  ‘’ motorised nails’’ OR  ’’ motorised nails’’ AND child OR  children OR   adolescent OR   paediatric OR  pediatric OR   young OR   adolescence OR   childhood OR   immature. The reference lists of all relevant articles were screened to find other potentially relevant articles. Titles, abstracts and when relevant the full texts of the relevant studies were reviewed. An initial search was conducted in 2019 which did not yield any studies, another search was done in 2024 and the identified studies were included. The literature search is included in the appendix. 
[bookmark: _Toc172662842]Data extraction:
Study design, methodology, number and age of participants, type of intervention and the outcomes of treatment (clinical, radiological, and quality of life) were recorded.
[bookmark: _Toc172662843]Data synthesis: 
Given the small number of papers retrieved, a narrative summary of findings and a description of their strengths and limitations rather than calculating summary scores/statistical analysis was provided. 
[bookmark: _Toc172662844]Critical appraisal:
The included reviews were critically appraised using the critical appraisal skills program checklist (CASP). A narrative review of the strengths and limitations of each included study was presented.
[bookmark: _Toc172662845]Results:
A total of 165 studies were identified (Figure 6). Five studies were duplicates. After screening the titles and abstracts of the remaining studies, 66 studies were considered not relevant to the research topic, four case reports, 23 reviews and 52 non-comparative studies were excluded. Ten studies focused on adult or mixed adults and children population, extracting the paediatric data from these studies was not possible. Three out of the final five studies were publications from this thesis and they were discussed in the following chapters hence they were not discussed in this chapter.  Two studies were included in the review.
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[bookmark: _Toc172662952]Figure 6: PRISMA flow diagram for the systematic review

Tillotson et al(49). and Pietrzak et al (50)were published in 2022, when the results of Chapter 4 had already been presented. Tillotson et al. conducted a retrospective study comparing the outcome of femoral lengthening with PRECICE nails to external fixators. The study included the children who had femoral lengthening in a single centre, by the senior author of the paper. The children who refused to participate in the research were excluded. The primary outcome of the study was the complications of the lengthening technique; The adverse events were categorized into problems, obstacles and complications. Secondary outcomes included the amount of length gained in mm, coronal axis malalignment, consolidation index, length of hospital stay and the analgesics requirement. 
Tillotson et al(49). included 27 patients (32 femurs), 13 patients (15 femurs) in the PRECICE nailing group (11 antegrade and 4 retrograde), and 14 patients (17 femurs) in the external fixation group (13 monolateral fixators and 4 ring fixators). One patient in the PRECICE group had knee stiffness, which was treated with physiotherapy. There were no reported problems or complications in this group. On the other hand, eight patients in the external fixator group had pin site infections, which were treated conservatively. Knee stiffness occurred in four patients, and three of them required manipulation under anaesthesia. There were no reported complications in the external fixation group. There was no reported difference in the length gain between the two groups (44mm and 46mm for PRECICE nails and external fixators, respectively, P 0.72), and the consolidation index was not significantly different between the groups (24.1 d/cm and 28.5 d/cm for PRECICE nails and external fixators, respectively, P 0.36). There was no significant difference in the required analgesics postoperatively (1.12 mg morphine/kg/day and 1.24 mg morphine/kg/day for PRECICE nails and external fixators, respectively, P 0.55). The length of stay following the surgery was longer with external fixators than with PRECICE nails (2.2 days and 3.7 days for PRECICE nails and external fixators, respectively, P 0.01). There were no reported cases of residual deformities in both groups.
Tillotson et al. concluded that femoral lengthening with PRECICE was associated with fewer complications and shorter hospital stays compared to external fixation techniques.
Pietrzak et al(50). reported respectively on the outcome of femoral lengthening in children using PRECICE lengthening nails in comparison to lengthening with external fixators. The study included children aged 10-18 years and with a diagnosis of congenital femoral deficiency. The patients who had any contraindication to any of the lengthening devices were excluded such as patients with obliterated/ narrow medullary canal and post-infection cases. The outcomes included complications, healing index, duration of surgery and length of stay. The adverse events were categorized into problems, obstacles and complications.
Pietrzak et al. included 35 patients (39 femurs), 11 patients (11 femurs) in the PRECICE nailing group and 24 patients (28 femurs) in the external fixation group (11 monolateral fixators and 17 ring fixators). There was no reported difference in age between the groups P 0.65, Consolidation index was better with lengthening nails compared to external fixators (12.9 d/cm, 32 d/cm and 36.9 d/cm for nails, monolateral and ring fixators respectively P <0.01). All devices achieved a length within 5mm of the target length. There was no difference in the length of stay between the groups (12, 9 and 10 days for nails, monolateral and ring fixators respectively P 0.19). The duration of surgery was the longest (P < 0.001) with lengthening nails (125 mins) compared to monolateral fixators (80 mins) and ring fixators (101 mins). The adverse events were less frequent in the lengthening nails group compared to external fixations. There were no reported problems with PRECICE nails whilst there were 8 problems with external fixators (7 pin site infections and 1 symptomatic heterotopic ossification). Obstacles were encountered in 1 femur from the PRECICE group which had delayed union, and 5 femurs in the external fixation group (2 collapses of the length, 1 premature consolidation and 2 deformities). There were 2 complications in the same femur in the lengthening nail group (fracture and nail breakage) and 4 complications in the external fixation group (2 malunion and 2 fractures).
Pietrzak et al. concluded that the magnetic lengthening nails method was more effective and had a better healing index and fewer complications than external fixation methods.
Characteristics of the publications are summarized in Table 1. Results are summarized in Table 2.

Table 1
[bookmark: _Toc172662962]Table 1.Characteristics of the included publications
	Paper
	Study Design 
	Patient Characteristics 
	Intervention(s) 
	Comparator(s) 
	Clinical Outcomes

	Tillotson et al(49) 
	Comparative non-randomized retrospective
	8-18 years old children

N = 32 femurs (15 in the PRECICE group and 17 in the external fixation group). 

	magnetic lengthening nails (PRECICE)
	External fixator
(13 monolateral
4 ring fixators)
	Complications rates, Length achieved, length of stay, consolidation index, healing index,  MAD and analgesics requirement.


	Pietrzak et al(50) 
	Comparative non-randomized retrospective 
	Congenital short femur
10-18 years old children

N = 39 femurs (11 in the PRECICE group and 28 in the external fixation group)
 

	Magnetic lengthening nails (PRECICE) 
	External fixator
(11 monolateral and 17 ring fixators)
	complication rates, length achieved, consolidation index, length of stay, and duration of surgery.





Table 2

[bookmark: _Toc172662963]Table 2.Findings of the included publications
	
Tillotson et al(49)

	
· Comparison of PRECICE and external fixation concerning several treatment outcomes.

	
	PRECICE
	External fixator
	p-value

	Age (Years)
	13.2 Yr
	11.8 Yr
	0.22

	Sex
	M 9, F 4
	M6, F 8
	0.25

	Preop. LLD
	47mm
	46mm
	0.86

	Length achieved (mm)
	44mm
	46
	0.72

	Consolidation index
Days/cm
	35.6 d/cm
	39.76 d/cm
	0.43

	Length of stay (days)
	2.2 d
	3.7
	0.01



· Classification of complications according to the authors

	Complication
	PRECICE
	External fixator
	p-value

	
	Affected segment
	Total events
Affected segments
	

	Problems*      n 
	1
	8

	0.009

	Obstacle*          n 
	0
	5
	0.02

	Complications* n 
	0
	0
	

	Total n
	1
	13
	0.01





	
Pietrzak et al(50)

	

· Comparison of PRECICE and external fixation with respect to several treatment outcomes

	
	PRECICE
	External fixator
	p-value

	Age (Years)
	14 Yr
	14 Yr
	0.65

	Sex
	M 5, F 6
	M7, F 4
	0.69

	Length achieved (mm)
	45mm
	55mm LRS
42mm TSF 
	0.08

	Length achieved (mm)
	44mm
	46
	0.72

	Healing index
Days/cm
	12.9 d/cm
	32.9 d/cm
	0.43

	Length of stay (days)
	12 d
	9 d
	10.3

	Duration of surgery (mins)
	125 mins
	80 mins
	101 mins



 

· Comparison of complication rates between PRECICE and LRS(14)

	Complication
	PRECICE
	External fixator

	
	Affected segment
	Affected segments

	Problems* 
n 
	 0
	8

	Obstacles*          n
	1 
	5

	Complications* n 
	1
	4

	Total n
	2
	16





Problems, obstacles, complications*: A classification system of adverse events associated with limb lengthening. Problems include incidents that do not need operative intervention. Obstacles were the incidents requiring operative but did not lead to permeant complications. Complications included intraoperative injuries and non- resolved problems before the end of treatment. 


[bookmark: _Toc172662846]Critical appraisal:
Both studies were very similar, they included similar age groups, used the same outcome measures and resulted in the same conclusion. The studies relied on a retrospective design, which reflected realistic practice. They both presented a single-centre and one (Tillotson et al.) or two (Pietrzak et al.) surgeon’s practice that minimised the variability in intraoperative and postoperative practice. The inclusion and exclusion criteria were well-defined in both papers. The studies utilised multiple outcome measures to provide comprehensive research, and the selected outcomes were relevant to clinical practice. On the other hand, they both analysed a small sample size and relied on a single-centre practice, which could limit the generalizability of the outcomes. The retrospective, non-randomised design of the research has inherent limitations such as selection bias and missing data. The authors did not describe the allocation of the patients to the treatment groups or whether patients with certain conditions, body shapes, or bone morphologies were allocated to certain treatment groups. Both studies offered a limited discussion about the potential confounding factors such as the indication of lengthening, unilateral or bilateral procedures, and type of device (antegrade versus retrograde nails and monolateral versus ring fixators). Pietrzak et al used the distraction index which they defined as ‘’time from the last day of distraction to the consolidation in days divided by the length of regenerate in cm’’ rather than the healing index to report the healing speed. On the other hand, Tillotson et al did not define their reported consolidation index. There was some discrepancy in the reported consolidation index for lengthening nails between the two studies (12.9 days/cm and 24.1 days/cm for Pietrzak and Tillotson et al respectively), however, both studies showed better indices for nails compared to external fixators although this difference was not statistically significant in Tillotson et al. The length of follow-up was not defined in both studies and there were no functional or quality of life outcomes.






Critical Appraisal of the Paper using CASP (Critical Appraisal Skills Programme)
	CASP
	Tillotson et al
	Pietrzak et al.

	1. Did the study address a clearly focused issue?

	Yes
The study clearly compared the outcomes of femoral lengthening using lengthening nails and external fixators in children. 
	Yes
The study clearly compared the outcomes of femoral lengthening using lengthening nails and external fixators in children.

	2. Was the cohort recruited in an acceptable way?

	Yes
The study retrospectively included the children who underwent femoral lengthening by a single surgeon at a single centre, reducing the variability in practice
	Yes
The study retrospectively included the children who underwent femoral lengthening by two surgeons at a single centre, reducing the variability in practice

	3. Was the exposure accurately measured to minimize bias?

	Yes
The sample included 2 groups of patients; each was treated with a different lengthening method. 
	Yes
The sample included 2 groups of patients; each was treated with a different lengthening method.

	4. Was the outcome accurately measured to minimize bias?

	Yes
The complications were clearly categorized into problems, obstacles and complications. Healing index, consolidation index and target length were clearly defined.
	Yes
The complications were clearly categorized into problems, obstacles and complications. Healing index, consolidation index and target length were clearly defined.

	5. Have the authors identified all important confounding factors? Have they taken account of the confounding factors in the design and/or analysis?
	Partially
The study did not discuss the effect of the potential confounders such as sex, weight, baseline mobility, indication of lengthening and the target length.
	Partially
The study did not discuss the effect of the potential confounders such as sex, weight, baseline mobility, indication of lengthening and the target length.

	6. Was the follow-up of subjects complete enough? Was the follow-up of subjects long enough?
	Partially
The duration of the follow-up was not clearly defined. 
	No
The study compared patients who had their lengthening nails only a few months before the study to patients in the external fixation group who had their procedures years before the study. The follow-up duration was not clearly defined.

	7. What are the results of this study?

	The study found that lengthening nails had fewer complications and length of stay compared to external fixation.
	The study found that lengthening nails had fewer complications and more operative duration compared to external fixation

	8. How precise are the results?

	The results were reported with means and percentages. P value was not consistently used.
	Multiple statistical tests were utilised and P value was reported consistently, this suggests high precision, however, the small sample size poses a limitation. 

	9. Do you believe the results?

	Yes
They are consistent with the rest of the evidence in the literature.
	Yes
They are consistent with the rest of the evidence in the literature.

	10. Can the results be applied to the local population?

	Yes
The results from the local population showed similar outcomes.
	Yes
The results from the local population showed similar outcomes.

	11. Do the results of this study fit with other available evidence?
	Yes
	Yes

	12. What are the implications of this study for practice?

	The study urges further research to study the functional outcomes of the lengthening devices and to compare the cost-effectiveness of the new technique to the lengthening nails to the traditional treatment with external fixators.
	The study urges further research to study the functional outcomes of the lengthening devices and to compare the cost-effectiveness of the new technique to the lengthening nails to the traditional treatment with external fixators.



[bookmark: _Toc172662847]Discussion: 
The presented literature review identified a lack of comparative studies in children. There is no QOL comparison between these interventions. No cost analysis in the literature to support the increased use of lengthening nails. All these findings mandate further research to cover these points.
The current knowledge with respect to the research questions is summarized as follows:
· Evidence on the clinical effectiveness of motorised lengthening nails in comparison with external fixation for femoral lengthening.
Both motorised nails and external fixators can effectively achieve the target femoral length. The overall gained length was greater with external fixators compared to motorised nails were very similar. Tillotson et al. did not find a statistically significant difference in the healing index whilst Pietrzak et al. reported superior healing index with lengthening nails. Complication rates were lower with lengthening nails, knee subluxation was not reported in any patient in the lengthening nails cohort despite the inability of the technology to span the knee. Nevertheless, it was suggested to reconstruct the knee ligaments at preparatory surgery before lengthening with nails (51). However, the long-term outcome and cost-effectiveness of ligament reconstructions before lengthening are not yet clear(52).
Laubscher et al(53), reported better clinical outcomes and fewer complications with magnetic nails compared to monolateral fixators for femoral lengthening. This study included paediatric and adult age groups. According to this study, 100% of the nail and 68% of the fixator participants chose to have the same treatment again. Horn et al(54), compared the outcome of femoral lengthening with motorised nails to external fixation in age and sex-matched patients. The mean age of patients was 27 years. HI, and knee ROM were better with lengthening nails, while complications were more frequent with external fixators. Morrison et al(55), compared the outcome of humeral lengthening with lengthening nails in 6 patients to external fixations in 7 patients. Lengthening nail patients had fewer complications compared to external fixators. Lengthening nails were reported to be safe, well-tolerated and effective for humeral lengthening(55). 

· Current evidence on the HR-QOL 
[bookmark: _Hlk96209257][bookmark: _Hlk96209297]There are no studies which compared the quality of life of children treated with motorised lengthening nails and external fixators. However, HR-QoL was the outcome of two non-comparative studies. The authors concluded that patients had lower quality of life scores during treatment (56,57). One study (57) compared patient satisfaction following lengthening nails to a previous session of lengthening using external fixation in 13 patients. Patients reported less pain, more satisfaction, easier physiotherapy, and better cosmetic appearance following magnetic nails compared to previous lengthening using external fixators. It is worth mentioning that this study did not utilize a validated outcome tool and there was a high probability of recall bias since the QoL scores were recorded at the time of the final interview (58). The paediatric quality of live inventory (PedsQl) was used in another study (56) for children treated with external fixation. The children and their parents reported significantly lower HR-QoL scores on all PedsQl domains compared with a normal healthy population.
The HRQoL of motorised nails compared to external fixators for femoral lengthening in children is not known. Both techniques might have a negative impact on HR-QoL. There is limited evidence suggesting that this negative impact is greater for external fixators than for motorised nails. 
· Current evidence on the cost-effectiveness
A cost comparison of the two techniques has not previously been reported. However, Richardson et al (37) did estimate the cost of lengthening with the PRECICE nail to be approximately $44,449 (£34,650, €40,110). This value was calculated after reviewing hospital costs and surgeon fees from the lengthening surgery up until the time of union in 39 femora. This study included adults and children, neither the surgical costs of nail removal nor the costs of loss of income, hospital visits and outpatient medications were included. 
The cost-effectiveness of motorised nails compared to external fixators for femoral lengthening in children is not known.

[bookmark: _Toc172662848]Umbrella review:
[bookmark: _Toc172662849]Introduction:
The identified papers in the previous systematic review had some limitations such as selection bias and lack of uniform reporting of the results. The review did not provide an answer to multiple parts of the research question especially the cost-effectiveness and the quality-of-life following lengthening with lengthening nails compared to external fixators. This mandated further research to review the evidence of lengthening nails.
There were different modes of action of lengthening nails. As previously highlighted, some nails relied on a ratchet mechanism, while other designs used a motor/ magnet and external remote control. Another way nails were used for lengthening was to achieve the distraction with external fixators and use the nails to fix the distracted segments to reduce the external fixator time, lengthening over a nail (LON) and lengthening and then nailing (LATN) were examples of this mode of action. An umbrella review which focused on the outcomes of lengthening nails and their risks was done to complement the initial review. This review included all types of lengthening nails regardless of the mode of action and was not restricted to the paediatric age group. Umbrella reviews offer the benefit of combining the evidence from systematic review and meta-analysis into one coherent narrative.
[bookmark: _Toc172662850]Aim:
This umbrella review aimed to synthesize and evaluate the evidence from the literature about the outcomes of intramedullary nails for distraction osteogenesis. 
The population: patients with any underlying indication for lower limb lengthening.
The intervention: Intramedullary nails for lower limb distraction osteogenesis, all modes of action were included (motorised, magnetic, mechanical, LON and LATN).
Outcome: Clinical (complication rate, range of motion, achieving the desired length, healing index) and HR-QoL.
[bookmark: _Toc172662851]Methods:
· Inclusion and exclusion criteria:
The review focused on systematic reviews rather than case reports, and case series. Abstract-only publications were excluded. Systematic reviews were the focus of the review to bring together a summary of the reviews in one place, this might help to draw a clear conclusion rather than diluted messages from multiple case series.
· Literature search strategy:
CINAHL; EMBASE; MEDLINE; Google Scholar; and Google Search were searched by two independent researchers (MH, SW) to identify the systematic reviews about bone lengthening with intramedullary nails. 
Search terms: bone* OR limb* leg* OR “lower extremit*” OR femur OR femoral OR tibia* OR thigh, And distraction “bone lengthening” OR “limb lengthening” OR “leg lengthening” OR “femoral lengthening” “distraction osteogenesis” OR “callus distraction” OR callotasis, And osteodistraction nail* OR rod* “internal fixation” OR “internal fixator*” OR “internal lengthening” OR intramedullary OR interlocking OR kuntscher OR magnetic OR motorised OR motorised OR mechanised OR mechanized OR Albizzia OR PRECICE OR FITBONE OR “intramedullary skeletal kinetic distractor” OR ISKD.
The search was limited to English language and the duration was limited to Feb.2023. 
· Handling Overlapping Studies:
It is expected to have overlapping / duplicate studies in umbrella reviews. Overlapping studies are the publications which were included in multiple reviews. Defining a method to deal with overlapping/ duplicate studies is an important part of conducting umbrella reviews to produce accurate, reliable and unbiased evidence. Dealing with overlapping studies requires the following steps: identification, review of the reporting, identifying a primary source, data extraction and synthesis.
· Identification of the duplicate studies: Listing the included studies in each systematic review to identify the overlapping studies.
· Review of the reporting: The reporting of the duplicate studies in different reviews are then compared to ascertain the consistency of the reports. 
· Selecting a primary review: The primary source is usually the most comprehensive, methodologically sound and recent systematic review, it is used as the primary source for data collection, from which the details of the overlapping studies are collected.
· Data extraction and synthesis: this is usually done after omitting the duplicates. 
The individual systematic reviews in this umbrella review focused on different research questions. Following the identification of the overlapping studies and adjusting the overall numbers of patients it was not possible to combine data from all the reviews due to the heterogeneity and lack of standardized reporting. A narrative analysis of each of the reviews was used rather than combining the overall data.
· [bookmark: _Hlk134994390]Critical Appraisal of Individual Studies:
The included reviews were critically appraised using the critical appraisal skills program checklist (CASP). A narrative review of the strengths and limitations of each included study was presented.
· Challenges of umbrella review
Umbrella reviews focus on studying systematic reviews, for a variety of reasons different systematic reviews could pick different studies. Firstly, different research questions and objectives can change the scope of the review. For example, a review which focuses on limb lengthening for congenital conditions would pick different studies from research that focuses on all indications for limb lengthening. Secondly, the inclusion and exclusion criteria for each review can alter the studies which are included in each review. For instance, some reviews would include case reports, case series, non-comparative studies, and retrospective studies while others might only include RCT and prospective research. The expertise of the researchers and their familiarity with the topic might play a role in the inclusion of individual studies in the research. Search strategy and the choice of database can also impact the identified studies for systematic reviews which have the same objectives. Finally, the choice of language and the timing of the search would also affect the included studies in systematic reviews.
Umbrella reviews are usually very beneficial in summarizing the evidence, however, there are some special considerations for designing this type of review to ascertain their effectiveness. The variability in the quality and the methodological rigour of the included individual studies and systematic reviews can affect the validity of the umbrella review. In the same way, the heterogenicity of the studies in terms of the sample size, population, intervention, outcomes, and reporting of the results add another layer of complexity for data analysis and synthesis. Relying on systematic reviews can be a source of bias since these reviews might have not drawn a transparent reflection of the included studies. Overlapping studies also require specific consideration to review the individual studies to avoid bias. The timing of the umbrella review can affect their outcomes, an emerging new evidence could impact the relevance of the findings of the review. Umbrella review require a significant amount of time and effort to go through the identified systematic reviews and the individual studies. 
[bookmark: _Toc172662852]Results:
1,415 articles were identified on the initial search, filtering the abstract-only articles and English language left 1,011 studies, excluding case series, case reports resulted in 95 studies, after excluding expert opinion reviews seven systematic reviews were identified. One of the systematic reviews(59) was excluded because it was published by the authors of this chapter and the results were already highlighted in the previous section. The remaining 6 systematic reviews included 2,696 patients (3,313 limbs). Seven duplicate articles (273 patients, 298 limbs) were identified, two articles were included in three reviews while the remaining five articles were discussed in two reviews. Following the elimination of the duplication, the review included 2,423 studies (3,015 limbs).
 The included reviews had different research questions, outcome measures and comparators, hence it was not possible to combine the overall results, and a narrative analysis was conducted. Table 5 includes a summary of the systematic reviews, table 6 includes the overlapping studies.  
[bookmark: _Toc172662853]Discussion:
Brewster et al(60), reviewed 10 studies (619 patients) to compare the outcomes of lengthening with external fixation alone, lengthening nails and lengthening over a nail (LON), this research focused on the infection rates and lengthening indices of these devices. The healing index was found to be the longest with external fixation (45.9 days/cm) compared to lengthening nails and LON (17.6 days/cm and 22.8 days/ cm respectively), meanwhile, external fixators achieved the greatest length (60mm) compared to lengthening nails and LON (44 mm and 54 mm, respectively). 36.2% superficial and 2.5% deep infections were reported in the external fixation group, the LON group had 1.4% superficial and 5.5% deep infections while no infections were reported in the lengthening nail group. The authors concluded that when using the healing index and infection rates to compare techniques, lengthening nails were the safest and most effective method of lower limb lengthening.  As with most of the research in the field of limb reconstruction, most of the studies which were included were case series and included small numbers of patients. This systematic review was also criticised because the search was performed on one database only (PubMed). 
Axelrod et al(61), reviewed 13 studies (476 patients) to identify the best option for lower limb lengthening in patients with LLD following trauma or infection. The included interventions were external fixators, mechanical lengthening nails and lengthening on a nail. The researchers set the inclusion criteria to focus on post-traumatic and post-infective interventions. It was concluded that there was no difference in the gained length, duration of fixation or the number of further procedures. This review had multiple limitations, although it was supposed to focus exclusively on post-traumatic and post-infection indications few of the included studies did not fall into the categories. The authors combined all types of lengthening nails whether mechanical or motorised in one group and did not interpret their data separately. The reporting of the result was not clear and there was no comparison between the interventions with regards to their clinical effectiveness, their complication rates or quality of life.
Nageeb et al(26), conducted a systematic review of the safety of ISKD for tibia and femoral lengthening, there was an emphasis on the device-specific complications. The systematic review included 14 studies (440 patients, 499 limbs). The gained length ranged between 0-80 mm; the distraction rate ranged between 0.4-2.8 mm/day. The percentage of patients who achieved the target lengths ranged between 53-100%. The healing index ranged between 12-120 days/cm. Infection was reported in three limbs, and delayed union was reported in 31 limbs. Uncontrolled distraction (runaway nail) was reported with 40 nails, while 34 nails had difficulties with distraction. Hardware malfunction (broken device, detached rings) was reported in 22 nails. Non-union was reported in 6 limbs while premature consolidation was reported in 9 limbs. Joint contracture was reported in 2 patients, while 2 patients had residual angular malalignment. Nageeb et al provided valuable data, it highlighted the main device-related complications with ISKD, such as runaway, distraction failure and metalwork failures. The search strategy of that systematic review was clear, and the search was conducted by two independent reviewers. The wide variations of the studies and the reported outcomes in each study led to the possibility of missing / under-reporting some complications. An example of that was residual malalignment; only one study reported on this outcome (2/16 had residual deformities), It is established knowledge, that lengthening along the anatomical axis of the femur might result in mechanical axis deviation as discussed in other chapters, yet the systematic review reported only 2 limbs had residual malalignment out of the included 500 limbs. Nageeb et al included studies from all designs which studied ISKD, this resulted in including case reports (1 and 2 limbs) and case series with small sample sizes (3,4, 9 limbs). The small sample size might have resulted in an overrepresentation of some complications with the immature technology of the ISKD at the time of the review.
Young et al(62), conducted a systematic review of the outcome of PRECICE nail for femoral lengthening. 3 studies were included in their systematic review, with 112 femora. The authors presented a narrative review of the included studies. Szymczuk et al (63), included 62 femora and compared the outcomes of lengthening nails with monolateral external fixators for femoral lengthening in children who had a congenital longitudinal deficiency. Szymczuk and colleagues reported a better healing index, range of motion and complications profile with lengthening nails. The main limitation of that study was comparing children who were as young as 3 years in the external fixation group to adult participants in the lengthening nails group. Hammouda et al(64), reviewed the outcome of 31 PRECICE and 18 ISKD femoral lengthening procedures in children, the main goal of the research was to study the incidence of avascular necrosis of femoral head with trochanteric entry nails. The authors found no statistically significant difference in the achieved length between the two groups (5.6 cm and 5.2 cm for PRECICE and ISKD respectively, P value of 0.35), none of the patients had avascular necrosis of the femoral head or proximal femoral valgus deformity. Hammouda concluded that using trochanteric entry intramedullary lengthening nails in skeletally immature femora can be safe. Laubscher et al(53) retrospectively compared the outcomes of 20 PRECICE nails to 13 external fixators. All the cohorts in the PRECICE nail group achieved the target length while 1 patient in the external fixator group did not achieve the target length. There was a statistically significant difference in the healing index between the 2 groups (31.1 days/cm and 47.1 days/cm for the PRECICE nail and external fixators respectively, P value <0.001). The patients in the PRECICE nail group were more able to do their daily activities during the lengthening and were more likely to choose the same treatment again compared to the patients in the external fixation group. This systematic review had multiple strong points such as conducting a comprehensive search on multiple databases, critically appraising the included studies to identify bias and focusing on femoral lengthening only. However, similar to most of the research on this difficult topic, the reviewed studies were limited by the non-randomised design, lack of sample size calculation, small sample size, heterogeneous participants, variability in the duration of follow-up between the comparators within the study, recall bias for the patient-reported outcome measures, variabilities in the statistical analysis (P values was not set/ defined), and not adjusting for confounding variables ( age, diagnosis, etc) when the groups were compared.
Xu et al(65) reviewed the outcome of LON compared to external fixation in 4 studies (354 limbs). 1 of the included study was a randomised controlled trial from Egypt(66). El-Husseini et al(66) allocated the recruited patients with odd numbers to the LON option and even numbers to the external fixation treatment.,15 LON were compared to 16 external fixators. There was no matching for confounding variables such as age, diagnosis, and sex between the groups. The duration of external fixation was less in the LON compared to the external fixation group (52.2 days and 180.4 days, respectively). LON had fewer overall complications but a higher rate of deep infection. The other included studies in the review echoed the same message. The metanalysis confirmed a significant difference in pin tract infection between the groups (p=0.0002). The incidences of deep infection, refracture, and mechanical axis deviation were not statistically different (P=0.11, 0.22, 0.21, respectively), while joint contracture was less common with LON (P=0.0003). There was no difference in the gained length between the two groups but the healing index was shorter with LON compared to external fixation (P<0.0001). This review had several limitations due to relying on non-randomised small studies which focus on the treatment of a relatively uncommon condition.
Frost et al(67) included 41 studies in their systematic review, which focused on the complications of externally controlled motorised lengthening nails. PRECICE nails were used in 747 procedures and FITBONE nails in 214 procedures. The sample included patients aged between 8 to 74 years who had different indications for tibial/femoral lengthening (208 congenital shortening, 305 acquired limb shortening, 111 short statures, 158 with unidentified aetiology). The complications were classified to type I when no intervention was required and the treatment goal was achieved ( e.g., mild joint contracture), type II complications resulted in a substantial change in the treatment plan but the treatment goal was achieved ( e.g., delayed healing which required bone graft), type IIIA complications result in failure to achieve the treatment goal without new pathologies ( e.g., premature consolidation), while type IIIB complications resulted in the failure of treatment and development of a new pathology (e.g., joint subluxation). The authors reported a total of 332 complications in 34% of segments. Type I complications were reported in 113 segments, type II in 146 segments, type IIIA in 45 segments and type IIIB in 28 segments. Device-related complications (e.g., distraction mechanism failure, attachment failure and nail breakage) were reported in 122 segments, 15 of which did not achieve the treatment goal. Device-related complications (12% of segments) were the most frequent type of complication followed by bone (8% of segments) and then joint complications (6% of segments). Frost et al, concluded that complications occurred in 1 of every 3 segments undergoing lower limb lengthening with these devices. In 1 of every 4 segments, complications could lead to a substantial change in treatment (15%), failure to achieve the lengthening goal (5%), or development of permanent sequelae or a new pathology (3%). The authors hypothesised that the actual complication rate might be different from what was reported in the included papers due to the lack of a standardized method of reporting complications. Frost et al, included large numbers of studies and the largest number of patients, this was because it included studies which were written in German as well as English languages, and multiple databases were searched.  Other strong points included quality assessment of the included studies, following a well-defined classification of complications, and having a clear message. The limitations of this study were due to the lack of comparison between the different types of intramedullary devices and the confounders were not identified in the analysis, this is in addition to the limitations related to the research topic which were highlighted previously. A critical appraisal of the included reviews is presented in Table 6.
The presented studies discussed multiple options for lengthening the lower extremities. External fixators have always been the working horse for distraction osteogenesis, they are versatile, accessible to most healthcare systems, reliable and effective. However, recurrent infections, joint stiffness, pain, negative body image and the challenges that patients have daily to live with external fixators motivated the development of other methods of lengthening. LON and LATN enabled a shorter duration of external fixation which translated into less frequency of pin site infections, but this was at the expense of the increased rate of deep infection and more complex surgical procedure. Mechanical lengthening nails are no longer available due to the high incidence of implant-related complications. Motorised lengthening nails seemed to offer the balance between clinical efficacy and low rates of complications. Nevertheless, most of the presented studies were single-centre, one-surgeon, retrospective analyses which relied on small sample sizes. Hence, it was not possible to answer the research questions confidently due to the significant limitations in the available literature.

[bookmark: _Toc172662964]Table 5: Summary of the systematic reviews
	Study
	Number of Included studies 
	Intervention
(Number of segments)
	Key findings
	Conclusion
	Strengths
	Limitations

	Brewster et al.
	10 studies (619 limbs)
	Ex-Fix (335)
Lengthening nails (FITBONE, ISKD) (54)
LON (230)
	Healing index
EX fix: 45 d/cm
Lengthening nails: 17 d/cm
LON 22 d/cm
Superficial infection:
EX fix: 36.2 %
Lengthening nails: 0
LON: 2.5%
Deep infection:
EX fix: 1.4%
Lengthening nails: 0
LON: 5.5%
	Lengthening nails are safer and more effective than other comparators.
	Clear conclusion.
Reproducible search.

	Searching on a single database
Relying on case series which have the following limitations:
Small sample size, no power calculation, single centre, and no regression analysis to account for the confounding variables.

	Axelrod et al.
	13 studies
(746 limbs)

	Ex-Fix 
Lengthening nails 
LON 
	No significant difference in the gained length 
	Limb lengthening is complex and associated with high rates of complications
	3 independent researchers.
Multiple databases
Clear inclusion and exclusion criteria
	Lack of clear message
No comparison between the treatment options.
no clear data analysis.

	Nageeb et al.
	14 studies (499 limbs)
	ISKD
	Runaway: 37/220
Failed to distract: 34/427
Hardware failure: 28/363.


	The nail design required improvement to reduce device-related complications. 
	Searched on multiple databases.
2 independent searches.


	Included case reports.
Relying on case series which have the following limitations:
Small sample size, no power calculation, single centre, and no regression analysis to account for the confounding variables.


	Young et al.
	3 studies (112 limbs)
	PRECICE nails
ISKD
Ex-Fix
	Narrative analysis.
No AVN with trochanteric entry nails.
No significant difference in the length gained/ achieving target length between PREICICE and Exfix.
PROM was better in PRECICE compared to EXFIX.
	the evidence supported
the use of the PRECICE nail for femoral lengthening 
	Searched on multiple databases.
Critically appraised the included studies.
Focused on femoral lengthening only.
	The included studies had the following limitations:
NRS
Recall bias.
Statistical analysis is not complete.
Selection bias



	Xu et al.
	4 studies (354 limbs)
	Ex-Fix 
LON
	External fixation duration was less in LON than Ex-Fix (P<0.00001).
HI was less in LON than Ex-Fix (P<0.00001).
No difference in gained length (P=0.16).
	LON had better HI and required less time for external fixation use compared to conventional external fixators.
	Meta-analysis.
Critical appraisal of the included studies using MINORS.
Included RCT.
	The included studies had Small sample sizes, no power calculation, no single centre, and no regression analysis to account for the confounding variables.

	Frost et al.
	41 studies (983 limbs)
	PRECICE 
FITBONE
	Complications:
Type I 113 (11%)
Type II 146 (15%)
Type IIIA 45 (5%)
Type IIIB 28 (3%)
Total 332 (33%)
	The true incidence of complications was uncertain due to the lack of standardised reporting method for complications
	Large study sample.
Clear classification of complications.

	No comparison between the two interventions.
Relying on case series which have the following limitations:
Small sample size, no power calculation, single centre, not accounting for the confounding variables.



Table 6: overlapping studies:

	Study
	Papers where it was quoted
	Number of segments

	Cole(68)
	Nageeb et al.  (69)
Brewster et al. (14)

	20

	El-Husseini et al.(71)
	Axelrod et al (72)
Xu et al. (73)
	31

	Laubascher et al. (74)
	Axelrod et al. (72)
Young et al. (75)
Frost et al. (33)
	33

	Burghardt et al. (76)
	Nageeb et al. (69)
Axelrod et al. (72)
	38

	Wang et al. (77)
	Nageeb et al. (69)
Brewster et al. (70)
	24

	Baumgart et al. (78)
	Brewster et al. (70)
Frost et al. (33)
	11

	Rozbruch et al. (79)
	Xu et al. (73)
Nageeb et al. (69)
Axelrod et al. (72)
	54




[bookmark: _Toc172662965]Table 6: CASP checklist for systematic reviews


	
	Brewster et al.
	Axelrod et al.
	Nageeb et al.
	Young et al.
	Xu et al.
	Frost et al.

	Did the review address a clearly focused question?

	Yes
	No
	Yes
	Yes
	Yes
	Yes

	Did the authors look for the right type of papers?
	No
· The available literature is mainly a small retrospective case series.
· Only focused on Pubmed search 
	No
	No
Included case reports and small case series
	Yes
	Yes
Included RCT
	Yes 
Wide search, multiple languages

	Do you think all the important, relevant studies were included?
	No
Multiple databases could have changed the findings, only focused on English languages
	No
	Yes
	Yes
	Yes
	Yes

	Did the review’s authors do enough to assess quality of the included studies?
	No 
Unclear details about critical appraisal
	Yes
	 Yes
2 reviewers
Bias checklist
	Yes
Downs and Black
	Yes
Used MINORS
	Yes
Used MINORS

	If the results of the review have been combined, was it reasonable to do so?
	Yes
	No
	N/A
	N/A
	Yes
	Yes

	What are the overall results of the review?
	Clear

	Not clear
	Clear

	Clear

	Clear

	Clear


	. How precise are the results?
	N/A
	No
	N/A
	N/A
	Yes
	N/A

	Can the results be applied to the local population
	Yes
	No
	Yes
	Yes
	Yes
	Yes

	Were all important outcomes considered?
	No
	No
	Yes
	Yes
	No
	yes

	Are the benefits worth the harms and costs?
	Yes
	N/A
	No
	Yes
	Yes
	Yes




[bookmark: _Toc172662854]Conclusions
There is evidence to suggest that lengthening nails are safe and effective for femoral lengthening in children. However, there is no literature comparing the cost-effectiveness and patient satisfaction of femoral lengthening with motorised lengthening nails and external fixators in children. Further research is necessary to ascertain the efficacy of these treatment methods, optimize patient outcomes and ensure healthcare resources are spent appropriately.






















[bookmark: _Toc172662855]Chapter 4 Outcomes of magnetic lengthening nails for femoral lengthening in children: IDEAL Phase 2a, retrospective, comparative, cohort study.
[bookmark: _Toc96077452][bookmark: _Toc172662856]Abstract:
Background: Femoral lengthening can be achieved using external fixators or intramedullary lengthening nails. This research aims to compare the outcome of femoral lengthening in children using PRECICE magnetic lengthening nails to external fixators.
Methods: This is an IDEAL phase 2a study which was designed to evaluate lengthening nails innovation and identify its efficacy and safety. It is a retrospective, comparative, observational cohort study, where the patients who had the intervention of femoral lengthening with magnetic lengthening nails were compared to a matched control group of patients who had femoral lengthening with external fixators. Group A included patients who had the intervention, whilst the patients in the control group had lengthening with the traditional external fixation. Each group included 25 patients. The sample strictly included children aged between 11-17 years. Patients in each group were matched according to age and indication for lengthening whether congenital or acquired conditions. The outcomes focused on the ability to achieve target length, healing index, residual malalignment, length of hospitalization following the osteotomy surgery, and encountered complications.
Results: The mean patient age was 14.7 years for each group. The length gain was 41.6 ± 8 mm for Group A and 42 ± 12 mm for Group B (P-value 0.84). Lengthening nails achieved the target length more accurately compared to external fixation (P-value 0.017. OR 5.2, CI 1.3-15.7). The healing index was significantly lower in group A with 40.2 ±14 days/cm compared to 53.2±19 days/cm in group B (P-value 0.03). Group A had significantly lower complications than group B (P-value <0.0001). There was no statistically significant difference in the final coronal malalignment between the 2 groups (P-value 0.2). The mean length of stay was 4.2 ± 3.3 days for group A and 9.2± 5.8 days for group B (P-value 0.0005). 
Conclusion: magnetic lengthening nails are clinically effective and safe for femoral lengthening in the paediatric population. Compared to External fixation, healing index and complications were more favourable with PRECICE nails. Further research is required to study the cost-effectiveness of this technique.

Keywords: magnetic nails. Femoral lengthening, external fixators.

[bookmark: _Toc96077453][bookmark: _Toc172662857]Introduction:
Background: Distraction osteogenesis using external fixation is a well-recognized technique for limb lengthening. External fixators provide versatile, reproducible, relatively cheap, and effective options for bone lengthening. External fixators allow joint spanning when required(11). However, external fixators are associated with many complications. These complications include pin site infections, joint contractures, subluxation, and regenerate problems (delayed union, non-union, early consolidation)(9,14). The prolonged treatment time of external fixators was reported to cause significant limitations to children’s activities and lifestyles (80).  
The increased emphasis on improving the quality of life of children and their families during treatment stimulated the development of motorised lengthening nails. PRECICE lengthening nails (Nuvasive Specialized Orthopedics Inc. Aliso Viejo, California. United States) have become very popular in limb lengthening. PRECICE nails are magnetic telescopic titanium intramedullary lengthening nails. The rate of distraction is controlled with an external remote control (ERC). This is thought to be more convenient for the patients than the traditional methods of lengthening(57). There are different designs of PRECICE nails, including antegrade and retrograde as well as straight and trochanteric entry, which adds to the system's versatility.
Motorised lengthening nails were reported to have more effectiveness and fewer complications than external fixators in adult populations(81,82). However, the evidence that supports the use of these devices in children relied on anecdotal reports from non-comparative case series (64,83) or comparative studies with variable qualities(53,63,84,85). 
Objectives: This study evaluates the magnetic lengthening nail innovation for femoral lengthening in children. It is an IDEAL phase 2a study which focuses on the assessment of the efficacy and safety of lengthening nails in comparison with external fixators. The outcomes of the intervention (magnetic lengthening nails) for femoral lengthening in children were measured and compared to the current/traditional treatment (external fixators). By doing so, the goal of the study is to further refine the innovation and achieve stability in the outcomes. This chapter focuses on the clinical outcomes. The next chapter presents the cost of treatment. The study is presented following the Strengthening the Reporting of Observational studies in Epidemiology (STROBE) Statement for cohort studies(86).
[bookmark: _Toc96077454][bookmark: _Toc172662858]Methods:
[bookmark: _Hlk146459569]Study design and setting: this is a retrospective, comparative cohort study. Cohort studies are usually observational, where they focus on a set of participants who had an exposure and follow them up to evaluate the outcome of interest. Some cohort studies use a control group (no exposure) to compare the outcomes to the exposed cohort. Occasionally, cohort studies were used to evaluate interventions as exposure(87–90).  Cohort studies differ from case-control studies which look at 2 sets of participants, one of these groups has the condition of interest while the other group does not have it to determine the factors which led to the condition. Cohort studies differ from case series as the latter would include the patients who had the exposure and certain outcomes or certain outcomes regardless of the exposure(87,91).  In this study, the outcomes of magnetic lengthening nails for femoral lengthening in children were compared to the outcomes of external fixators in a matched control group. This is a single-centre retrospective study.
Participants: (a) Cohort group/ group A: All the children who underwent femoral lengthening using PRECICE magnetic lengthening nails, aged between 11 and 17 years at the time of surgery, with a follow-up of at least 12 months postoperatively were included. Patients who were treated with either antegrade or retrograde nails were included. Patients who had lengthening of more than one segment contemporaneously were excluded. The research started in October 2018; hence the sample included the children who had their procedures until March 2017.
(b) Matched / control group / Group B: this group included a sample of patients who had femoral lengthening with external fixators. Both mono-lateral and circular external fixators were included in this group. Patients who had lengthening of more than one segment contemporaneously were excluded. 
Matching: The hospital database was searched to identify the participants for group A and after applying the eligibility criteria the final group A sample was set. The hospital database was searched to identify the external fixation patients, and then patients from group A were individually matched to children in group B for age (within 6 months), and indication of lengthening (congenital or acquired) to avoid these confounders, with a ratio 1:1. When 2 eligible patients met the matching criteria in the external fixation group, the patient who had the procedure more recently was selected. The recruitment duration of Group B was decided based on the matching to match the patients in Group A to recent participants in Group B. Group B included children who had their surgeries from February 2011 to March 2017. 
[bookmark: _Hlk146471081]Data sources and outcomes: Notes were reviewed to identify patients’ demographics, indications for femoral lengthening, lengthening goal, length of hospital stay, and complications. Radiographs were reviewed by the authors to identify the length gained in mm., healing index (HI: days from index surgery to healing of 3 out of 4 cortices divided by length of the regenerate in cm), and residual malalignment as assessed by the mechanical axis deviation (MAD). Accuracy was defined as achieving a length gain within 5mm of the target length. As explained the outcomes included clinical outcomes such as healing index, gained length, residual malalignment and accuracy of achieving the required length to assess the efficacy of the outcome. The complications were also reported to evaluate the safety of the intervention. This is a phase 2a IDEAL study which aims at optimising the surgical technique and reporting the outcomes to assess the efficacy and safety of the intervention.
[bookmark: _Hlk110188987]Statistical analysis: Descriptive statistics were used to present the relevant data. Continuous data were analysed to measure the Mean and SD, these were used to measure the equality of variance and confirmed with Levene’s test. Shapiro-Wilk test for paired data was used to test for normality of the data before the paired t-test was used. The related-sample Wilcox signed rank test was used to confirm the paired t-test. Matched statistical analysis was used to evaluate the length gain, HI and LOS. For nominal data such as the accuracy of achieving the target length and residual deformities, the Related-Samples McNemar Change Test was used. (Statistical analysis in Appendix). Multivariant linear regression analysis was used to compare HI and length gain. Complications were analysed using Pearson's chi-squared test. In all the statistical analyses, means and standard deviations (SD) were reported, and a P-value < 0.05 was regarded as significant.
Sample size: No formal sample size calculation was done for this study; the exposure is relatively rare, and the study included all the legible patients who had the intervention. This study along with the rest of the data in the thesis would inform future phase 3 studies on sample size.
Approval: Local Research and Development Department and NHS Health Research Authority (HRA) approvals were obtained before commencing the study. No ethical approval was required for this study.
[bookmark: _Toc96077461][bookmark: _Toc172662859]Results:
25 femora met the inclusion criteria from the nailing group. The external fixation database included 62 femora legible for the study, notes for these 62 cases were reviewed, and age and indication for surgery were matched to the lengthening nails sample. The mean age for each group was 14.7 years, Group A included 17 males while Group B included 15 males. 11 patients in each group had lengthening procedures to treat congenital conditions. Demographics are summarised in Table 1. Indications for lengthening are summarized in Table 2. Group A included 13 antegrade and 12 retrograde PRECICE nails. All the antegrade nails were trochanteric entry point nails. All the retrograde femoral nails were done following distal femur physeal closure. Group B included 6 mono-lateral fixators and 19 circular fixators. Eight femurs in each group had a Pelvic support osteotomy.
The target length for group A was 45 mm (SD =9) and 48mm (SD = 12) for group B. The length gain was 41.6 mm (SD = 8) for Group A and 42 mm (SD = 12) for Group B. The difference in the length gain between the 2 groups (0.4mm) was neither clinically (<5mm) nor statistically significant (P-value 0.88). 
Lengthening nails were found to be more accurate in achieving the target length within 5mm compared to external fixation (P-value 0.039). Intolerance to external fixation and joint stiffness were the most frequent causes for not achieving the target length, while joint subluxation was the reason for not achieving the target length in 1 femur. In group A, locking screw failure and poor regenerate resulted in not achieving the target length.
HI was 40.2 ±14 days/cm and 53.2±19 days/cm for groups A and B respectively. HI was significantly related to the age of the patient, diagnosis, and the lengthening device when the 2 groups were combined. A year increase in age was found to increase the HI by 3.5 days/cm (P-value 0.018), congenital indications for femoral lengthening were associated with more HI (P-value 0.037), lengthening nails reduced HI by 10.6 days/cm compared to external fixation (P-value 0.03), sex did not have a statistically significant effect on HI (P-value 0.96).
Residual deviation of the mechanical axis was noted in 6 patients in group B compared to 3 in group B. However, this difference was not statistically significant. (P-value 0.2). Outcomes are summarised in Table 3.
There was no statistically significant difference between Mono-lateral and ring fixations with regards to HI, length gain, MAD, and the accuracy of achieving the target length. In the same way, there was no difference between antegrade and retrograde nails (table 10 summarised the effects of different device designs on the outcomes). 
Length of stay was significantly lower in group A (4.2 ± 3.3 days) compared to group B (9.2± 5.8 days) P value 0.0005). 
Group A had fewer reported complications compared to Group B (P-value <0.0001). Group B had 19 recorded adverse events in 16 patients, 6 of which were treated surgically. Adverse events occurred in 2 patients from Group B, 1 needed further surgery. Adverse events are listed in Table 11. 
[bookmark: _Toc172662966]Table 7: patients demographic
	Variables
	PRECICE nail (Group A)
	External fixation (Group B)

	
	Mean
	SD
	Mean
	SD

	Age Y
	14.74
	1.4
	14.75
	1.96

	Male %
	68%
	
	60%
	

	Implant type 

	13 Antegrade
12 Retrograde
	6 Mono-lateral (LRS)
19 circular fixators




[bookmark: _Toc172662967]Table 8: Indications for femoral lengthening
	Indication of lengthening
	PRECICE nails (Group A)
	External fixators (Group B)

	Congenital
	Congenital femoral deficiency (CFD)
	6
	7

	
	Hemihypertrophy
	2
	2

	
	Others (Skeletal dysplasia)
	3
	2

	
	Total
	11
	11

	Acquired
	Post-infection sequelae
	6
	8

	
	Post-avascular necrosis femoral head
	4
	2

	
	Post-traumatic sequelae
	2
	2

	
	Developmental 
	2
	2

	
	Total
	14
	14



[bookmark: _Toc172662968]Table 9: Results
	Variables
	PRECICE nails (Group A)
	External fixators (Group B)
	P-value

	
	Mean
	SD
	Mean
	SD
	

	Target length (mm)
	45
	9
	48
	12
	

	Achieved length (mm)
	41.6
	8
	42.0
	12
	
0.88

	Healing Index (d/cm)
	40.2
	14
	53.2
	19
	
0.016

	Accuracy (Achieving target ± 5mm (n))
	22/25 
	14/25
	0.039

	Length of stay (days)
	4.2
	3.3
	9.2
	5.8
	0.0014

	Abnormal MAD (n)
	3
	6
	0.5



[bookmark: _Toc172662969]Table 10: The effect of device designs on different outcomes (Multivariant linear regression analysis was used to compare HI and length gain.)
	Outcome
	Nail designs
(Antegrade Vs Retrograde)
	External fixation designs 
(Monolateral Vs circular fixators)

	HI
	Not significant (P value 0.77)
	Not significant (P value 0.75)

	Length gain
	Not significant (P value 0.6)
	Not significant (P value 0.4)

	MAD
	Not significant (P value 0.59)
	Not significant (P value 0.3)

	Accuracy of achieving target length ± 5mm
	Not significant (P value 0.06)
	Not significant (P value 0.4)






[bookmark: _Toc172662970]Table 11: Complications of femoral lengthening
	
	PRCICE Nail (GROUP A)
	External fixation (Group B)

	
	Events
	Affected segments
	Events
	Affected segments

	Problems
· Pin sites infection.
· Trochanteric bursitis.
	
0
1
	
0
1
	
12

	
9


	Obstacles
· Deep infection
· Screw failure
· Pin loosening
· Non-union
· Contractures
· Loss of length
	
0
1
0
1
0
1
	
0
1
0
1
0
1
	
1
0
1
2
1
0
	
1
0
1
2
1
0

	Complications
· Fracture post-removal
· Joint subluxation
	
0
0
	
0
0
	
1
1
	
1
1

	Total adverse events & affected segments
	3
	2
	19
	16




[bookmark: _Toc96077462][bookmark: _Toc172662860]Discussion:
The goal of lengthening nails is to achieve a target length with the least number of problems and complications. Lengthening nails were used off-label in the paediatric population. This might be related to the limited evidence of the outcomes in this age group. Szymczuk et al.(63), compared the outcome of femoral lengthening with magnetic lengthening nails to Mono-lateral external fixation in children with CFD. The included patients aged between 5.6-13.2 years for the external fixation group and 10.5-20.3 years for the lengthening nail group. Black et al (92), conducted similar research. The sample included patients aged between 12.3 and 18.8 years in the external fixation group and 15.5 -21.2 years in the lengthening nail group. Both studies concluded that lengthening nails were more effective and safer compared to external fixation. However, both studies compared younger patients in the external fixation groups to older patients in the lengthening nails groups. A recent non-comparative report on 43 femoral lengthening procedures with PRECICE nails in children concluded PRECICE nails to be safe and effective(83).
This study compared the outcomes of femoral lengthening nails in young people (11-17 years) to external fixation. Patients in the 2 groups were matched for age. Femoral lengthening in patients with congenital longitudinal deficiency is associated with a higher incidence of complications compared with patients with acquired conditions(63). Therefore, the diagnosis was matched in the 2 groups in this study.
Both interventions led to similar length gains. However, lengthening nails were more accurate than external fixation. This might suggest that lengthening nails were more tolerable than external fixators. 
We found HI to be significantly better in Group A, this was in line with the reported literature(63,81). However, these studies reported lower overall healing indices. This might be related to different definitions of healing in different studies. Healing was defined in this series as cortical continuity in 3 cortices on 2 orthogonal radiographs. In addition to the intervention, age and indication of lengthening were reported to affect HI. 
Sex, type of external fixator (circular or monolateral), and type of lengthening nails (antegrade or retrograde) did not have a significant effect on HI, length gain, residual malalignment, and accuracy of achieving the target length. These findings might help researchers in designing future comparative studies. In this series, retrograde nails were reserved for older children with fused distal femoral physis. Other indications for retrograde nails included distal deformity correction, altered proximal femur anatomy (e.g., pelvic support osteotomy), and proximal metalwork.
The external fixation group had a significantly longer length of hospital stay. Training for pin site care, difficult mobilization with the external fixators, and pain control could be some of the limiting factors for early discharge with external fixation.
The reported complications per lengthening session were significantly lower in this series (for both groups) compared to the literature(51,92). 
The adverse effects linked to lengthening nails can be broadly divided into device and non-device-related complications. Device-related complications include 1- Distraction-related problems (e.g., failure to control rate, failure to distract). 2- Stability-related problems (e.g., nail bending, breakage of the nails or their components). 3- Other device-related problems (e.g., corrosion and soft tissue reactions). Non-device-related complications include delayed healing and changes in the alignment of the limb(93). In this series, none of the patients had distraction-related problems. However, there was a case of a collapse of the gained length following achieving the desired length in a patient with osteogenesis imperfecta. This was related to the loosening of the distal locking screws, with delayed union following the replacement of locking screws necessitating exchange nailing to a rigid intramedullary nail. Another patient had trochanteric bursitis following the initial surgery, no surgical intervention was required. The nails were routinely removed following the course of the treatment. Corrosion was not observed during the extraction procedures. Muscle contractures and joint stiffness were not reported, possibly related to the current practice of release of the iliotibial band at the time of osteotomy and extensive physiotherapy and rehabilitation.
Most adverse events in the external fixation group did not require surgery; the events that required surgical management included pin loosening, fracture, non-union, hip subluxation, manipulation of a stiff knee, and deep infection. A total of 12 adverse events were treated in outpatient clinics, such as pin site infection, stiffness, increased pain, and poor tolerance to the device.
Unlike external fixators, lengthening nails produce lengthening along the femoral anatomic axis. This might change MAD and overall limb alignment. Burghardt et al (94), suggested that 1 cm of lengthening produces an increase of MAD by 1 mm. In this series, multiple techniques such as Poller screws (95), reverse planning (96) +/- acute correction of pre-existing deformities, and external fixator-assisted nailing to ensure satisfactory alignment. In the presented cohort, there was no significant difference in the final MAD between the 2 groups.
Femoral head avascular necrosis is one of the serious complications linked to antegrade femoral nailing in children. Hammouda et al(64) reported no cases of avascular necrosis in their cohort of children treated with trochanteric entry nails. No cases of postoperative avascular necrosis following antegrade nails were encountered in the presented study.
Femoral external fixators offer the option to span the knee joint, which provides knee protection, especially in cases of congenital longitudinal deficiency. In this study, all the children in the nail group had strict physiotherapy and night splinting in addition to regular radiographic surveys during the distraction phase, and the distraction rate was adjusted accordingly. None of this cohort had pre-lengthening knee ligament reconstruction and no cases of knee subluxation were recorded.
Magnetic nails have been recently criticized. The recent generation of PRECICE nails (STRYDE) is thought to be associated with osteolysis, periosteal reaction, and pain(97). STRYDE nails were introduced to the UK market in 2019 as an upgrade from the PRECICE nails. Unlike PRECICE nails which are made from titanium, STRYDE nails are manufactured from stainless steel. This was to enable early full weight-bearing. STRYDE nails were expected to improve the quality of life of the patients and enable bilateral simultaneous lengthening. The main concern with STRYDE nails was corrosion at the telescopic junction of the nail, which might be linked to the aforementioned adverse effects(97). STRYDE nails were recently recalled for further research. Only PRECICE nails were used in this study. No osteolytic changes near the junction of the telescoping portion of the nail were observed in this study sample. 
The IDEAL development stage (phase 2a) begins when the surgeons start to use the innovation more frequently. It is expected that the gained experience at this stage would lead to further development of the innovation and refinement of the technique. Due to this frequent refinement, the surgeons are usually tempted to report their results as retrospective case series, this usually gives the impression that the final version of the technique was used for all the cases. Some of the data could sometimes be obscured with retrospective studies, this in turn could deprive others of learning from the process of the development and give misleading pictures. The IDEAL framework recommendation for the development stage studies is to conduct protocol-driven prospective studies with sequential reporting. This ensures full reporting of the data and an appropriate description of the technique to show the learning curve and subsequent development. Conversely, retrospective studies offer some advantages over prospective studies. Retrospective studies are more cost and time-efficient as the existing data are utilised rather than waiting for lengthy recruitment and follow-up. Retrospective studies are more feasible than prospective research for the assessment of rare interventions like the studied interventions in this research. In this study, the external fixation option is falling out of favour which poses a real threat to the recruitment of prospective studies; hence the retrospective design was selected. 
Retrospective studies like this study usually have selection bias due to the non-randomised selection of the patients. Matching the participants to avoid confounding variables can sometimes result in further selection bias due to excluding patients who were not matched, this would decrease the sample size and might lead to not reporting important findings. Matching would usually require a more complex statistical analysis. In a review of methodological quality study by LeBrun and colleagues(98), it was reported that 65% of the matched studies in orthopaedics did not use appropriate matching methodology. 
The sample size was not preidentified. However, this was partly due to the rarity of the condition, and the strict inclusion criteria. Second, the external fixation sample was selected manually. However, this was done to enable the matching. Despite that, it was not possible to fully match the specific indication for lengthening beyond the congenital and acquired stage. Third, since this was a retrospective notes review, the frequency of the adverse events might have been underreported. This could have mainly affected mild adverse events such as pin site infections, pain, and discomfort. This did not apply to more serious complications which are observed radiologically or from further surgical / admission records.
[bookmark: _Toc96077463][bookmark: _Toc172662861]Conclusion:
This IDEAL phase 2a study concluded that PRECICE lengthening nails are clinically effective and safe for femoral lengthening in adolescent populations. Compared to external fixation, the healing index and complication rate are more favourable with the lengthening nails. Further research is required to study the cost-effectiveness of this technique.
[bookmark: _Toc172662862]Chapter 5: How much does Paediatric femoral lengthening cost? A cost analysis of femoral lengthening with magnetic intramedullary nails compared to external fixators.

[bookmark: _Toc96077465][bookmark: _Toc172662863]Abstract:
Aims: Compare the cost of femoral lengthening in children using the PRECICE magnetic lengthening nail to lengthening with external fixation.
Patients: Retrospective analysis of 50 children who underwent femoral lengthening. One group included patients who were treated with PRECICE lengthening nails, and the other group included patients who had lengthening with external fixation. Each group included 25 patients aged between 11-17 years. The patients in both groups were matched for age and indication for lengthening. Cost analysis from the National health services perspective was performed following micro-costing and analysis of the used resources during the different phases of the treatments. 
Results: Each group's mean patient age was 14.7 years. Lengthening nails were associated with longer operative times compared to external fixators, both for implantation and removal surgery (P-value 0.009 and <0.0001 respectively). Length of stay following the implantation surgery, frequency of radiographs, and frequency of outpatient department appointments were all lower with lengthening nails. The overall cost of lengthening nails was £1393 more than external fixators, however, this difference was not statistically significant (P-value 0.5).

Conclusion:  The difference in the mean costs between femoral lengthening with lengthening nails versus external fixators was not statistically significant Further research to review the cost-effectiveness of the devices and the quality of life during the lengthening process is crucial for robust health economic evaluation.

[bookmark: _Toc96077466][bookmark: _Toc172662864]Introduction:
Deformities of the lower limbs including limb length discrepancy (LLD) have been successfully treated with external fixation (9). The frequent complications of external fixators and the emphasis on quality of life and the emotional well-being of patients have led to the development of fully implantable motorised lengthening nails(9). PRECICE lengthening nails have become very popular for limb lengthening(30), with the nails being activated using an external remote control (ERC) to produce the required distraction. In the same way, they can be reversed to produce compression (99), which is especially beneficial when considering the compression distraction (accordion) manoeuvre to accelerate bone formation. The concept of sleeper nails is another application of the reversible potential of PRECICE nails which might simplify and reduce the cost of subsequent lengthening surgeries(100).
Lengthening nails are reported to be more convenient for patients and more effective in achieving the required length, in addition to having fewer complications than external fixators in (51,81,82,92).
Limb lengthening is a high-cost process, not only because of the expensive fixation devices but also due to the need for multiple surgeries, complex rehabilitation, and management of adverse effects. As a result, NHS England has included lengthening nails and external fixators within the high-cost tariff-excluded devices (HCTED) system. Motorised lengthening nails were commonly criticized for being more expensive than external fixators, however, the effect of this cost difference on the overall cost remained unclear. It is important when the cost is compared to look at the overall cost of the lengthening rather than the individual price of the devices.
Considering the financial pressure of limb reconstruction, it has become important to consider the cost when deciding on treatment options. In chapter 4 the clinical outcomes of magnetic lengthening nails were discussed and compared to matched participants who were treated with external fixation. This chapter builds on that research using the same set of participants to analyse the cost of lengthening with magnetic lengthening nails and compare it to the cost of external fixation. 

[bookmark: _Toc96077467][bookmark: _Toc172662865]Methods
This study is the second part of the study presented in chapter 4, both studies used the same two sets of participants.
Study design and setting: This is a retrospective, comparative study, that builds on the IDEAL stage 2a which was reported in Chapter 4 to evaluate the innovation of lengthening nails.  This study focused on comparing the costs of magnetic nails and external fixators for femoral lengthening in children from the NHS perspective. This is a single-centre study.
Participants: (a) Intervention group/ group A: All the children who underwent femoral lengthening using PRECICE magnetic lengthening nails, aged between 11 and 17 years at the time of surgery, with a follow-up of at least 12 months postoperatively were included. Patients who were treated with either antegrade or retrograde nails were included. Patients who had lengthening of more than one segment contemporaneously were excluded. The research focused on the children who had their surgeries between February 2011 to March 2017.
[bookmark: _Hlk146470249](b) Matched / Group B: this group included a sample of children who had femoral lengthening with external fixators between February 2011 and March 2017. Both mono-lateral and circular external fixators were included in this group. Patients who had lengthening of more than one segment contemporaneously were excluded. 
Matching: As outlined in Chapter 4, the eligible participants for the lengthening nails group were identified and then the local registry for the patients who had external fixators was searched to find matching participants. Matching was done on a 1:1 basis for each group. Both the age (+/- 6 months) and indication for lengthening (congenital or acquired) were the matching variables. When 2 eligible patients met the matching criteria in the external fixation group, the patient who had the procedure more recently was selected. The lengthening nails were first used in the unit in 2013, however, the recruitment duration for the external fixators group was decided based on the matching. The study included patients who had their treatment with external fixators from Feb 2011 to March 2017 to include a bigger database to enable the matching. 

Data sources and outcomes: This study focused on comparing the costs of femoral lengthening in children. Complications were reported to enable the calculation of the cost. The utilised resources for each patient were recorded and the costs (from the NHS perspective) were calculated using 2019/20 price levels. The identified resources included: the operative time (minutes) for each procedure, consumables (e.g., antibiotics, knee braces, plaster casts, etc.), length of hospital stay (LOS) following each surgery (days), radiographs which included unilateral limb or mechanical axis views, and outpatient department (OPD) appointments. The units of costs for OPD appointments, radiographs, theatre utilisation, staff costs, hospital beds and hospital admission charges were all calculated according to the NHS England National Tariff. The prices of the components of the devices, medications, and consumables were sourced from the supplier chain (table 13). The individual costs of the fixation devices varied between patients within the same group according to the type of nail (antegrade or retrograde) and the different components of the external fixators (numbers of rings, half rings, rods, struts, wires, half pins, bolts, etc.). The costs were calculated for individual patients according to the utilised resources rather than using the data from the Patient Level Information Costing System (PLICs), which might not reflect the variation in costs between patients. The costs of treatment of complications (medications, admission, LOS, and any subsequent surgery) were calculated in the same way and presented as a separate cost category.
In this protocol, knee spanning seen with external fixators was replaced with night splints during the distraction phase with PRECICE nails. Distraction rate was 1 mm/day (0.25mm four times/ day for external fixation, and 0.33mm three times/day with lengthening nails). The distraction rate was adjusted according to the quality of the regenerate, tolerance of the patients, and nearby joints’ range of motion. Full weight-bearing was allowed early following external fixation procedures, while non-weight-bearing was advised following lengthening nails procedures until adequate bone formation. Preoperative deformities were corrected either acutely or gradually with external fixators. Reverse planning(96), acute correction, and blocking screws(95) techniques were utilized to correct preoperative deformities with lengthening nails.
Statistical analysis: Multiple statistical tests were used to test the objectives of the study. At the first level of analysis, descriptive statistics were used. Mean and standard deviation were computed for the continuous variables. At the second level, the normality of the data was tested. Since the distribution of the individual outcomes was normal, the 2 tailed paired T-test of differences in means was used to test the null hypothesis. However, the Related-Samples Wilcoxon Signed Rank Test was also carried out on these variables for confirmation. In all the statistical analyses, P-value < 0.05 was regarded as significant.
Sample size: No formal sample size calculation was done for this study, the intervention is rare and the study included all the legible patients who had the intervention. This study along with the rest of the data in the thesis would inform future phase 3 studies on sample size.
Approval: Local Research and Development Department and NHS Health Research Authority (HRA) approvals were obtained before commencing the study. No ethical approval was required for this study.



[bookmark: _Toc96077468][bookmark: _Toc172662866]Results
Twenty-five cases were included in each group. The mean age was 14.7 years for each group. Each group had 11 children with congenital LLD while the remaining 14 children had acquired indications for femoral lengthening. The external fixation group included 19 circular and 6 mono-lateral fixators, while the lengthening nails group included 13 trochanteric entry antegrade nails and 12 retrograde nails. All retrograde nails were inserted following the closure of the distal femoral physis. 
The target length was 4.8 cm and 4.5 cm for external fixators and lengthening nail groups respectively. There was no significant difference in the length gained between the two groups (p=0.88). Complications were significantly higher with external fixation than lengthening nails (p <0.0001). The details of the complications are summarised and classified according to Paley’s classification(14) in Table 11. Surgical treatment of the complications was required in one patient from the nail group to revise the lengthening nail to an intramedullary trauma nail for management of locking screw loosening and non-union. Meanwhile, surgery was required in nine patients following lengthening with external fixations; two patients required manipulation under anaesthesia for stiff joints, one had debridement of deep infection, one required replacement of a half pin, two were treated with bone grafts for non-union, one patient required internal fixation of a fracture following removal of the fixator, while the last patient required hip reconstruction to treat subluxation.
Lengthening nails were associated with longer operative times for both implantation (P=0.009) and removal (p <0.001) of the devices compared to external fixators. When the duration of surgery for the first 10 patients in the nails group was compared to the last 10 patients there was no significant difference in the duration of surgery between them (165 mins and 191 mins for the first and last 10 patients in the nailing group respectively, P 0.16). Unlike the external fixators, lengthening nails led to shorter LOS following the implantation surgery (p =0.0014), fewer OPD appointments (P-value =0.0002) and, radiographs (p=0.0004 and 0.0006 for focused views and mechanical axis views, respectively). LOS following the device removal was longer with lengthening nails (p=0.003) than with external fixators. Table 12 describes the NHS resources utilization.
The cost analysis reflected the difference in the utilization of resources between the two groups. The costs of the individual items were summarised in Table 13. Figure 11 illustrates the total cost, by component, for each group. The mean costs of the lengthening device were £11,428 (SD £550) and £7,745 (SD £1324) for lengthening nails and external fixators, respectively. The mean total cost of femoral lengthening was £19,374.55 (SD £2,306.1) with PRECICE nails and £17,980.68 (SD £3,261.68) with external fixators. The cost difference between the 2 groups was not statistically significant (p=0.5).
[bookmark: _Toc172662971]Table 12: List of NHS resources
	Resources
	External fixation group
	Lengthening nail group
	Difference (external fixation - lengthening nails)
	P-value

	
	Mean
	SD
	Mean
	SD
	Mean
	

	Number of patients
	25
	25
	
	

	Duration of osteotomy surgery (mins)
	153.56
	28.55
	180.04
	37.17
	-26.48
	0.009

	Length of stay following osteotomy surgery (days)
	9.24
	5.78
	4.19
	3.35
	5.08
	0.0014

	radiographs unilateral (n)

	11.48
	3.11
	4.16
	3.41
	3.56
	0.0004

	Mechanical axis radiographs (n)

	2.88
	1.83
	1.31
	0.55
	1.56
	0.0006

	Outpatient department appts (n)

	11.84
	3.05
	7.92
	3.23
	3.84
	0.0002

	Duration of removal of fixation devices (mins)

	42.4
	11.07
	110.54
	29.57
	-68.88
	<0.0001

	Length of stay following device removal surgery (days)
	0.16
	0.62
	0.96
	0.98
	-0.8
	0.003


[bookmark: _Toc172662972]Table 13:List of cost of the components of treatment
	Cost component
	External fixation group
	Lengthening nail group

	Difference
(Exfix - nails)

	
	Mean
	SD
	Mean
	SD
	

	Cost of theatre utilisation during osteotomy surgery including staff cost (£)
	2375.57
	441.69
	2785.22
	575.09
	-    409.65

	Cost of the length of stay following osteotomy surgery (£)
	3632.42
	2273.31
	1635.38
	1341.22
	1,997.04

	Cost of radiography (£)
	509.31
	97.34
	322.75
	123.63
	186.56

	Cost of clinic appointment (£)
	1326.08
	341.68
	896
	358.57
	430.08

	Cost of the fixation device
(Include the cost of knee brace for the lengthening nails patients) (£)
	7745.66
	1324.22
	11428.02
	550.29
	-3,682.36

	Cost of complications (£)
(Include the cost of any medications, surgery, and hospitalization)
	1390.15
	2384.71
	177.44
	887.2
	1,212.71

	Cost duration removal (£)
(Include plaster cast if required)
	644.93
	171.22
	1721.5
	463.06
	-1,076.57

	Cost theatre utilization for device removal surgery (£)
	145.17
	235.11
	408.24
	354.06
	-    263.07

	Total cost (£)
	17980.689
	3261.6818
	19374.55
	2306.14
	-1,393.86



[bookmark: _Toc95952841][bookmark: _Toc172662973]Table 14: NHS cost per item (2019/20 prices)
	Item
	Cost

	Xray regenerate view
	£33.6

	Xray mechanical axis
	£42.91

	Clinic appointment (MDT)
	£112

	Night stay 
	£393.12

	Admission to a day surgery unit
	£42.84

	Discharge 
	£42.84

	Theatre utilisation/ min (including theatre staff and anaesthetics team)
	£14

	Surgeons (consultant) / min in theatre
	£0.91

	Surgeons (registrar/ fellow) / min in theatre
	£0.56

	Above knee cast 
	£25 materials and £30 time, £55 total

	Knee splints 
	£20

	Retrograde PRECICE nail including locking screws
	£10,910

	Antegrade PRECICE nail including locking screws
	£11,989.2

	Male/ female hinge (standard/ low profile)
	£54.22

	Femoral arch
	130mm (£345), 150mm (£360), 180 mm (£426)

	TSF half ring (130mm -205mm)
	£243.57 - £424.

	HA-coated half pin 6mm
	£89.952

	TSF strut any size (fast fix)
	£610

	Full ring TSF (130mm -205mm)
	£655

	2 holes post
	£65.5

	3 holes post
	£66.8

	4 holes post
	£68.5

	1-hole Rancho cube
	£51

	2 holes Rancho cube
	£76

	3 holes Rancho cube
	£107

	4 holes Rancho cube
	£127

	5 holes Rancho cube
	£146

	1 hole post Rancho cube
	£53

	2 holes post Rancho cube
	£53

	Sockets 2,3,4 holes
	£42

	2 holes Twisted plate 
	£50

	3 holes Twisted plate
	£70

	2/3 ring 
	£514

	Threaded rods (100mm to 200mm)
	£13.6 to £ 20.6

	Connection plates (35mm to 85mm)
	£56 to £74

	1.8 smooth wire
	£42

	1.8 olive wire
	£97

	Nylon nut per item
	£2.2

	Standard nut
	£1.4

	Bolts different sizes
	£3.7

	Washer
	£3.8

	Centralising sleeve 6mm 
	£51.68

	Angle pin connector
	£289

	Colours for TSF struts
	£68

	Grub screw
	£6.1

	Russian bolt 
	£17

	Shoulder bolt
	£27

	Oblique support
	£321.48

	LRS rail
	£1,691

	T clamp
	£587

	LRS kit
	£1,867

	Clamp
	£441

	Bushing
	£44.3

	Screw/ half pin
	£70

	Flucloxacillin 500mg/ week 
	£2.19

	Co-amoxiclav 625 mg/week
	£2.53

	Diazepam / 2 weeks
	£0.94

	Oramorph 100 ml of 10 mg/5ml 
	£2.70

	Dressings/ day 
	£1.42





[bookmark: _Toc96038633][bookmark: _Toc172662953]Figure 12: Stacked bar chart of the total cost, by component, for each group

[bookmark: _Toc96077469][bookmark: _Toc172662867]Discussion:
The cost of healthcare continues to rise but the resources available to meet these demands are restricted. Obtaining the best possible clinical outcomes and patient satisfaction remain the main clinical priority for both clinicians and their patients. Economic factors do play an increasingly important role in the development, management, and evaluation of health systems(38). The use of novel devices is made easier by careful assessment of the cost implications of these evolving treatments to support clinical decisions in cases where there is an increase in implant costs. Multiple authors reported the outcomes of limb lengthening with motorised lengthening nails in children(59,83–85,101). Despite the increased cost of lengthening nails, there was no evidence comparing the overall cost of this recent intervention to traditional treatment with external fixators. It was not clear whether the extra cost of the lengthening nails could result in reducing the overall treatment cost. As a result, this study focused on the cost analysis of the lengthening nails and external fixators for femoral lengthening in children.
This study included the first 25 femoral lengthening nails in this unit. External fixation is a mature technology, with which surgeons are experienced in using. However, as lengthening nails were a relatively new technology then, it is likely that surgeons had not yet optimised their skills and so the length of surgery might have been longer than would be expected once it became more routinely used. The duration of surgery was longer with the lengthening nails compared to external fixators, there were similar findings in the previous literature; Pietrzak et al reported an extra 45 mins of operative time with Lengthening nails compared to external fixators. One might argue that lengthening nail surgeries are usually more challenging, especially when acute deformity correction is required. Acute correction of angular or rotational deformities requires a great deal of preoperative planning and intraoperative precision. The techniques of wedge excision, Poller screws and the reverse planning methods which inform certain angles of insertion of the nail and specific degrees of displacement are likely to add time to the surgery. This theory might be supported by the outlined comparison of the duration of surgery between the initial and last 10 patients in the intramedullary nails cohort, where there was no difference between the subgroups. Having said that, including only 10 patients in each subgroup might have resulted in a very small sample to study. It is worth noting that in a teaching NHS hospital there will always be variations in the learning curves and levels of supervision amongst the surgeons who are performing these procedures. It is reasonable to conclude that, the reported longer duration of surgery for lengthening nails was likely multifactorial, the new technology with its learning curve might have played a role in addition to the complex surgical procedure.
Following the surgery with external fixation, most patients required intensive training to learn about pin site care and to become more familiar with the devices and the planned adjustments, this might explain the longer length of hospital stay that was reported with external fixators. Lengthening nails had significantly lower complication rates than external fixators, this was both clinically and statically. The lower rate of complications with lengthening nails is believed to reduce the need for outpatient appointments and radiographs. Removal of external fixators was routinely done as minor day case procedures, whereas removal of lengthening nails was a more time-consuming procedure and some patients required overnight stay. 
The cost difference of £1393 between the 2 interventions for each patient was not statistically significant. The increased costs of the nails and operative duration in this group were largely offset by the reductions in the length of hospital stay, outpatient appointments, and number of radiographs. The more frequent complications with external fixators resulted in increased costs due to frequent appointments, admissions, and surgical procedures.
Economic evaluation is a central component of technology appraisals and clinical guidelines developed by the National Institute for Health and Clinical Excellence (NICE) (102–104). Economic evaluation is a comparative analysis of alternative treatment options in terms of both their costs and outcomes. Cost-utility analysis (CUA) is the type of analysis that is favoured by NICE. This is because the costs in monetary units are compared with the outcomes in quality-of-life adjusted years (QALYs.) 
Limb lengthening is mainly directed towards improving the quality of life rather than focusing on a single outcome. As a result, it is more useful to utilize cost-utility analysis for the economic evaluation of the different limb-lengthening devices. However, the outcomes in terms of QALYs between the two interventions have not yet been studied (59). There are no published reports on the outcome of lengthening nails that used a validated health-related quality of life assessment (HR-QOL)(59). Some authors used locally developed patient satisfaction questionnaires (57,83). Nevertheless, it is important to use validated HR-QOL to enable calculating the QALYs.
Limitations:
This study tried to avoid some of the limitations of previous research. It is focused only on children. In order to avoid some of the confounders from other reports both groups were matched for age and indication for lengthening. However, the matching itself in this case has introduced selection bias. As highlighted in Chapter 4, matching might result in excluding the patients who were not matched, this is a source of selection bias, and this is beside complicating the statistical analysis. Selection bias is an inherent bias in non-randomised research. 
Including the first 25 patients who were treated with a new technology might have resulted in increased costs of the treatment due to longer procedures, more frequent outpatient visits and increased complications. Despite all that, the complications were not higher and the frequency of follow-up appointments was less with the new technology. The study showed that the total costs of the two interventions were not different despite the increased cost of the devices in the nailing group, Moreover, taking the learning curve into account, the cost of treatment with lengthening nails might drop more as the surgeons optimise their techniques. 
The retrospective design of this research was chosen to enable the recruitment of sufficient sample size in the external fixator group, this is because the number of patients who are treated with external fixators has dropped due to the increased demand for lengthening nails. Relying on retrospective notes review might have resulted in under-reporting the frequency of mild adverse events as these may not have been recorded. Having performed many thousand external fixators for lengthening at this unit may underrepresent the complications seen in the fixator group. 
The costs were calculated based on the records in the tertiary centre. Some of the costs of treatment from the community or local hospitals (in case the child was referred from outside the catchment area) were not included. Examples of these costs are the costs of occupational therapy, hospital transport, medications supplied by primary care and physiotherapy. Owing to the wide diversity of patients, the wide sources for physiotherapy (the tertiary units, local hospital, community physiotherapist, club physiotherapists and private physiotherapists for some patients) and multiple consultation media (face to face in office, face-to-face at home, telephone, video and letters) it was not possible to collect reliable data about the physiotherapy utilisation retrospectively. However, it is hypothesised that both interventions would need extensive physiotherapy input throughout the whole treatment. In the same financial year of the analysis, a physiotherapy session (45 mins) cost the NHS £18.47 (+£ 8.25 for travel up to 15 miles), a walking frame cost the NHS from £20 to £30, while the price of an average set of crutches was £25. It is unlikely the costs of physiotherapy would result in a serious change in the overall cost of treatment. A prospective study design could enable accurate analysis of the costs outside the tertiary unit and could also include the costs from the patient’s perspective (such as loss of income and out-of-pocket payment).
Finally, the prices of the individual components and the cost of the utilised resources were calculated according to the NHS supply chain; a different device, supplier or healthcare service might have different values which might affect the overall cost.
[bookmark: _Toc96077470][bookmark: _Toc172662868]Conclusion:
The difference in the mean overall costs between the two interventions was not statistically significant. As a result, lengthening nails are not cost-prohibitive devices for femoral lengthening despite their apparent increased cost. This is the only research that has undertaken detailed costing of all aspects of hospital care relating to lengthening nails in comparison with external fixation.
Patient satisfaction and quality of life, both perioperatively and post-surgery are the most important factors in introducing new surgical interventions, and further research is needed in this area with validated outcomes. This is in addition to clinical outcomes and their cost analysis to further support the safety and efficacy of lengthening nails. However, this study provides valuable data on the costs of lengthening nails and external fixators in children.



[bookmark: _Toc172662869][bookmark: _Hlk146670540]Chapter 6: Quality of life of children during distraction osteogenesis of lower limbs: Exploration phase IDEAL Prospective study comparing intramedullary magnetic lengthening nails and external fixators.


[bookmark: _Toc172662870]Abstract
Background: Distraction osteogenesis is a very demanding process. For decades, external fixation was the only reliable option for gradual deformity correction. Recently, intramedullary magnetic nails have gained popularity. The purpose of this research was to assess the quality of life in children during gradual deformity correction using intramedullary lengthening nails compared to external fixation.
[bookmark: _Hlk96363405][bookmark: _Hlk96363383][bookmark: _Hlk96363427]Method: This is a prospective controlled cohort study following the IDEAL 2b exploration stage. It focused on children who had gradual lower limb deformity correction between 2017 and 2019.  Group A included children who had magnetic lengthening nails, and patients in group B had external fixation devices. Child health utility 9 dimensions (CHU- 9D) and EuroQol 5 dimensions youth (EQ- 5D-Y) were used to measure the quality of life at fixed points during the distraction osteogenesis process. The results were used to calculate the utility at each milestone and the overall quality of life adjusted years (QALYs).
Results: 34 children were recruited, Group A had 16 patients, while group B had 18 patients. The average ages were 16.0 years and 14.7 years for groups A and B, respectively. Group A patients reported significantly better utility compared to Group B. This was observed during all stages of treatment (P=0.00016). QALYs were better for group A (0.44) compared to group B (0.34) (P <0.0001).
Conclusion: The quality of life was generally better in group A compared to group B. In most patients, the health utility progressively improved throughout treatment.  In the same way, QALYs were better with the lengthening nails compared to external fixators. 
Keywords: magnetic nails. Limb lengthening, external fixators, quality of life.
[bookmark: _Toc172662871]Background
Significant lower limb deformity and limb length discrepancy LLD (>2cm) are estimated to affect 1:2000 children(105), If left untreated they can lead to gait abnormalities and pain. The abnormalities in appearance and function may make it difficult for affected children to participate in sports, educational and leisure activities. As a result, psychological and emotional difficulties are reported to be more common in children with lower limb deformities(106).
[bookmark: _Hlk96364155]Traditionally, external fixators were essential for distraction osteogenesis (DO)(9), External fixators require daily care and modification of lifestyle to reduce the risks of pin site infection and adjacent joint stiffness. Patients need special training to be able to make the daily adjustments of the rods/struts required to produce the planned correction. External fixation devices can be cumbersome and are commonly associated with complications(107). The nature of external fixation, prolonged hospitalization, multiple operative procedures and increased rates of complications can result in significant psychological and emotional problems in children(107).  In one series, half the children who had Ilizarov fixators had moderate to a severe worsening of their mental health and suicidal thoughts(108). These psychological and emotional abnormalities were thought to be reversible when the children were reassessed following the removal of the devices(80,106,108,109). 
The frequent complications of external fixators in addition to the emphasis on quality of life and the emotional well-being of patients led to the development of fully implantable motorised lengthening nails(9). PRECICE lengthening nails (NuVasive Specialized Orthopedics Inc. Aliso Viejo, California. United States) are magnetic telescopic titanium intramedullary lengthening nails. The nails are activated by an external remote control (ERC) to produce the required distraction. Lengthening nails were reported to have better clinical outcomes than external fixators for limb lengthening in children(51,99). Lengthening nails are more expensive than external fixators. This added cost of lengthening nails was argued to be in exchange for a better quality of life during the lengthening process(57,83). Although this may be true, no studies have compared the quality of life between lengthening nails and external fixators during treatment. 
Health-related quality of life (HR-QOL) measures have a vital role in contemporary healthcare. Validated HR-QOL tools are used for utility analysis. The utility can calculate the quality-of-life adjusted years (QALYs), which is extremely useful for allocating healthcare resources.
The IDEAL framework describes the evaluation of surgical innovations. In Chapters 4 and 5 a phase 2a study was reported. Reaching the Exploration level (2b) of the IDEAL framework is indicated by the growing number of surgeons utilising magnetic lengthening nails, the expanding indications for the treatments, and the positive short-term results of these devices. The development phase studies concentrate on a highly selected cohort and do not use a control group. The exploration phase studies provide higher quality research than the development stage because they include patients with a wider range of indications, different surgeons with varying practices, and multiple setups. Exploration phase studies are usually prospective controller studies that include patients with varied indications for surgical treatment. This study compares the reported quality of life in children whilst they were undergoing treatment with either lengthening nails or external fixation. It is a prospective controlled cohort study, It includes patients with multiple pathologies who were treated by different surgeons at a single unit. 

[bookmark: _Toc172662872]Methods
Approval of this research was granted by the local research and development department (Appendix 3), no ethical approval was required. This was a prospective study. Inclusion criteria consisted of the following: (1) age between 9-17 years. (2) lower limb reconstruction (lengthening and deformity correction) with lengthening nails or external fixators between 2017 and 2019. Informed consent/assent was obtained from eligible children and their carers. Patients who had soft tissue correction only without bony procedures and those who refused to participate in the research were excluded. In the same way, the patients who did not complete the CHU-9D questionnaires (primary outcome) fully at the required time points or missed appointments were excluded. Patients were divided into two groups, group A included children who had PRECICE lengthening nails, while group B included children who had external fixators whether monolateral or circular types. 
The patients were asked to complete the HR-QOL questionnaires during their outpatient appointments on 3 occasions; the first was during the distraction stage (1 month postoperative), the second was during the early consolidation stage (3 months postoperative) and the third during the late consolidation/healed stage (9 months postoperative or before frame removal if removed earlier than 9 months). CHU-9D instrument (appendix 4) was used as the primary outcome measure, while the EQ-5D-Y instrument (appendix 5) was used as a secondary outcome. The institutions which developed these outcomes measures approved their use in this research. The utility was generated from each completed questionnaire. QALY was then calculated using the utilities at the different time intervals. CHU-9D was used primarily because it is a children-specific, preference-based outcome measure, unlike the EQ-5D-Y which is a modified version of the adult EQ-5D tool. Both tools could be completed by patients (7-17 years for CHU-9D and 8-18 years for EQ-5D-Y) or proxy. Since the study focused on age 9-17 years both tools were suitable for completion by patients or proxy.
In the treatment protocol, early weight-bearing was started following external fixation procedures, while non-weight bearing was advised following lengthening nail procedures until adequate bone formation. Distraction was commenced at day 5-7 postoperatively at a rate of 1mm/day (0.25mm four times/ day for external fixation, and 0.33mm three times/day with lengthening nails). The distraction rate was adjusted according to the quality of bone formation, tolerance of the patients, and nearby joints’ range of motion.
Statistical analysis
A pilot study included 8 patients in each group, the CHU-9D utility was used for the power calculation to determine the sample size. The effect size was 1 , based on the means and standard deviations in the pilot group. A sample size of 16 patients with completed scores per group were required (80% Power, 5% significance, 2 tailed analysis).
Mean, standard deviation (SD), median and interquartile range (IQR) were used for descriptive analyses of continuous outcomes, while frequency and percentage were reported for categorical outcomes. Linear mixed model regression was used for the analysis of utility. Wilcoxon rank-sum test and Friedman non-parametric tests were used to analyse the dimensions of the HR-QOL instruments. A linear regression model was used to analyse QALYs. For all statistical analyses P-value < 0.05 was regarded as significant.

[bookmark: _Toc172662873]Results
The initial recruited sample for group A included 19 patients and 20 patients for group B. Following excluding the children who did not complete the primary outcome tool, The final sample in group A included 16 children, while group B included 18 children. All the included children completed the CHU-9D instruments at the 3 identified time points. Eight children in Group A did not complete the EQ-5D-Y instruments fully, while all the patients in group B filled the EQ-5D-Y questionnaires fully. The sample description is summarised in Table 14.
Group A patients reported significantly better scores in all domains of CHU-9D. Apart from the domains ‘’sad and annoyed’’, all the domains showed significant improvement over time in group A. In group B, all the domains showed progressive improvement over time except for the ‘’annoyed’’ domain (table 15). In the EQ-5d-Y model, the responses had the same trend over the three time points.
The mean overall utility using the CHU-9D data was 0.85 (SD = 0.13) for group A and 0.70 (SD = 0.17) for group B. For the unadjusted model (model with only treatment group as a covariate), the mean difference in utility between the two groups was significant (95% CI: 0.08 to 0.22, P-value = 0.0002) and remained significant after all variables such as age and sex had been adjusted for (P= 0.003), in favour of the group A. Age and sex differences were not associated with any significant difference in utility (P=0.2 and P=0.08 for age and sex respectively). Figure 13 summarizes the CHU-9D utilities for all the patients at different time points.  
The results were similar for EQ-5D-Y. The utility was higher in group A compared to group B (table 16). Figure 14 summarises the EQ-5D-Y utilities for all the patients at different time points. Figure 15 compares the mean CHU-9D and EQ-5D-Y utilities of the two groups.
Using the CHU-9D instrument, the mean QALYs were 0.44(SD = 0.02) for Group A and 0.34(SD = 0.07) for Group B (Table 17). The mean difference in QALY was significant (95% CI: 0.04 to 0.12, P=0.00015) and remained significant (P=0.00016) when age and sex were adjusted for, and in favour of group A., QALYs were not significantly different between different ages and sexs (P =0.49 and 0.14 for age and sex respectively) (Table 20). In the same way, the QALY which was generated from EQ-5D-Y data was higher in group A (0.30) compared to group B (0.17). Tables from the statistical analysis in appendix

[bookmark: _Toc172662974]Table 16: Summary of the demographic characteristics of patients between the two groups.
	
	
	

	
	Group A
(Lengthening nail)
	Group B
(External fixator)
	

	Variable
	Level
	number
	Mean
	SD
	number
	Mean
	SD
	Total

	Age (Years)
	
	16
	16.06
	1.80
	18
	14.67
	2.50
	34

	
	
	
	
	
	
	
	
	

	Gender
	Male
	10 (62.5%)
	
	
	12 (67%)
	
	
	22

	
	Female
	6 (37.5%)
	
	
	6 (33%)
	
	
	12

	
	
	
	
	
	
	
	
	

	Bone segment


	
Femur
Tibia
	16
0
	
	
	4
14
	
	
	
20
14



[bookmark: _Toc172662975]Table 17:Test statistics from Wilcoxon rank-sum test for each dimension to assess the sig. difference between group A (lengthening nails) and Group B (External fixators)
	
Dimensions
	W – test statistic
	P-value

	Worried
	1625
	0.0046

	Sad
	1726.5
	0.0001

	Pain
	1855.5
	<0.0001

	Tired
	1780
	[bookmark: _Hlk89731855]0.00023

	Annoyed
	1747
	<0.0001

	School
	1687.5
	0.0041

	Sleep
	1633
	0.016

	Daily routine
	2002
	<0.0001

	Activities
	1697.5
	0.0039



[bookmark: _Toc172662976]Table 18:Summary of CHU-9D utility at different time points for the two treatment groups
	
	
	Group A
(Lengthening nails)
	Group B
(External fixation)

	Variable
	Level
	n 
	Mean
	SD
	n 
	Mean
	SD

	Stage of treatment
	
	
	
	
	
	
	

	
	Distraction
	16
	0.69
	0.06
	18
	0.60
	0.15

	
	Early
	16
	0.89
	0.06
	18
	0.71
	0.18

	
	Late
	16
	0.95
	0.07
	18
	0.79
	0.11

	
	Overall
	
	0.85
	
	
	0.71
	



[bookmark: _Toc172662977]Table 19:Summary of EQ-5D-Y utility at different time points for the two treatment groups
	
	
	Group A
(Lengthening nails)
	Group B
(External fixation)

	Variable
	Level
	n 
	Mean
	SD
	n 
	Mean
	SD

	Stage of treatment
	
	
	
	
	
	
	

	
	Distraction
	8
	0.47
	0.31
	18
	0.08
	0.46

	
	Early
	8
	0.54
	0.32
	18
	0.30
	0.45

	
	Late
	8
	0.80
	0.33
	18
	0.54
	0.44

	
	Overall
	
	0.6
	
	
	0.3
	




[image: ][bookmark: _Toc172662954]Figure 13:Time trend plot for CHU-0D utility for each patient in the two treatment groups
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[bookmark: _Toc172662955]Figure 14:Time trend plot for EQ-5D-Y utility for each patient in the two treatment groups.
[bookmark: _Toc172662956]Figure 15:Line graphs of EQ-5D-Y, CHU9D mean utilities for both nails and external fixators
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[bookmark: _Toc172662874]Discussion
External fixation is an established method of deformity correction. Limb reconstruction centres developed extensive rehabilitation programs to reduce complications and improve patients’ experience(110). However, multiple researchers reported the negative psychological and emotional effects of these devices during the limb lengthening process(108). Lengthening nails were introduced to improve the patient’s QOL during that phase(9). The psychological problems were reported to be reversible following the removal of the external fixator(80), therefore this research focused on the comparison of QOL during the lengthening session.
[bookmark: _Hlk96373529]Until recently, there were no reliable or validated instruments for measuring Patient-reported health status in children, particularly preference-based measures (PBMs)(111) that allow for the calculation of QALYs. CHU-9D and EQ-5DY are both PBMs. EQ-5DY (EuroQol, Rotterdam, Netherlands) was developed from the existing adult instrument (EQ-5D). EQ-5D-Y has the same 5 dimensions as the EQ-5D but with language adaptation for children. EQ-5D-Y has 5 questions for 5 domains. The five dimensions are ‘mobility’, ‘looking after myself’, ‘doing usual activities’, ‘having pain or discomfort’ and ‘feeling worried, sad or unhappy’. Each question has 3 answers, with no problems to QOL as number 1 and significant problems as option 3. It was argued that further work on EQ-5D-Y is required to confirm the content validity in children(112), hence it was not used as a primary outcome tool. CHU-9D (Sheffield University, Sheffield, UK) was primarily developed to be used for children rather than being a modified version of an adult instrument(112). CHU-9D contains 9 dimensions (worried, sad, pain, tired, annoyed, schoolwork/homework, sleep, daily routine, and activities). Each domain is represented by a question that has 5 answers, numbered 1-5, with number 1 being normal and number 5 being the worst for the QOL of that dimension. The advantages of CHU-9D include a short recall period (today), suitable for use in children 7-17 years, easy and quick to be filled with 2 minutes completion time, and it can be completed by patient or proxy(111). 
Multiple studies compared the patients reported outcomes between lengthening nails and external fixators(53,57,83). It was concluded that lengthening nails offered better patient satisfaction compared to external fixators. However, none of these studies used a validated outcome tool. As a result, this study used child-specific, preference-based validated HR-QOL instruments. Recall bias was identified in previous research, the patients were asked to comment retrospectively on their experience of the fixation devices following the removal of the devices. The prospective design of this study, assessment of QOL at different timelines and the short recall time of CHU-9D will help to avoid recall bias. 
The patients who were treated with lengthening nails reported less pain compared to external fixation. Common adverse events with external fixators such as pin site infection and pin loosening might explain the increased pain with external fixators. Pain could be the main reason for the increased anxiety, sadness, tiredness, sleep problems, annoyance, and lack of independence with external fixators. The large sizes of external fixators and the inability to conceal them might cause low self-esteem which may be another factor for the inferior quality of life with these devices.
The improvement of quality of life throughout the treatment was expected. QOL was the lowest throughout treatment during the distraction phase. The relatively low QOL during the distraction phase compared to later stages of treatment is understandable, the ongoing distraction can cause pain, apprehension, and anxiety. Also, Patients require some time to adjust to the new device and their new body image, especially with external fixators. Moreover, patients normally require more frequent visits to the outpatient department during the distraction phase which might cause anxiety. Unsurprisingly, patients reported better QOL during the late consolidation phase. The lengthening nails group reported the utility to be almost of perfect health (0.95). This might be related to the advanced bone healing in that stage which enabled patients to participate in more activities. 
This study was prospective cohort study, it benefited from power analysis to estimate the sample size relying on an internal pilot study, the pilot phase study was used to inform the difference in the means, standard deviation to enable measuring the effect size, which was used to measure the sample size. Usually, pilot studies are used to inform the feasibility of prospective trials rather than providing data for analysis, but since there were no other studies in literature evaluating the health utilities for the interventions the pilot study was necessary to inform the sample size. This research measured the same outcome (utility) using two different instruments in two different cohorts. However, there were missing data for 8 patients for the EQ-5D-Y in the lengthening nail group, this is likely because of an administration error in the distribution / printing of the questionnaires that might have happened on the day. Although it was not the main goal of the study It would have been possible to report on the correlation and agreement between the two instruments had the full data been present. In fact, it is possible to correlate the CHU-9D and EQ-5D-Y collected data if the CHU-9D scores for the 8 patients with missing EQ-5D-Y scores were excluded. But this would have resulted in an increased probability of Type II error due to the small sample size.  
One of the limitations in this study was selection bias due to non-randomised design. Another participants’ related limitation was the lack of matching, the patients in the lengthening nails group had femoral surgery, while most of the external fixation cohort had tibial surgeries. Lack of Equipoise and strong patients’ preference were likely the main causes for this unequal distribution of femora and tibias between the groups. In the unit where the study was done, lengthening nails were not used for tibial lengthening due to surgeons’ preference, meanwhile, the patients had strong preference for intramedullary nails when both options were offered for femoral lengthening. Due to the increased demand on femoral lengthening with lengthening nails at the time of recruitment, a small number of patients opted for femoral lengthening with external fixation. Subsequently, the lengthening nails group included only femoral lengthening and the external fixation group included more tibial than femoral procedures. Identifying the issues with community equipoise is important in this phase 2b IDEAL study which is used to inform the Assessment phase trials.
The aim of the study was to examine the difference if any in the quality of life for the patients while they had the fixation device, although both groups included patients who had surgeries on different segments of their lower limbs the reported difference in the QALYs was unlikely to be due to the difference in the treated part of the body. It is argued that femoral external fixators are less tolerable compared to tibial external fixators and this study compared the likely more patients’ friendly tibial external fixator with lengthening nails, one would expect that the incremental QALYs to be more significant if both groups included all femoral surgeries. A prospective RCT with patients stratified according to the fixation device and anatomical segments might help in assessing the health utilities. Also to evaluate the difference in QOL for patients who had the same treatment but on different segments and different devices the same segment.
In this study, the external fixator group participants were younger than the lengthening nail patients. This may produce different responses to the questionnaires according to the priorities at different ages, however, all the included children in this research were within the age limit of the health utility instrument, hence it is believed the measured utilities were accurate despite the age difference. In the same way, the participants were not matched for sex or diagnosis, more males were included in the external fixation group. However, the reported regressing analysis suggested that age and sex do not have a significant effect on the utility and QALYs.
[bookmark: _Toc172662875]Conclusion
Lengthening nails offered better health utilities and QALYs for children during the distraction, early and late consolidation phases of distraction osteogenesis compared to external fixators. This is the only study assessing the quality of life of children during the distraction osteogenesis process using validated HR-QOL instruments. 
This research presented the QALYs during limb lengthening and provides a basis for further economic evaluations of the different techniques of distraction osteogenesis in children.









[bookmark: _Toc172662876]Chapter 7: Economic evaluation of motorised lengthening nails for femoral lengthening in children in comparison with external fixation.

[bookmark: _Toc172662877]Abstract
Objectives 
To determine the cost-effectiveness of intramedullary magnetic lengthening nails for femoral lengthening in children in comparison with external fixators. 
Design
Cost-utility analysis alongside cohort studies. 
Setting
Paediatric limb reconstruction unit in a tertiary centre. The results are relevant to the UK health care system but can be modified to be adopted in other health care systems.  
Methods 
Cost parameters were collected from a retrospective cost analysis study, while the health utility weights were estimated from a prospective quality of life study.
Intervention 
Intramedullary magnetic lengthening nails in comparison to external fixation for femoral lengthening in children.
Participants 
Both studies focused on children. The cost analysis study recruited 50 children with matched ages and diagnoses who had femoral lengthening with either lengthening nails or external fixation. The quality-of-life study included children undergoing limb lengthening with lengthening nails or external fixation.
Main outcome measures
Overall costs in pounds (£) were collected from the cost analysis study. Quality of life adjusted years (QALY) was measured using CHU-9D over the time horizon during the fixation device in place. The incremental cost-effectiveness ratio was calculated. One-way and two-way sensitivity analyses were conducted to assess the robustness of the primary findings.
Results
Children who were treated with intramedullary lengthening nails incurred more costs (incremental cost + £1,393.86) and more QALY gain (incremental QALYs + 0.1) compared to the external fixation cohort. ICER for lengthening nails was below the willingness-to-pay threshold of £20,000 per QALY gain. One-way sensitivity analyses were consistent with the primary outcomes, however, the results of two-way sensitivity showed ICER to be marginally higher than the basic threshold. 
Conclusion
Compared to external fixation, magnetic intramedullary lengthening nails resulted in increased cost with improved QALYs. Results from both the primary and sensitivity analyses suggested that distraction osteogenesis with intramedullary magnetic lengthening nails was likely cost-effective. Further research might be useful in reducing the uncertainty level.


[bookmark: _Toc172662878]Introduction
In the last few decades, the limb reconstruction field had 3 major advances. It started with the concept of distraction osteogenesis and the Ilizarov devices. This was followed by the software-assisted Hexapod circular fixators which enabled correction of complex deformities.  The most recent advance was the development of motorised intramedullary lengthening nails(9). 
The clinical outcomes of the magnetic lengthening nails in children were discussed in Chapter 4. Lengthening nails were found to be more accurate and safer than external fixations. However, the big difference in the cost of lengthening nail implants compared to external fixations urged further research to evaluate the overall cost of treatment.
The mean total cost of treatment with lengthening nails was higher than the cost of treatment with external fixation. As discussed in Chapter 5, the difference in the cost was mainly due to the difference in the cost of the implants compared to external fixations. This raised the question about the cost-effectiveness of lengthening nails for limb lengthening in children.
The main goal of limb lengthening surgeries is to achieve a certain length which is expected to result in a better quality of life for the patients. This suggests that quality of life is the most suitable outcome for cost-effectiveness analysis rather than any other clinical outcome. Multiple studies showed that most of the adverse events which are related to external fixation such as pin site infections, muscle wasting, joint stiffness and personality disorders were temporary which eventually improved after the frame removal(11,80). This explains the reason behind focusing on the quality of life with the fixation devices in situ rather than after their removal. A comparison of the quality of life for both treatment options and their respective QALY was discussed in Chapter 6. It was concluded that QALY was significantly better for lengthening nails compared to external fixation. 
The economic evaluation was required to explore whether the gain in QALY with lengthening nails would justify their increased cost compared to external fixation. 
[bookmark: _Toc172662879]Economic Evaluation and decision making
[bookmark: _Toc172662880]Economic evaluation background
Economic evaluation is at the heart of guidelines developed by the National Institute for Health and Clinical Excellence (NICE) (102–104). Economic evaluation is a comparative analysis of alternative treatment options in terms of both their costs and outcomes. The extra cost of the alternative intervention compared to the cost of the traditional treatment alongside the gained health benefits are the main points of economic evaluation. The difference in the cost (ΔC) is calculated from the cost of the new intervention (Ct) minus the cost of traditional treatment or control (Cc). In the same way, the difference in the effect (ΔE) can be measured from the mean effects of the intervention (Et) minus the control (Ec). The incremental cost-effectiveness ratio (ICER) is the difference in cost divided by the difference of effect (ICER=Ct−Cc/Et−Ec=ΔC/ΔE)(113). 
There are different types of economic evaluations:
· Cost minimization analysis is used to identify the least expensive option when the interventions have equivalent outcomes.
· [bookmark: _Hlk96467319]Cost-effectiveness analysis (CEA), which compares the costs in monetary units with outcomes in quantitative non-monetary units (for example, symptom-free days, heart attacks avoided, deaths avoided). 
· [bookmark: _Hlk96467336]Cost-utility analysis (CUA) is the type of analysis that is favoured by NICE. It is a sub-type of cost-effectiveness analysis where the outcomes are measured in QALYs. 
The cost-effectiveness plane (fig 22) explains the decision-making based on economic evaluation. According to the figure, the new treatment dominates when it is more effective and cheaper (Southeast quadrant). Using the same principle, the existing treatment dominates when the new treatment is more expensive and less effective (Northwest quadrant).  The southwest and northeast quadrants represent more controversial situations when the intervention is more expensive yet more effective (Northeast) or less effective and cheaper (Southwest).  In these situations, the decisions whether to accept or reject the intervention are based on a trade-off between the cost and the effect. The threshold for this trade-off is represented on the diagram by the diagonal line. The values on the right of the line represent a trade-off between the cost and health, hence, the intervention is accepted. Similarly, the values on the left represent no trade-off and the intervention is subsequently rejected. The slope of the line is decided by the willingness to pay for a unit increase in health.
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[bookmark: _Toc172662957]Figure 16 Cost-effectiveness plane
Graphic depiction of difference in effectiveness between the new treatment and the comparator against the difference in cost (Economic evaluation alongside randomised trials: design, conduct, analysis, and reporting by Petro S and Gray A. BMJ 2011 Apr7.

[bookmark: _Toc172662881]Costing in economic evaluation
There are 3 stages for costing in economic evaluation: identification, measurement and valuation(114). Identification outlines the used resources in the intervention. Examples of the resources identified in Chapter 5 of this thesis include implants, radiography, hospital beds and theatre utilization. 
Measurement is quantifying the used resources (number of implants, length of stay and time in theatre). 
Valuation is a way of expressing the measurement based on the price of the units. Measurement and valuation can be conducted using micro-costing or gross costing. Taking surgery in an operating theatre as an example; gross costing is based on the allocated budget for the service such as the cost of surgery as charged by the trust. On the other hand, micro-costing refers to detailed individual analysis of the utilized resources, using the same example of surgery in the operating theatre; micro-costing calculates the cost of surgeons, nurses, anaesthetic staff, implants costs and the cost of radiographs, etc... Micro-costing is thought to be more accurate however it is criticized for being less practical than gross costing (114).
[bookmark: _Toc172662882]Measurement and valuation of outcomes
QALY is generated from the QOL questionnaires filled at different intervals during the time horizon of the study. Generic pre-scored preference-based measures are essential to enable QALYs calculation. Examples of generic preference-based measures include EuroQol 5 dimensions (EQ-5D), Short Form (SF-6D), Children Health Utility 9 Dimensions (CHU-9D) and Health Utility Index (HUI). Different instruments have different valuation methods; EQ-5D uses Time Trade-off (TTO) while CHU-9D, HUI and SF-6D use Standard Gamble (SG). EQ 5D is the most commonly used instrument in adult studies, on the other hand, the EQ 5D Y which is the children’s version of EQ 5D is not commonly used because the utility cannot be measured directly from the score(115). NICE recommended the EQ-5D instrument to be used for measuring QALYs for economic evaluations of health-related interventions. In case EQ 5D is not appropriate a comparable preference method should be used(102).
Another type of HRQoL is the condition-specific instrument. These instruments focus on specific conditions to investigate the outcomes. Although condition-specific instruments offer more sensitive measures of QOL for individual conditions they cannot be used for economic evaluation without mapping to a generic instrument(115).
Limb lengthening is mainly directed towards improving the quality of life rather than focusing on a single outcome. As a result, it is more useful to utilize CUA for economic evaluations. From the previous work on this study, it was established that lengthening nails are more expensive and have higher QALYs than external fixation. This puts the lengthening nails at the Northeast quadrant of the cost-effectiveness plane. This section of the research project focuses on identifying whether lengthening nails offered an effective trade-off between costs and QALYs gain. This economic evaluation was prepared according to the Consolidated Health Economic Evaluation Reporting Standards (CHEERS chart)(116) appendix 6.

[bookmark: _Toc172662883]Aim
Cost-utility analysis of magnetic lengthening nails for femoral lengthening in children in comparison to lengthening with external fixation.

[bookmark: _Toc172662884]Methods
To inform the cost-utility analysis two main parameters were required. The first is the incremental cost incurred by lengthening nails compared to external fixation. The difference in QALYs between the two techniques is the second variable. The literature search (Chapter 3) identified no suitable studies which can be used to synthesise these estimates. As a result, the base case parameters were estimated from the following 2 studies:

[bookmark: _Toc172662885]Cost analysis
This was described in Chapter 5. Ethical approval was not required, the local research and development department approval was granted before the study was commenced. Costs of treatment were collected retrospectively from children following femoral lengthening. Inclusion criteria consisted of (1) age between 11 and 17 years old at the time of surgery, (2) femoral lengthening surgery using an external fixator or PRECICE intramedullary limb lengthening system, (3) follow-up for a minimum of 12 months following the removal of the lengthening device. 
The costs were identified using the micro-costing approach. In this approach, the utilised resources were evaluated, and their relevant costs were included. The costs of implants (including all their components), cost of implantation surgery (theatre utilisation, operating team costs and length of hospital stay), costs of follow-up (outpatient clinics and radiographs), cost of any subsequent surgeries related to the lengthening such as implant removal (theatre utilisation, operating team costs and length of hospital stay) and complication costs ( outpatients department appointments, medications, further surgeries, costs of further implants, etc) were all included. The units’ costs are shown in table 11. Costing was done per case and the overall costs were calculated. The costs of treatment of complications were included. The time horizon extended from the initial surgery of femoral osteotomy and application of the fixation device until 1 year after the removal of the lengthening devices. The costs of resources were calculated using 2019/2020 price levels to standardise the costs and avoid price variability over the timeline. To avoid bias, patients included in the cost analysis were matched for their ages and diagnoses.

[bookmark: _Toc172662886]Quality of life
As described in Chapter 6, this study was a prospective study, which focused on a different cohort from the cost study. Study approval was granted by the local research and development department before the study commenced. The main purpose of this study was to evaluate the difference in the quality of life during the treatment with the lengthening nails and external fixations. Patients who were included in this study had lower limb lengthening with intramedullary lengthening nails in one group whilst the other group included the children who were treated with external fixation. The time horizon of this study was between 2017 and 2019. Patients were asked to complete a generic preference-based quality-of-life instrument at fixed intervals during the treatment. CHU-9D were completed during the distraction, early and late consolidation stages of the treatment (1,3 & 9 months postoperative, respectively). Recall bias was avoided by selecting a prospective design of the study and choosing a quality-of-life instrument with a short recall time, CHU-9D has a recall time of one day ‘’ today’’. The utility was calculated based on the CHU-9D at each stage. QALYs were calculated for each patient by plotting the utilities at the different time points and calculating the area under the curve. The mean QALYs of the intramedullary nails group were compared to the external fixation group to identify the significance of the difference. 

[bookmark: _Toc172662887]Cost-utility analysis
ICER was calculated using this formula (ICER=Ct−Cc/Et−Ec=ΔC/ΔE). The current NICE willingness-to-pay threshold for non-life-threatening conditions is between £20,000 to £30,000 per gained QALY. As a result, when ICER is less than £20,000 the intervention is cost-effective, for ICER between £ £20,000 to £30,000 the intervention is sometimes cost-effective, and if ICER is more than £30.000 the intervention is rarely considered cost-effective. 
One-way and two-way sensitivity analyses were done to study the effect of a 20% i.e., moderate change of the parameters on the economic model’s conclusion.


[bookmark: _Toc172662888]Results
[bookmark: _Toc172662889]Cost analysis study
The study included 50 children, with 25 patients in each group. The mean total cost for treatment with lengthening nails was £19,374.55 (SD 2,306.1) and £17,980.68 (SD 3,261.68) with external fixators. The mean difference in the cost (Incremental cost) was £1,393.86.

[bookmark: _Toc172662890]Quality of life study
This study attracted 34 children. The external fixation group included 18 patients, while the intramedullary lengthening nails group included 16 patients. All the children in the intramedullary nails group had femoral lengthening, while the external fixation group included 4 femoral and 14 tibial lengthening in 18 patients. All the participants completed the CHU-9D at the required intervals. The quality of life was generally better in the lengthening nail group compared to external fixation. In most patients, the health utility progressively improved throughout treatment.  In the same way, QALYs were better with the lengthening nails compared to external fixators. The mean QALY was 0.44 for lengthening nails and 0.34 for external fixation. Incremental QALY was 0.1. 

[bookmark: _Toc172662891]Cost-effectiveness
The lengthening nails intervention was found to be cost-effective when compared to external fixation for femoral lengthening in children. ICER was £13,938.6/ QALY.
One-way sensitivity analysis showed that with a fixed QALY, a moderate increase in the cost resulted in an ICER of £16,716. While a moderate reduction in the cost resulted in ICER of £11.150.88.  Meanwhile, The ICER was with £11,615.5 following a moderate increase of QALY and, £17,423.25 following a moderate loss of QALY, with the fixed cost.
Analysis of extremes i.e., Two-way analysis resulted in an ICER of £20,907.87 with a moderate increase in the cost and loss in QALY. While a moderate reduction in cost and an increase in QALY resulted in ICER of £9,292.4. Cost-effectiveness Plane Figure 23
[image: A graph with a line and numbers

Description automatically generated with medium confidence]
[bookmark: _Toc172662958]Figure 17: Cost-effective plane. ICER scatterplot with willingness to pay thresholds. The intervention is more expensive but provided better QALYs than the comparator, The gained QALYs are below the WTP threshold which means the intervention is cost-effective. Sensitivity analysis  one and two ways is shown)
[bookmark: _Toc172662892]Discussion
The Ilizarov method of distraction osteogenesis is excellent for lengthening, deformity correction, and the treatment of nonunion and bone defects(9). The process of distraction and consolidation with an external fixator, on the other hand, is associated with a high risk of complications. Furthermore, removing the frame too soon might cause secondary axial deformity and a significant risk of fracture(14). Compared with circular external fixation the Intramedullary lengthening nails can avoid many of these problems. Magnetic lengthening nails were shown to be clinically effective for femoral lengthening in the paediatric population. The healing index and complications were more favourable with lengthening nails(117). 
This economic evaluation establishes the potential for intramedullary lengthening nails to have a major role in limb lengthening. The costs and benefits of these devices have been estimated based on a mathematical model with parameters taken from the comparative studies which are reported in this thesis. Most health economic evaluations rely on published research to estimate the cost and benefits parameters however, the lack of costing and quality of life outcomes studies in the field of limb lengthening generally and more specifically for intramedullary lengthening nails necessitated the cost and quality of life studies to be conducted. 
This study focused on the cost-effectiveness analysis of the intramedullary lengthening devices in comparison to the standard treatment with external fixation for femoral lengthening in children. Despite the increased cost of the femoral lengthening nail implants, the overall treatment cost with these devices was comparable to external fixation. However, the difference in the gained QALY was significantly higher with lengthening nails. As a result, magnetic lengthening nails were found to offer a cost-effective option for femoral lengthening in children. NICE defines the standard threshold value per QALY gained in the UK to be between £20,000-£30,000. Generally, below £20,000, a healthcare intervention is considered cost-effective, whereas an intervention with ICER between £20,000 to £30,000 is sometimes considered cost-effective. When ICER is from £20,000 to £30,000 the decision on the cost-effectiveness of the intervention would depend on the strength of the studies which estimated the outcome parameters. The intervention is rarely considered to be cost-effective with ICER more than £30,000 per QALY gain. The economic evaluation of the base case resulted in an ICER of £13,938.6/ QALY. This suggests that femoral lengthening using magnetic lengthening nails is a cost-effective intervention.  

Sensitivity analysis suggested that lengthening nails remained a cost-effective intervention even following a moderate increase in the treatment cost, with an ICER of £16,716. ICER was still below the threshold following a moderate fall in the gained QALY. However, the analysis of the extremes showed that following a moderate drop in QALY and a moderate increase in the cost ICER was £20,907.87. This falls between the £20,000-£30,000 threshold. This suggests that further analyses might be required to reduce the level of uncertainty, which usually entails collecting more data from a bigger sample.  

[bookmark: _Toc172662893]Study Funding
The study was funded by the Children’s Hospital Charity and Nuvasive. There was NO involvement from the funders in the study design, conduct, and reporting of the analysis. 
[bookmark: _Toc172662894]Conclusion
This research utilised a complex methodology to review the cost-effectiveness of magnetic lengthening nail devices for femoral lengthening. Magnetic lengthening nails were found to be a cost-effective alternative for femoral lengthening in children within the national health service model. It continued to be cost-effective despite moderate changes in the cost or quality of life gain. Further research (multicentre, large sample different health care systems, etc,) might help in reducing the uncertainty and improving the transferability of this study. Surely this can only be attempted after the biological safety concerns about the magnetic lengthening nails are resolved.























[bookmark: _Toc172662895]Chapter 8: Discussion, limitations, conclusion, and future work.
[bookmark: _Toc172662896]Discussion
The rise and demise of medical implants is a recurring theme in orthopaedic surgery. Many techniques and implants in orthopaedic surgery had promising designs and encouraging initial results, however, long-term results and post-market tests showed unexpected problems which resulted in their obsolescence. In many of these scenarios, the traditional treatment options were very effective but with some problems, this urged further research to avoid some of the recurring adverse events, but the newly designed implants resulted in bigger problems. The most famous example in modern orthopaedics is the metal-on-metal hip arthroplasty implants. Hip arthroplasty surgery is one of the most successful and effective surgeries in orthopaedics. The research to further increase the longevity of these implants resulted in the development of metal-on-metal hip replacement. Initial results were promising, however the increased biological risks of these implants resulted in many complications which ended the metal-on-metal hip replacement fever. This theme might be recurring with the magnetic lengthening device technology and its applications in children. 
Magnetic lengthening devices marked a new era in the field of limb lengthening. The demand for these implants was unprecedented. The scope of these implants expanded from scoliosis correction to include femoral, tibial, and humeral lengthening, non-union management, high tibial osteotomies for degenerative knee conditions, trauma and lengthening of very short bones with PRECICE plates. Lengthening nails utilised the Ilizarov principles of distraction osteogenesis and applied them in more patient-friendly implants compared to external fixators. The initial reports on these devices were promising, prompting this study to further evaluate this new technology. However biological safety concerns led to stopping the use of these devices in children almost 2 years after the start of this research project. The future of the application of this technology in children is not certain.
The presented study followed a systematic approach to evaluate the cost-effectiveness of the intramedullary magnetic lengthening nails for femoral lengthening in children compared to external fixations. 
The systematic review identified a lack of data comparing the outcome of lengthening nails to external fixation in children. Most of the available studies were non-comparative, while the comparative studies included unmatched patients. There were no reports in the literature about the health utility weights for these interventions to inform the economic evaluation. Furthermore, despite the common impression that lengthening nails were cost-prohibitive devices, there were no reports on the costs of treatments using either external fixation or lengthening nails. 
This systematic review prompted more research which included multiple studies; the first was a comparative study that included matched children to advise on the clinical effectiveness of the magnetic lengthening nails compared to external fixation. Lengthening nails were more effective in achieving the target length while having a better healing index and fewer complications than external fixations. There were few anticipated complications with lengthening nails such as knee subluxation in children with congenital longitudinal deficiency, residual malalignment and avascular necrosis with antegrade entry nails. Lengthening nails did not have increased residual deformities compared to external fixators despite their lengthening along the anatomical axis of the femur rather than the mechanical axis, this is likely due to the careful preoperative planning. Trochanteric entry antegrade nails did not result in any case of avascular necrosis in the presented series. Knee joint subluxation was avoided with lengthening nails by strict physiotherapy and a night splinting regimen.
The cost analysis study utilising a micro-costing approach for each of the included cases showed that lengthening nail implants are £3,682 more expensive than external fixators. Despite the difference in the individual costs of implants, there was no statistically significant difference in the overall cost of treatment between the two interventions. Lengthening nail surgeries were found to take a longer duration compared to external fixation surgeries, this was identified in both the implantation and removal surgeries. On the other hand, the length of hospital stay was significantly lower with lengthening nails, this might suggest that rehabilitation (pain control, lengthening device training, physiotherapy, etc) is relatively easier following these surgeries compared to external fixation applications. The postoperative care following lengthening nails insertion was less demanding, patients required less frequent outpatient appointments and less frequent radiographs. The cost of treatment of complications was higher with external fixation compared to lengthening nails. This is likely due to the increased rate of complications with external fixators.
Prospective quality of life research was used to compare the QALY for the lengthening nails and external fixators, QALY was significantly better with lengthening nails compared to external fixation. The patients who had lengthening nails had less pain, were less tired, less worried, less sad, less annoyed and had fewer sleep disturbances compared to the external fixation cohort. Also lengthening nails enabled the children to be more active and more able to conduct their daily activities and schoolwork compared to external fixation. Throughout treatment, as the bone healing progressed, the overall quality of life for all children from both groups continued to improve.
The cost-effectiveness analysis utilised the results of the aforementioned studies. Lengthening nails were found to be a cost-effective intervention in this model within the national health service. It continued to be cost-effective despite moderate changes in the cost or quality of life gain.
Despite these findings, external fixators have many advantages compared to lengthening nails. External fixators enable spanning the nearby joints when required. External fixators are very versatile, they can be applied on any bone and can accommodate severe deformities, unlike lengthening nails which require a certain medullary diameter and bone length. External fixators enable gradual deformity correction and fine-tuning of coronal and sagittal alignments once the target length is achieved, this option is not possible with lengthening nails. Lengthening nails lengthen the femur along its anatomical axis which might result in secondary deformities. Complex preoperative planning and great intraoperative precision for placement of Poller screws are required with lengthening nails, as a result, lengthening nail surgeries are more technically demanding. This is suggested based on the difference in the duration of surgery for lengthening nail implantation (180 mins) compared to external fixation (153 mins). In the same way, lengthening nail removal surgery is more technically demanding compared to external fixation. Many healthcare systems in developing countries allow the reuse of external fixator components after sterilization, many of these countries have local manufacturers to produce external fixators at lower costs to suit their economy. It is very unlikely that lengthening nails could compete in similar circumstances; local manufacturers will unlikely be able to reproduce their complex technology. On the other hand, the concept of a ‘’sleeper nail’’ where the lengthening nail is left in situ following the completed lengthening to be reused for subsequent lengthening might have been a very useful cost minimising practice. However, the biocompatibility concerns about these devices mandate removal of lengthening nails once bone healing is achieved.
Paediatric orthopaedic surgeons used intramedullary devices for a very long time for either deformity correction or fracture management. Some of these devices were telescopic implants such as Fassier-Duval rods, Sheffield, TST rods, Albizzia and ISKD nails.  There are certain precautions when these devices are used in children, most of these precautions are related to the anatomical difference in children compared to adults. The intramedullary canal diameter, residual growth, open physis and the course of the nutrient blood vessels were the main focus of surgeons before deciding on treatment. When the magnetic lengthening technology was introduced the limb reconstruction community was ready to move away from external fixators and start a new era with a more patient-friendly device. The magnetic components of the system were overlooked in research. Until recently, most of the research on magnetic lengthening devices has focused on operative techniques and clinical outcomes in adults and children. There was no clear labelling from the manufacturer to regulate the use of magnetic lengthening devices. Many concepts which were applied clinically and published widely were subsequently labelled by the manufacturer to be off-label. The sleeper nail concept which was practised regularly to avoid having further surgery and save on the cost of the treatment was marked as off-label, with the manufacturer indicating that nails should be removed after a maximum of 1 year. Another example is the use of lengthening devices in children; in 2020 the PRECICE plate was introduced to enable lengthening of very short/paediatric bones. However, the magnetic lengthening devices were re-labelled as contraindicated in children. MHRA banned these devices from being used in the UK. MHRA highlighted that the lack of clear labelling of the magnetic lengthening nails by the manufacturer resulted in increased off-label use of these devices without the knowledge of clinicians or patients.

[bookmark: _Toc172662897]Limitations
Most of the limitations of the different components of the study were discussed on their relevant chapters. The main limitations of this analysis are related to the prevalence of limb length discrepancy deformities that require limb lengthening. Limb lengthening usually has a huge positive impact on patients but due to its rarity, most of the published reports about the clinical outcomes of limb lengthening have small patient numbers. The small numbers and difference in the postoperative rehabilitation between lengthening nails and external fixation limited the design of the studies to case series rather than higher level evidence research such as case-controlled studies, cohort studies or randomised controlled trials. The difference between postoperative rehabilitation and care following external fixation and lengthening nails resulted in a large demand for intramedullary lengthening nails. In fact, at the time of the conduct of the current study, there were a very small number of patients/ families who opted for treatment with external fixation for femoral lengthening rather than lengthening nails, this means there would have some anticipated difficulties in recruitment for any RCT. 
Most health economical evaluations rely on published reports to define parameters such as the cost and gain in QALY, in these cases the parameters are obtained from different studies, in which different patients have been included. The health economic evaluation performed for the current project included and relied on the previously described retrospective cost study and on a prospective quality of life study to define the costs and QALY. It would have been simpler to have the same cohort followed up for both studies however, the falling demand for external fixation at the time of the study resulted in recruiting different patients for the different parts of the project. A multicentre, and maybe different study designs might help with patients’ recruitment to both arms of the treatments.
Another limitation was the relatively short duration for the quality-of-life study, it focused only on the health utilities of patients with the fixators in situ. This design was selected to highlight the difference in the quality of life during lengthening, however, I acknowledge that there might be a difference in the quality of life between the interventions following the removal of the devices. This long-term difference in the quality of life could be related to the increased complication rate with external fixation or other conditions such as abductor insufficiency, trochanteric bursitis, knee pain, bone abnormality and pain following intramedullary nails. 
The cost-utility analysis identified the outcome based on QALY which required a generic preference-based QOL instrument, rather than a condition-specific outcome. The condition-specific outcomes such as healing index, complications, gain in length and accuracy of achieving the target length were reported separately (117). 
The National Institute for Health and Care Excellence (NICE) guidelines recommend that analyses of costs should be performed from the perspective of the health care service providers (i.e., NHS), excluding other indirect costs (e.g. loss of income, transport) (118). This was performed in the presented study, where the focus was the costs paid by the NHS rather than the patients. This might result in some transferability issues to other health care systems such as in the United States, where indirect costs are included in the analyses (119). Finally, magnetic lengthening nails were recalled by the supplier following biological safety concerns and recently have been re-labelled. Currently, these devices are not licensed for use in patients younger than 18 years of age. This suggests that the results of this research will not necessarily lead to a change of practice due to the recent restrictions on the use of these implants, however, this economic evaluation can serve as evidence for other intramedullary lengthening devices, this is in addition to the results from the cost and quality of life studies which can be used for future research.

[bookmark: _Toc172662898]Conclusions and future work 
Intramedullary magnetic lengthening nails have the potential to offer a safe, effective alternative for femoral lengthening in children. The reduced cost of post-operative care and treatment of complications could offset the increased cost of lengthening nail implants. Lengthening nails offer a better quality of life during all the stages of treatment compared to external fixation devices. The PRECICE lengthening nail intervention for femoral lengthening in children was found to be cost-effective within the set-up of the National Health Care service.

To strengthen the case that this approach represents a cost-effective use of healthcare resources, it is necessary to establish the cost on a larger scale, from a multicentre study. Randomised controlled trials might not be feasible, however, prospective large cohort research using a contemporaneous control and a propensity score matching would offer an alternative robust design. Decision-makers are often most interested in patient outcomes, such as survival, rather than condition-specific outcomes, such as healing rate, residual malalignment, or accuracy of achieving the target length. From this perspective, multiple large prospective cohort studies with extended follow-up may be required to fully establish the quality-of-life benefits of different lengthening techniques, both during the lengthening phase and following the removal of implants. Such a trial would require matching of the patients based on their pre-surgery quality of life, age, diagnosis, and sex amongst other variables. Nevertheless, further research on the effectiveness of magnetic nails in children might not be feasible for the time being due to the biocompatibility concerns of these devices, hence it might be better to focus on motorised nails in general rather than the magnetic nails specifically. In the following chapter the protocol for the IDEALL study is discussed. It is an RCT to study Intramedullary Devices versus External fixation Apparatuses for lower Limb Lengthening in children.

There is a lack of both components of health economic research in the paediatric orthopaedic field, cost analysis and health utility outcomes are not frequently reported in the published literature. With the ongoing economic pressures and the NHS’s financial challenges, this study might have opened a new prospect for research in paediatric orthopaedics. Hopefully, more cost-utility analyses in paediatric orthopaedics will be conducted in future to aid the decision-making and funds’ allocation process. The treatment of children with neuromuscular conditions with single event multilevel surgeries, flat feet reconstruction in children, and adolescent hip dysplasia surgeries are all examples of the treatments which could be further studied to analyse their cost-effectiveness.

















[bookmark: _Toc172662899][bookmark: _Toc512248871][bookmark: _Toc30683378][bookmark: _Toc88485177]Chapter 9: Ideal framework and further assessment of motorised lengthening nails.
[bookmark: _Toc172662900]Introduction
This research aims to evaluate motorised lengthening nails for femoral lengthening in children. Evaluation of surgical intervention is known to be challenging. As discussed in Chapter Two, the current evidence which supports the lengthening nails is based on retrospective case series with variable, and generally poor qualities. Retrospective studies are generally less demanding to undertake, in fact, the electronic records and clinical coding have simplified retrospective studies significantly. However, the main limitation of retrospective data collection is that the quality of the study depends on the accuracy of the initial data entry. Hence, retrospective studies are subjected to inaccuracies due to missing data and lack of operative and clinical details. Protocol-driven prospective studies on the other hand would account for all the stages of treatment and have accurate data collection.

Randomised controlled trial design is the gold standard for testing the safety and effectiveness of an intervention. Perhaps one of the most important decisions regarding RCTs is the timing of the trial; a very early trial will test an immature innovation; this might halt further development of the treatment. Moreover, the intervention at early stages is not usually adopted by many surgeons which would cause difficult recruitment. Conversely, a late RCT might face a lack of community equipoise and strong patients’ preference which could lead to poor recruitment. 

It is safe to say that surgeons have their own ways of doing surgeries. In fact, the same surgeon usually modifies his technique for the same procedure not only as he/she acquires further experience over his/her career but also from one patient to another depending on many variables such as the patient’s size, comorbidities and severity of the condition. This variability is particularly challenging when an intervention is being evaluated because surgeons with different surgical knowledge, training and surgical skills are likely to introduce variability in the treatment which might affect the outcomes. 

The IDEAL framework is used for the evaluation of surgical innovations. Most surgical innovations are thought to go through the following stages and each stage has its appropriate research methodology. The IDEAL stages include: 1- Idea, 2a- Development, 2b-Exploration, 3-Assessment and 4- Long-term studies.
Idea: this is where the innovation is first used, it is usually published as case reports. The outcomes at this stage focus on the proof of the concept. 
2a- Development: in this stage, the innovation is used more frequently on a small group of patients by the innovators, the use of the device would need ethical approval due to its experimental use and the results are usually published in the form of small case series and operative techniques. The outcomes at this stage focus on safety and technical success. An example of this was the use of the FITBONE nails in Black et al, Guichet's report on the Albizzia nail, Cole et al on the ISKD and the early outcomes of PRECICE nails by Paley. 
2b- Exploration: this is when the innovation is adopted by more surgeons on a wider scale, and the technology is more mature due to spreading knowledge. The indications of intervention expand beyond the initial purpose and the outcomes usually focus on safety, clinical outcomes and PROMS. The PRECICE nails went through this stage when they had multiple modifications and expanded indications such as management of non-union, bone transport, periarticular osteotomy for joint preservation, development of lengthening plate and the STRIDE nails. The appropriate types of research for this stage are comparative, prospective studies and feasibility studies for RCT. As the systematic review shows there is very scarce evidence in the literature about the outcomes of the motorised lengthening nails technology compared to external fixations and there are no prospective studies. This is what stimulated the presented study in the thesis, where I presented a comparative analysis between the interventions in addition to a prospective study of the QOL during the treatment. 
3- Assessment: during this stage, the innovation is an established treatment, and patients have accepted the intervention as a treatment option. During this phase randomised controlled trial to compare the outcome of the intervention to the standard care should be commenced. The outcomes should focus on specific graded clinical outcomes, PROM, QOL and cost-effectiveness. There is no completed or ongoing RCT comparing the outcomes of the motorised lengthening nails to external fixators. However, the protocol for the IDEALL- Intramedullary Devices or External-fixation Apparatuses for lower Limb Lengthening in children is discussed in this chapter. 
4- Long-term study: this is for the surveillance of the device. Research from this phase is usually derived from the registries and rare case reports. Due to the emerging concerns regarding the biocompatibility of some designs of lengthening nails long-term studies have become essential. 
The rest of this chapter is structured in the form of research protocols for a Delphi method to study the community equipoise for motorised nails and external fixators for lower limb lengthening in children and a randomised controlled trial protocol ‘’the IDEALL trial’’ to evaluate motorised lengthening nails compared to external fixators in children.






[bookmark: _Toc172662901]Equipoise examination for lengthening nails and external fixators for lower limb lengthening in children using the Delphi method.

Background
[bookmark: _Toc30683456][bookmark: _Toc88485251]The main prerequisite for any RCT is community equipoise, where there is real uncertainty among the expert medical community about which treatment is more effective. This upholds the trial’s integrity since the participants are not knowingly given an inferior treatment. Currently, both motorised nails and external fixators options for lower limb lengthening in children are being offered in NHS concomitantly. Recently, surgeons started to move away from external fixators for femoral lengthening and favoured lengthening nails instead.  Many surgeons believe lengthening nails are more tolerable and accurate than external fixators. This means there is no clinical equipoise(120). This could result in significant difficulties in RCT study design and recruitment. The clinicians are obliged to advise their patients if they strongly feel there is one device better than the other. It is believed that patients’ preference is significantly affected by their clinicians’ views(121)
In some situations, an option of treatment is only available through the trial, so patients will join the trial hoping to get that option. In this trial, both options are currently available in NHS outside the trial. Patients who favour an option of treatment may refuse to participate in the trial. It was noted during the recruitment for the presented study in Chapter 6 that patients who needed femoral lengthening favoured lengthening with intramedullary lengthening nails when both options were given. Although the clinical outcomes might be very similar patients believed that lengthening nails were more tolerable. 
Lack of equipoise sometimes happens in RCT, one of the examples is the OPEN trial which compared urethroplasty and urethrotomy in patients who had urethral stricture, the OPEN trial was a multicentre fully funded UK trial. It was noted following interviews with clinicians and patients that both parties favoured certain treatments, there was a difference in the preferred treatment between general and specialist urologists and between employed and unemployed patients. This in turn affected the recruitment where clinicians advised the patients to opt for a certain option of treatment and eligible patients refused to participate because they wanted certain treatment options rather than being randomised for (122).
Over the last decade, there was widespread adoption of lengthening nails, and many surgeons started to refrain from using external fixators for limb lengthening. This poses a significant risk to any developing RCT as it might be too late to conduct this research since the surgeons already developed a preferable treatment option. This research is designed to identify whether surgeons believe there is equipoise with regards to the lengthening devices that are used for children’s lower limbs. 
Introduction and justification of the study design:
There are several ways to gather expert opinions and achieve consensus. Nominal group technique (NGT), focus groups, expert panels, simple surveys, consensus workshops, Delphi method, brainstorming sessions and interviews which could vary in their structure(123). In this research, the Delphi method will be used for studying the clinical equipoise for lengthening nails and external fixators for lower limb lengthening. The Delphi method provides a good balance between complexity and efficacy compared to other methods. It methodically collects the opinions through multiple rounds of questionnaires, and feedbacks until the final analysis to reach a consensus(124,125). 
The classic design of Delphi starts with identifying the scope of the research and formulating a research question. A panel of experts or steering group is created to design the questionnaire. The participants are then identified and Round 1 is conducted where the participants are invited to complete the questionnaire and the data are collected to identify the areas of agreement and divergence. The feedback from Round 1 is then presented to the participants. Round 2 questionnaires are developed to focus on the divergence areas before conducting round 2. Additional rounds can be conducted as necessary, once a satisfactory agreement level is reached a final analysis is performed. The outcome is then presented showing the main areas of consensus and the areas of uncertainties.
Delphi method offers some advantages such as anonymity which enables the participants to express their opinions freely without any influence from other participants. The iterative process of the Delphi method adds flexibility and gives the participants the chance to refine their opinions. Delphi questionnaires can be completed via emails, online platforms and paper copies, this makes it more convenient for the participants and data collectors. The Delphi method provides rich data for quantitative and qualitative analysis through rate-on-a-scale and open-ended questions. Finally, the blinding of the feedback helps in achieving a consensus from multiple perspectives. On the other hand, the iterative nature of the Delphi method is time-consuming and might lead to participants’ fatigue. The Delphi method utilizes significant resources due to the high burden of administration, planning, analysis and management through multiple rounds. The Delphi method requires careful design and appropriate wording of questions to avoid bias.
Aim
To study clinical equipoise about lengthening nails and external fixators for lower limb lengthening in children.

Research Steering Group/ expert panel.
A research steering group will be formed to conduct this research. The steering group will be responsible for discussing, agreeing and preparing the contents of the Delphi questionnaires and circulating them for each round, in addition to supervising and monitoring the process.  The group panel will be formed of investigators with backgrounds in research and limb reconstruction. The panel members will not participate in the surveys. 
The group will include 5-7 experts. This small number of members in the steering group will ensure effective communication and decision-making. The panel will be structured to include a chairperson, lead researcher, experts and administrative support. The chairperson will oversee the process and ensure the integrity of the research and its compliance with the protocol. The lead researcher will be tasked to run the study, their role will be to manage the development of the survey and manage the data interpretation. The experts will develop the questions, review the results and develop and provide feedback. It is essential to have administrative support to handle the logistics and communications. The study will be sponsored by the British Limb Reconstruction Society (BLRS), the steering group will be formed of paediatric limb reconstruction surgeons with recognizable experience in paediatric limb reconstruction and research. The panel members will be recommended by the board of the BLRS. The panel members must reflect different geographical locations of the United Kingdom, rather than multiple members from the same/ nearby units. The experts must declare any conflict of interest. They will need to commit to participating in all the rounds of the process and they will provide their written consent following a clear explanation of the anticipated process and its time frame.
Participants / Delphi panel (questionnaire respondent)
The members of the BLRS will be invited to participate in the questionnaire. The study is aimed at limb reconstruction surgeons who treat children with external fixators and lengthening nails, there will be screening questions in the questionnaire to assure the member who is filling the form has the required expertise, an example of this question is ‘’ Do you do femoral/tibial lengthening for children using lengthening nails or external fixators?’’. The questionnaire’s replies from other members such as trauma surgeons, adult limb reconstruction surgeons, trainees and associate members will be processed but will be presented separately.
There is no agreement on the sample size for the Delphi process in literature(123,126,127), it could vary between 10 to over 100. In this study, the minimum number is 25 participants, A bigger sample size might enhance the validity by increasing the diversity of opinions. However, as the indications of the intervention are relatively uncommon and the study is aimed for a subgroup of orthopaedic surgeons a larger sample size might not to be achievable.
Development of the questionnaire:
The steering group will conduct a literature review around the research topic. Some questions will be drafted as open-ended questions while the others as rate-on-scale questions. The questionnaire will be tested on a small group to confirm its clarity and validity. Since this research focuses on specific aims the questionnaire is expected to be relatively short.
Round 1:
The chairperson of the expert panel will formulate a cover letter explaining the study briefly and inviting the participants to join the project. This cover letter will be emailed by the BLRS webmaster to the BLRS members without sharing their contact details with the study team. The email will have a ‘’Yes /No’’ question on whether the participant consents to participate in the research, if the answer is No this will be recorded, and the participant will not get further survey emails from this study. If the participant agrees to participate a link to the Delphi questionnaire will appear. The link will be active for 3 weeks, once completed the participant will get a thank you email to show as evidence of continuous professional development (CPD) and their participation/ engagement in research. A reminder email will be sent to the members who did not complete the questionnaire after 1 week. At 2 weeks the link will be resent to these participants again with another reminder. The participants will have to answer a question before they can move on to the next question to ensure the completion of the questionnaire.
Following the questionnaire completion window, the data will be analysed to identify the areas of consensus and divergence. The quantitative data will be analysed using SPSS, the qualitative data will be entered on Qualitative Data Analysis Software (QDAS) nVivo, statements of very similar contents will be amalgamated, and the comments will be grouped thematically. The feedback will be synthesised and presented to the panel.
The expert panel will meet to go through the results and plan the Round 2 questions accordingly.
Round 2
A revised version of the questionnaire will be drafted to clarify the areas of divergence. The questions in this round will be more focused on open-ended and ranking the agreement with a statement using a five-point Likert scale questions. The administrative member of the expert panel will write to the participants via the BLRS webmaster to provide feedback from the first round and to invite them to participate in the second round. The same process of the administration of the first questionnaire will be repeated for the second round. 
The collected data will be analysed in the same way as the Round 1 data to identify the areas of consensus and the feedback will be prepared. The expert panel will then decide on repeating the process. The process can be repeated as many times as required to reach a stable consensus or until the returns of the questionnaires decline.
The aim is to achieve a 100% response rate, though a minimum of 70% will be required to avoid response bias. Participant tiredness and attrition are frequent problems with the Delphi method. The study will be posted on the BLRS website and advertised in the BLRS annual meeting to highlight the importance of the research and encourage participants to join, this is in addition to reminders which will be sent to participants during each round.
Final analysis
The collected data will be analysed. For every item, an IQR and median score will be calculated. Consensus is defined as reaching an agreement of 80% or more on an individual statement. A summary of the level of consensus reached for every question highlighting the areas of uncertainties will be created.
Dissemination
The results will be presented to the participants in the following BLRS meeting. A follow-up final email summarising the results will be sent to the participants to thank them for their participation and to ask them to provide feedback.
The study protocol will be prepared to be published in the BLRS journal ‘’Strategies of trauma and limb reconstruction (STLR journal)’’ as a research protocol publication at the beginning of the research to encourage participation. The study outcomes will be submitted for publication.
Recommendation
The study is designed to inform further RCT to compare lengthening nails and external fixators for lower limb lengthening. In case there is no equipoise an alternative study design such as a prospective comparative cohort study might be used for the assessment of the intervention. 

Timeline:
Month 1: formation of the steering group and set up the IT and statistical support.
Month 2: design the round 1 questionnaire.
Month 3: run Round 1.
Month 4: data analysis of Round 1 and preparation of the feedback.
Months 5-6: design the second questionnaire and run Round 2.
Month 7:  data analysis of Round 2 and preparation of the feedback.
Months 8-9: run additional rounds if needed and final analysis of the data.
Month 10: dissemination, publication and recommendation.
Funding
The study will be sponsored by Sheffield University and the BLRS. There will be no monetary compensation for the expert panel or participants, however, the funds will be used for medical statisticians, online survey platforms, communications, dissemination and IT services.
Ethical considerations
The study proposal will be submitted for R&D approval at Sheffield University. Consent from the expert panel will be sought at the beginning of the study. The anonymity of the participants is an integral part of the Delphi process, there will be no breach to their confidential details as it will not be shared with the research team. The participants will be members of the BLRS who already permitted BLRS to contact them via email. The consent from the participants to join the study will be sought electronically with their invitation to join each round. 
Challenges
The same advantages of the Delphi methods are the challenges when using this design. The iterative nature of it makes it time-consuming and could often lead to participant fatigue and disengagement over multiple rounds, this poses a difficult challenge for the administrative team to ensure a satisfactory response rate. Anonymity of this design might result in a lack of accountability. This study design requires complex qualitative and quantitative data analysis from multiple rounds over a prolonged time which requires significant resources. Sometimes reaching a consensus is different from true agreement on some points. The Delphi method requires great dedication from the expert panel and the research team.

[bookmark: _Toc172662902]The IDEALL trial - Intramedullary Devices or External fixator Apparatuses for lower Limb Lengthening in children.
A pragmatic multi-centre prospective randomized superiority trial of motorised lengthening nails versus external fixators for femoral and tibial lengthening in children.

[bookmark: _Toc172662903]Lay summary 
[bookmark: _Toc10122792][bookmark: _Toc10126142][bookmark: _Toc30683379][bookmark: _Toc88485178]Why this research?
Many children present to hospitals with problems related to the length of their legs, some children have a leg longer than the other, while others have problems affecting both sides. Some children had these issues from birth, while others had injuries or other conditions that led to these problems. Issues with the length of the legs can alter how the children walk and can cause them not to be able to enjoy their lives. Some children need operations to lengthen their short thigh bones (femur) and/or shin bones (tibia). Bone lengthening is a long process, it needs the bone to be cut, and before it heals the bone ends are stretched (distracted) so when the bone is healed it is longer than how it used to be. Surgeons use different devices to distract the bone ends and keep them in the new position.  The first option, which has been around for many years, is the external fixator, it is a frame that goes outside the operated limb. The fixator parts are held to the bone with pins and rings, and the patients/ parents need to look after these pins and make certain adjustments regularly to the frame to achieve the required final length for the bone. The more recent option is a rod that goes inside the bone and holds the bone ends from inside (intramedullary motorised lengthening nails). After the bone is cut the nail distracts the bone ends and holds them apart as planned, the patient activates the nail using a remote control applied on a certain part of the limb. The option of the nails does not include any devices that go outside the limb. 
The external fixators can sometimes cause problems such as infection where the pins are connected to the bones, pain and they are cumbersome which might upset some patients. Nails on the other hand do not have these problems but they are more expensive. Most nails are not strong enough to enable the patients to put their full weight through the operated limb for a few months, Nails can sometimes break and they might not enable full correction of the deformities.
Each option has its good points and problems. We do not know which treatment offers the best outcome due to the lack of high-quality evidence. 
[bookmark: _Toc10122793][bookmark: _Toc10126143][bookmark: _Toc30683380][bookmark: _Toc88485179]What is the question being asked?
When children aged between 10 and 16 years need lengthening of their lower limbs, would external fixators or lengthening nails offer better outcomes? 
[bookmark: _Toc10122794][bookmark: _Toc10126144][bookmark: _Toc30683381][bookmark: _Toc88485180]What sort of study is it?
This is a randomized controlled trial. Trials are usually the best way to answer research questions. In this trial half the patients will have external fixators and the rest will have nails to lengthen their tibias or femora. Neither the patients nor their surgeons will be able to choose the treatment option, the treatment option will be randomly selected.
[bookmark: _Toc10122795][bookmark: _Toc10126145][bookmark: _Toc30683382][bookmark: _Toc88485181]How many children will be involved?
We plan to recruit 86 children from at least 10 limb reconstruction units over 3 years. We calculated the number of children based on previous research that we conducted recently. 
[bookmark: _Toc10122796][bookmark: _Toc10126146][bookmark: _Toc30683383][bookmark: _Toc88485182]What will families be asked?
The families and children who are aged between 10 and 16 years with indications for limb lengthening of their lower limbs will be asked to participate in the study. The participants will be randomised (chosen by chance) to receive one of the following treatment options:
Lengthening with external fixators/ frames: The procedure will be done by an experienced surgeon; The surgery involves dividing the bone (either tibia or femur) and fixing it with the external fixator. The family will be taught to look after the pin sites and to do the daily adjustments. Children will be reviewed regularly following the procedure by an orthopaedic surgeon, physiotherapist, and specialist nurse. Children will require multiple X-rays during treatment to check the position and the healing of the bone. When the bone has fully united the frame will be removed.
Lengthening with lengthening nails: The procedure will be done by an experienced surgeon; the surgery involves dividing the bone (either tibia or femur) and fixing it with the nail which goes inside the bone. The family will be taught to use the remote control to do the daily adjustments which are necessary for distraction. Children will be reviewed regularly following the procedure by an orthopaedic surgeon and physiotherapist. Children will require multiple X-rays during treatment to check the position and the healing of the bone. When the bone has fully united the nail will be removed.
During the follow up the children will be asked to complete multiple questionnaires to inform us about their pain, emotions, mobility, daily activities, and quality of life in general. We will also collect information about further surgeries, hospital admissions, complications, and many different aspects of the treatment. 
[bookmark: _Toc10122797][bookmark: _Toc10126147][bookmark: _Toc30683384][bookmark: _Toc88485183]How will this research make a difference?
We will have information about the best option for bone lengthening in children. This will be decided based on the patient's quality of life, the quality of new bone formation, complications of the surgery, and the cost of the treatment. This will help future patients to have the best possible outcome following these surgeries and help the NHS to use the budget properly.
[bookmark: _Toc10122798][bookmark: _Toc10126148][bookmark: _Toc30683385][bookmark: _Toc88485184]Families' involvement with the setup of the research
The main goal of the research is to identify the best available option for limb lengthening in children. The outcome will be based on the quality of life of the participants. It is essential to have a parent/patient advisory group involved in the design of the study and in choosing the outcome tools. 
[bookmark: _Toc30683386]

[bookmark: _Toc172662904]Overview
	Study Title
	Motorised lengthening nails compared to external fixators for femoral and tibial lengthening in children.

	Acronym
	IDEALL study- Intramedullary Devices or External fixator Apparatuses for lower Limb Lengthening in children. 

	Sponsor
	Sheffield University.

	Funder
	

	Study Design
	Multi-centre prospective randomised superiority trial.

	Study Participants
	Children aged 10-16 with an indication for tibial or femoral lengthening.

	Planned Sample Size
	A minimum of 86 patients.


	
	Objectives
	Outcome Measures
	Time Point

	Primary

	To determine whether children treated with motorised intramedullary lengthening nails have better outcomes (health utility) than children treated with external fixators.
This will be measured using the Children utility 9 Dimensions utility tool preoperatively,1, 3 and 9 months following the osteotomy surgery and 3,6 months following the removal of fixation surgery. 
	CHU9D
	Preoperatively, 1, 3, and 9 months following the initial surgery and 3 & and 6 months following the device removal surgery.

	Secondary

	1. To compare the differences in pain, daily activities, emotional well-being, and mobility using the CHU9D between the two treatment options during the duration of the study.
	CHU9D



	Preoperatively, 1, 3, and 9 months following the initial surgery and 3&6 months following the device removal surgery.

	
	
	
	

	
	2. To compare the differences in health utility, pain, daily activities, emotional well beings and mobility using the EQ5DY between the two treatment options during the duration of the study.
	EQ-5DY

	Preoperatively, 1, 3, and 9 months following the initial surgery and 3&6 months following the device removal surgery.


	
	3. To determine the complication rate up to 6 months following the completion of the treatment (defined as removal of implants), including infection, delayed healing, non-union, stiffness, deformities, re-fracture, and the need for further operation. 
	Complications

	Continuous, from randomization until the completion of the treatment.


	
	4. To estimate the cost-effectiveness of the treatments to the NHS until the completion of the treatment.
	Healthcare Resource use

	Continuous, from randomization until the completion of the treatment.


	
	
	
	

	
	6.  To compare the observed differences between the treatment options such as range of motion of nearby joints, ability to achieve the target length, healing indices, time to weight bearing, length of stay in hospitals, and frequency of follow-up appointments.
	Radiological appearance and alignment, weight-bearing, and ROM of nearby joints.

	Continuous, from randomization until the completion of the treatment.

	
	
	
	

	Intervention
	Motorised intramedullary lengthening nails
	

	Comparator
	External fixators
	



[bookmark: _Toc30683387][bookmark: _Toc30683391][bookmark: _Toc88485190]
Objectives and outcome measures
This study aims to compare motorised lengthening nails with external fixators for femoral and tibial lengthening in children. The outcomes will include quality of life assessments, clinical, and radiological outcomes in addition to cost-utility analysis.
[bookmark: _Toc10122351][bookmark: _Toc10122508][bookmark: _Toc10122652][bookmark: _Toc10122815][bookmark: _Toc10123011][bookmark: _Toc10123779][bookmark: _Toc10122823][bookmark: _Toc10126168][bookmark: _Toc30683392][bookmark: _Toc88485191]Outcome measures
[bookmark: _Toc10122824][bookmark: _Toc10126169]The outcomes of this trial are divided into two categories; primary outcomes which focus on the quality of life and secondary outcomes which focus on the clinical outcomes (residual deformities, healing index, and complications) and the cost analysis of the treatment. 
[bookmark: _Toc172662905]Primary outcomes
Children Health Utility tool:
The primary outcome is the heath utility as measured by CHU9D at 9 months post-osteotomy procedure and before removing the fixation device.  This specific time point was chosen as the study is trying to compare the difference in QOL between the two treatment options. It is hypothesised that during the initial phases of treatment, the patients are given different weight-bearing instructions which might influence the response to the QOL questionnaires.  Health utilities will be collected at additional intervals (1 and 3 months following the osteotomy surgery, and 3 and 6 months following the device removal surgery) to measure the overall health utilities and the gain in QALYs.
CHU9D was discussed in chapter Six. It is a generic preference-based pediatric tool for measuring health-related quality of life in children aged 7-17 years. It has 9 questions with 5 possible responses for each question. The questions focus on mobility (tested with daily routine, activities, and school work), pain, tiredness, and emotional well-being (worried, sad, annoyed, and sleep). It is designed to be self-completed, but it can be proxy-completed when necessary. CHU9D is preference-based; the preference weights were obtained from adults in the UK using the standard gamble valuation technique. The validity of CHU9D was correlated with other paediatric QOL tools such as EQ-5DY, PEDSQL, and KIDSCREEN-10(128). Being a preference–based tool, CHU9D results can be used to measure QALYs directly. The staff who enter the data and calculate the scores will be uninformed (blinded) about the treatment option.
[bookmark: _Toc172662906][bookmark: _Toc10122826][bookmark: _Toc10126171][bookmark: _Toc30683393][bookmark: _Toc21611416][bookmark: _Toc88485192]Secondary outcomes
[bookmark: _Toc172662907]EQ-5D-Y
[bookmark: _Toc10122827][bookmark: _Toc10126172]EQ-5DY was discussed in chapter six. It is a short HR-QOL tool, it is the children-adapted version of the adult EQ-5D. It has five questions with three possible responses to each. EQ-5DY uses the adult values to measure utilities. EQ-5DY can be used to calculate QALYs. The staff who enter the data and calculate the scores will be uninformed about the treatment option.
[bookmark: _Toc172662908]Clinical outcomes:
Healing index (HI): It measures the speed of bone formation and healing. It is calculated by dividing the number of days until healing (3 out of 4 cortices) by the gained length in cm. The healing index will be calculated from the radiographs. Regular radiographs are routinely requested for the patients during their limb lengthening process.
Residual mal-alignment: Angular deformities will be identified and quantified from the radiographs. An operative planning/ templating software application will be used to measure the mechanical axis deviation (MAD) and the different angles such as Lateral proximal femoral angle, ( LPFA), mechanical lateral distal femoral angle (mLDFA), medial proximal tibia angle ( MPTA), Lateral distal tibia angle (LDTA)to assess coronal plane deformities, and sagittal plane deformities using anatomical posterior distal femoral angle (aPDFA), anatomical posterior proximal tibial angle (aPPTA) and anatomical anterior distal tibial angle (aADTA). This will be collected from the final mechanical axis radiograph which is obtained at the completion of the treatment (at 6 months following the removal of the fixation device). An independent expert group will undertake the interpretation of the radiographs, the group will not be aware of the treatment allocation. The group will be formed of at least 2 trained orthopaedic surgeons, the images will be reviewed independantly, and both members will review the images on two occasions to account for intraobserver and interobservers variations. 
Residual limb length discrepancy and length achieved compared to target length: This will be identified based on the final radiographs in comparison to the preoperative images. A review of the preidentified target length from the preoperative notes will be done to compare the gained length to the target length. An independent expert group will undertake the interpretation of the radiographs, the group will not be aware of the treatment allocation. A physiotherapist will measure the limb length (ASIS to medial malleolus) using a measuring tape at the end of the treatment and will record any LLD> 5mm. The treatment allocation will be concealed from the physiotherapist.
Range of motion: At the baseline, the ROM of the hip, knee and ankle joints will be documented by a physiotherapist. ROM will be documented during the treatment at 1, 3, and 9 months following the osteotomy surgery and at 3 and 6 months following the removal of the fixation device. Another physiotherapist will measure the range of motion of the hip, knee and ankle at the end of the treatment and will record them. The treatment allocation will be concealed from the physiotherapist.
Complications: A log of all the complications will be completed during the treatment. The type of complication, severity (Paley’s classification), treatment of complications and any modification to the initial plan will be recorded. This will be completed from the time of the osteotomy procedure until the completion of the treatment.
 Surgeries: The details of all the surgical procedures will be documented. The nature, indication, duration of surgery, length of stay and whether it is a planned procedure or not will be recorded.
[bookmark: _Toc172662909]Cost-effectiveness
[bookmark: _Toc10122829][bookmark: _Toc10126174]The utilised resources and quality-of-life data will be collected prospectively during follow-up to inform an economic analysis. 

[bookmark: _Toc30683394][bookmark: _Toc88485193][bookmark: _Toc172662910]Study design
[bookmark: _Toc10122810][bookmark: _Toc10126160][bookmark: _Toc30683395][bookmark: _Toc88485194][bookmark: _Toc172662911]Summary of research
This project is building up on a single centre non-randomized study which is presented in this thesis. It also benefits from the Equipoise trial which is presented in the chapter. The trial will start with an internal pilot phase which will be conducted as a first phase to assess the recruitment rate and test the execution of the trial in a multicentre environment. The second phase will start following the appraisal of the pilot phase.
[bookmark: _Toc30683396][bookmark: _Toc88485195][bookmark: _Toc172662912]Internal Pilot Summary
This study builds on the outcome of the equipoise study. The pilot will run in at least 10 centres over 1 year. This pilot aims to assess the feasibility of the full trial, identify recruitment rates, retention rates, and refusal rates, assess the clarity of the eligibility criteria and identify centres’ related issues. 
The decision on whether to proceed with the full trial following the internal pilot phase will be decided based on pre-specified progression criteria. The duration of the pilot phase was decided to be equivalent to the third of the duration of the trial(129). We aim to recruit 20% of the total target sample during the internal pilot phase (129). If the pilot does not progress to a full trial the patients will be followed up and the collected data will be presented according to the CONSORT 2010 statement: extension to randomised pilot and feasibility trials (130).
[bookmark: _Toc30683397][bookmark: _Toc88485196][bookmark: _Toc172662913]Main trial summary
[bookmark: _Toc30683398][bookmark: _Toc88485197]The main trial will continue running from at least 10 centres. The plan is to continue with recruitment for another 24 months, making the overall recruitment period of 36 months. Once the recruitment phase has finished, further data collection of the patients who have not completed their treatment will be continued, It is expected that patients complete their treatment around 18 months following the initial procedure, this means that data collection will last for around 54 months.
[bookmark: _Toc172662914]Trial structure
Every child aged between 10 and 16 years with any indication of femoral or tibial lengthening at the trial centres will be provisionally eligible for the study. One of the advantages of the intervention studied in this trial is that it is done electively, this will enable all the children and their families to have both options explained to them during their consultation, this will enable them to have time to weigh the decision of joining the trial. Having consented to joining the trial the children will be seen by a physiotherapist who will document the findings of the clinical examinations such as LLD and clinical deformities. The children will also complete the baseline CHU9D and EQ-5DY questionnaires. Randomization of the participants will be done using computer software. Minimisation will be utilised to avoid imbalance between the groups. The groups will be balanced for age group (10-14 and 14-16) which roughly matches skeletal maturity, sex (male and female), indication for lengthening (acquired and congenital), and the anatomical part (femora and tibias). Randomization will be done when the patient is listed for the procedure but following the clinical assessment by the physiotherapist.
The children in both groups will be admitted to the hospital on the day of the procedure. Postoperatively, pain management will be administered, routine blood tests will be requested, and physiotherapy will be started as soon as possible to enable early ROM and weight bearing (usually weight bearing as tolerated in external fixation and non-weigh bearing /partial weight bearing for the lengthening nails group). The external fixation patients will be taught pin site care and the distraction protocol will be provided following the radiograph for certain external fixators. Distraction usually starts on days 5-7 postoperatively, The rate of distraction will be 1 mm daily, and this will be divided equally over the day. Patients will require postoperative follow-up in the outpatient department, The frequency of the outpatient visits will be dictated by the treating team based on the distraction device, distraction protocol, nearby joints ROM, underlying indication for surgery, the patient’s tolerance to distraction, and encountered adverse events. Once the distraction phase finishes, the frequency of the appointments in the outpatient department will reduce unless there is an adverse event or other indication for more frequent visits. During the follow-up, the treating team will arrange for regular radiographs to assess the quality of bone formation, alignment of the limb and stability of the nearby joints. Also, they might opt for manoeuvres to enhance bone healing such as dynamization and accordion manoeuvres. When bone healing is confirmed radiologically (healing of 3 out of 4 cortices on orthogonal radiograph) and clinically the removal of the distraction device will be discussed.  
As outlined, the nature of the intervention poses a great difficulty with the standardization of the intervention. The wide range of included pathologies, running a multicentre trial, and the variation in postoperative adverse events of both options of treatments might be responsible for a degree of variation of the treatment between patients. The description of interventions will be reported using a template for intervention description and replication (TIDieR) checklist(89)
During the treatment, the clinical outcomes (HI, length gained, type of fixator, length of stay, ROM and complications) will be recorded. This is in addition to recording the utilised resources. Patients will fill the CHU9D and EQ-5DY at the predetermined checkpoints, this will be done in person during the patient’s visit to the outpatient department to improve compliance with the completion of the outcome tools.  
[bookmark: _Toc172662915]Eligibility of participants
[bookmark: _Toc30683400][bookmark: _Toc88485199]Study Participants
Children aged between 10 to 16 years with any underlying indications for tibial or femoral lengthening. 
[bookmark: _Toc30683401][bookmark: _Toc88485200]Inclusion Criteria
Patients will be included in this study if:
· Children aged 10-16 years.
· Have underlying indication for tibial or femoral lengthening.
· The target length is less than 25% of the length of the bony segment.
· The treating clinician believes that both treatment options are suitable for the patient.
[bookmark: _Toc30683403][bookmark: _Toc88485201]Exclusion Criteria
Patients will be excluded from participation in this study if:
· [bookmark: _Toc30683404]Patients with acute fractures.
· More than a single segment lengthening (bilateral or simultaneous tibial and femoral lengthening).
· The treating clinician believes that the bone is not suitable for lengthening nails (e.g.; non-patent medullary canal)
· Clear evidence that the patient will not adhere to the trial protocol (e.g.; overseas patients with exclusively remote/ virtual follow-up)
[bookmark: _Toc172662916]Trial procedures
[bookmark: _Toc30683405][bookmark: _Toc88485203]Data Collection
A physiotherapist will do the baseline ROM measurement using a goniometer and will measure LLD using a tape measure before randomization, In the same stage baseline CHU-9D and EQ-5DY will be completed by the children. The indications for lengthening, comorbidities, and target length will be recorded. Following the procedure, the utilised resources (costs of the fixation device, LOS, medications, duration of procedures, radiographs, physiotherapy costs, walking aids costs, costs of inpatient and outpatients visits, and costs of treating complications) will be recorded. The treatment by other healthcare providers for the same condition (such as GP visits for pin site infection, admission to other hospitals to treat infection, pain or fractures) will also be recorded and the relevant costs will be added. The children will fill the self-reported HR-QOL outcome tools during their face-to-face appointment in the outpatient department at 1, 3, and 9 months postoperatively and again at 3 and 6 months following the removal of implants. The patients’ responses will be concealed from the treating team and will be collected and presented to the data entry staff, The data processor/analyst will be blinded to the group allocation. After the treatment, a physiotherapist will conduct a clinical assessment of the children, ROM of the hip, knee and ankle joints will be measured using a goniometer, LLD will be checked with a measuring tape and the findings will be recorded. 
	Procedures
	Baseline
	Clinic visit at 1 month
	Clinic visit at 3 months
	Clinic visit at 9 months
	3 months following the removal of the device 
	6 months following the removal of the implants

	Signed Consent 
	X
	
	
	
	
	

	Assessment of Eligibility Criteria
	X
	
	
	
	
	

	Randomization
	X
	
	
	
	
	

	CHU9D
	X
	X
	X
	X
	X
	X

	Secondary outcomes: EQ5DY 
	X
	X
	X
	X
	X
	X

	Secondary outcomes: ROM/ resource utilisation/ bone healing. 
	X
	X
	X
	X
	X
	X

	Complications
	
	X
	X
	X
	X
	X

	Radiological assessment
(LLD, Defomrities, Healing)
	Blinded
	X
	
	
	
	
	X

	
	Unblinded 
	
	X
	X
	X
	
	

	Clinical assessment
	Leg length discrepancy
	X
	 
	
	
	
	X

	
	ROM
	X
	X 
	X
	X
	X
	X






[bookmark: _Toc517942656][bookmark: _Toc517966564][bookmark: _Toc517966719][bookmark: _Toc517967000][bookmark: _Toc517967104][bookmark: _Ref23227963][bookmark: _Toc30683406][bookmark: _Toc88485204]










Recruitment
[bookmark: _Toc30683409][bookmark: _Toc88485205][bookmark: _Toc172662917]Informed Consent
[bookmark: _Toc516150161][bookmark: _Toc516151239][bookmark: _Toc517942660][bookmark: _Toc517966568][bookmark: _Toc517966723][bookmark: _Toc517967004][bookmark: _Toc517967108]During the initial consultation with the patient, both options of lengthening will be discussed, and the study aim will be explained. If the patient and family are interested in joining, then they will meet the research nurse/fellow (personnel) who will further explain the study. A study website and videos will be introduced to the family along with information booklets. These aids will use simplified languages to suit young children and laypersons. Any questions the patients might have about the study or the surgical intervention will be discussed with the clinical/ research team. 
Being an elective intervention, the patients and their families will have the time to think about the provided information and discuss it further if they wish. When the patients and families indicate they have fully understood the study and they are willing to be included in the study then the informed consent will be signed. The study focuses on children aged 10-16 years, most of the children in this age group can understand the provided information, retain information and weigh the pros and cons of the discussed intervention, hence the patients’ assent is essential. In cases where there is disagreement between the children and their families, the children will not be included in the study.  If the patients and/ or families decide not to be included in the trial then they will have further discussion with the clinician where they will mutually choose the option of treatment. A copy of the consent form will be provided to the family, this consent is different from the consent form of the actual procedure which will be signed following the randomization. This trial compares two currently available treatment options, both options have some recognized complications. The trial does not pose an added risk to the patients since both treatment options are already in practice.
[bookmark: _Toc30683410][bookmark: _Toc88485206][bookmark: _Toc172662918]Randomisation
The consented patients will have a clinical assessment and will fill the baseline CHU9D and EQ-5DY before randomisation. Randomisation will be done on the day of the consent in the outpatient department. Randomization of the participants will be done using computer software with 1:1 allocation. Minimisation will be utilised to avoid imbalance between the groups. The groups will be balanced for age group (10-14 and 14-16) which roughly matches skeletal maturity, sex ( male and female), indication for lengthening (acquired and congenital), hospital, and the anatomical part (femora and tibias). In minimization the first patient will be allocated randomly to one of the groups, all the following participants will be hypothetically allocated to the two groups, the imbalance score of the groups is then calculated and the patient will be formally allocated to minimise the imbalance. Pure minimisation could result in increased predictability of the allocation of the next participant, this might introduce bias to the trial. The algorithm of the minimisation usually incorporates elements of randomness to overcome the predictability issues.
Skeletal maturity and age balance will help to eliminate the bias in most of the current evidence. Most of the published retrospective studies compared older participants in the lengthening nails group to younger patients in the external fixator group.
The balance in the male/female is also important to ensure the diversity of both groups.
The balance in hospital allocations is important due to the expected variations in the practices of the surgeons in different centres. Although all the sites will get an outline of the treatment there are still expected variations, especially in the external fixation group 
The indication of lengthening and the anatomical segments are perhaps the most important variables which require balancing between the two groups. Previous research suggested that patients who have congenital longitudinal deficiency might not do as well as other children who have acquired indications for lengthening. One of the limitations of the study presented in Chapter 5 is that there was unequal distribution of tibial and femoral procedures in the two groups. Hence, the anatomical part was included for balancing.
[bookmark: _Toc30683411][bookmark: _Toc88485207][bookmark: _Toc172662919]Blinding 
Patients, families and clinicians cannot be blinded of the allocation due to the nature of the interventions. However, the physiotherapists who will conduct the initial and final clinical assessment will be blinded, the expert team who will evaluate the radiological outcomes will be blinded, and so will be the data processors and analysts who will input the HR-QOL scores and analyse the findings. 
[bookmark: _Toc30683412][bookmark: _Toc88485208]The blinding will protect some outcomes against biases such as the primary outcome CHU9D, EQ-5DY, ROM, gained length, residual LLD, residual deformities and ROM of nearby joints. Meanwhile, other outcomes might be prone to bias such as the healing index. 

[bookmark: _Toc172662920]Description of study intervention, comparator and study procedures (clinical)
[bookmark: _Toc30683414][bookmark: _Toc88485210]The trial studies a complex surgical procedure, and the follow-up and rehabilitation following limb lengthening are usually more challenging than the actual surgical procedures. The follow-up involves a lot of decision-making based on the experience of the treating surgeon, the resources of the unit, the underlying diagnosis and the obstacles being faced. There are expected variations between the practice of the different surgeons, the practice varies when it comes to the amount of weight bearing during early recovery, frequency of outpatient follow-up appointments, frequency of radiographs, and need for splinting both overnight and after the removal of the device, duration of surgery, the type of the external fixator device, the rate of distraction, the approach when dealing with complications and many other points. This trial is a pragmatic study, it aims at answering the question of how the treatment options compare in real-world scenarios under realistic circumstances, hence the recruitment is from multiple centres to capture more patients and to include different varieties of practice for the same procedures. The outline of the treatment will be reported using the TiDieR chart. 
External fixators:
The patient and family will have a session with the limb reconstruction nurse before the surgery to go through the basics of pin site care, the adjustment of the struts, download the software program (if any) and they will sign the consent of surgery following an informed discussion with the clinician. The provided information by the limb reconstruction nurses will match their institution’s patient information leaflets for external fixators. These leaflets will be reviewed when the centre is recruited and the presented information will be evaluated to make sure it matches other centres.  On the day of the surgery, the surgical team will perform the surgery, the duration of surgery, the type of external fixator, a list of the components of the fixators, whether or not the nearby joints were spanned, acute deformity correction, other procedures and intraoperative complications will be recorded. Appropriate pain management will be administered by the anaesthetic/ pain team, this could include nerve block, epidural analgesics, Patient-controlled analgesics (PCA), and routine analgesics. When ready the patient will start mobilization with physiotherapists, usually weight bearing as tolerated is allowed. The patients will start pin site cleaning ( it is accepted that there are variations in the pin site care protocol between different units, all these variations are evidence-based) and if required radiographs to plan the distraction program will be taken. When the patients are ready to be discharged, they will go home with appropriate analgesics and the distraction protocol. Distraction usually starts 1 week postoperatively; it goes in increments with an aim of 1mm distraction/day. Patients will be reviewed regularly by physiotherapists and in the outpatient department by the limb reconstruction team where they will have clinical and radiological assessment. The distraction protocol will be appraised and modified/extended when required. Any complications will be identified and addressed accordingly. When the final length is achieved (whether achieving the target length, or further lengthening is abandoned without achieving the target length due to lack of tolerance or encountering certain complications) the patients will be advised not to make any further adjustments. During the follow the clinical team might advise manoeuvres to enhance healing such as dynamization of the external fixator and when the healing is confirmed radiologically and clinically the patient will be listed for the removal of the device. This is done under general anaesthesia in operating theatres. The patients will be followed for another 6 months following the removal of the implants, this is when the episode of lengthening is completed. 
Lengthening nails 
The patient and family will have a session with the limb reconstruction nurse before the surgery to go through the basics of the distraction of the lengthening nails and postoperative recovery and they will sign the consent for surgery following an informed discussion with the clinician. On the day of the surgery, the surgical team will perform the surgery, the duration of surgery, type of nail, entry point, acute deformity correction, other procedures and intraoperative complications will be recorded. Appropriate pain management will be administered by the anaesthetic/ pain team, this could include nerve block, epidural analgesics, Patient-controlled analgesics (PCA), and routine analgesics. When ready the patient will start mobilization with physiotherapists, Weight-bearing status is usually decided by the operating team, and it could vary from non-weight bearing to partial weight bearing. Patients will be discharged with appropriate analgesics and advised to have their wounds checked either locally or in the outpatient department. Distraction usually starts 1 week postoperatively; it goes in increments with an aim of 1mm distraction/day. Patients will be reviewed regularly by physiotherapists and in the outpatient department by the limb reconstruction team where they will have clinical and radiological assessment. The distraction protocol will be adjusted when required. Any complications will be identified and addressed accordingly. When the final length is achieved (whether achieving the target length, or further lengthening is abandoned without achieving the target length due to lack of tolerance or encountering certain complications) the patients will be advised not to make any further adjustments. During the follow up the clinical team might advise manoeuvres to enhance healing such as accordion manoeuvres. When the healing is confirmed radiologically the patients will be advised to proceed to full weight bearing and will be listed for the removal of the device. This is done under general anaesthesia in operating theatres. The patients will be followed for another 6 months following the removal of the implants, this is when the episode of lengthening is completed.
[bookmark: _Toc517942664][bookmark: _Toc517966572][bookmark: _Toc517966727][bookmark: _Toc517967008][bookmark: _Toc517967112][bookmark: _Toc30683420][bookmark: _Toc88485216]Early Discontinuation/Withdrawal of Participants
The trial itself adds very little burden to the patients following the initial procedure. In addition to the routine outpatient appointments which patients are supposed to attend regardless, they will be required to fill two small questionnaires on a few occasions throughout treatment. It is not expected the children will discontinue the treatment or stop engaging with the clinical team before the completion of the treatment due to the nature of the interventions. It is very unlikely that patients will move from one group to the other after the initial procedure, however, patients might opt not to complete the outcome questionnaire or not to continue with the trial.  Once the patients inform the clinical team, that they are not willing to continue with the trial the research team will be informed the records will be updated and their contact details will be disposed of. Their collected data will be analysed to identify the pattern.  The patient's withdrawal from the trial will not affect their clinical care. These patients will not be replaced. 
The trial is set to end with the completion of the treatment of the last participant.
[bookmark: _Toc30683426][bookmark: _Toc88485223][bookmark: _Toc172662921]Statistics and analysis
[bookmark: _Toc517942680][bookmark: _Toc517966588][bookmark: _Toc517966743][bookmark: _Toc517967024][bookmark: _Toc517967128][bookmark: _Toc517966744][bookmark: _Toc517967025][bookmark: _Toc517967129][bookmark: _Toc172662922][bookmark: _Toc30683427][bookmark: _Toc88485224]Statistical Analysis 
[bookmark: _Toc30683428][bookmark: _Toc88485225]The trial will be reported following the CONSORT 2010 Statement: updated guidelines for reporting parallel group randomized trials. Medical statisticians will conduct the statistical analysis, the analyses will follow the intention-to-treat principle, this means if a patient's treatment was changed following the allocation the patient’s data will be analyzed as per the randomization rather than the actual provided treatment. Descriptive statistics will be used to present the demographics. Multivariant linear regression analysis will be used to compare the HRQOL, HI and length gain, residual deformities. Two-tailed, unpaired t-test will be used to test the hypothesis.   And in all the statistical analyses, means, standard deviations (SD) and P-value will be reported.
[bookmark: _Toc172662923][bookmark: _Toc30683429][bookmark: _Toc88485227]Sample Size 
[bookmark: _Toc517942685][bookmark: _Toc517966593][bookmark: _Toc517966748][bookmark: _Toc517967029][bookmark: _Toc517967133]The sample size was calculated from the mean of the independent groups (two-tailed t-test, 1:1 allocation, 90% power and 5% significance). The primary outcome is the health utility as measured by CHU9D at 9 months following the osteotomy procedure and before the removal of the fixation device. The results of the utility at this interval were reported in Chapter Six, these results were used to calculate the sample size.  The mean utility at this interval was 0.95 and 0.79 for lengthening nails and external fixators respectively, while the standard deviations were 0.07 and 0.11 for the two groups, and the effect size was 1.4.  A total of 68 patients with 34 patients in each group is required to identify a large effect size of at least 0.8. Allowing for a 20% loss of follow-up/non-completion of the HR-QOL, the number goes up to 86 patients with 43 allocated to each group.
In the internal pilot study, we aim to recruit 20% of the sample, this means that during the first third of the trial period, the goal is to recruit 17 patients from the 10 centres over 12 months.
[bookmark: _Toc516147641][bookmark: _Toc30683436][bookmark: _Toc88485233][bookmark: _Toc172662924]Health Economics Analysis 
Cost-utility analysis is a part of this trial. The economic evaluation will be reported in a similar way to Chapter Six using the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) checklist. 
The main difference between the economic evaluation in this trial and the economic evaluation presented in Chapter Six is that this analysis will include the details from the NHS and patients' perspectives.
All the resources utilisation in the limb reconstruction unit such as theatre utilization, hospital stay, implants, follow-up, radiographs, medications, staff time, equipment and complications management will be recorded. This is in addition to recording the utilised resources in primary care and community such as physiotherapy, occupational therapy equipment, medications, dressing changes and appointments.
The costs from the patient's perspective such as loss of income (appointments, inpatient stay and postoperative recovery) and costs of transport to and from hospital appointments will be included. 
In a similar way to the economic evaluation presented in Chapter 6, the cost analysis will be conducted following the micro-costing approach, where a list of the utilised resources will be completed and the unit cost will follow the unit cost of the national tariff.
CHU9D is a preference-based health utility questionnaire, that will enable the calculation of health utility and QALYS. QALYs will be used to measure the incremental QALYS (difference in QALYS between the two groups). The incremental costs will be measured as the difference in the costs between the two groups. The incremental cost-effectiveness ratio (ICER) is the incremental costs divided by the incremental QALYS. ICER will be assessed against the willingness to pay/ QALYS to evaluate the cost-effectiveness.
Bootstrapping will be done for sensitivity analysis of the findings. Bootstrapping resamples the data to make many simulated results. When these results are plotted on the cost-effectiveness plane it will aid the decision on cost effectiveness of the intervention.  
[bookmark: _Toc517967042][bookmark: _Toc517967145][bookmark: _Toc30683455][bookmark: _Toc88485250][bookmark: _Toc172662925]Approvals
The two interventions in this trial are being currently offered for limb lengthening in children. This research will involve a trial that will be conducted in NHS, the study will include patients. The trial will require the Health Research Authority (HRA). HRA approval includes ethical review by the research ethics committee (REC), governance checks and checks on the regulatory aspect of the trial. The protocol of the study and other study documents will be submitted for HRA approval via the integrated research application system (IRAS). Local Research and development (R&D) approvals will be required by the participating centres. The participating centres will need to conduct a confirmation of capacity and capability to deliver the research.
[bookmark: _Toc172662926]Funding:
Local and national grants will be sought once the trial has all the required approvals.
[bookmark: _Toc172662927]Dissemination:
The trial materials such as patients’ information leaflets, videos, and trial websites will be available for public use.
The trial website and materials will be also available on social media to encourage and familiarise the potential participants with the trial.
The trial protocol, results of the pilot studies and the final results will be presented at national and international conferences and published accordingly. 
The reporting of the pilot trial will follow the CONSORT 2010 statement: extension to randomised pilot and feasibility trials. The standardization of intervention will be reported using the TIDieR checklist, the economic evaluation will be presented according to the CHEERS checklist and the full trial will be presented following the CONSORT chart.
[bookmark: _Toc172662928]Discussions
[bookmark: _Toc172662929]Anticipated difficulties
[bookmark: _Toc172662930]Community equipoise
As discussed earlier in this chapter, community equipoise is essential for any RCT. This study will be informed by the equipoise study. 
Patients and public involvement (PPI) in this study before it is designed is essential, this is not only to help with the study design, and choice of the outcome tool but also to explore equipoise. PPI is important in closing the gap in communication between the patient population and academics. The Steps charity worldwide will be contacted to be the patient advocacy group.
By working with a patient advocacy group, this study will incorporate patient and public involvement (PPI) to guarantee a patient-centred research approach. PPI's involvement is crucial to ensure the study incorporates the actual needs, priorities and concerns of children and their families. Researchers, healthcare professionals and PPI input to codesign the research protocol would improve the recruiting materials and the outcome measures. PPI representatives will take part in the ethical review procedures. Their participation in the data interpretation will increase the findings' therapeutic value by offering insightful information about the patient experience.
The Steps Charity network will facilitate the public involvement and the attraction of the candidates, guaranteeing a varied and representative team. Additionally, the dissemination of the data will be helped by this collaboration which will increase the impact and accessibility for patients and healthcare professionals.

[bookmark: _Toc172662931]Recruitment:
The study aims to recruit 86 participants over 3 years from at least 10 centres. On average, the expectation is to recruit around 2.7 participants from each centre per year. This number does not look difficult to achieve but the patients’ eligibility (age, excluding patients with simultaneous lengthening of multiple segments, and patients with no patent medullary canal), resources/ staffing in each centre, nature of the interventions and patients’ preferences might reduce the eligible to consented conversion rate. 
The trial will start with an internal pilot to assess the feasibility and the recruitment rates over the first third of the recruitment duration of the study. We aim to recruit 17 patients in the pilot study with 1.7 participants from each centre. The progression criteria follow the traffic light system. Greenlight (GO) is defined as recruitment of over 75% of the target, this is 13 patients in total and 13 patients from every centre, Red light (stopping the trial) is defined as recruitment of less than 50% which is 0.8 participant (8 patients as overall). Amber is defined as recruiting more than 8 but less than 13 participants, In this case, further appraisal of the protocol and included centres will be done to enhance the recruitment.
[bookmark: _Toc172662932]Standardization of care:
The practice within the limb reconstruction society varies significantly based on the training of the surgeon, the practice of the unit, the allocated resources, patients’ presentations, the healing progression, encountered complications and many other variables. This is acknowledged in the pragmatic research design, it is important when the centres enter their data it includes the details of the treatment which was done. The details of the provided treatment with any modifications will be documented and presented on the TIDieR checklist.
The trial protocol states that the randomization is to be carried out when the patients are listed for surgery. Understandably, the length of the waiting lists varies between centres. The duration between the randomization and the intervention might affect the trial, a too-short duration might not leave enough time for the patients to be prepared for such a big intervention and a too-long duration might result in increased withdrawal/conversion rates. This is an important factor to consider for the interventions which have different benefits-harm profiles such as the interventions in the trial.
[bookmark: _Toc172662933]Blinding:
Having an open label where the intervention is known to both the clinicians and patients might lead to performance bias (patients with a certain allocation get more attention/care compared to the other group), Attrition bias (patients from a certain treatment arm withdraw from the study) and Differential Hawthorne effect (patients in a certain group have a modified behaviour/ outcomes due to being watched). On the other hand, the outlined trial protocol would avoid detection bias (difference in scoring between the 2 arms of the trial, this is avoided in this study as the physiotherapist, radiograph interpreters and data analysts are all blinded) and reporting bias.
[bookmark: _Toc172662934]Financial compensation:
This trial does not involve any extra visits to the hospital or the patients using their own electronic devices to complete the questionnaires. There will be no financial compensation to the participants in the study, we aim to present thank you cards to the participants and include any of the interested participants as PPI for future related studies. Participation as PPI in future studies might incur financial remuneration for the participants’ time.
[bookmark: _Toc172662935]Long term /surveillance studies:
Children are the primary focus of this research. Concerns regarding the biocompatibility of magnetic lengthening nails have already been raised, which resulted in banning the use of these nails in children.
We currently do not know the long-term effect of the magnetic or electromechanical motorised lengthening nails on the patients. This mandates long-term observational studies to monitor the patients who were treated with these devices. 
One of the effective ways to run these studies is to set up a limb lengthening /distraction osteogenesis registry. Following appropriate approvals, the patients on the registry could either be contacted after any required duration (5-10-20-30-X years) or have their health records screened to identify any long-term problems such as recurrent fractures, bone pain, tumours, etc.
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[bookmark: _Toc172662938]Appendix 1: Search strategy Systematic review A

Search strategy
Search: ((((''limb lengthening'' OR ''leg lengthening'' OR ''distraction osteogenesis'' OR callotasis OR lengthening AND (fft[Filter])) AND (Femur OR femora OR femoral AND (fft[Filter])) AND (fft[Filter])) AND (Ilizarov OR ''external fixation'' OR ''external fixator'' OR circular OR ring OR LRS OR Monolateral AND (fft[Filter]))) AND (PRECICE OR Fitbone OR ''lengthening nail'' OR ''magnetic nail'' OR ''motorised nail'' OR ''motorized nail'' AND (fft[Filter])) AND (fft[Filter])) AND (child OR children OR adolescent OR paediatric OR pediatric OR young OR adolescence OR childhood OR immature AND (fft[Filter])) Filters: Full text, English
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These questions ask about how you are today. For each question, read all the choices and decide which one is most like you today.

Then put a tick in the box next to it like this r. Only tick one box for each question.
Example 
Today I feel quite upset so I will tick this box.
Upset
I don’t feel upset today
I feel a little bit upset today
I feel a bit upset today
I feel quite upset today
I feel very upset today
Now think about and answer the rest of the questions below



1. Worried
I don’t feel worried today
I feel a little bit worried today
I feel a bit worried today
I feel quite worried today
I feel very worried today

2. Sad
I don’t feel sad today
I feel a little bit sad today
I feel a bit sad today
I feel quite sad today
I feel very sad today

3. Pain
I don’t have any pain today
I have a little bit of pain today
I have a bit of pain today
I have quite a lot of pain today
I have a lot of pain today


4. Tired
I don’t feel tired today
I feel a little bit tired today
I feel a bit tired today
I feel quite tired today
I feel very tired today

5. Annoyed
I don’t feel annoyed today
I feel a little bit annoyed today
I feel a bit annoyed today
I feel quite annoyed today
I feel very annoyed today

6. School Work/ Homework (such as reading, writing, doing lessons)
I have no problems with my schoolwork/homework today
I have a few problems with my schoolwork/homework today
I have some problems with my schoolwork/homework today
I have many problems with my schoolwork/homework today
I can’t do my schoolwork/ homework today

7. Sleep
Last night I had no problems sleeping
Last night I had a few problems sleeping
Last night I had some problems sleeping
Last night I had many problems sleeping
Last night I couldn’t sleep at all

8. Daily routine (things like eating, having a bath/ shower, getting dressed)
I have no problems with my daily routine today
I have a few problems with my daily routine today
I have some problems with my daily routine today
I have many problems with my daily routine today
I can’t do my daily routine today

9. Able to join in activities (things like playing out with your friends, doing sports, joining in things)
I can join in with any activities today
I can join in with most activities today
I can join in with some activities today
I can join in with a few activities today
I can join in with no activities today
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	Mobility (walking about)
I have no problems walking about
	
q

	I have some problems walking about
	q

	I have a lot of problems walking about
	q

	Looking after myself
	

	I have no problems washing or dressing myself
	q

	I have some problems washing or dressing myself
	q

	I have a lot of problems washing or dressing myself
	q

	Doing usual activities (for example, going to school, hobbies, sports, playing, doing things with family or friends)
	

	I have no problems doing my usual activities
	q

	I have some problems doing my usual activities
	q

	I have a lot of problems doing my usual activities
	q

	Having pain or discomfort
	

	I have no pain or discomfort
	q

	I have some pain or discomfort
	q

	I have a lot of pain or discomfort
	q

	Feeling worried, sad or unhappy
	

	I am not worried, sad or unhappy
	q

	I am a bit worried, sad or unhappy
	q

	I am very worried, sad or unhappy
	q
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	Item No
	Recommendation

	[bookmark: bold5][bookmark: italic6]Title and abstract
	1
	(a) Indicate the study’s design with a commonly used term in the title or the abstract

	[bookmark: bold6][bookmark: italic7]
	
	(b) Provide in the abstract an informative and balanced summary of what was done and what was found

	[bookmark: bold7][bookmark: italic8]Introduction

	[bookmark: bold8][bookmark: italic9][bookmark: bold9][bookmark: italic10]Background/rationale
	2
	Explain the scientific background and rationale for the investigation being reported

	[bookmark: bold10][bookmark: italic11]Objectives
	3
	State specific objectives, including any prespecified hypotheses

	[bookmark: bold11][bookmark: italic12]Methods

	[bookmark: bold12][bookmark: italic13]Study design
	4
	Present key elements of study design early in the paper

	[bookmark: bold13][bookmark: italic14]Setting
	5
	Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection

	Participants
	6
	(a) Cohort study—Give the eligibility criteria, and the sources and methods of selection of participants. Describe methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and methods of case ascertainment and control selection. Give the rationale for the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and methods of selection of participants

	[bookmark: bold14][bookmark: italic15]
	
	(b) Cohort study—For matched studies, give matching criteria and number of exposed and unexposed
Case-control study—For matched studies, give matching criteria and the number of controls per case

	[bookmark: bold16][bookmark: italic17]Variables
	7
	Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. Give diagnostic criteria, if applicable

	[bookmark: bold17][bookmark: italic18][bookmark: bold18][bookmark: italic19]Data sources/ measurement
	[bookmark: bold19]8*
	 For each variable of interest, give sources of data and details of methods of assessment (measurement). Describe comparability of assessment methods if there is more than one group

	[bookmark: bold20][bookmark: italic20]Bias
	9
	Describe any efforts to address potential sources of bias

	[bookmark: bold21][bookmark: italic21]Study size
	10
	Explain how the study size was arrived at

	[bookmark: bold22][bookmark: italic22][bookmark: bold23][bookmark: italic23]Quantitative variables
	11
	Explain how quantitative variables were handled in the analyses. If applicable, describe which groupings were chosen and why

	[bookmark: italic24][bookmark: italic25]Statistical methods
	12
	(a) Describe all statistical methods, including those used to control for confounding

	[bookmark: bold24][bookmark: italic26]
	
	(b) Describe any methods used to examine subgroups and interactions

	[bookmark: bold25][bookmark: italic27]
	
	(c) Explain how missing data were addressed

	[bookmark: bold26][bookmark: italic28]
	
	(d) Cohort study—If applicable, explain how loss to follow-up was addressed
Case-control study—If applicable, explain how matching of cases and controls was addressed
Cross-sectional study—If applicable, describe analytical methods taking account of sampling strategy

	[bookmark: bold27][bookmark: italic29]
	
	(e) Describe any sensitivity analyses


[bookmark: bold28][bookmark: italic30]Continued on next page

	Results

	[bookmark: bold29][bookmark: italic31]Participants
	[bookmark: bold30]13*
	(a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, examined for eligibility, confirmed eligible, included in the study, completing follow-up, and analysed

	[bookmark: bold31][bookmark: italic32]
	
	(b) Give reasons for non-participation at each stage

	[bookmark: bold32][bookmark: italic33]
	
	[bookmark: OLE_LINK4](c) Consider use of a flow diagram

	[bookmark: bold33][bookmark: italic34][bookmark: bold34][bookmark: italic35]Descriptive data
	[bookmark: bold35]14*
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	[bookmark: bold36][bookmark: italic36]
	
	(b) Indicate number of participants with missing data for each variable of interest

	[bookmark: bold37][bookmark: italic37]
	
	(c) Cohort study—Summarise follow-up time (eg, average and total amount)

	[bookmark: bold38][bookmark: italic38]Outcome data
	[bookmark: bold39]15*
	Cohort study—Report numbers of outcome events or summary measures over time

	
	
	Case-control study—Report numbers in each exposure category, or summary measures of exposure

	
	
	Cross-sectional study—Report numbers of outcome events or summary measures

	[bookmark: italic40][bookmark: bold41]Main results
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	(a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and why they were included
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	(b) Report category boundaries when continuous variables were categorized

	[bookmark: italic42][bookmark: bold43]
	
	(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period

	[bookmark: italic43][bookmark: bold44]Other analyses
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	Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses

	[bookmark: italic44][bookmark: bold45]Discussion

	[bookmark: italic45][bookmark: bold46]Key results
	18
	Summarise key results with reference to study objectives

	[bookmark: italic46][bookmark: bold47]Limitations
	19
	Discuss limitations of the study, taking into account sources of potential bias or imprecision. Discuss both direction and magnitude of any potential bias

	[bookmark: italic47][bookmark: bold48]Interpretation
	20
	Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of analyses, results from similar studies, and other relevant evidence

	[bookmark: italic48][bookmark: bold49]Generalisability
	21
	Discuss the generalisability (external validity) of the study results

	[bookmark: italic49][bookmark: bold50]Other information

	[bookmark: italic50][bookmark: bold51]Funding
	22
	Give the source of funding and the role of the funders for the present study and, if applicable, for the original study on which the present article is based




[bookmark: _Toc172662945]Appendix 8: Statistical analysis chapter 4&5.

Paired analysis for the matched data

1. Length gain:

· Paired t test: 
No difference in gained length Paired t test P 0.88
	 
	gained (mm)
	gained (mm)

	Mean
	41.664
	42.04

	Variance
	61.4724
	153.3941667

	Observations
	25
	25

	Pearson Correlation
	0.205934
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	-0.14217
	

	P(T<=t) one-tail
	0.444068
	

	t Critical one-tail
	1.710882
	

	P(T<=t) two-tail
	0.888135
	

	t Critical two-tail
	2.063899
	 



· Related-Samples c
· 
	Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix gained (mm) and nails gained (mm) equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.548


· 
	Hypothesis Test Summary

	
	Decision

	1
	Retain the null hypothesis.


· 
---------------------------------------------------------------------------------------------------------------------------



2. Healing index:

· Paired t test: Paired t test 2 tailed

Healing index of lengthening nails was significantly less than external fixation paired t test P0.016

	t-Test: Paired Two Sample for Means

	
	
	
	

	
	Healing index (days/cm)
	Healing index (days/cm)

	Mean
	53.16237
	40.684
	

	Variance
	388.6603
	208.8614
	

	Observations
	25
	25
	

	Pearson Correlation
	0.030664
	
	

	Hypothesized Mean Difference
	0
	
	

	df
	24
	
	

	t Stat
	2.590574
	
	

	P(T<=t) one-tail
	0.008021
	
	

	t Critical one-tail
	1.710882
	
	

	P(T<=t) two-tail
	0.016042
	
	

	t Critical two-tail
	2.063899
	
	




· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.020
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Healing index (days/cm) and nails Healing index (days/cm) equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.020


_________________
	
	Decision

	1
	Reject the null hypothesis.



	a. The significance level is .050.




3. Duration of insertion surgery
· Paired t test: Paired t test 2 tailed:
Duration of insertion surgery of lengthening nails was significantly more than external fixation paired t test P0.009
	
	
	
	

	 
	Duration of insertion surgery ( mins)
	Duration of insertion surgery ( mins)
	

	Mean
	153.56
	180.04
	

	Variance
	815.1733
	1381.956667
	

	Observations
	25
	25
	

	Pearson Correlation
	-0.01058
	
	

	Hypothesized Mean Difference
	0
	
	

	df
	24
	
	

	t Stat
	-2.81029
	
	

	P(T<=t) one-tail
	0.004847
	
	

	t Critical one-tail
	1.710882
	
	

	P(T<=t) two-tail
	0.009695
	
	

	t Critical two-tail
	2.063899
	 
	



· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.008
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Duration of insertion surgery ( mins) and nails Duration of insertion surgery ( mins) equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.008



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.



4. Sub-analysis of the duration of surgery for lengthening nails 1st 12 Vs 2nd 12 cases:
· t-Test: Two-Sample Assuming Unequal Variances
No difference P 0.2

5. LOS insertion surger
· Paired t test: Paired t test 2 tailed: 
LOS lengthening nails was significantly less than external fixation paired t test P 0.0014
	 
	Length of Stay 1st surgery
	Length of Stay 1st surgery

	Mean
	9.24
	4.16

	Variance
	33.44
	11.64

	Observations
	25
	25

	Pearson Correlation
	-0.11607157
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	3.604378239
	

	P(T<=t) one-tail
	0.000711015
	

	t Critical one-tail
	1.71088208
	

	P(T<=t) two-tail
	0.00142203
	

	t Critical two-tail
	2.063898562
	 



· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.001
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Length of Stay 1st surgery and nails Length of Stay 1st surgery equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	<.001



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.




6. Cost of 1st surgery

· Paired t test: Paired t test 2 tailed: 
Cost of insertion surgery of lengthening nails was significantly higher than external fixation paired t test P 0.0066
	
	
	
	

	 
	Cost of 1st surgery ( frame, time, LOS)
	Cost of 1st surgery ( frame, time, LOS)
	

	Mean
	13197.13
	15848.61
	

	Variance
	16491608
	1938639
	

	Observations
	25
	25
	

	Pearson Correlation
	-0.12834
	
	

	Hypothesized Mean Difference
	0
	
	

	df
	24
	
	

	t Stat
	-2.97326
	
	

	P(T<=t) one-tail
	0.003306
	
	

	t Critical one-tail
	1.710882
	
	

	P(T<=t) two-tail
	0.006612
	
	

	t Critical two-tail
	2.063899
	 
	

	
	
	
	

	
	
	
	


· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.005
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Cost of 1st surgery ( frame, time, LOS) and nails Cost of 1st surgery ( frame, time, LOS) equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.005



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.





7. Number of unilateral Xrays:
· Paired t test: 
number of unilateral xrays of lengthening nails was significantly less than external fixation paired t test P 0.00044
	 
	Numbers of xray unilateral
	Numbers of xray unilateral

	Mean
	11.48
	7.92

	Variance
	9.676667
	10.41

	Observations
	25
	25

	Pearson Correlation
	0.0455
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	4.0651
	

	P(T<=t) one-tail
	0.000223
	

	t Critical one-tail
	1.710882
	

	P(T<=t) two-tail
	0.000447
	

	t Critical two-tail
	2.063899
	 




· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.002.
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Numbers of xray unilateral and nails Numbers of xray unilateral equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.002



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.





8. Number of unilateral Xrays:
· Paired t test: 
number of unilateral xrays of lengthening nails was significantly less than external fixation paired t test P 0.00068
	 
	Number of Xrays mechanical
	Number of Xrays mechanical
	

	Mean
	2.88
	1.32
	

	Variance
	3.36
	0.31
	

	Observations
	25
	25
	

	Pearson Correlation
	-0.16494
	
	

	Hypothesized Mean Difference
	0
	
	

	df
	24
	
	

	t Stat
	3.896754
	
	

	P(T<=t) one-tail
	0.000342
	
	

	t Critical one-tail
	1.710882
	
	

	P(T<=t) two-tail
	0.000684
	
	

	t Critical two-tail
	2.063899
	 
	



· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.002.
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Number of Xrays mechanical and nails Number of Xrays mechanical equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.002



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.




9. Clinic appointments
· Paired t test: 
number of clinic appointments following lengthening nails was significantly less than external fixation paired t test P 0.00020

	 
	clinic appts (N)
	clinic appts (N)

	Mean
	11.84
	8

	Variance
	9.306667
	10.25

	Observations
	25
	25

	Pearson Correlation
	0.012798
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	4.369659
	

	P(T<=t) one-tail
	0.000103
	

	t Critical one-tail
	1.710882
	

	P(T<=t) two-tail
	0.000206
	

	t Critical two-tail
	2.063899
	 



· Related-Samples Wilcoxon Signed Rank Test showed the same P <0.001
	Hypothesis Test Summary
	

	
	Null Hypothesis
	Test
	Sig.a,b
	

	1
	The median of differences between EX-Fix clinic appts (N) and nails clinic appts (N) equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	<.001
	



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.




10.  Cost of follow up:
· Paired t test: Cost of follow up following lengthening nails was significantly less than external fixation paired t test P 0.0015
	 
	Cost of Follow up ( Xray, clinic, complications) 
	Cost of Follow up ( Xray, clinic, complications) 
	

	Mean
	3425.536
	1396.193
	

	Variance
	5466895
	1691979
	

	Observations
	25
	25
	

	Pearson Correlation
	-0.1424
	
	

	Hypothesized Mean Difference
	0
	
	

	df
	24
	
	

	t Stat
	3.581808
	
	

	P(T<=t) one-tail
	0.000752
	
	

	t Critical one-tail
	1.710882
	
	

	P(T<=t) two-tail
	0.001504
	
	

	t Critical two-tail
	2.063899
	 
	



· Related-Samples Wilcoxon Signed Rank Test showed the same P <0.001
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Cost of Follow up ( Xray, clinic, complications)  and nails Cost of Follow up ( Xray, clinic, complications)  equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	<.001



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.



11. Duration of removal surgery:

· Paired t test: 
duration of removal surgery lengthening nails was significantly more than external fixation paired t test P 0.00001
	 
	Duration Of removal ( Mins)
	Duration Of removal ( Mins)

	Mean
	42.4
	111.28

	Variance
	122.5
	895.96

	Observations
	25
	25

	Pearson Correlation
	0.465750759
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	-12.92637618
	

	P(T<=t) one-tail
	1.32039E-12
	

	t Critical one-tail
	1.71088208
	

	P(T<=t) two-tail
	0.0000000
	

	t Critical two-tail
	2.063898562
	 



· Related-Samples Wilcoxon Signed Rank Test showed the same P <0.001

	Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Duration Of removal ( Mins) and nails Duration Of removal ( Mins) equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	<.001



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.



12. LOS removal surgery
· Paired t test: 
LOS removal surgery lengthening nails was significantly more than external fixation paired t test P 0.003
	 
	LOS removal
	LOS removal

	Mean
	0.16
	0.96

	Variance
	0.39
	0.956667

	Observations
	25
	25

	Pearson Correlation
	-0.12551
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	-3.26599
	

	P(T<=t) one-tail
	0.001636
	

	t Critical one-tail
	1.710882
	

	P(T<=t) two-tail
	0.003272
	

	t Critical two-tail
	2.063899
	 



· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.003
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix LOS removal and nails LOS removal equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.003



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.



13. Cost removal surgery
· Paired t test: 
Cost of removal surgery lengthening nails was significantly higher than external fixation paired t test P 0.00001
	
	
	
	

	 
	 Total Cost of removal
	 Total Cost of removal
	

	Mean
	801.0944
	2129.742
	

	Variance
	73013.43858
	477660.2
	

	Observations
	25
	25
	

	Pearson Correlation
	0.245632476
	
	

	Hypothesized Mean Difference
	0
	
	

	df
	24
	
	

	t Stat
	-9.806330873
	
	

	P(T<=t) one-tail
	3.59599E-10
	
	

	t Critical one-tail
	1.71088208
	
	

	P(T<=t) two-tail
	0.000000000719
	
	

	t Critical two-tail
	2.063898562
	
	




· Related-Samples Wilcoxon Signed Rank Test showed the same P <.001
	

	Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between  EX-Fix Total Cost of removal and  nails Total Cost of removal equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	<.001



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.



14. Total Cost:
· Paired t test: 
No difference in the total cost of surgery P 0.5 paired T test

	 
	Total Cost
	Total Cost

	Mean
	18456.43
	19045.82

	Variance
	8127032
	8634130

	Observations
	25
	25

	Pearson Correlation
	-0.2532
	

	Hypothesized Mean Difference
	0
	

	df
	24
	

	t Stat
	-0.64303
	

	P(T<=t) one-tail
	0.263152
	

	t Critical one-tail
	1.710882
	

	P(T<=t) two-tail
	0.526304
	

	t Critical two-tail
	2.063899
	 



· Related-Samples Wilcoxon Signed Rank Test showed the same P 0.47
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The median of differences between EX-Fix Total Cost and nails Total Cost equals 0.
	Related-Samples Wilcoxon Signed Rank Test
	.476



	Hypothesis Test Summary

	
	Decision

	1
	Retain the null hypothesis.



15. Accuracy:
· Related-Samples McNemar Change Test: Lengthening nails are more accurate P 0.039
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The distributions of different values across EXfixAccuracy and NailsAccuracy are equally likely.
	Related-Samples McNemar Change Test
	.039c



	Hypothesis Test Summary

	
	Decision

	1
	Reject the null hypothesis.



16. MAD / residual deformity:
· Related-Samples McNemar Change Test: No difference between the 2 groups.
	· Hypothesis Test Summary

	
	Null Hypothesis
	Test
	Sig.a,b

	1
	The distributions of different values across EXfixMAD and NailsMAD are equally likely.
	Related-Samples McNemar Change Test
	.508c



	Hypothesis Test Summary

	
	Decision

	1
	Retain the null hypothesis.





Scores
Utility 
T test no significant difference between femur and tibia mean overall utility within the Ex-fix group. P 0.11

	t-Test: Two-Sample Assuming Unequal Variances

	
	
	

	
	Tibia Utility
	Femur utility 

	Mean
	0.728328571
	0.60155

	Variance
	0.013619407
	0.027529322

	Observations
	14
	4

	Hypothesized Mean Difference
	0
	

	df
	4
	

	t Stat
	1.43043703
	

	P(T<=t) one-tail
	0.112913084
	

	t Critical one-tail
	2.131846786
	

	P(T<=t) two-tail
	0.225826168
	

	t Critical two-tail
	2.776445105
	










[bookmark: _Toc172662946]Appendix 9: statistical tables Chapter 6.


Table 
Table:Summary of the demographic characteristics of patients between the two groups
	
	
	

	
	Group A
(Lengthening nail)
	Group B
(External fixator)
	

	Variable
	Level
	number
	Mean
	SD
	number
	Mean
	SD
	Total

	Age (Years)
	
	16
	16.06
	1.80
	18
	14.67
	2.50
	34

	
	
	
	
	
	
	
	
	

	Gender
	Male
	10 (62.5%)
	
	
	12 (67%)
	
	
	22

	
	Female
	6 (37.5%)
	
	
	6 (33%)
	
	
	12

	
	
	
	
	
	
	
	
	

	Bone segment


	
Femur
Tibia
	16
0
	
	
	4
14
	
	
	
20
14



Table 
[bookmark: _Toc172662978]Table 20:Test statistics from Wilcoxon rank-sum test for each dimension to assess the sig. difference between group A (lengthening nails) and Group B (External fixators)
	
Dimensions
	W – test statistic
	P-value

	Worried
	1625
	0.0046

	Sad
	1726.5
	0.0001

	Pain
	1855.5
	<0.0001

	Tired
	1780
	0.00023

	Annoyed
	1747
	<0.0001

	School
	1687.5
	0.0041

	Sleep
	1633
	0.016

	Daily routine
	2002
	<0.0001

	Activities
	1697.5
	0.0039



Table : 
[bookmark: _Toc172662979]Table 21:Median Chu9D comparison (responses)
	
	Group A
(Lengthening nail)
	Group B
(External fixator)

	
	Distraction
	Early consolidation
	Late consolidation
	Distraction
	Early consolidation
	Late consolidation

	Study sample size
	16
	18

	Worry
	1
	1
	1
	2
	1
	1

	Sad
	1
	1
	1
	2
	2
	1

	Pain
	3
	1
	1
	3
	2
	2

	Tired
	2
	2
	1
	3
	2
	2

	Annoyed
	1
	1
	1
	2
	2
	1

	School
	2
	1
	2
	3
	2
	2

	Sleep
	2
	1
	1
	3
	2
	1

	Daily routine
	2
	1
	1
	4
	3
	2

	activities
	5
	4
	2
	5
	4
	4



Table 
[bookmark: _Toc172662980]Table 22 Test statistics from Friedman test to assess the sig diff between dimensions measured at different time points by the group
	Dimension
	Group A
(Lengthening nail)
	Group B
(External fixator)

	
	Chi-square
	Df
	P-value
	Chi-square
	Df
	P-value

	Worried
	14
	2
	0.0009
	14
	2
	0.001

	Sad
	3.7143
	2
	0.1561
	10
	2
	0.006

	Pain
	26.98
	2
	<0.0001
	20
	2
	<0.0001

	Tired
	11
	2
	0.0052
	16
	2
	0.0004

	Annoyed
	4
	2
	0.1
	6
	2
	0.05

	School
	21
	2
	<0.0001
	20
	2
	<0.0001

	Sleep
	24
	2
	<0.0001
	27
	2
	<0.0001

	Daily routine
	17
	2
	0.0002
	23
	2
	<0.0001

	Activities
	29
	2
	<0.0001
	15
	2
	0.0006















Table 
Table Median EQ-5D-Y comparison
	 
	Group A
(Lengthening nail)
	Group B
(External fixator)

	 
	Distraction
	Early consolidation
	Late consolidation
	Distraction
	Early consolidation
	Late consolidation

	Sample size
	8
	18

	Mobility
	2
	2
	1
	3
	2.5
	2

	Looking after myself
	1
	1
	1
	2
	1
	1

	usual activities
	3
	2
	1
	2
	1.5
	1

	Pain
	1.5
	2
	1
	2
	2
	1

	worried/ unhappy
	1
	1
	1
	1
	1
	1




Table: 
[bookmark: _Toc172662981]Table 23 Summary of CHU-9D utility at different time points for the two treatment groups
	
	
	Group A
(Lengthening nails)
	Group B
(External fixation)

	Variable
	Level
	n 
	Mean
	SD
	n 
	Mean
	SD

	Stage of treatment
	
	
	
	
	
	
	

	
	Distraction
	16
	0.69
	0.06
	18
	0.60
	0.15

	
	Early
	16
	0.89
	0.06
	18
	0.71
	0.18

	
	Late
	16
	0.95
	0.07
	18
	0.79
	0.11

	
	Overall
	
	0.85
	
	
	0.71
	



Table : 
Table  Summary of EQ-5D-Y utility at different time points for the two treatment groups
	
	
	Group A
(Lengthening nails)
	Group B
(External fixation)

	Variable
	Level
	n 
	Mean
	SD
	n 
	Mean
	SD

	Stage of treatment
	
	
	
	
	
	
	

	
	Distraction
	8
	0.47
	0.31
	18
	0.08
	0.46

	
	Early
	8
	0.54
	0.32
	18
	0.30
	0.45

	
	Late
	8
	0.80
	0.33
	18
	0.54
	0.44

	
	Overall
	
	0.6
	
	
	0.3
	


Table 19
[bookmark: _Toc172662982]Table 24 Descriptive statistics to summarise QALY for each treatment group
	
	Min
	Max
	Mean (SD)
	Median
	IQR

	Group A
(Lengthening nails)
	0.4032
	0.4714
	0.44 (0.024)
	0.4419
	0.42 - 0.46

	Group B
(External fixation)
	0.1907
	0.4807
	0.34 (0.071)
	0.3757
	0.32 - 0.41




Table 
Table Linear regression model of QALYs (CHU9D)
	Parameter
	Levels
	Estimate
	SE
	P-value
	95% CI

	Intercept
	
	0.42
	0.07
	<0.0001
	0.29 - 0.55

	Treatment
	Lengthening nails
	0.08
	0.019
	0.000168
	0.04 - 0.12

	Age
	
	-0.003
	0.004
	0.494
	-0.011 - 0.005

	Gender
	Male
	-0.029
	0.0192
	0.144
	-0.012 - 0.0057









[image: ]
[bookmark: _Toc172662959]Figure 19 Time trend plot for CHU-0D utility for each patient in the two treatment groups
 (Stage 0 is at distraction, 1 and 2 are for early and late consolidations)



[image: ][bookmark: _Toc172662960]Figure 20:Time trend plot for EQ-5D-Y utility for each patient in the two treatment groups. 
(Stage 0 is at distraction, 1 and 2 are for early and late consolidations)

[bookmark: _Toc172662961]Figure 21  Line graphs of EQ-5D-Y, CHU9D mean utilities for both nails and external fixators
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Cost
Thr utilisation 1st surgery	Nail	External fixator	2785.22	2375.5700000000002	LOS 1st surgery	Nail	External fixator	1635.38	3632.42	Device cost	Nail	External fixator	11428.02	7745.66	Radiographs	Nail	External fixator	322.75	509.31	Clinic appointments	Nail	External fixator	896	1326.08	Complications	Nail	External fixator	177.44	1390.15	Removal surgery Duration	Nail	External fixator	1721.5	644.92999999999972	Removal LOS	Nail	External fixator	408.24	145.16999999999999	



'Duration of nail insertion surgery'

Field1	157	181	217	213	180	144	190	305	167	182	190	146	167	161	162	170	120	164	231	122	210	176	178	183	185	
Field1
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Health and Care Health Research
Research Wales Authority
Mr James Fernandes
Consultant Trauma and Orthopaedics Email: hra.approval@nhs.net
Sheffield Children's hospital Research-permissions@wales.nhs.uk
Western bank
Sheffield
S10 2TH
18 April 2018

Dear Mr Fernandes

HRA and Health and Care
Research Wales (HCRW)

Approval Letter

Study title: Cost analysis of femoral lengthening using external fixation
versus magnetic intramedullary lengthening nail.

IRAS project ID: 241541

REC reference: 18/HRA/2046

Sponsor Sheffield Childrens NHS Foundation Trust

| am pleased to confirm that HRA and Health and Care Research Wales (HCRW) Approval has
been given for the above referenced study, on the basis described in the application form, protocol,
supporting documentation and any clarifications received. You should not expect to receive anything
further relating to this application.

How should | continue to work with participating NHS organisations in England and Wales?
You should now provide a copy of this letter to all participating NHS organisations in England and
Wales*, as well as any documentation that has been updated as a result of the assessment.

*In flight studies’ which have already started an SSI (Site Specific Information) application for NHS organisations
in Wales will continue to use this route. Until 10 June 2018, applications on either documentation will be
accepted in Wales, but after this date all local information packs should be shared with NHS organisations in
Wales using the Statement of Activities/Schedule of Events for non-commercial studies and template agreement/
Industry costing template for commercial studies.

This is a single site study sponsored by the site. The sponsor R&D office will confirm to you when the
study can start following issue of HRA/HCRW Approval.

It is important that you involve both the research management function (e.g. R&D office) supporting

each organisation and the local research team (where there is one) in setting up your study. Contact
details of the research management function for each organisation can be accessed here.
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IRAS project ID 241541

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA/HCRW Approval does not apply to NHS/HSC organisations within the devolved administrations
of Northern Ireland and Scotland.

If you indicated in your IRAS form that you do have participating organisations in either of these
devolved administrations, the final document set and the study wide governance report (including this
letter) has been sent to the coordinating centre of each participating nation. You should work with the
relevant national coordinating functions to ensure any nation specific checks are complete, and with
each site so that they are able to give management permission for the study to begin.

Please see |IRAS Help for information on working with NHS/HSC organisations in Northern Ireland and
Scotland.

How should | work with participating non-NHS organisations?
HRA/HCRW Approval does not apply to non-NHS organisations. You should work with your non-NHS
organisations to obtain local agreement in accordance with their procedures.

What are my notification responsibilities during the study?
The attached document “After HRA Approval — guidance for sponsors and investigators” gives
detailed guidance on reporting expectations for studies with HRA/HCRW Approval, including:

e Reqgistration of Research

¢ Notifying amendments

¢ Notifying the end of the study
The HRA website also provides guidance on these topics and is updated in the light of changes in
reporting expectations or procedures.

| am a participating NHS organisation in England or Wales. What should | do once | receive this
letter?

You should work with the applicant and sponsor to complete any outstanding arrangements so you
are able to confirm capacity and capability in line with the information provided in this letter.

The sponsor contact for this application is as follows:

Dr Gillian Gatenby
gillian.gatenby@sch.nhs.uk
01143053219

Page 2 of 7





IRAS project ID 241541

Who should | contact for further information?
Please do not hesitate to contact me for assistance with this application. My contact details are below.

Your IRAS project ID is 241541. Please quote this on all correspondence.
Yours sincerely

Alex Thorpe
Senior Assessor

Email: hra.approval@nhs.net

Copy to: Dr Gillian Gatenby, Sheffield Children's Hospital NHS Foundation Trust ,
Sponsor’s Representative and Lead R&D Contact

Page 3 of 7





IRAS project ID 241541

List of Documents

The final document set assessed and approved by HRA/HCRW Approval is listed below.

Document Version Date

IRAS Application Form [IRAS_Form_15032018] 15 March 2018
IRAS Application Form XML file [IRAS_Form_15032018] 15 March 2018
IRAS Checklist XML [Checklist_15032018] 15 March 2018

Referee's report or other scientific critique report [Peer review 1]

Referee's report or other scientific critique report [Peer review 2]
Research protocol or project proposal [241541 Research Protocol |
Summary CV for Chief Investigator (Cl) [James Fernandes CV]

—_

10 January 2018
07 December 2017

—_
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Summary of assessment

The following information provides assurance to you, the sponsor and the NHS in England and Wales
that the study, as assessed for HRA/HCRW Approval, is compliant with relevant standards. It also
provides information and clarification, where appropriate, to participating NHS organisations in
England and Wales to assist in assessing, arranging and confirming capacity and capability.

Assessment criteria

IRAS project ID 241541

Section Assessment Criteria Compliant with Comments
Standards
1.1 IRAS application completed Yes No comments
correctly
2.1 Participant information/consent | Yes This study is limited to the analysis of
documents and consent previously collected anonymous data.
process There are no participants.
3.1 Protocol assessment Yes No comments
4.1 Allocation of responsibilities Yes This is a single site study where the site
and rights are agreed and is also acting as the sponsor. No
documented agreements are required.
4.2 Insurance/indemnity Yes This is an NHS-sponsored study and so
arrangements assessed NHS indemnity applies.
Where applicable, independent
contractors (e.g. General Practitioners)
should ensure that the professional
indemnity provided by their medical
defence organisation covers the
activities expected of them for this
research study.
4.3 Financial arrangements Yes No funding will be provided.
assessed
5.1 Compliance with the Data Yes No comments
Protection Act and data
security issues assessed
5.2 CTIMPS — Arrangements for Not Applicable | No comments

compliance with the Clinical
Trials Regulations assessed
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IRAS project ID 241541

Section Assessment Criteria Compliant with Comments
Standards
5.3 Compliance with any Yes No comments

applicable laws or regulations

6.1 NHS Research Ethics Not Applicable | This anonymous data study did not
Committee favourable opinion require REC review.
received for applicable studies

6.2 CTIMPS — Clinical Trials Not Applicable | No comments
Authorisation (CTA) letter
received

6.3 Devices — MHRA notice of no | Not Applicable | No comments

objection received

6.4 Other regulatory approvals Not Applicable | No comments
and authorisations received

Participating NHS Organisations in England and Wales

This provides detail on the types of participating NHS organisations in the study and a statement as to whether
the activities at all organisations are the same or different.

If this study is subsequently extended to other NHS organisation(s) in England or Wales, an
amendment should be submitted, with a Statement of Activities and Schedule of Events for the newly
participating NHS organisation(s) in England or Wales.

If chief investigators, sponsors or principal investigators are asked to complete site level forms for
participating NHS organisations in England and Wales which are not provided in IRAS, the HRA or
HCRW websites, the chief investigator, sponsor or principal investigator should notify the HRA
immediately at hra.approval@nhs.net or HCRW at Research-permissions@wales.nhs.uk. We will
work with these organisations to achieve a consistent approach to information provision.

Principal Investigator Suitability

This confirms whether the sponsor position on whether a PI, LC or neither should be in place is correct for each
type of participating NHS organisation in England and Wales, and the minimum expectations for education,
training and experience that Pls should meet (where applicable).

A Principal Investigator has been identified for this single site study.

GCP training is not a generic training expectation, in line with the HRA/HCRW/MHRA statement on
training expectations.

HR Good Practice Resource Pack Expectations
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IRAS project ID 241541

This confirms the HR Good Practice Resource Pack expectations for the study and the pre-engagement checks
that should and should not be undertaken

It is expected that all research activities will be undertaken by staff employed by the single
participating NHS organisation. No further HR arrangements or Occupational Health clearances

should be required.

Other Information to Aid Study Set-up

This details any other information that may be helpful to sponsors and participating NHS organisations in
England and Wales to aid study set-up.

The applicant has indicated that they do not intend to apply for inclusion on the NIHR CRN Portfolio.
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Quality and
Standards
Department

Sheffield
Children’s NHS
Foundation Trust
47 Wilkinson
Street

Sheffield S10
2GD

Sue Cross Quality
Assurance
Manager

0114 271 7723
audsc@sch.nhs.uk

Christopher Chapman
PA to Quality
Assurance Manager
0114 271 7277
medcxc@sch.nhs.uk

Keith Bradbury
Audit and
Effectiveness Officer
0114 226 0524
audkmb@sch.nhs.uk

Debra Canning
Audit and
Effectiveness Officer
0114 226 7843
auddxc@sch.nhs.uk

Jack Hiscock

Audit and
Effectiveness Officer
0114 2717775

icujph@sch.nhs.uk

Lyndsey Clarke
Audit and
Effectiveness Officer
0114 271 7402
audlc@sch.nhs.uk

John Somers
Chief Executive

Sheffield Children’s [\ 53

NHS Foundation Trust
Western Bank
Sheffield
S10 2TH

www.sheffieldchildrens.nhs.uk

Monday, 16 April 2018
Dear Mohamed and James,

Re Project: Service Evaluation Lower Limb Reconstruction Surgery

Many thanks for submitting the above project proposal form. | would like to confirm that this has now
been approved and registered on the Quality and Standards Database.

The registration number is SE1224 and we would be grateful if you could quote this number on
any future correspondence.

In addition this project has also been included on the Trust’s and/or Directorate’s Clinical Audit and
Effectiveness Programme to ensure that the project’s progress can be monitored throughout all the
stages of the cycle. Any project that is progressing as planned with be issued a GREEN colour status,

Projects with a minor problem — hoping to resolve or no update provided for three quarters will
be issued an status.

Projects which have a significant problem or no update provided for more than three quarters will be
issued a RED status subject to being classified as ‘abandoned’ or ‘archived’. If your project is
archived and you wish to re-open, it will require re-registration.

Please remember to keep me informed of your project status at all times. The progress of projects is
reported regularly to the Trust Clinical Audit and Effectiveness Committee (CAEC) and Directorate
meetings. Failure to provide an update or a report for Level one/ two projects will be escalated up to
Trust Board via the Quality Committee and the Integrated Governance Report. If you let me know of any
problems, | will try to resolve them in a timely fashion to prevent any escalation procedures.

| am happy to support your project but in return, it is expected that on completion of the project you
will submit a final written report in the attached format. The same headings must be used when you
prepare a presentation. This is not only built into the terms and conditions of the Clinical Audit and
Service Evaluation Projects Policy (CP1477) but the report is also used as evidence of compliance
for Care Quality Commission Regulation 17. The report is used as evidence for:

— HQIP Engagement in Clinical Audit Performance Indicator

— Information Governance Standards

— Department of Health Quality Accounts

— Providing assurances to the Trust Board

— NHS Sheffield Commissioning Group’s contractual obligations

— Meeting NICE guidance (all types)

— Revalidation and Annual Review of Competency Progression (ARCP)

| have attached the report writing template to help you with this process. This requires you to
record the dissemination channels. This is to ensure that project findings are disseminated widely
to agree and monitor action plans following any recommendations for change.

As soon as | receive your report and action plan | will send you a certificate for your portfolio and
you will be authorised to present your project externally subject to your audit lead’s approval.

Yours sincerely,

N

Jack Hiscock, M.A.
Audit and Effectiveness Officer
Critical Care and Surgery
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Consolidated Health Economic Evaluation Reporting Standards — CHEERS Checklist 1

CHEERS Checklist

Items to include when reporting economic evaluations of health interventions

The ISPOR CHEERS Task Force Report, Consolidated Health Economic Evaluation Reporting
Standards (CHEERS)—Explanation and Elaboration: A Report of the ISPOR Health Economic Evaluations
Publication Guidelines Good Reporting Practices Task Force, provides examples and further discussion of
the 24-item CHEERS Checklist and the CHEERS Statement. It may be accessed via the Value in Health or
via the ISPOR Health Economic Evaluation Publication Guidelines — CHEERS: Good Reporting Practices

webpage: http://www.ispor.org/TaskForces/EconomicPubGuidelines.asp

Section/item Item Recommendation Reported
No on page No/
line No

Title and abstract
Title 1 Identify the study as an economic evaluation or use more

specific terms such as “cost-effectiveness analysis”, and

describe the interventions compared. 117
Abstract 2 Provide a structured summary of objectives, perspective,

setting, methods (including study design and inputs), results

(including base case and uncertainty analyses), and

conclusions. 117
Introduction
Background and 3 Provide an explicit statement of the broader context for the
objectives study.

Present the study question and its relevance for health policy or

practice decisions. 118-123
Methods
Target population and 4 Describe characteristics of the base case population and
subgroups subgroups analysed, including why they were chosen. 124-125
Setting and location 5 State relevant aspects of the system(s) in which the decision(s)

need(s) to be made. 124-125
Study perspective 6 Describe the perspective of the study and relate this to the

costs being evaluated. 124-126
Comparators 7 Describe the interventions or strategies being compared and

state why they were chosen. 124-125
Time horizon 8 State the time horizon(s) over which costs and consequences

are being evaluated and say why appropriate. 124-125
Discount rate 9 Report the choice of discount rate(s) used for costs and

outcomes and say why appropriate. 125
Choice of health 10 Describe what outcomes were used as the measure(s) of
outcomes benefit in the evaluation and their relevance for the type of

analysis performed. 125
Measurement of 11a  Single study-based estimates: Describe fully the design
effectiveness features of the single effectiveness study and why the single

study was a sufficient source of clinical effectiveness data. 124-126
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Measurement and

valuation of preference

based outcomes
Estimating resources
and costs

Currency, price date,
and conversion

Choice of model

Assumptions

Analytical methods

Results
Study parameters

Incremental costs and

outcomes

Characterising
uncertainty

Consolidated Health Economic Evaluation Reporting Standards — CHEERS Checklist

11b  Synthesis-based estimates: Describe fully the methods used for
identification of included studies and synthesis of clinical
effectiveness data.

12 If applicable, describe the population and methods used to

elicit preferences for outcomes.

125

13a  Single study-based economic evaluation: Describe approaches

used to estimate resource use associated with the alternative

interventions. Describe primary or secondary research methods
for valuing each resource item in terms of its unit cost.

Describe any adjustments made to approximate to opportunity

costs.

Model-based economic evaluation: Describe approaches and

data sources used to estimate resource use associated with

model health states. Describe primary or secondary research
methods for valuing each resource item in terms of its unit
cost. Describe any adjustments made to approximate to
opportunity costs.

14  Report the dates of the estimated resource quantities and unit
costs. Describe methods for adjusting estimated unit costs to
the year of reported costs if necessary. Describe methods for
converting costs into a common currency base and the
exchange rate.

15  Describe and give reasons for the specific type of decision-
analytical model used. Providing a figure to show model
structure is strongly recommended.

16  Describe all structural or other assumptions underpinning the
decision-analytical model.

17  Describe all analytical methods supporting the evaluation. This
could include methods for dealing with skewed, missing, or
censored data; extrapolation methods; methods for pooling
data; approaches to validate or make adjustments (such as half
cycle corrections) to a model; and methods for handling
population heterogeneity and uncertainty.

N/A
13b

124

N/A

18 Report the values, ranges, references, and, if used, probability
distributions for all parameters. Report reasons or sources for
distributions used to represent uncertainty where appropriate.
Providing a table to show the input values is strongly
recommended.

19  For each intervention, report mean values for the main

categories of estimated costs and outcomes of interest, as well

as mean differences between the comparator groups. If
applicable, report incremental cost-effectiveness ratios.

Single study-based economic evaluation: Describe the effects

of sampling uncertainty for the estimated incremental cost and

126

20a

incremental effectiveness parameters, together with the impact 126-127

124

2

NA
N/A

126,76.77,79
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of methodological assumptions (such as discount rate, study
perspective). N/A
20b  Model-based economic evaluation: Describe the effects on the
results of uncertainty for all input parameters, and uncertainty
related to the structure of the model and assumptions.
Characterising 21 If applicable, report differences in costs, outcomes, or cost-
heterogeneity effectiveness that can be explained by variations between
subgroups of patients with different baseline characteristics or
other observed variability in effects that are not reducible by
more information.

Discussion

Study findings, 22 Summarise key study findings and describe how they support

limitations, the conclusions reached. Discuss limitations and the

generalisability, and generalisability of the findings and how the findings fit with

current knowledge current knowledge. 127, 132-136
Other

Source of funding 23 Describe how the study was funded and the role of the funder 128

in the identification, design, conduct, and reporting of the
analysis. Describe other non-monetary sources of support.

Conflicts of interest ~ 24  Describe any potential for conflict of interest of study 128
contributors in accordance with journal policy. In the absence
of a journal policy, we recommend authors comply with
International Committee of Medical Journal Editors
recommendations.

For consistency, the CHEERS Statement checklist format is based on the format of the CONSORT
statement checklist

The ISPOR CHEERS Task Force Report provides examples and further discussion of the 24-item
CHEERS Checklist and the CHEERS Statement. It may be accessed via the Value in Health link or via the
ISPOR Health Economic Evaluation Publication Guidelines — CHEERS: Good Reporting Practices
webpage: http://www.ispor.org/TaskForces/EconomicPubGuidelines.asp

The citation for the CHEERS Task Force Report is:

Husereau D, Drummond M, Petrou S, et al. Consolidated health economic evaluation reporting standards
(CHEERS)—Explanation and elaboration: A report of the ISPOR health economic evaluations publication
guidelines good reporting practices task force. Value Health 2013;16:231-50.
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