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Abstract 
 
Multi-fragment intra-articular distal humerus fractures in adults are treated 

with elbow replacement when surgery is indicated, there are no serious co-

morbidities, and where the elbow fracture cannot be treated with plates and 

screws.  It is not clear if patients should be treated with replacement of both 

sides of the elbow, total elbow replacement (TER), or just replacement of 

the broken humeral part, distal humerus hemi-replacement (DHH).  This 

type of injury has very low incidence and that poses questions about the 

best methods to evaluate the different surgical procedures. The overall aim 

of this thesis is to explore outcomes that could be used in a clinical trial of 

low volume surgical procedures of the management of acute 

unreconstructible distal humerus fractures in adults.  A scoping review was 

conducted to map the outcomes, trial methods and funding sources used 

for elbow replacement research.  There were 362 published studies 

identified that reported 583 outcomes.  A real-time Delphi study identified 9 

mandatory core domains for elbow replacement that should be used in 

future research, and patients identified pain as the most important outcome 

domain for them.  A systematic review of the literature on pain outcomes 

following elbow replacement for trauma found that there may be differences 

in the distribution of pain outcomes from TER and DHH, but direct 

comparison could not be made because the outcome instruments were not 

validated for elbow replacement and the quality of included studies was 

low.  The patient rated elbow evaluation is the only pain instrument 

validated for use in elbow replacement that captures the frequency of pain.  

An expert elicitation study was conducted to produced prior probability 

density functions of the likely difference in pain outcomes for a comparative 

randomised trial of TER and DHH in adult acute distal humerus fracture, 

using this pain instrument.    
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“The ordinary patient goes to his doctor because 

he is in pain or some other discomfort and 

wants to be comfortable again; he is not in 

pursuit of the ideal of health in any direct sense. 

The doctor on the other hand wants to discover 

the pathological condition and control it if he 

can. The two are thus to some degree at cross 

purposes from the first, and unless the affair is 

brought to an early and happy conclusion this 

diversion of aims is likely to become more and 

more serious as the case goes on.” 

 

Wilfred Trotter, Surgeon, University 

College Hospital, London (1872-1939) 
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1 Introduc;on 
 
When seeing a pa@ent in clinic, typically an older female, with a mul@-fragment fracture of 

the humerus bone entering the elbow joint that, based on the plain radiographs and 

computer tomography (CT) scan assessment, is not thought to be amenable to fixa@on, the 

clinician is lej with a dilemma.  What is the best treatment for this pa@ent?  Should we just 

replace the broken part of the elbow (distal humerus hemi-replacement) or should we 

replace the whole joint (total elbow replacement)?  This uncertainty is reflected in my own 

prac@ce.   

 
1.1 Distal humerus fractures 

 

Distal humerus fractures account for approximately 0.5% of adult fractures and with a 

reported incidence of 5.8 fractures per 100,000 people per year in the UK and a 2:1 female 

to male ra@o.(Court-Brown and Caesar, 2006)  The incidence of distal humerus fractures 

increases with age and it is reported that 80% occur in people over the age of 50 

years.(Bergdahl et al., 2016)  Most of these types of fracture occur as a result of a low 

energy fall and the overall number of fractures has been reported to be increasing, possibly 

due to the ageing demographic in developed na@ons.(Palvanen et al., 2010; Bergdahl et al., 

2016)  In the popula@on over 65 years of age approximately 50% of distal humerus fractures 

have been reported to include the whole of the ar@cular surface with varying degrees of 

fragmenta@on of the bone.(Charissoux et al., 2013) 

 

The treatment of a distal humerus fracture is determined by pa@ent factors, fracture 

personality, surgeon factors and resources.  The treatment op@ons for this injury are cast 

immobilisa@on without an opera@on, fixa@on with plates and screws (osteosynthesis), and 

elbow prosthe@c replacement (elbow arthroplasty).(Stoddart et al., 2022)  Where the bone 

cannot be fixed there are two op@ons for elbow replacement for trauma.  These are distal 

humerus hemi-replacement (DHH) in which just the broken elbow end of the humerus is 

replaced, and total elbow replacement (TER) in which both the broken humerus and intact 

proximal ulna are replaced.  In a prospec@ve study of 87 pa@ents treated in 19 hospitals in 

France, 25% underwent non-surgical treatment, 61% osteosynthesis and 14% elbow 

replacement.(Charissoux et al., 2013) 
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The best treatment for fractures of the distal part of the humerus in adults is not known.  In 

younger pa@ents, fixa@on with plates and screws (osteosynthesis) is the preferred treatment 

because it preserves the pa@ent’s own skeleton and because joint replacement has a finite 

lifespan.  In older pa@ents, over the age of 60, there is s@ll some uncertainty whether 

fixa@on or replacement is be`er, and this is currently under inves@ga@on in the UK in the 

NIHR funded FOREST trial (NIHR154915) that will compare the outcome of osteosynthesis 

and joint replacement.  This phase III, mul@centre, parallel-group, superiority randomised 

controlled trial will compare the clinical and cost-effec@veness of elbow replacement or 

fracture fixa@on with plates and screws in 320 par@cipants over the age of 60 years with 

intra-ar@cular distal humerus fractures using the primary outcome of Disabili@es of Arm 

Shoulder and Hand (DASH) score at 4 months.  There are circumstances, however, where a 

high degree of fracture fragmenta@on, poor bone quality or pre-exis@ng painful joint 

damage (arthri@s) mean that successful restora@on of pain free func@on with fixa@on is not 

going to be possible, and in this situa@on elbow replacement is indicated.   

 

Total elbow replacement has been used in orthopaedic prac@ce for more than 20 years as a 

treatment in older pa@ents where fixa@on is not possible, but studies indicate high rates of 

complica@on when pa@ents are followed up for a minimum of 10 years.(Cobb and Morrey, 

1997; Barco et al., 2017) Total elbow replacement con@nues to be the treatment of choice 

in pa@ents with pre-exis@ng symptoma@c elbow arthri@s where hemi-replacement would 

cause pain, or in those with co-exis@ng fractures of the proximal forearm bones (radial head 

and coronoid process of the ulna) that could lead to instability of a hemi-replacement.  

Hemi-replacement has been used successfully in the treatment of fractures of the hip and 

shoulder, and has rapidly grown to become the most common treatment for 

unreconstruc@ble elbow fractures since the development of an anatomical prosthesis in the 

first decade of this century.(Kontakis et al., 2008; Ekh@ari et al., 2020; Achakri et al., 2023)  

This change in prac@ce is not supported by scien@fic evidence, and the effec@veness and 

cost-effec@veness of the different treatment op@ons remains unanswered. 

 

1.2 Elbow Anatomy 
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The upper limb consists, from proximal to distal, of the shoulder girdle, the arm, forearm, 

wrist and hand.  The only bone in the arm is the humerus that ar@culates with the glenoid of 

the scapula (shoulder blade) proximally and the greater sigmoid notch of the ulna and radial 

head distally.  Distally the humerus bone consists of the humeral head, neck, shaj, medial 

and lateral columns, medial and lateral epicondyles and the ar@cular surface that is made 

from the spool shaped trochlea medially and the hemispherical capitellum laterally.  Just 

proximal to the trochlea spool are two fossae, anteriorly the coronoid fossa that 

accommodates the coronoid process of the ulna in deep flexion of the elbow, and 

posteriorly the olecranon fossa that accommodates the olecranon process of the ulna in full 

elbow extension.  The joint capsule has thickenings medially and laterally that form the 

medial and lateral ligaments complexes.  The medial ligament complex is divided into an 

anterior band from the anteroinferior por@on of the medial epicondyle to the sublime 

tubercle of the ulna, the posterior band from the inferior surface of the medial epicondyle to 

the medial margin of the greater sigmoid notch, and the transverse band that connects two 

points on the ulna.  The laterally ligament complex consists, from anterior to posterior, of 

the radial collateral ligament arising from the lateral epicondyle and blending distally with 

the annular ligament that encircles the radial head, the lateral ulna collateral ligament from 

the lateral epicondyle to the supinator crest of the ulna, the accessory lateral ulna collateral 

ligament, and posteriorly the posterolateral ligament of Osborne that arises from the inferior 

por@on of the lateral epicondyle and fans out to insert onto the lateral rim of the greater 

sigmoid notch.  The medial epicondyle is the common origin for the flexor tendons of the 

forearm muscles, the lateral epicondyle is the common origin for the extensor tendons of 

the forearm muscles. 

 

1.3 Defini;on of distal humerus fracture 
 

There is no formal defini@on of the distal humerus but it can be described as the lower half 

of the humerus furthest from the shoulder.  The distal humerus consists of the distal half of 

the humeral diaphysis and the distal metaphysis, defined as that por@on of the lower end of 

the bone that is bounded by a square with sides determined by the widest part of the bone 

at that level, which includes the medial and lateral humeral column, the medial and lateral 

epicondyles, the olecranon and coronoid fossa, the trochlea spool that ar@culates with the 
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greater sigmoid notch of the ulna to form the ulnohumeral joint and the capitellum that 

ar@culates with the radial head to form the radiocapitellar joint.  The ulnohumeral and 

radiocapitellar joint cons@tute the elbow joint, a complex spiral hinge joint.   

 

The term distal humeral fracture includes a fracture of any or several of these parts.  

Fractures can enter the elbow joint (intra-ar@cular) or can be outside the elbow joint (extra-

ar@cular).  Fracture of the distal humerus in the immature skeleton (paediatric distal 

humerus fracture) has different considera@ons for anatomy, diagnosis, classifica@on and 

treatment and will not be considered further. 

 

 

1.4 Classifica;on of distal humerus fracture 
 

A number of classifica@ons of distal humerus fractures have been described. Riseborough 

and Radin considered pa`erns of intra-ar@cular “T” shaped fracture with displacement, 

rota@on and fragmenta@on as discriminators.(Riseborough and Radin, 1969) Jupiter and 

Mehne described a classifica@on that separated fracture into intra-ar@cular, extra-ar@cular 

intra-capsular fractures and extra-capsular categories with subclassifica@on of intra-ar@cular 

fractures by the number of columns and the plane of the injury, extra-ar@cular intra-capsular 

by the level and plane of injury and extra-capsular as medial or lateral epicondyle.(Jupiter 

and Mehne, 1992)  In 1990 Muller et al. proposed a system for classifica@on for all principle 

bones of the human body.(Müller et al., 1990)  In this system the humerus is assigned the 

number “1”, and is then divided into proximal (1), middle (2) and distal (3) parts and then 

assigned the le`er (A) extra-ar@cular, (B) par@al ar@cular and (C) complete ar@cular fracture.  

Further subcategoriza@on based on the degree of fragmenta@on is possible in this 

comprehensive system.  In pa@ents over 65 years there has been reported to be a roughly 

equal split between AO C1,C2,C3 fracture configura@ons of the distal humerus in the 

popula@on.(Charissoux et al., 2013)  However, none of these classifica@ons have been 

shown to have more than moderate agreement on inter- and intra-observer assessment 

based on kappa sta@s@cs categorised according to the guidelines proposed by Landis and 

Koch, and their u@lity has been called in to ques@on.(Landis and Koch, 1977; Wainwright, 

Williams and Carr, 2000) 
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The Dubberley classifica@on considered only fractures of the ar@cular surface involving the 

capitellum and trochlea, dividing them according to the amount of involvement of the 

trochlea and the degree of fragmenta@on with subclassifica@on depending on the presence 

of dorsal fragmenta@on.(Dubberley, 2006) It has been shown that the degree of 

fragmenta@on is underes@mated from pre-opera@ve plain radiographic assessment.(Wa`s, 

Morris and Robinson, 2007) 

 

 

1.5 Treatment of distal humerus fractures 
 
1.5.1 Non-surgical treatment 
 
Non-surgical (non-opera@ve) treatment of distal humerus fracture is generally reserved for 

some extra-ar@cular fractures, fractures without significant displacement and fractures in 

frail adults in whom the risks of surgery outweigh the benefits.  In this la`er group non-

surgical treatment has been used even for displaced mul@-fragment fractures in what is 

colloquially known as “bag of bones” treatment, with moderate func@onal outcomes in the 

medium term but mortality of 39% at 5 years, reflec@ng the frailty of this popula@on.(Aitken, 

Jenkins and Rymaszewski, 2015) 

 

1.5.2 Osteosynthesis (fixa;on with plates and screws) 
 

In younger pa@ents osteosynthesis is the preferred treatment for distal humerus fractures, 

where this is achievable, as it retains na@ve bone stock and ar@cular car@lage.  However, a 

2021 systema@c review and meta-analysis of 83 clinical outcome studies published in the 

English language found that distal humerus osteosynthesis is associated with an overall 

reported complica@on rate of 53% and a re-opera@on rate of 21%.(Ye`er, Weatherby and 

Somerson, 2021) Salvage of failed osteosynthesis has inferior outcome, lower implant 

survival and greater risk of more, and more serious, complica@ons than acute primary total 

elbow for trauma.(Prasad and Dent, 2008) 
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1.5.3 Elbow replacement 
 

Prosthe@c joint replacement of all or part of the elbow has been performed for a number of 

indica@ons since the first “modern” elbow replacement design of Dee in the 1960’s, 

including inflammatory arthropathy, osteoarthri@s, acute trauma, trauma sequelae, 

instability and (rarely) tumour.(Dee, 1975) 

  

The term elbow replacement is ojen taken to mean total elbow replacement, that is 

replacement of the distal humerus and proximal ulna with or without the radial head, but 

also includes distal humerus replacement in isola@on (distal humerus hemi-replacement), 

replacement of the capitellum of the humerus and radial head (radio-capitellar replacement) 

and radial head replacement in isola@on. Total elbow replacement and distal humerus hemi-

replacement are used for the treatment of unreconstruc@ble distal humerus fractures.  The 

purpose of elbow arthroplasty is to relieve pain, restore func@on and restore quality of life.   

 

1.5.3.1 Total elbow replacement 
 

Total elbow replacement can be used for treatment of unreconstruc@ble distal humerus 

fracture where osteosynthesis is not possible.  The first reported series came from the Mayo 

clinic in 1997.(Cobb and Morrey, 1997) A number of studies, including randomised trials, 

have compared total elbow replacement to osteosynthesis for acute distal humerus 

fracture.(Frankle et al., 2003; McKee et al., 2009) This assumes that both treatments are 

appropriate for all mul@-fragmentary distal humerus fractures but as demonstrated by high 

rates of crossover (25% in one trial) osteosynthesis is not a viable op@on if the bone 

fragmenta@on is too great or the bone quality insufficient to achieve fixa@on.(McKee et al., 

2009) 

 

A number of case series from different countries have reported on the outcome of elbow 

replacement for acute fracture with sample sizes from 7 to 87 pa@ents with an average age 

from 69 to 84 years and average follow up from 17 to 120 months.(Cobb and Morrey, 1997; 

Ray et al., 2000; Gambirasio et al., 2001; Garcia, Mykula and Stanley, 2002; Kamineni and 

Morrey, 2004; Lee, Lai and Singh, 2006; Prasad and Dent, 2008; Mansat et al., 2013; Barco 
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et al., 2017) All reported outcomes using the Mayo Elbow Performance Score (MEPS) with 

average scores between 84 and 95(out of 100).  The incidence of reported complica@on was 

high ranging from 12 to 52% of cases, and pa@ents had a flexion contracture of the elbow 

ranging from an average of 20 degrees to 41 degrees.  This loss of elbow extension can limit 

how far  an individual can reach and may affect func@on, gait velocity and balance.(Akhtar, 

Hughes and Wa`s, 2021)(Trehan et al., 2015)   In one series over one third of pa@ents 

reported ongoing pain in the elbow.(Mansat et al., 2013) 

 

One study compared the outcome of acute elbow replacement to replacement performed 

for salvage of failed osteosynthesis and has reported no significant differences in the Mayo 

Elbow Performance Score and range of movement between the two groups.(Logli et al., 

2020)  It should be noted however that the groups were quite heterogeneous with regards 

to age, make of implant used and surgical approach.  The rate of re-opera@on was 

comparable at 36% at an average follow up of 4.4 years for the acute group and 39% at an 

average follow up of 5.5 years for the salvage group. 

 

1.5.3.2 Hemi-replacement 
 

Use of hemi-replacement to replace the distal humerus has been documented from the 

1940’s with custom implants created for trauma sequelae or tumour reconstruc@on.(Mellex 

and Phalen, 1947; MacAusland, 1954; Street and Stevens, 1974; Shifrin and Johnson, 1990; 

Barr and Eaton, no date)  The first acute trauma cases where treated with commercially 

available humeral components intended for use as part of a total elbow 

replacement.(Adolfsson and Hammer, 2006; Smith and Hughes, 2013)  It was not un@l 2011 

that the use of a commercially available implant specifically designed to replace the anatomy 

of the distal humerus for acute trauma reconstruc@on was reported.(Burkhart et al., 2011)   

Since then a number of mainly small case series have been reported.(Argintar et al., 2012; 

Nestorson et al., 2015; Phadnis, et al., 2015; Schultzel et al., 2017; Al-Hamdani et al., 2019)  

A systema@c review of 116 elbow hemi-replacement cases for acute trauma reported a 

mean pa@ent age of 62 years and 72% were female.(Dunn, Kusnezov and Pirela-Cruz, 2014) 

The authors reported that 79% of the injuries occurred as a result of a fall from standing 

height.  The average flexion-extension arc of movement was reported as 98°, a loss of range 
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of movement from the normal 140°, with high rates of re-opera@on (33%) and complica@ons 

(28%).  

 

The stated advantages of hemi-replacement over total elbow replacement are an eliminated 

risk of polyethylene wear because the polyethylene ulna component used in total elbow 

replacement is absent, shorter surgical @me, lower risk of implant loosening and 

unrestricted loading through the elbow.(Dunn, Kusnezov and Pirela-Cruz, 2014)  Whilst 

statements regarding polyethylene wear may be well founded, there is no evidence to 

support the other stated benefits, and concerns have been raised regarding wear of the 

na@ve greater sigmoid notch and the risk of joint disloca@on.(Lee, Adams and Morrey, 

2005)(Smith and Hughes, 2013)  There is also a conflict in the literature regarding the most 

suitable pa@ent cohort in whom to use a hemi-replacement and total elbow replacement. 

Some prefer using hemi-replacement in the elderly “to reduce the dura@on of surgery and 

the risk of poten@al complica@ons in a popula@on of elderly and mul@morbid 

pa@ents”.(Burkhart et al., 2011) Others prefer to use total elbow replacement “for elderly 

pa@ents who have moderate func@onal demands and are able to accept lifelong ac@vity 

restric@on to prevent mechanical complica@ons”.(Al-Hamdani et al., 2019)  Personal 

experience suggests that the more unhappy pa@ents following hemi-replacement are 

func@onally ac@ve pa@ents, who complain of elbow s@ffness, func@onal impairment and 

ongoing low level pain.  There is some limited support for these observa@ons from the 

published literature.(Argintar et al., 2012; Ro@ni et al., 2020; Heifner et al., 2024) 

 

1.6 Surgical volume – data from the Na;onal Joint Registry  
 

Elbow replacement is not frequently performed. The annual incidence in Scotland has been 

es@mated as 1.4 per 100,000 popula@on. (Jenkins et al., 2013) Analysis of the Na@onal 

Consultant Informa@on Portal (NCIP) and Na@onal Census data indicates that the annual 

incidence in England in more recent years is lower at 0.7/100 000 (Appendix B).  This figure 

is consistent with the number of episodes recorded in the Na@onal Joint Registry of England, 

Wales and Northern Ireland (NJR), a na@onal database of replacement procedures, that has 

collected data on elbow replacement since 2012.(Hamoodi et al., In press) While it is a 

mandatory requirement for surgeons to submit data on all elbow replacement cases 
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performed, anomalies in the data indicate that capture of cases has been incomplete but 

may be improving.  Between 480 to 1,052 elbow replacement procedures have been 

recorded annually in the NJR since 2012 and it already contains the largest dataset of elbow 

replacements worldwide with 8,940 cases included in the latest annual report.(Achakri et 

al., 2023) The NJR annual report separates cases into “confirmed” when there is a match 

between the descrip@on of the procedure submi`ed and the implants used, and 

“unconfirmed” where there is a mismatch.  Replacement for acute trauma cons@tutes 54% 

of all elbow replacements in the NJR dataset from 2012 to 2022 but as a propor@on there 

has been an increase in elbow replacement for trauma, which accounts for 59% of all elbow 

replacements in the most recent year recorded (2022).(Achakri et al., 2023)  The majority of 

these, however, are radial head replacements (328 of 472 confirmed cases) which are not 

used for trea@ng distal humerus fractures.  Distal humeral hemi-replacement has only been 

formally captured by the NJR since 2018 but in the last three years of the NJR dataset (2020-

2022) there were 247 confirmed hemi-replacement procedures recorded for acute trauma 

and 239 confirmed total elbow replacement procedures performed in over 90 

hospitals.(Achakri et al., 2023)  It is too early for the NJR to report reliable implant survival 

data for hemi-replacement, but at 1 year follow up of 385 implants the revision rate is 

reported to be 2.75% (95% Confidence Interval (CI) 1.49 to 5.06).  The revision rate for total 

elbow replacement used in acute trauma is reported to be 1.28% (95% CI 0.73-2.25), and 

appears to increase by approximately 1% per annum up to 5 years.  The 12-month mortality 

ajer hemi-replacement is reported to be 2.34% (95% CI 1.17 to 4.62), which is lower than 

for total elbow replacement for acute trauma at 6.39% (95% CI 5.00 to 8.13), but the median 

age of pa@ents undergoing hemi-replacement is 5 years younger than those undergoing 

total elbow replacement for trauma (hemi-replacement median 72 years, IQR 65-79; total 

elbow replacement median 77 years, IQR 71-83).  Implant survival and mortality are the only 

outcome data collected and reported for elbow replacement by the NJR. 

 

1.7 Clinical trials in low volume orthopaedic surgery 
 

Well conducted trials have been recognised as the best way to evaluate the effectiveness of 

interventions since the first trial famously conducted by James Lind on a British Naval 

vessels into the effect of fresh citrus fruit on scurvy in 1753.(Lind, 1753)  The introduction of 
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randomisation was attributed to a group from Nuremberg in 1836, but the modern era of 

randomised controlled trials (RCTs) began with Colebrook in 1929.(Colebrook, 1929; 

Jamison, 2019)   

 

It is recognised that surgical trials are challenging to undertake because surgical 

interven@ons are complex, with mul@ple social, organisa@onal, physiological, physical, 

technical and economic variables that may alter the outcome, either independently or in 

concert.(Blencowe et al., 2015) Research is made even more challenging when the 

interven@on is not commonly performed.  Research in these low volume interven@ons is 

par@cularly important because individual surgeon experience may not highlight concerns 

regarding harms. One or two failures may be dismissed as just bad luck.  The scale of a 

problem may only come to light when data is pooled, as was seen with an implant called the 

LPM proximal interphalangeal replacement (Van Straten Medical, Netherlands), that was 

found to have a failure rate of 50% within 6 years of implanta@on.(Hobby et al., 2008)  

Failure of an elbow replacement may mean addi@onal surgery for a pa@ent, with 

approximately 50% risk of complica@ons, and substan@al direct healthcare costs that have 

been es@mated to be nearly three @mes the cost of a primary procedure.(Geurts et al., 

2019)(Wagner et al., 2017) 

 

Drawing inference from RCTs typically employs classical approaches for tes@ng research 

data, usually a combina@on of hypothesis tes@ng and tes@ng of significance developed by 

Neyman and Pearson and Fisher.  These classical approaches require achieving sta@s@cal 

power in trials with sufficient par@cipants or events to detect a meaningful difference 

between interven@ons.(Altman, 1980; Cook et al., 2018)(Spiegelhalter et al., 2000)  The null 

hypothesis assumes that there is no difference between the two interven@ons.  The P value 

is the probability that we could have obtained the data or more extreme data, when the null 

hypothesis is true.  The a value is the probability of rejec@ng the null hypothesis when it is in 

fact true (type 1 error), and this is normally predefined, ojen at 0.05 or 5%.  The b value is 

the probability of accep@ng the null hypothesis when it is false (type II error), and we can set  

b in advance of a study by calcula@ng a sample size that will detect a true effect of a given 

magnitude, this is expressed as 1-b (or 100 x (1-b)%), the power of the study.(Altman, 1980)  
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A smaller effect size will require a larger sample to achieve the desired power.  There has 

been strong cri@cism in the past of the prac@ce of underpowered trials, that is trials with a 

high risk of type II error, that may be viewed as unethical as they expose par@cipants to the 

risk of the trial, and demand their @me, but are of limited clinical value.(Halpern, 2002)  

These underpowered trials can be combined in meta-analysis to draw more robust 

conclusions, but heterogeneity in methods and measurement, and the risk of publica@on 

bias, may prevent useful pooling of data.(Bailar, 1997)  When you have low-volume surgical 

procedures this poses challenges in using tradi@onal approaches. 

 

1.8 Learning from research into rare diseases 
 

The European Union defines rare diseases as those with a prevalence of less than 50 per 100 

000 popula@on for the purposes of orphan drugs, where normal economic models prevent 

development.(‘Orphan Drug Act’, 1983)  Whilst individual condi@ons may be rare, the total 

number of rare condi@ons mean that large numbers of the popula@on (approximately 30 

million people in Europe) may be affected by one of these condi@ons, and in fact rare 

diseases may be viewed as commonplace.(Eurordis, 2005; Ellio` and Zurynski, 2015)   

 

It has been argued that in rare disease research, where a mul@centre trial is unlikely to 

recruit sufficient par@cipants to achieve sta@s@cal power, it may be ethical to conduct 

underpowered studies, on the basis that some knowledge is be`er than none.(Edwards et 

al., 1997)  This approach is considered problema@c because it is most likely, unless the effect 

size is very large, that the null hypothesis will be accepted when it may be false.(Halpern, 

2002) There may be some value in early phase trials (phase 1 and 2) because they provide 

useful informa@on on secondary outcomes, such as safety, despite being underpowered, and 

may be used to inform power calcula@ons of phase 3 trials.(Halpern, 2002)   

 

The concept of rarity also has applicability for low-volume surgical interven@ons.  The same 

economic and scien@fic challenges apply, with low investment in research and challenges to 

conven@onal frequen@st inference to inves@gate clinical outcomes due to feasibility of 

conduc@ng large-scale randomised controlled trials (RCTs).  Combining Office for Na@onal 

Sta@s@cs popula@on data for the period April 2019 to March 2020 (prior to the disrup@on of 
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the COVID-19 pandemic) with data from the Na@onal Health Service of England (NHS) 

Na@onal Consultant Informa@on Portal (NCIP), that reports data on hospital episodes in 

England based on the mandatory Hospital Episode Sta@s@cs (HES) database, shows us than 

in orthopaedics very few interven@ons have an annual incidence exceeding 50/100 000 

popula@on (Appendix B). Total knee replacement has the highest incidence at 140/100,000 

popula@on per annum, followed by total hip replacement (131/100,000), fracture neck of 

femur surgery (111/100,000), knee arthroscopy (82/100,000) and carpal tunnel release 

(76/100,000).  Carpal tunnel surgery is performed three @mes more frequently than the next 

most common orthopaedic interven@on reported by NCIP, Dupuytren’s surgery, that had an 

annual incidence of 27/100,000 in that period.  Whilst it has been feasible to conduct well-

funded large scale randomised controlled trials over many centres for interven@ons of this 

incidence, as was achieved in the NIHR funded DISC trial that recruited 673 par@cipants in 

just under four years, when the incidence is very low there are legi@mate ques@ons about 

feasibility and costs.(Dias et al., 2021)  Evidence of the challenges faced can be observed 

from NIHR funded trials in orthopaedics such as UK-FROST inves@ga@ng treatments for 

frozen shoulder (incidence 6.4/100,000) that required a 5 month extension for recruitment 

and increased the number of recruitment centres by 40%, CSAW inves@ga@ng subacromial 

decompression (incidence 6.39/100,000) that recruited to target but increased recruitment 

centres by 130% against plan, and TARVA that inves@gated ankle replacement (incidence 

1.54/100,000) that took 7.25 years to reach recruitment target against a plan of 4.25 

years.(Rangan et al., 2020)(Beard et al., 2018)(Goldberg et al., 2023)  The incidence of elbow 

replacement is even lower (0.7/100,000) and only 40% of these are undertaken for acute 

trauma.(Achakri et al., 2023)  The challenge of conduc@ng research is compounded by the 

fragmenta@on of service delivery, with elbow replacement procedures being undertaken by 

over ninety providers in England, Wales, Northern Ireland and Guernsey.(Achakri et al., 

2023) 

 

1.9 Trial methods for rare disease 
 

In RCTs comparing the effects of interven@ons, two broad approaches are used to address 

the challenge of a limited pool of poten@al par@cipants; the first, to reduce the number of 

par@cipants required and the second, to increase the propor@on of par@cipants receiving 
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treatment.(Gagne et al., 2014)  The techniques employed in reducing the required sample 

size include increasing the period of observa@on to capture more events, focusing on high-

risk pa@ents who are more likely to experience an outcome of interest, using gene@c tes@ng 

to reduce variability between individuals or factorial designs in which more than one 

treatment comparison is undertaken together.(Gagne et al., 2014)  More prac@cal 

approaches for surgical trials can include using con@nuous outcome variables rather than 

binary measures to reduce the sample size, the use of surrogate or composite endpoints and 

the use of repeated measure outcomes.(Van der Lee et al., 2008; Shurin, Krischer and Groj, 

2012)  Alterna@ve approaches include building research networks and the use of 

interna@onal trials to draw par@cipants from a number of countries.(Mundi et al., 2014)  

Many of the approaches used, while effec@ve, may increase research costs prohibi@vely in 

fields that may not a`ract much funding precisely because they are rare.(Reinecke, Rommel 

and Schmidtke, 2011)  This may hamper rigorous assessment of the clinical benefits and new 

developments in rare procedures such as elbow arthroplasty. 

 

Different trial designs have been explored in rare disease research, including crossover 

designs (par@cipants receive both treatments in variable order), N-of-1 trials ( par@cipant 

spends variable periods of and on treatment), adap@ve designs (including response-adap@ve 

randomisa@on or ranking) and selec@on designs (either “pick-the-winner” or “drop-the-

loser” designs), internal pilot and sequen@al trials all of which require early determina@on of 

the outcome of the interven@on.(Gupta et al., 2011)  The irreversible nature of surgical 

interven@ons, and the need to demonstrate durability of outcomes, par@cularly when the 

trial involves a joint replacement, means that these approaches may not be applicable in the 

surgical sefng.(Whicher, Philbin and Aronson, 2018)  Others have changed a to raise the 

threshold for rejec@ng the null-hypothesis, or have argued that the only ethical approach is 

to have a pre-planned meta-analysis of data emana@ng from mul@ple small trials, but it is 

difficult to gain funding for these approaches.(Halpern, Karlawish and Berlin, 2002; Gallin et 

al., 2003)  Parmar et al. have suggested a  stepwise approach to trial design in small 

popula@ons.(Parmar, Sydes and Morris, 2016)  A power analysis is conducted based on 

standard parameters.  If it is es@mated that it would not be feasible to achieve the target 

sample in a reasonable @meframe considera@on is given to enhancing feasibility by 

increasing accrual or follow-up @me, broadening eligibility criteria, or considering 
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collabora@on with other centres na@onally or interna@onally.  If this is s@ll not considered 

feasible then considera@on is given to commonly considered approaches to reducing sample 

size, such as changing the experimental arm to one with a bigger difference to the control 

arm, changing the outcome instrument to one that offers more precision, increasing the 

target difference if this can be jus@fied, or reducing the power of the study to the lower 

limits tradi@onally accepted.  If these measures s@ll fail to address the feasibility then 

a`en@on is paid to less common approaches, such as relaxing a beyond tradi@onal levels, 

considera@on of one-sided significance tes@ng or use of external informa@on.  The last step, 

if feasibility has not been achieved, is to consider designs for very rare diseases. 

One example of an alterna@ve approach that makes use of external informa@on, is to 

employ Bayesian methodology to trial design and analysis.  This is controversial because it 

does not rely solely on observed data, but also considers prior data to produce prior 

probability distribu@on that may be subjec@ve.  The ‘prior’ can be updated using the trial 

data (likelihood) to produce a posterior distribu@on for the outcome of interest.  The benefit 

of this approach is that it does not require recruitment of a fixed number of pa@ents to a 

trial to achieve a predetermined power as in a frequen@st paradigm.  This has clear 

advantages in low volume condi@ons or procedures, for example in research of implantable 

devices, but has been found to be underused.(Pibouleau and Chevret, 2011)  A Bayesian 

sta@s@cal approach cannot replace the frequen@st methods to provide a defini@ve 

statement of compara@ve outcomes between two interven@ons, but where the required 

sample size is unlikely to be reached even through broad collabora@on, a Bayesian approach 

can bring us closer to understanding the probabili@es of chosen outcomes.(Hampson et al., 

2014)  Bayesian methods can also be combined with standard frequentist randomised 

controlled trial design, most of which are not powered to permit adequate assessment of 

subgroups within the trial, to improve analysis of secondary outcomes and interpretation of 

outcomes.(Wijeysundera et al., 2009; Hampson et al., 2014)   
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1.10 Bayesian methods in clinical trials 
 

Bayesian inference is the use of Bayes theorum to update our beliefs about a quan@ty of 

interest based on what we knew previously about that quan@ty, and upda@ng our 

knowledge based on observa@ons made.(Donovan and Mickey, 2019)  As stated by Berry 

“Bayes’ theorum is formalised learning: that’s what I thought before, this is what I just saw, 

so here’s what I now think – and I may change my views tomorrow.(Berry, 1993)  Bayes’ 

theorum is expressed most simply as a propor@on(Bayes, 1763): 

 

 

        µ              x 

 

 

The Bayesian inference differs from classical, or frequen@st, inference in the way that data 

are used.  In the classical method inves@gators assess the probability of the observa@ons 

given the hypothesis, whereas in the Bayesian method the inves@gator considers the 

probability of the hypothesis given the observa@ons.(Lewis and Wears, 1993)  This is much 

more closely aligned to the natural way of thinking of a clinician, who might consider what is 

the probability of a par@cular diagnosis given the observa@ons of the clinical examina@on of 

the pa@ent, or the probability of success of a par@cular interven@on given what has been 

observed about that interven@on in the past.(Gill, Sabin and Schmid, 2005) 

 

When considering the use of Bayes’ theorum in clinical trials Berry iden@fied important 

differences between Bayesian and classical theory. (Berry, 1993) Bayesian probabili@es are 

direct probabili@es.  Bayesian inference, like clinical prac@ce, can use indic@ve reasoning and 

provide the probability of a specified treatment effect, based on the observa@ons that have 

been made. We can state that the probability of no difference between treatment A and 

treatment B is 5% given what we knew before and what we have observed.  In the classic 

method the same would be stated indirectly.  The la`er frequently causes confusion when 

clinicians are interpre@ng the results of trials.  Classical inference uses deduc@ve reasoning, 

that starts with a  hypothesis and tests whether our observa@ons fit with that 

Posterior probability 
of hypothesis A, 

given data B 

Likelihood of data B, 
given hypothesis A 

Prior probability of 
hypothesis A 
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hypothesis.(Wijeysundera et al., 2009) When comparing two interven@ons a p value of 0.05 

tells us that the probability of observing a result as, or more extreme, than that seen is 5%, 

assuming that the null-hypothesis (typically of no difference between the interven@ons) is 

correct.  Clinicians, however, will ojen erroneously interpret p < 0.05 as “there was less than 

5% probability of finding this difference by chance”.     Bayesian inference can allow greater 

flexibility too.  Whereas classic theory is applied to a set sample size, the Bayesian model can 

be updated as more data is added. Bayesian inference can produce probabili@es of future 

outcomes, the probability that my pa@ent will benefit from treatment A.  It can also be used 

to aid decision making; the costs and benefits of a various decisions can be weighed by the 

predic@ve probabili@es to help choose the best outcome or u@lity.(Claxton, Lacey and 

Walker, 2000) 

 

The NHS Health Technology Assessment programme published a review in 2000 that 

assessed the role of Bayesian methodology in health technology assessment.(Spiegelhalter 

et al., 2000).  This reviewed the literature on Bayesian inference in health technology 

assessment, providing guides for its use in the conduct of randomised trials, observa@onal 

studies, evidence synthesis and policy making.  This review introduces standards for 

repor@ng of Bayesian research, BayesWatch, which like the Consolidated Standards of 

Repor@ng Trials (CONSORT) guidelines in classical designs, recommends standard repor@ng 

of technology, design and results but emphasises addi@onal elements crucial to transparent 

Bayesian analysis.(Schulz et al., 2010)(Spiegelhalter et al., 2000)  

 

An important element of the planning and repor@ng is to establish priors.  These do not 

have to be established before trial observa@ons are collected, as they simply reflect the state 

of knowledge before the trial, but as in classical methods, to avoid a risk of observa@ons 

influencing priors, it is helpful to consider these a priori.  There is no correct prior to choose 

and in most cases a family of priors is chosen that can be used to assess how robust the 

findings are, and consider how our star@ng beliefs will be affected by the observa@ons 

made.(Spiegelhalter et al., 2000)  Possible priors include non-informa@ve priors or 

informa@ve priors. Informa@ve priors can take several forms.  They can be probability 

density func@ons based on prior evidence or on expert views (expert elicita@on), they can be 

scep@cal (low probability of large effect size), enthusias@c (centred on the alterna@ve 
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hypothesis) or ‘lump-and-smear’ priors, with high probability for outcomes around the null 

hypothesis and then a spread of probabili@es across the range of alterna@ves.(Spiegelhalter 

et al., 2000)(Cornfield, 1969) It might be believed, for example, that treatment B has no 

benefit over treatment A, and a scep@cal prior could be adopted, with a distribu@on based 

around the null hypothesis with less than 5% chance of an important treatment effect, or an 

enthusias@c prior could be adopted where there is a believe that B is superior to A, with a 

treatment difference based on meta-analysis of exis@ng data, or on expert opinion.  Where 

the observed data is strong to indicate a superiority of treatment B over A, the choice of 

prior will have li`le effect on the posterior and each will show similar probabili@es.  Where 

the observed effect is weak, we can consider the posteriors in rela@on to possible prior 

beliefs, reflec@ng the true uncertainty in the probability of an expected 

outcome.(Wijeysundera et al., 2009)  Non-informa@ve priors will typically assign equal 

probability to all outcomes across a carefully chosen scale, or consider a normal distribu@on 

across all possible outcomes centred on the null hypothesis.  Applying Bayesian 

transforma@on to a non-informa@ve prior with an even distribu@on will mean that the 

posterior distribu@on will take the form of the likelihood.   

 

1.11 Limita;ons of exis;ng research 
 

The Na@onal Joint Registry recorded 486 elbow replacement procedures for acute trauma 

over the latest three years reported (2020 to 2022) undertaken in over 90 hospitals, with 

approximately half being total elbow replacement and half hemi-replacement.(Achakri et al., 

2023)  There is no clear reason why some surgeons are choosing to use total elbow 

replacement and others hemi-replacement, and no clear evidence to guide pa@ents and 

clinicians which interven@on to choose.  To date, there is only one randomised controlled 

trial that has been published comparing total elbow replacement and distal humerus hemi-

replacement for acute distal humerus fractures.(Jonsson et al., 2023)  This trial from Sweden 

recruited 40 pa@ents, 20 in each trial arm, over a period of 10 years.  Using a frequen@st 

approach the authors reported no difference in outcome between the two interven@ons, 

with a primary outcome of func@on measured using the Disabili@es of the Arm Shoulder and 

Hand (DASH) Score.  It is not clear how the outcomes were chosen for this trial, and there is 

no defined core outcome set for elbow replacement research.  A clearer understanding is 
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needed of the outcomes that are important to pa@ents and clinicians before further trials 

can be conducted.  The authors concluded that there was no difference between the 

interven@ons, however, given the sample size there is a risk of type II error, accep@ng the 

null hypothesis when it may be false, due to inadequate sampling of popula@on data.  A 

larger randomised trial and cost effec@veness study could provide valuable informa@on to 

guide prac@ce, but with the number of hospitals delivering the few interven@ons undertaken 

it would be extremely challenging to successfully complete a fully powered trial using a 

frequen@st paradigm in an economically viable way.  A Bayesian trial may be a pragma@c 

solu@on in this situa@on. 

 

Bayesian methodology has been almost completely ignored in orthopaedic research.  Whilst 

in recent years there has been interest in the use of Bayesian network meta-analysis when 

pooling data from randomised trials, the use of Bayesian methods in primary research is 

almost absent.(Palmer et al., 1997; Wang et al., 2018; Cheng and Sheng, 2020; Migliorini et 

al., 2020; Wu et al., 2020) A Bayesian adap@ve approach has been used to improve 

efficiency in a trial of treatment for rotator cuff deficiency of the shoulder (start:REACTS 

trial), where interim analysis was permi`ed to assess fu@lity or efficacy against strict rules, 

leading to early comple@on of the trial.(Metcalfe et al., 2022)  A retrospec@ve inves@ga@on 

of the u@lity of Bayesian adap@ve methods using the results from a randomised trial 

concluded that there was the poten@al to generate earlier results and allocate more pa@ents 

to be`er performing arms, and that these methods should be more widely used.(Ryan et al., 

2020)   Bayesian methodology has been used in a trauma trial of resuscita@ve endovascular 

occlusion of the aorta (REBOA), but the authors chose to use a non-informa@ve prior due to 

the conflic@ng prior evidence related to REBOA, which results in a trial that more closely 

resembles a frequen@st paradigm.(Jansen et al., 2017)   

 

Techniques have been described for genera@ng informa@ve priors from previously published 

research, with scoring and weigh@ng of the data according to the relevance to the intended 

trial, data validity and precision.(Tan, Dear, et al., 2003)  Where there is insufficient 

published data to generate a prior probability density, techniques of expert elicita@on have 

been used to exploit expert knowledge to extrapolate on related published data to produce 

informa@ve priors, such as used in a study of chronic nonbacterial osteomyeli@s.(Ramanan 
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et al., 2019)(O’Hagan, 2006) Before undertaking any trial, we need a be`er understanding 

of the outcomes that should be measured to compare the interven@ons, and both classical 

and Bayesian trial planning require data synthesis and es@ma@on of current knowledge for 

the primary outcome to inform sample size calcula@ons with the frequen@st approach or for 

informa@ve priors in a Bayesian trial. 
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1.12 Aims and objec;ves 
 

The aim of this thesis is to explore outcomes that could be used in a clinical trial of low-

volume surgical procedures (elbow replacement) for the management of acute 

unreconstruc@ble distal humerus fractures in adults. 

 

The objec@ves are: 

 

A: to map the current literature on elbow replacement to describe the popula@ons 

inves@gated, the research methods, funding sources and outcomes described to inform 

future research. (Paper 1) 

 

B: to define the core outcome domains for elbow replacement research and iden@fy a key 

outcome that is important to pa@ents. (Paper 2) 

 

C: to synthesise the current evidence related to the key outcome for pa@ents having elbow 

replacement for acute trauma. (Paper 3) 

 

D: to generate an informa@ve prior for the key outcome using expert elicita@on techniques 

informed by the evidence synthesis. (Paper 4)    
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2 Research papers 
2.1 Overview of research 
 
To address these objec@ves, the research was conducted in four stages, which are presented 

in turn.  The output from each stage informed the next (Figure 2.1).     

 

First a scoping review of the literature on elbow replacement was undertaken to describe 

the research methods that have been used, the outcomes that have been reported and the 

funding sources that have been used to conduct the research.  This exploratory review 

sought to map the current research landscape for elbow replacement, and to iden@fy the 

outcome domains currently reported by researchers.   

 

These outcomes were then used to inform a real-@me Delphi study to determine a core 

outcome domain set for elbow replacement, engaging the views of all key stakeholders.  This 

sought to provide the research community with a core set of domains and @me points for 

data collec@on that should be reported consistently within studies.  The pa@ent 

representa@ves were invited to iden@fy which of the domains was the most important from 

their perspec@ve, and this was designated the key outcome domain.   

 

Armed with this insight from stakeholders a systema@c review of the literature was 

undertaken to determine what instruments had been used for the primary outcome domain 

in research into elbow replacement for acute trauma, and to describe the distribu@on of 

data for the key outcome for the instruments described.  This systema@c review found that 

there was a lack of direct evidence to enable genera@on of probability density func@ons that 

could be used based on the published literature.   

 

All the data that was available, and that was related to the key outcome, was used to inform 

an expert elicita@on study to determine an informa@ve prior probability distribu@on for the 

key outcome that could be used in a compara@ve study of total elbow replacement and 

distal humerus hemi-replacement for unreconstruc@ble distal humerus fractures in adults.  
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Figure 2.1 Overview of research plan 
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2.2 Pa;ent and public involvement 
 
The purpose of clinical research is to improve understanding to provide be`er care for 

pa@ents.  When making decisions regarding choice of treatment the role of the clinician is to 

outline the different treatment op@ons with sufficient informa@on to enable a decision to be 

made that is suitable for the individual.(Klijo, Klijo and Slover, 2017)  To facilitate this 

discussion it is important that we have the best available data to share with pa@ents, arising 

from high quality research.  It is equally important that we involve pa@ents and carers in 

research to ensure that our inves@ga@ons are relevant to their needs. 

 

The Wrigh@ngton Wigan and Leigh (WWL) Teaching Hospital NHS Founda@on Trust has a 

Pa@ent and Public Involvement and Engagement (PPIE) Group made of pa@ents, carers and 

healthcare advocates.  The group have an established background in musculoskeletal 

research, and for the purposes of this research addi@onal pa@ents and carers with personal 

experience of elbow disorders and interven@ons, in par@cular elbow replacement were 

recruited to the PPIE by the PPIE management team.  

 

To determine the core outcome domains (Paper 2) that should be measured in elbow 

replacement research key stakeholders including pa@ents, carers, and the PPIE group from 

WWL were involved.  Ethical approval was obtained from Na@onal Health Service (NHS) 

research ethics commi`ee (REC) and from the research ethics commi`ee of the University of 

York.  Pa@ents who had undergone elbow replacement under my care were invited to take 

part in the real-@me Delphi survey, alongside other key-stakeholders, to produce a shortlist 

of outcome domains.  The PPIE group were then asked to review and comment on the short-

listed outcome domains and @me points for their collec@on and to determine the choice of 

key outcome.  The group did not iden@fy any missing outcome domains that were important 

to them, and were sa@sfied with the shortlisted domains.  Notes recorded by an 

independent facilitator at the PPIE mee@ng are presented in Appendix C.  
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2.3.3 Introduc;on to the paper 
 
To gain an understanding of the current landscape of elbow replacement research it was 

important to undertake a scoping review of the literature on elbow replacement.  This aligns 

with objec@ve A of the thesis.  This scoping review describes the demographics of 

popula@ons studied, the study types and funding sources, and provides a comprehensive list 

of all the outcomes that have been reported for elbow replacement between January 1990 

and February 2021 to inform the development of future research.  The published manuscript 

is presented in Appendix A with a full list of authors. 

 
2.3.4 Accepted manuscript 
 
Title 

 

Elbow replacement research methods, outcome domains and instruments in clinical 

outcome studies: a scoping review 

 

Abstract 

 

Aim 

Prosthe@c joint replacement of the elbow including total elbow replacement, hemi-

replacement, radial head replacement and radio-capitellar replacement, are rare 

procedures. This scoping review aims to map current research to inform the development of 

future research. 

 

Materials and Methods 

A scoping review was undertaken adhering to the Joanna Briggs Ins@tute (JBI) guidelines 

using Medline, Embase, CENTRAL and trial registries limited to studies published between 1st 

January 1990 and 7th February 2021.  Endnote sojware was used for screening and selec@on 

and was limited to randomised trials, non-randomised controlled trials, prospec@ve and 

retrospec@ve cohort studies, case-control studies, analy@cal cross-sec@onal studies and case 

series of ten pa@ents or more repor@ng clinical outcomes of elbow replacement.  The results 
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are presented as frequency counts of types of studies reported, sample size, length of follow 

up, clinical outcome domains and instruments used, funding sources and a narra@ve review. 

 

Results 

362 studies met the inclusion criteria. The majority were of total elbow replacement (246, 

68%), followed by radial head replacement (100, 28%), distal humerus hemi-replacement 

(11, 3%) and radio-capitellar replacement (5, 1%).  Most studies were retrospec@ve (326, 

90%) and most were observa@onal (315, 87%).   

 

The median study sample size for all implant types across all studies was 36 implants. The 

median length of follow up for all study types was 56 months.  A total of 583 unique 

outcome descriptors were used that were categorised into 18 domains.  A total of 105 

outcome instruments were used to measure 39 outcomes.   

 

Discussion 

This review has found the majority of published research into elbow replacement consists of 

retrospec@ve observa@onal studies with small sample sizes and short follow up.  A large 

number of outcome descriptors were used with a high number of different outcome 

instruments employed indica@ng a need to define a core outcome set for elbow 

replacement. 

 

Introduc@on 
 

Prosthe@c joint replacement (elbow replacement) of all or part of the elbow has been 

performed rou@nely for a number of indica@ons since the cemented replacement design of 

Dee in the 1960’s, including inflammatory arthropathy, osteoarthri@s, acute trauma, trauma 

sequelae, instability and (rarely) tumour.(Dee, 1975)  The term elbow replacement is ojen 

taken to mean total elbow replacement, that is replacement of the distal humerus and 

proximal ulna with or without the radial head, but also includes distal humerus replacement 

in isola@on (distal humerus hemi-replacement), replacement of the capitellum of the 

humerus and radial head (radiocapitellar replacement) and radial head replacement in 
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isola@on. The purpose of elbow replacement is to relieve pain, restore func@on and quality 

of life for the pa@ent.   

 

Clinical prac@ce should be underpinned by robust scien@fic evidence, and randomised 

controlled trials are viewed as the gold standard method for assessing interven@ons. 

Undertaking evalua@ons of the effec@veness of elbow replacement techniques and devices 

is challenging as the interven@on is rela@vely rare. The Na@onal Joint Registry Annual Report 

for England, Wales and Northern Ireland reported a total of 834 cases of elbow replacement 

in the year 2019 (prior to the Covid-19 outbreak) divided between acute trauma (455 cases) 

and elec@ve indica@ons (379 cases) across 172 units and 249 surgeons.(Ben-Shlomo et al., 

2021)  These low numbers mean that innova@ve approaches to the design and delivery of 

trials are required to ensure surgical prac@ce is underpinned by high quality evidence.  

 

To inform the development of future research assessing the effects of elbow replacement it 

is important to have an understanding of the research methods that have been employed. In 

addi@on, with uncertainty as to the most appropriate outcomes to use in evalua@on of 

elbow replacement, work is required to determine the outcome domains that have been 

assessed and the outcome instruments used to support development of a core outcome set 

as outlined in the COMET handbook.(Williamson et al., 2017)  Further, it is important to map 

the tradi@onal sources of funding for elbow replacement research in order to understand 

the limita@ons and opportuni@es available. This mapping is best undertaken by a scoping 

review of evidence sources to examine how research is undertaken in this field.(Munn et al., 

2018) 

 

A preliminary search of Pubmed conducted on 28th December 2020 for previous systema@c 

or scoping reviews on elbow arthroplasty or replacement iden@fied eight relevant ar@cles. 

One of the systema@c reviews had been retracted leaving one scoping review and six 

systema@c reviews.(Chen, Shao and Li, 2019; Kunutsor et al., 2019; Kyriacou et al., 2019; 

Wang et al., 2019; Wa`s et al., 2019; Kholinne et al., 2020; Macken et al., 2020) Two 

studied the clinical outcomes of primary elbow replacement, two compared the clinical 

outcome of radial head replacement with osteosynthesis, one analysed the trends in 

indica@on for total elbow replacement and one was a review of revision of infected primary 
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elbow replacement. The scoping review was also on the diagnosis and management of 

infected elbow replacement.(Wa`s et al., 2019) An addi@onal internet search of Google 

Scholar conducted on 29th December 2020 iden@fied a further seven systema@c reviews, six 

of which reviewed the outcome of total elbow replacement and one reviewed the causes for 

failure of elbow replacement.(van der Lugt and Rozing, 2004; Li`le, Graham and Carr, 2005; 

Githens et al., 2014; Prkic et al., 2017; Welsink et al., 2017; Chou et al., 2020; Samdanis et 

al., 2020) No systema@c or scoping reviews have been iden@fied that map the research 

methods, outcome domains and instruments, and funding sources used in elbow 

replacement research.    

 

We therefore undertook a scoping review to iden@fy and map the research methods, 

domains and outcome instruments used in elbow replacement research of clinical outcomes 

to inform future research in this field and to describe the sources of funding used for 

published elbow replacement research.  

 

This scoping review addressed the following research ques@ons: 

a) What research methods are used to study the clinical effec@veness of elbow 

replacement surgery? 

b) What outcome domains are assessed and which instruments have been used to 

evaluate clinical outcomes of elbow replacement surgery? 

c) What funding sources are iden@fied in clinical outcome studies of elbow 

replacement? 

 

Methods 
 
The protocol was developed in accordance with the JBI guidelines(M. Peters et al., 2020) and 

is available online at Open Science Framework (h`ps://osf.io/t6qyh/) 

 

Eligibility criteria 
 
Studies of adults with a diagnosis of inflammatory arthropathy, osteoarthrosis, post-trauma 

sequelae, and acute trauma undergoing primary elbow replacement were eligible for 

inclusion. Reports of replacement for tumour or other rare indica@ons were excluded.  In-
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vitro studies and studies of surgical approaches, biomechanics, health economics and 

revision elbow replacement were excluded.  Studies of popula@ons with heterogeneous 

diagnoses were included as long as at least 90% of the par@cipants had one of the eligible 

diagnoses. 

 

The context for the scoping review was all primary elbow replacement studies published 

between 1st January 1990 and 7th February 2021 and any trials on interna@onal registries 

that met the inclusion criteria. The types of evidence included were randomised trials, non-

randomised controlled trials, prospec@ve and retrospec@ve cohort studies, case-control 

studies, analy@cal cross-sec@onal studies and case series of ten pa@ents or more published 

in the English language. Review ar@cles, surveys, case reports and conference abstracts were 

excluded. 

 

Search strategy 
 
An ini@al limited search of Medline was undertaken to perform an analysis of text words in 

@tles and abstracts and index terms to inform the full search strategy.  A full search was 

conducted, with support from an informa@on specialist on 7th February 2021 of Medline, 

Embase, and CENTRAL using the terms “Elbow Prosthesis”, “Arthroplasty, Replacement, 

Elbow”, “Hemiarthroplasty”, “Radial head arthroplasty or replacement” and “Radiocapitellar 

arthroplasty or replacement”.  This was adapted for the other databases. A search was 

conducted of the reference lists of reports selected for inclusion in the review to iden@fy any 

addi@onal studies. The reference lists of prior reviews in elbow replacement were also 

searched.  The ISRCTN Registry and Clinicaltrials.gov websites were reviewed to iden@fy any 

ongoing trials mee@ng the inclusion criteria.  No search of grey literature was undertaken.  

The full search strategy for Medline is included in table 1. 

 

Evidence selec?on 
 
Endnote sojware Version X9; Clarivate Analy@cs, Philadelphia, PA, USA was used for 

management of the results of the search.  Duplicates were excluded before ini@al screening 

based on @tle and abstract was undertaken by two reviewers (AW, ZH) with independent 

selec@on of evidence based on the pre-specified inclusion criteria. The full ar@cle of 
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poten@ally relevant records were obtained and screened by two reviewers (AW, ZH) to 

iden@fy eligible studies.  Where there was disagreement the two reviewers reviewed the 

manuscripts together to reach consensus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Full search string Medline search. (Search Conducted 7th February 2021) 

 
Data extrac?on 
 
Pilot tes@ng of a customised excel data extrac@on tool was undertaken using 25 ar@cles 

selected at random and screened by AW and ZH.  A mee@ng was held to review the 

screening results to determine whether any changes needed to be made, with 75% 

agreement required before the data extrac@on tool was accepted.  Full text screening of the 

remaining ar@cles was conducted by AW including cita@on details (author/s, date, @tle, 

journal, volume, issue, pages), the country in which research has been undertaken, further 

details of the research methodology (RCT, non-randomised controlled trials, prospec@ve and 

retrospec@ve cohort studies, case-control studies, analy@cal cross-sec@onal studies and case 

series of ten pa@ents or more), implant studied, popula@on (diagnosis, age and sex), sefng, 

Ovid MEDLINE(R) ALL <1946 to February 04, 2021> 

1 Elbow Prosthesis/ or Arthroplasty, Replacement, Elbow/        485 

2 (elbow* adj3 (arthroplast* or replacement* or hemiarthroplast* or 

hemireplacement*)).tw.             1217 

3 ((radial head or capitell*) adj3 (arthroplast* or replacement* or 

hemiarthroplast* or hemireplacement*)).tw.           453 

4 1 or 2 or 3               1721 

5 ((interposi@on or osteocapsular or arthroscop*) adj arthroplasty).tw.    430 

6 4 not 5                1671 

7 exp animals/ not humans.sh.             4787332 

8 6 not 7 1               653 

9 limit 8 to yr="1990 -Current"             1480 
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sample size, length of follow up (minimum, maximum, mean/median), outcome assessed, 

instruments used to assess outcomes and funding sources for the research.   

 

Analysis of the evidence 
 
Data were tabulated and key study characteris@cs described. The planned analyses were 

frequency counts of types of studies reported, length of follow up, domains and outcome 

instruments used. Where possible, findings were stra@fied by diagnosis (inflammatory 

arthropathy, osteoarthrosis, post-trauma sequelae, and acute trauma) and type of elbow 

replacement (total elbow replacement, distal humerus hemi-replacement, radial head 

replacement and radio-capitellar replacement).   Outcomes were recorded verba@m from 

source and categorised into domains ajer extrac@ons using the taxonomy described by 

Dodd et al.(Dodd et al., 2018)  For ease of repor@ng the most common outcomes for each 

domain were ra@onalised into a common term.  For example, in the adverse events domain 

the outcomes “pain”, “residual pain”, “proximal forearm pain”, “severe pain” and “post-

opera@ve pain” were recorded in the table as post-opera@ve pain. The instruments were 

categorised according to the outcome that the source reported they were being used to 

assess.  No assessment of the quality of the studies or repor@ng was undertaken, in keeping 

with guidelines for scoping reviews, as the review is not designed to inform clinical decision 

making.(M. D. J. Peters et al., 2020)  A full list of included studies and outcomes is available 

from the corresponding author. 

 

Results 
 
The findings of the literature search are reported in a flow chart adhering to the PRISMA-ScR 

statement and PRISMA-S extension (Figure 1).(Tricco et al., 2018; PRISMA-S Group et al., 

2021)  From a total of 2,197 de-duplicated @tles iden@fied from the searches, 402 full text 

ar@cles were reviewed, of which 40 were excluded for the reasons stated in Figure 1, leaving 

362 studies for final inclusion in the scoping review. 
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Figure 1 PRISMA Flow Chart 

 

Scope of included studies 
 
Of the 362 studies published between 1st January 1990 and 7th February 2021 the subject of 

the study was total elbow replacement in 246(68%), radial head replacement in 100(28%), 

distal humerus hemi-replacement in 11(3%) and radiocapitellar replacement in 5(1%).  Over 

this @me period there has been an overall increase in the number of publica@ons per 

annum, although a decrease in the annual number of publica@ons on total elbow 

replacement has been observed since 2015 (Figure 2).   

 

Studies were reported from 34 countries, with one interna@onal collabora@on. The top ten 

loca@ons for published English language elbow replacement studies by country are listed in 

table 2. 

 

Full text not available n = 1

Records screened titles and abstracts 
n = 2197

Less than 10 cases n = 7

Diagnosis exclusion n = 3

Not outcome study n = 20

Not primary arthoplasty n = 5

Duplicate publication n=3

Flow Diagram Scoping Review Literature Search

Included

Eligibility

Screening

Records excluded                     
n = 1795

Full text articles assessed for eligiblity   
n = 402

Full text articles excluded, 
with reasons                             

n = 40

Medline                             
n = 1480

Embase                                 
n = 1639

CENTRAL                          
n = 378

ISRCTN/clinicaltrials.gov                                       
n = 56/3

Studies included                                     
n = 362

Identification

Records after duplicates removed       
n = 2197

Not english language n = 1
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Figure 2 Histogram of the number of publica@ons per year categorised by type of procedure. 

 

The majority of studies were conducted in a hospital sefng (329, 91%) with few 

community-based studies (32, 9%).  Most studies were retrospec@ve (326, 91%) and most 

were observa@onal (321, 89%).  There were 23 administra@ve database studies, 21 of which 

were conducted in the USA and 8 na@onal implant registry studies from Australia, Denmark 

(2 studies), Norway, Finland, Sweden and New Zealand.  There were 6 prospec@ve 

randomised controlled trials (RCT),(Tanaka et al., 2006; McKee et al., 2009; Ruan et al., 

2009; Chen et al., 2011; Yan et al., 2015; Singh et al., 2019) one retrospec@ve review of 

pa@ents from a previous RCT(Dehghan et al., 2019) and three RCT protocols.(Adolfsson, 

2011; Al-Hamdani et al., 2020; Smith, 2020) 

 

Two RCT sources described comparison of total elbow replacement to osteosynthesis of 

distal humerus fractures, one repor@ng study results at two years and one retrospec@ve 

review of the same cohort at an average of 12.5 years.(McKee et al., 2009; Dehghan et al., 

2019)    
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Country Number % 

USA 91 25% 

UK 52 14% 

France 25 7% 

Japan 19 5% 

Italy 18 5% 

Netherlands 18 5% 

Canada 16 4% 

Germany 16 4% 

Sweden 12 3% 

Finland 11 3% 

 

Table 2 The 10 countries with the highest number of recorded publica@ons on elbow 

replacement (frequency, % of total). 

 

One source reports the outcome of total elbow replacement with two different ulna 

components.(Tanaka et al., 2006) Three sources compare the outcome of radial head 

replacement to osteosynthesis for acute radial head fracture, and one compared radial head 

replacement to radial head excision.(Ruan et al., 2009; Chen et al., 2011; Yan et al., 2015; 

Singh et al., 2019)  Two protocols described comparison of total elbow replacement to distal 

humerus hemi-replacement for distal humerus fracture, and one protocol was for a study 

comparing distal humerus hemi-replacement to osteosynthesis. (Adolfsson, 2011; Al-

Hamdani et al., 2020; Smith, 2020)   None of the RCTs compare elbow replacement to a non-

surgical interven@on. Only one RCT had a stated source of funding which was from a 

commercial source.(McKee et al., 2009)  In five RCTs it was stated that there was no funding 

or conflict of interest for the trial,(Tanaka et al., 2006; Chen et al., 2011; Dehghan et al., 

2019; Singh et al., 2019; Al-Hamdani et al., 2020, p. ) and for four it was not stated if there 

was any funding or conflict of interest.(Ruan et al., 2009; Adolfsson, 2011; Yan et al., 2015; 

Smith, 2020) The median sample size by study design is given in table 3.   
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Mean  Median  Min  Max  

Observational studies 67 32 10 1441 

Randomised trial 38 40 20 60 

Administrative database 7819 1625 176 56379 

Registry study 692 584 126 1457 

 

Table 3 Sample size of studies by study type. 

 

Proper?es of included studies 
 
The median study sample size by implant type was 17 (range 10 to 44) implants for distal 

humerus hemi-replacement, 20 (range 10 to 31) for radio-capitellar replacement, 32 (range 

11 to 528) for radial head replacement and 41 (range 10 to 56,379) for total elbow 

replacement.  The indica@on for surgery by procedure type is presented in table 4.   

 

 RA OA 
Post 

Trauma 

Acute 

Trauma 
Other 

Total elbow  

replacement 
61% 5% 16% 18% 2% 

Distal humerus hemi-replacement 0% 0% 15% 85% 0% 

Radial head  

replacement 
<1% <1% 12% 87% <1% 

Radio-capitellar replacement 11% 58% 27% 1% 3% 

 

Table 4 Primary diagnosis at the @me of surgery by type of procedure. 

 

Differences were found, between procedure types, in the mean percentage of female study 

par@cipants and mean age of par@cipants (Table 5). 



 47 

 

 Mean % 

female 

Mean of 

minimum 

age in 

years 

(range) 

Mean of 

maximum 

age in 

years 

(range) 

Mean of 

mean age 

in years 

(range) 

Total elbow replacement 76 36 (5-75) 81 (40-97) 61 (28-85) 

Distal humerus hemi-replacement 85 47 (16-62) 81 (63-90) 67 (45-79) 

Radio-capitellar replacement 51 31 (25-40) 74 (69-82) 55 (53-61) 

Radial head replacement 46 23 (14-62) 75 (50-93) 49 (31-67) 

 

Table 5 Sex and Age of pa@ents included in studies by type of procedure. 

 

The median of the mean length of follow up for all study types was 56 months (range 1 to 

216 months).  It was longest for registry studies with a median follow up of 96 months 

(range 67 to 126 months).  The median follow-up in observa@onal case series, which was the 

largest group, was 57 months (range 6 to 216 months).  For randomised trials the median of 

the mean follow-up was 29 months (range 15 to 151 months).  The median of the mean 

reported follow up for studies of total elbow replacement was 60 months (range 1 to 216 

months), for radial head replacement 42 months (range 10 to 145 months), distal humerus 

hemi-replacement 35 months (range 12 to 82 months) and radio-capitellar replacement 59 

months (range 23 to 100 months). 

 

Reported outcomes 
 
A total of 583 unique outcome descriptors were used across 362 included studies and were 

categorised into 18 domains (Table 6).  Many of these outcome descriptors reported the 

same outcome using different terms and in 76 cases the outcome instrument was reported 

without specifica@on of what was being assessed.  The largest group of outcomes are 

categorised in the adverse events domain (311, 53%) despite the fact that complica@ons 
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were not a pre-specified outcome in most studies.  The physical func@on domain contains 

the second largest number of outcome descriptors (93, 16%).  These can be grouped into 

four outcomes: func@on/disability, range of movement, strength and ac@vi@es of daily living.  

Strength was ojen poorly defined but most commonly described an assessment of strength 

of elbow extension as a measure of triceps func@on.  Radiographic appearance of the elbow 

was assessed by 19 separate outcomes in the musculoskeletal domain including implant 

alignment, congruency, fixa@on, success, lengthening, head size, stem size, stem posi@oning, 

implant posi@oning, prosthe@c sizing, quality of cemen@ng technique, bone graj integra@on 

or incorpora@on, cor@cal fit, cement mantle, valgus @l@ng, congruence of the proximal 

radio-ulnar joint, cement technique, and joint congruity.   

 

Domain Outcome 

Adverse  

events (311) 

Post-operative pain  

Radiographic 

complications  

Infection 

Triceps weakness 

Neurological 

Effusion/Synovitis 

Implant related 

Wound problems 

Stiffness 

Bone problems 

Transfusion 

Medical complications 

Physical  

function (93) 

Function/disability  

Range of movement  

Strength 

Activities of daily living 

MSK  

connective tissue (37) 

Radiographic 

appearance  

Elbow stability 

 

Need for further intervention 

(34) 

Re-operation 

Implant revision/survival 

 

Nervous  

system (30) 

Pain  

Neurological status 

 

Delivery  

of care (15) 

Satisfaction  

Social  Sport participation   
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function (13) Social-psychological status 

Hospital  

resources (11) 

Length of stay 

Re-admission 

Return to operating room 

Length of surgery 

Role  

function (8) 

Return to work  

Perceived  

health (7) 

General health  

Economic  

resource (7) 

Hospital costs  

Non-routine discharge costs 

 

Mortality 

/Survival (6) 

Mortality  

Psychiatric (3) 

 

Mental health  

Quality  

of life (2) 

Quality of life  

Emotional  

well-being (2) 

Well-being  

Role emotional 

 

Cognitive  

function (1) 

Cognitive status  

Personal  

circumstances (1) 

Patient autonomy  

Societal  

carer burden (1) 

Non-homebound 

discharge 

 

 

Table 6 Reported outcomes categorised by domain (number of outcomes in each domain). 

 

Outcome instruments 
 

A total of 105 outcome instruments were used to measure 39 outcomes, of which 26 were 

clinical and 13 were radiographic.  The average number of instruments used per outcome 

where an instrument was described was 5 (range 1 to 26).  The list of instruments used to 

assess each of the 39 outcomes is provided in table 7.  For implant survival the listed 
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instruments are methods of analysis but are included for completeness.  Some instruments 

are included in more than one outcome category and may be listed for outcomes and 

domains that may seem inappropriate, but these are taken verba@m from the included 

studies. 

 
Table 7 Outcome instruments used in included studies (no assessment of psychometric 

proper@es has been conducted).  (ASES – American Shoulder and Elbow Score; DASH – 

Disabili;es of the Arm Shoulder and Hand; HSS – Hospital for Special Surgery; JOA – 

Japanese Orthopaedic Associa;on; PREE – Pa;ent Rated Elbow Evalua;on;  SANE – Single 

Assessment Numeric Evalua;on; VAS – visual analogue score; RAND-36 – early version of SF-

36; MMSE – Mini-Mental State Evalua;on) 

Outcome Instrument

Activities of daily living
Liverpool elbow score, Mayo elbow performance index, Mayo elbow performance 
score, UCLA Activity score, Wrightington score

Cognitive status MMSE
Complications Voloshin
Cost utility analysis QALY
Deformity Ewald scoring system, JOA score

Function

Andrews score, ASES score, Broberg Morrey score, DASH score, Elbex score, Elbow 
functional assessment, Ewald score, Inglis score, JOA score, Khatri score, likert 
scale, Liverpool elbow score, Mayo elbow performance index, Mayo elbow 
performance score, numerical rating scale, Oxford score, PREE, QuickDASH, SANE, 
SECEC, Souter, Stanford health assessment questionnaire, VAS

Global Health EQ5D
Grip strength ASES, Broberg Morrey, Dynamometer, NK hand evaluation system
Implant Survival Dobbs, Kaplan-Meier, Life table, Murray
Joint position sense Propriometer
Locomotion Linkoping
Mental health SF-12 Mental

Pain

ASES, Broberg Morrey, DASH, Elbow functional assessment, Ewald score, Inglis 
score, JOA score, Khatri score, likert scale, Mayo elbow performance score, 
Modified Andrews score, numeric rating scale, Oxford elbow score, Liverpool elbow 
score, Pain intensity scle, PREE, VAS

Patient Autonomy Katz
Physical health SF-12 physical
Quality of life RAND-36, SF-36
Radial Nerve Palsy Hirachi, Electrophysiology

Range of motion

ASES, Broberg Morrey, Cassebaum, Elbow functional assessment, Ewald score, HSS 
score, JOA score, Inglis score, Khatri score, likert, Liverpool elbow socre, Mayo 
elbow performance index, Mayo elbow performance score, Modified Andrews, NK 
hand evaluation system, Propriometer

Return to Work binary
Satisfaction ASES, binary, Jungbluth, likert scale, numerical rating scale, SANE, VAS
Sport participation Allain, Liverpool elbow score

Stability
ASES, Broberg Morrey, Elbow functional assessment, JOA score, likert, Mayo elbow 
performance index, Mayo elbow performance score, Modified Andrews score

Strength

ASES, Broberg Morrey, HSS score, Isobex, Kindeyn Dynamometer, Lido workset, 
Mayo elbow performance index, Mayo elbow performance score, MRC scale, likert, 
Liverpool elbow score

Success of treatment VAS
Tenderness ASES
Ulnar nerve function Electophysiology, Liverpool elbow score, McGowan grade

Radiographic alignment Figgie, H index, O'Driscoll, RSA analysis, Storen's line, U index, Wrightington
Radiographic bushing wear Gill, Llamas, Lee, Mayo, Ramsey, Schneeberger
Radiographic capitellum erosion Broberg Morrey, likert scale, Llamas
Radiographic heterotopic ossification binary, Brooker, Hastings and Graham, Ilahi, likert

Radiographic loosening
Berschback, binary, Cil, Gill and Morrey, Goldberg, Grewal, Harris, King, likert scale, 
Madsen, Mayo, Morrey and Adams, Popovic, Schneeberger, Wagener, Wrightington

Radiographic lucency
binary, Fehringer, Gruen, Kodde, Kudo and Iwano, Morrey, Souter, Tanaka, 
Wrightington

Radiographic medial collateral ligament healing Ultrasound

Radiographic osteoarthrosis
binary, Broberg Morrey, Kellgren Lawrence, Knirk and Jupiter, Lindenhovius, likert 
scale

Radiographic overstuffing Rowland, Van Riet
Radiographic quality cement technique Schneeberger
Radiographic radial head prominence Doornberg
Radiographic synovitis Forster
Radiographic ulna wear Smith and Hughes
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Discussion 
 
Randomised controlled trials (RCTs) are considered the gold-standard for evalua@on of 

healthcare interven@ons but in orthopaedic surgery the number of RCTs undertaken is 

consistently low. A systema@c review of orthopaedic literature found that only 20% of 

procedures had at least one low risk of bias RCT suppor@ng the opera@ve interven@on when 

compared to non-opera@ve treatment.(Lim et al., 2014)  We did not iden@fy any for elbow 

replacement.  Many different reasons have been proposed for this and the cause is likely to 

be mul@factorial.(Solomon and McLeod, 1995; McCulloch, 2002)  One of the challenges of 

performing a randomised trial in some areas of orthopaedics where the condi@on is rare is 

the feasibility of recrui@ng sufficient par@cipants to address the research ques@on. 

 

The European Union defines rare diseases as those with a prevalence of less than 50 per 

100,000 popula@on for the purposes of orphan drugs, where normal economic models 

prevent research and development.(‘Orphan Drug Act’, 1983)  Elbow replacement is a “rare” 

procedure with an annual incidence es@mated from Scofsh data as 1.4 per 100,000 

popula@on and the same economic and scien@fic challenges apply, with low investment in 

research and barriers to conven@onal frequen@st approaches to inves@gate clinical 

outcomes due to the feasibility of randomised controlled trials (RCTs). (Jenkins et al., 2013)    

 

This scoping review has found that the literature on elbow replacement consists largely of 

unfunded retrospec@ve observa@on studies with small sample sizes.  It is interes@ng to note 

that the number of studies on total elbow replacement has declined in recent years. The 

cause of this is unknown, but it may be due to the contrac@ng usage resul@ng from 

improved medical management of inflammatory joint disease.  Only 9 prospec@ve 

randomised controlled trials were iden@fied, three of which are protocols of ongoing trials 

rather than reports of trial results.  The sample size of these RCTs ranges from 20 to a 

maximum of 60 par@cipants.  Only one randomised trial had a stated source of funding, and 

that funding was from a commercial body.  This review has not iden@fied any RCTs 

comparing joint replacement to non-opera@ve treatment in the elbow.  It is beyond the 

scope of this review to determine the causes for the quality of the evidence but there 

remain many ques@ons regarding elbow replacement that require robust unbiased scien@fic 
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inves@ga@on.  Researchers designing future RCTs in elbow replacement will need to explore 

solu@ons for inves@ga@on of rare diseases with mul@-centre and possibly interna@onal 

collabora@ons to ensure sufficient sta@s@cal power and explora@on of alterna@ve trial 

designs.  The moral hazard of enrolment of pa@ents into underpowered trials could be 

avoided through a planned meta-analysis of duplicate studies.(Halpern, 2002)  However, this 

would require co-ordina@on and establishment of a musculoskeletal rare interven@on trials 

registry and a mechanism to ensure data sharing and individual pa@ent data (IPD) meta-

analysis.(Medley et al., 2021; Rydzewska, Stewart and Tierney, 2022)  Alterna@ve trial 

designs have been explored for inves@ga@on of rare diseases including crossover designs, N-

of-1 trials and adap@ve designs, but most are not suitable for surgical research due to the 

irreversible nature of surgical interven@ons and the @me period required to determine the 

outcome of the interven@on.(Gupta et al., 2011; Cornu et al., 2013) Bayesian analysis 

methods, however, could be used to exploit all available data to strengthen the findings from 

smaller RCTs.(Tan, 2003)  Appropriate funding will be required to ensure the successful 

delivery of these more complicated inves@ga@ons and qualita@ve research may be needed 

to understand the barriers and facilitators within the elbow replacement community that 

may be affec@ng research prac@ce.   

 

Alterna@ve approaches to tackling the paucity of informa@on may mean pooling data from 

mul@ple sources.  The combina@on of data for meta-analysis is hindered, however, by the 

diversity of outcome domains and instruments used to measure outcomes. The 583 

individual descriptors iden@fied in this scoping review for clinical outcomes of elbow 

replacement can be ra@onalised to 41 outcomes over 18 domains using the taxonomy 

adopted by the COMET ini@a@ve, however this is s@ll a large number of domains and it is 

unclear which of these might be considered most important by pa@ents, carers and trea@ng 

clinicians.(Dodd et al., 2018)  An average of five instruments have been used for the 39 

outcomes where an outcome instrument has been described.  This review has not sought to 

analyse the psychometric proper@es of the instruments used but rather to map the 

domains, outcomes and instruments without an assessment of quality or validity.  Once core 

outcomes have been defined it will be necessary to undertake an assessment of relevant 

instruments to determine if any meet the criteria of truth, discrimina@on and 

feasibility.(Boers et al., 2014) 
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This review has highlighted a clear need to define the core outcome domains for elbow 

replacement research that can then lead to the development of a set of core outcome 

instruments. 

 

2.3.5 Concluding remarks 
 
This scoping review has found that current literature on elbow replacement consists of 

retrospec@ve case series studies, that are likely to have a high risk of bias inherent in case 

series and retrospec@ve observa@onal studies.  The literature does not allow us to draw 

inference regarding the rela@ve treatment effect of one interven@on, alterna@ve 

interven@on, or control.   More high quality randomised clinical trials are needed in the field 

of elbow replacement, par@cularly to address the ques@on regarding the superiority of 

hemi-replacement over total elbow replacement for acute trauma in adults.   There is no 

consensus regarding the outcomes that should be assessed in trials of elbow replacement.  

There is a clear need for a defined core outcome domain set for elbow replacement 

research, that reflects the views of stakeholders, so that future research data can be easily 

more compared between studies or combined in meta-analysis.  The next chapter reports 

the ra@onale, methods and results of a real-@me Delphi study undertaken to define core 

outcome domains in elbow replacement. 

.   
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2.4.3 Introduc;on to the paper 
 
The scoping review of the literature (Paper 1) iden@fied a lack of consensus about what 

outcomes should be measured when undertaking clinical assessment of elbow replacement 

interven@ons.  The following paper addresses objec@ve B, to define the core outcome 

domains for elbow replacement research and iden@fy a key outcome that is important to 

pa@ents.   The full published manuscript is presented in Appendix A, including a list of all co-

authors and their roles.  

 

Clinical par@cipants (surgeons and physiotherapists) were recruited through adver@sement 

of the study on Cubitus Mundi, a network of elbow specialists on the social media 

applica@on Whatsapp (Whatsapp Ltd, Dublin, Ireland), that has 1023 members from around 

the World.  All respondents were sent links to complete the survey.  Pa@ent par@cipants 

were iden@fied from the Na@onal Health Service (NHS) clinical prac@ce of the author (AW) at 

Wrigh@ngton Hospital, UK.  Seventy pa@ents were iden@fied and contacted by email with 

ethics commi`ee approval.  Pa@ent par@cipants were asked to register their interest on 

Forms (Microsoj Teams) using an NHS account and to provide consent for use of their 

contact details for the purpose of e-mailing a personalised link to the survey, so that their 

contact details did not have to be shared with a third party. 

 
2.4.4 Accepted manuscript 
 
Title 

Core Outcome Domains for Elbow Replacement (CODER). 

Abstract 
 

Background 

A review of the literature on elbow replacement found no consistency in clinical outcome 

measures used to assess the effec@veness of interven@ons.  The aim of this study was to 

define core outcome domains for elbow replacement. 

 

Methods 
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A real-@me Delphi survey was conducted over four weeks using outcomes from a scoping 

review of 362 studies on elbow replacement published between 1990 to 2021.  583 

outcome descriptors were ra@onalised to 139 unique outcomes.  The survey consisted of 

139 outcomes divided into 18 domains. Readability and clarity of the survey was determined 

by a survey advisory group including a pa@ent representa@ve.  Par@cipants were able to view 

aggregated responses from other par@cipants in real-@me and to revisit their responses as 

many @mes as they wished during the study period.  Par@cipants were able to propose 

addi@onal items for inclusion.  A Pa@ent Public Involvement and Engagement (PPIE) panel 

considered the consensus findings. 

 

Results 

Forty-five respondents completed the survey.  Nine domains were iden@fied as core 

mandatory domains; “return to work or normal daily role”, delivery of care measured in the 

domains “pa@ent sa@sfac@on with the outcome of surgery” and “would the pa@ent have the 

same opera@on again”, “pain”, “revision”, “elbow func@on”, “independence in ac@vi@es of 

daily living”, “health related quality of life” and “adverse events”.   “Elbow range of 

movement”, was iden@fied as important by consensus but was felt to be less relevant by a 

Pa@ent Public Involvement and Engagement (PPIE) panel. The PPIE panel unanimously stated 

that pain should be used as the primary outcome domain. 

 

Conclusions 

The study has defined core outcome domains for the clinical outcomes of elbow 

replacement obtained by consensus from pa@ents, carers and healthcare professionals.  Pain 

may be used as the primary outcome in future studies where appropriate.  Further work is 

required to define the instruments that should be used. 

 

Introduc@on 
 

Where quality of life is significantly impacted by elbow pain, or limited func@on, an elbow 

joint replacement has been a surgical treatment op@on for over five decades.(Dee, 1975)  

Ini@ally used solely for the treatment of inflammatory joint disease, the indica@ons have 

expanded to include acute trauma, trauma sequelae, degenera@ve joint diseases and 
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reconstruc@on ajer tumour resec@on.  Elbow replacemet can be categorised as: total elbow 

replacement (replacement of both sides of the ulno-humeral joint) with or without 

replacement of the radial head; distal humerus hemi-replacement that replaces the trochlea 

and capitellum; radial head replacement in isola@on; or radio-capitellar replacement, 

replacement of the radial head and capitellum.  A recent scoping review of the published 

literature on elbow replacement has iden@fied differences in the indica@ons and 

demographics of pa@ents receiving the different types of joint replacement.(Wa`s et al., 

2022) 

 

Measuring the effect of these interven@ons and the possible harms, is important to 

determine their place as a treatment for the clinical condi@ons outlined.  However, to enable 

comparison of one interven@on to another and between different sefngs it is important to 

have consistency in what is measured, and to ensure that what is measured is relevant to 

users.  In the 362 clinical outcome studies on elbow replacement, reported or registered 

between 1st January 1990 and 7th February 2021, a total of 583 unique outcome descriptors 

were iden@fied.  In addi@on to the heterogeneity in what was measured, there was no 

consistency in how the outcomes were measured with 105 outcome instruments described 

for 39 of the outcomes and no clearly defined tool for the remaining outcomes.(Wa`s et al., 

2022)  This supports a previous study that iden@fied a need for a core outcome set for 

elbow replacement.(Riedel and Beaton, 2013) 

 

Determina@on of what is measured, the core outcome set, requires an understanding of the 

healthcare outcome domains that are important to the pa@ent, their care givers and the 

clinicians with whom they engage to help in the management of their condi@on.  The 

authors are not aware of any studies undertaken to elicit a consensus for the core outcome 

domains from key stakeholders for elbow replacement. A search of the COMET database 

(h`ps://www.comet-ini@a@ve.org/Studies) conducted on 19th June 2022 iden@fied no other 

studies on this topic.  

 

This study sought to reach a consensus on the core outcome domains using a real-@me 

Delphi (RT-Delphi) process with internal pilot.  The protocol was developed with 

considera@on of the COS-STAD and COS-STAP consensus statements for standards of core 

https://www.comet-initiative.org/Studies
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outcome set survey design.(Kirkham et al., 2017, 2019) The research does not a`empt to 

determine the best outcome instruments to measure the domains. 

 

Aims 
 

A. To iden@fy the core outcome domains for the clinical outcome of elbow replacement 

from key stakeholders including pa@ents who have undergone elbow replacement, their 

care givers and healthcare professionals engaged in providing guidance on treatment. 

B. To determine the best @me points to capture outcome measurements ajer elbow 

replacement. 

 

Methods 
 

A Real-@me Delphi (RT-Delphi) consensus survey was conducted online using Surveylet 

sojware (Calibrum, USA).  This is an online survey tool that provides anonymous survey 

comple@on, with par@cipants able to score outcome domains, view the aggregate scores of 

previous respondents and provide text to explain why they may take a different view to the 

aggregate response to inform other respondents.  All respondents can return to the survey 

as many @mes as they like while the survey is open to review or amend responses.  This 

approach replaces several rounds of survey used in Delphi studies, that can be associated 

with a`ri@on and respondent fa@gue.(Trevelyan and Robinson, 2015) 

 

Scope of survey 
 

Health condi@ons 

The survey inves@gated consensus opinions for the core outcome domains following elbow 

replacement for the treatment of inflammatory joint disease, degenera@ve joint disease, 

acute trauma and trauma sequelae.  Elbow replacement for reconstruc@on following tumour 

resec@on were not included as the outcome priori@es may be different due to the burden of 

disease.   
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Popula@on 

The COS will apply to adult pa@ents over the age of 16 years undergoing elbow replacement 

for the health condi@ons outlined. 

 

Interven@ons 

Elbow replacement including total elbow replacement with or without a radial head 

replacement, distal humerus hemi-replacement, radial head replacement alone or radio-

capitellar replacement, also known as lateral resurfacing elbow replacement. 

 

Timing 

The survey sought consensus on the @me points to capture the core domains, once defined. 

 

Context for applica?on 
 

The core outcome domain for elbow replacement (CODER) set is being developed to be used 

in research to assess the effects of elbow replacement procedures and in monitoring of 

individual pa@ent outcomes as part of implant surveillance strategies. 

 

Stakeholders 
 

Survey advisory group (SAG) 

The survey group consisted of the chief inves@gator, a pa@ent with experience of elbow 

replacement, four surgeons and two physiotherapists from different ins@tu@ons and 

countries with experience of elbow replacement and research into elbow replacement.  The 

SAG a`ended study management mee@ngs online over the dura@on of the study. 

 

Survey Par@cipants  

A minimum of 30 key-stakeholders including adults over the age of 18 years who have had 

an elbow replacement (total elbow replacement, distal humerus hemi-replacement, radio-

capitellar replacement or radial head replacement), other “expert” pa@ents familiar with 

research processes, carers of pa@ents with elbow joint replacements and healthcare 

professionals who assist in the management of elbow problems (including surgeons, 
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physicians and physiotherapists).  Par@cipants were drawn from countries around the world.  

Ethical approval was obtained to approach pa@ents who have had an elbow replacement to 

invite them to par@cipate in the survey.  Pa@ent par@cipants and their carers were recruited 

by the Chief Inves@gator through a le`er of invita@on including the pa@ent informa@on 

sheet.  Pa@ents without the mental capacity to par@cipate in an online survey were 

excluded.  Surgeons and allied health professionals were recruited through research 

networks and social media. 

 

Ethical approval 
 

Ethical approval was obtained from the Health Sciences Research Commi`ee, University of 

York (HSRGC/2022/258/G, 30/09/2022) and, for pa@ent recruitment, through the integrated 

research approval system (IRAS ID 320243, 30/03/2023) from the Health Research Authority 

in the UK.  Par@cipants were invited to join the study by le`er and asked to register their 

interest and provide consent for use of their anonymised responses using the online 

registra@on tool. 

 

Informa?on sources 
 

The list of outcomes presented in the RT-Delphi were taken from a scoping review of elbow 

replacement clinical outcomes literature published between 1st January 1990 and 7th 

February 2021.(Wa`s et al., 2022)  This iden@fied 583 unique outcome descriptors from 362 

publica@ons.  To make the process more feasible for par@cipants two members of the 

research team (AW, ZH) condensed the outcome descriptors and combined outcomes that 

are recording the same thing but using different terminology under a common term.  For 

example “stability”, “instability”, “implant stability”, and “instability - subjec@ve” were 

described as “elbow stability”.  The two inves@gators conducted this separately and then 

discussed any discrepancies to reach agreement.  No possible outcomes were removed in 

this process.  Where appropriate, outcome domains were grouped into categories to reduce 

the ques@on burden for par@cipants.  For example, mortality was used as an outcome 

category, with in-hospital mortality, 30-day mortality, 90-day mortality as domains within 

that category. The clinical members of the SAG were asked to consider the readability and 
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clarity of each outcome to determine if any addi@onal text was required to explain it to 

par@cipants in the RT-Delphi.  The pa@ent member of the SAG was then asked to review the 

descrip@on of each outcome to ensure that terms were appropriate and understandable to a 

lay-reader.  The members of the SAG piloted the online RT-Delphi tool prior to publica@on of 

the survey. 

 

Consensus process 
 

Par@cipants in the CODER survey registered their interest and gave electronic consent for 

their responses to be used using a Microsoj Forms ques@onnaire in a host ins@tu@on Teams 

account (Microsoj corp).  A personalised and anonymised link was sent to consen@ng 

par@cipants from a host ins@tu@on email account.  Par@cipants were able to return to the 

RT-Delphi at any @me and as many @mes as they wished during the four-week period that 

the study was open, to review and amend their responses.  A reminder email was sent ajer 

two weeks to encourage engagement and for those who had par@cipated to return to review 

their responses. 

 

Par@cipants were asked to record their sex, age in ten-year age bands and role (pa@ent, 

carer, general prac@@oner, commissioner, allied health professional or surgeon). 

 

 In keeping with the OMERACT handbook version 2.1, par@cipants were asked to rate each 

outcome on a scale from 1-9 where nine is the most important and one the least important 

outcome in the par@cipant’s view.(‘The OMERACT Handbook’, 2021)  Par@cipants were 

provided with a dashboard of the responses for that outcome from prior par@cipants (using 

the responses from the SAG as the baseline response at the start of the survey) and the 

dashboard was updated in real @me by the online sojware.   Where the researchers had 

grouped outcomes into categories (as in the mortality example) the respondents were asked 

to rate the outcome category ques@on and their response determined whether they were 

asked to rate the domains within that category.  Par@cipants scoring between 7 and 9 on any 

of the outcome categories were asked to rate each domain falling within that category using 

the same scale. If the par@cipant scores less than 7 for any outcome categories they were 

not asked to rate the domains within that category and were automa@cally taken to the next 
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domain ques@on.  This was intended to reduce respondent burden for par@cipants.  

Par@cipants scoring more than 3 points above or below the aggregate score for each 

outcome were given the op@on of recording the reason for their response and their 

anonymised response was made available for other par@cipants to view. All par@cipants 

were given the opportunity to suggest addi@onal outcomes not already listed if they felt that 

they were important to the assessment of the outcome of elbow replacement, these would 

have been reviewed by the SAG if it was felt that they were not covered by other outcomes 

already included, but no addi@onal outcomes were suggested by par@cipants. 

 

Consensus Mee@ng and final PPI engagement 

All par@cipants were invited to a`end an online mee@ng to review the outcomes that passed 

the threshold for inclusion and to reach consensus on the domains into which these could 

be grouped to produce a final list of included core outcome domains.  The results of the 

survey were presented and each outcome achieving the threshold was presented to the 

group one at a @me for considera@on.  For each core outcome domain a`endees were given 

@ming op@ons to select (baseline, 6 weeks, 3 months, 6 months, 12 months, 18 months and 

24 months) and the op@on to suggest alterna@ve @me points for the collec@on of the 

outcome.   

 

To ensure the pa@ents’ voice was well represented in the consensus process a separate face-

to-face pa@ent and public inclusion and engagement (PPIE) mee@ng was held, following the 

survey period, to review the core outcome domains and @me points, and to invite their 

comment. 

 

Analysis 
 

A descrip@ve analysis of the responses was undertaken.  All outcomes given a score 7 or 

higher by a minimum of 70% of par@cipants were included in the final consensus mee@ng. 

All outcomes were ra@onalised into domains by the consensus group and have been 

included in the core outcome domain set.  Outcomes were categorised into domains using 

the taxonomy of Dodds.(Dodd et al., 2018) For the core @mings for core outcome domain 

capture, each @me point chosen by a minimum of 70% of the group has been included.  
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Registra?on 
 

The CODER study was registered on the Core Outcome Measures in Effec@veness Trials 

(COMET) database (Oct 2022) and the protocol made available on the open science 

framework pla}orm.(Wa`s, 2023a) 

 

Results 
 

Forty-five people registered to complete the survey and provided electronic consent for use 

of their responses.  The self-reported descriptors of the respondents are given in table 1.  An 

addi@onal three pa@ents and two surgeons registered interest but did not go on to complete 

the survey. 

 

The four-week real-@me Delphi survey iden@fied 52 outcomes across 13 domains that 

reached the pre-specified threshold (70% or more respondents scoring 7/9 or higher) for 

considera@on at the final consensus mee@ng (Appendix E).  

 

  n % 

Sex Female 9 20 

 Male 36 80 

Age 30-39 12 27 

 40-49 19 42 

 50-59 9 20 

 60-69 5 11 

Role AHP 6 14 

 Carer 2 4 

 GP/Commissioner 1 2 

 Patient 3 7 

 Surgeon 33 73 

 

Table 1 Demographic characteris@cs of survey par@cipants (AHP: allied health professional, 

GP: General prac@@oner) 
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All 45 respondents were invited to an online consensus mee@ng on 13/07/2023, and 14 

a`ended, including one pa@ent, one carer, three allied health professionals (AHP) and nine 

surgeons.  It was noted that where categories were selected as important, every ques@on 

within that domain category reached the threshold for inclusion with the excep@on of 

“minor adverse event” under the category “adverse events”.  The group consensus was that 

outcome categories could be retained as core domains and those outcomes within the 

category removed without loss of fidelity.  In addi@on, the group felt that “return to work” 

and “return to normal daily role” could be combined into a single domain of “return to work 

or normal daily role”.  The consensus group took the view that “pa@ent autonomy” used in 

the way it had been used in the source material to assess independence with daily ac@vi@es 

as measured by the Katz instrument, could be combined with “ac@vi@es of daily living” 

under a single domain of “independence in ac@vi@es of daily living.”  Whilst “Pa@ent  

sa@sfac@on with the outcome of surgery” and “Would the pa@ent have the same opera@on 

again” both fall within the domain of “delivery of care” according to Dodd’s taxonomy, it was 

agreed that both should be retained as they assess different aspects of sa@sfac@on or 

acceptability.  This resulted in ten core outcome domains that were taken to the PPIE group 

mee@ng for considera@on, along with the core @mings for each outcome domain to be 

assessed (Table 2).    
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Table 2 Core outcome domains for elbow replacement.  Note “ac@ve range of elbow 

movement” and “six-month” @me point for data capture were felt to be less relevant by the 

PPIE group and should be considered as important but not mandatory. 

 

The PPIE group a`ended a face-to-face mee@ng with the chief inves@gator and a facilitator.  

The group consisted of 8 female and one male par@cipant with personal experience of 

orthopaedic care.  Two members of the group had personal experience of elbow 

replacement, one was a carer for someone who had an elbow replacement, one was a 

disability group representa@ve and one member of the group is ac@vely involved in clinical 

research as a lay representa@ve.  The group considered and discussed each core domain and 

the @mings for capture of core outcomes.  The group felt strongly that efforts should be 

made to reduce the burden of research for par@cipants.  The group therefore ques@oned the 

value of data capture at six months. 

 

The PPIE group discussed at length whether range of movement of the elbow was important 

to them independent of elbow func@on.  The majority consensus of the PPIE group (>70% 

approval) was that what ma`ered to them was the func@on of the elbow and the ability to 

undertake tasks rather than the measured range of elbow movement, and there was 

agreement within the group that this was be`er captured by other domains such as “elbow 

func@on” and “independence in ac@vi@es of daily living”. The group were asked to consider 

if there were any outcomes that were not included that were important from their 

Dodd 

Classification8 

Core  

Domain 
Baseline 

3 

months 

6 

months 

12 

months 

24 

months 

Role func5on Return to work or normal daily role  X X X  

Delivery of care Pa5ent sa5sfac5on with outcome of surgery    X X 

 Would pa5ent have the same opera5on again?    X X 

Nervous system Pain X X X X X 

Need for further 

interven5on 
Revision     X 

Physical func5on Elbow func5on X  X X X 

 Independence in ac5vi5es of daily living X  X X X 

 Ac,ve range of elbow movement X X  X X 

Quality of life Health related quality of life X  X X X 

Adverse events Adverse event including death  X X   
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perspec@ve but they were happy that the list represented the key elements.   When asked 

which of the outcomes was most important the group unanimously offered “pain” as the 

most important outcome for pa@ents ajer elbow replacement.  The group was challenged 

to consider alterna@ve outcomes but were very clear that this was the primary outcome 

from their perspec@ve.  There was no clear consensus about the best @ming for this primary 

outcome domain but it was felt that it should be far enough from the @me of surgery for 

post-surgical pain symptoms to have resolved but close enough to ensure pa@ents were not 

lost from follow-up. 

 

Discussion 
 

Inconsistency in the “what” and “how” of outcome assessment in elbow surgery research 

has been reported by other inves@gators.(Riedel and Beaton, 2013; Evans et al., 2018)  This 

heterogeneity leads to costly redundancy for inves@gators, makes difficult or even 

impossible to compare the outcomes of different studies and creates fu@le addi@onal 

burden for pa@ents.  Defining a consensus on core outcome domains is important to 

increase efficiency and enable comparison of results between studies and meta-analysis.   

 

The nine mandatory core domains defined by the CODER study, “return to work or normal 

daily role”, delivery of care measured in the domains “pa@ent sa@sfac@on with the outcome 

of surgery” and “would the pa@ent have the same opera@on again”, “pain”, “revision”, 

“elbow func@on”, “independence in ac@vi@es of daily living”, “health related quality of life” 

and “adverse events”, are feasible and appear propor@onate.  The four mandatory core @me 

points for data collec@on, baseline, 3 months, 12 months and 24 months post interven@on, 

balance the social burden on pa@ents and financial burden to researchers against the needs 

of scien@fic study.  Addi@onal desirable data points may provide added value to address 

specific research ques@ons.  The core domain set and @me points defined in the CODER 

study do not prevent collec@on of addi@onal outcome data where necessary to address 

research ques@ons but should be included in future studies of elbow replacement.  The 

domains iden@fied for elbow replacement in this study show good concordance with other 

areas of upper limb orthopaedic research.  The OMERACT Shoulder working group iden@fied 
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pain, func@on, pa@ent global – shoulder, and adverse events including death as mandatory 

domains for clinical trials of shoulder disorders.(Ramiro et al., 2019) 

 

Although key stakeholder groups were represented, the findings of this study are limited by 

the low par@cipa@on in the consensus mee@ng, and the rela@vely low pa@ent and carer 

representa@on in the Real-Time Delphi study.  Extensive efforts were made to try to recruit 

pa@ents and carers to the survey and a number did register interest but did not go on to 

complete the survey.  This may be a reflec@on of the rela@vely cumbersome process 

required to access the survey electronically, having to complete a registra@on form to be 

sent an anonymised link through which to access the survey, which was necessary due to 

General Data Protec@on Regula@on (GDPR) compliance requirements.  We a`empted to 

mi@gate the imbalance of representa@on through engagement with a PPIE group following 

the online survey, and there was strong support for the domains included.  The PPIE group 

felt that measuring range of movement provided no useful addi@onal informa@on.  They 

reported that they were more interested in what could be done with the arm, which they 

felt could be captured in the func@on domain, than how much movement there was at the 

elbow.  The PPIE group were keen to reduce pa@ent burden and ques@oned the added value 

gained by data collec@on at 6 months.  The op@mum @me point for the primary outcome 

was not determined but this is likely to depend on the research ques@on under 

inves@ga@on.  A minimum follow-up of two years is required for clinical outcomes research 

for joint replacement surgery by some orthopaedic journals however that does not 

necessarily define the primary outcome @me point.   Time periods for follow up beyond two 

years were not considered within the CODER study.  Embedding trials with joint registries 

can facilitate long term outcome research as long as criteria for relevance, robustness, 

reliability and confiden@ality are in place, but will not capture many of the core domains 

iden@fied here without the use of linked or add-on data sets.(Mikita et al., 2021)  Due to the 

number of pa@ent par@cipants comple@ng the online survey, a secondary survey within the 

research protocol to determine mean clinician and pa@ent scores for adverse events has not 

been reported as a reliable es@mate of the mean could not be calculated.(Wa`s, 2023a) 
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Conclusion 
 

Future studies of elbow replacement should include the nine mandatory core domains at 

four @me points agreed in the CODER study to ensure consistency between studies and 

facilitate comparison of research findings.  Pain can be used as the primary outcome in 

future studies of elbow replacement where it is appropriate to do so.  Further work is 

required to define the instruments that should be used to measure these outcome domains 

 
2.4.5 Concluding remarks 
 
Consensus from key stakeholders using a real-@me Delphi methodology has iden@fied nine 

mandatory core domains, “return to work or normal daily role”, delivery of care measured in 

the domains “pa@ent sa@sfac@on with the outcome of surgery” and “would the pa@ent have 

the same opera@on again”, “pain”, “revision”, “elbow func@on”, “independence in ac@vi@es 

of daily living”, “health related quality of life” and “adverse events”, that should be captured 

in future studies of elbow replacement.  A further domain, “range of movement”, was not 

priori@sed by pa@ents who felt that func@on was more important.  Outcomes should be 

captured at least at baseline pre-opera@vely and post-opera@vely at 3 months, 12 and 24 

months.  The six-month post opera@ve @me point was not priori@sed by pa@ents, ci@ng 

reduced par@cipant burden.   This study has iden@fied that pa@ents priori@se pain as the 

outcome domain of greatest importance to them.   This has not been reported previously, 

and should change our priori@es as researchers when determining the primary outcome in 

future trials.  The next paper reports a systema@c review inves@ga@ng current knowledge of 

pain outcomes following elbow replacement for acute trauma in adults, to inform future 

trial planning. 
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2.5 Paper 3: A systema;c review, and meta-analysis of pain outcomes following total 

elbow replacement and hemi-replacement for unreconstruc;ble acute distal 

humerus fractures in adults. 

 

2.5.1 Publica;on status 

 

The manuscript has been submi`ed to the Shoulder and Elbow Journal and has been 

accepted for publica@on. 

 

2.5.2 Co-author statement 
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2.5.3 Introduc;on to the paper 
 

The CODER study (paper 2) iden@fied 9 core outcome domains for studies inves@ga@ng the 

clinical outcome of elbow replacement.  Of these, pain was iden@fied as the domain of key 

interest to pa@ents and carers.  To plan a compara@ve trial of DHH and TER for management 

of acute trauma in adults it is important to have a clear understanding of the pain outcomes 

following these two interven@ons.  Systema@c reviews that have assessed the outcomes of 

TER and DHH for this indica@on do not report any evidence synthesis regarding pain 

outcomes.  To meet objec@ve C of this thesis, to synthesise the current evidence related to 

the key outcome for pa@ents having elbow replacement for acute trauma, a systema@c 

review was conducted with meta-analysis of pain outcomes following total elbow 

replacement and distal humerus hemi-replacement for unreconstruc@ble acute distal 

humerus fractures in adults. 

   
2.5.4 SubmiJed manuscript 
 

Title 
 
A systema@c review, and meta-analysis of pain outcomes following total elbow replacement 
and hemi-replacement for unreconstruc@ble acute distal humerus fractures in adults. 
 

Abstract 
 
Background 

Unreconstruc@ble distal humerus fractures have been managed with total elbow 

replacement (TER), but there has been increasing use of hemi-replacement (DHH).  Pain has 

been iden@fied as the most important outcome domain for pa@ents having elbow 

replacement.  This study aims to systema@cally review the literature on reported pain 

outcomes in adult distal humerus fractures treated with TER or DHH. 

 

Materials and methods 

Medline, Embase and Central were searched using OVID (from January 2000 to September 

2023) using the MeSH headings “Elbow Prosthesis”, “Arthroplasty, Replacement, Elbow”, 

“Hemiarthroplasty”, and “Humeral Fractures”.  Studies in adults undergoing DHH or TER 

using implants that are currently available for acute closed distal humerus fractures, were 
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included.  The primary outcome of interest was pa@ent-rated pain measured on a numerical 

ra@ng scale.  Secondary outcomes were pa@ent-rated pain scores on a Likert scale, pain 

measurement from func@on scores or clinician- and pa@ent-rated outcome scores.  A 

quan@ta@ve summary of reported outcomes is provided stra@fied by interven@on type (DHH 

or TER) with an assessment of clinical, methodological and sta@s@cal heterogeneity. 

 

Results 

Twenty-three studies met the inclusion criteria, including one published randomised 

controlled trial comparing TER and DHH.  There were 17 case series repor@ng pain outcomes 

for TEA; 3 reported pain using numerical ra@ng scales (NRS pain) only and 12 used a Likert 

scale for pain only and 2 used both.  One of these repor@ng pain on NRS used a different 

scale from other studies and was not used in the meta-analysis.  There were 5 case series 

repor@ng pain outcomes for DHH; 1 using NRS pain only and 3 using Likert pain only and 1 

using both scales.  Meta-analysis indicated a pooled average NRS pain from 4 studies 

including 129 pa@ents for TER of 1.7/10 (95% CI 0.44 to 2.99) and 1.5/10 for DHH (95% CI 

0.001 to 3.56) from two studies including 39 pa@ents.  On a four-point Likert scale the 

pooled probability of no pain, mild pain, moderate pain, severe pain from 14 studies 

including 283 pa@ents for TER was 0.75, 0.21, 0.02, 0.00 and for DHH was 0.76, 0.11, 0.12, 

0.00 from 4 studies including 111 pa@ents. 

 

Discussion 

This systema@c review describes the reported data on pain outcomes following TER and DHH 

for treatment of distal humerus fractures.  The available evidence does not enable 

comparison of pain outcomes between the two interven@ons, which should be assessed in 

an appropriately powered and stra@fied randomised trial. 

 

Ethical approval was not required for this systema@c review of published literature.  
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Introduc@on 
 

Fractures of the distal humerus account for approximately 0.5% of all fractures in adults, 

with an incidence of approximately 5.8/100 000 people reported over 1 year in a high 

volume trauma centre.(Court-Brown and Caesar, 2006)  The distribu@on of fractures by age 

is unimodal with a low risk in young adults that increases from the age of 50 years and rises 

markedly in those over 80 years, with a higher incidence in the female popula@on.(Sheps, 

Kemp and Hildebrand, 2011)  These are osteoporo@c fractures and the number of cases is 

thought to be increasing in developed na@ons due to the ageing popula@on even though the 

age adjusted incidence may be consistent or falling slowly.(Palvanen et al., 2010; Kannus et 

al., 2017)  Distal humerus fractures are classified using the AO/OTA classifica@on 

system.(Müller et al., 1990) 

 

There are a number of treatment strategies for distal humerus fractures in the older 

popula@on and the choice of treatment should be decided on an individual basis through 

joint decision-making with non-opera@ve treatment generally reserved for completely 

undisplaced stable fractures or for pa@ents in whom the risks of surgery outweigh the 

benefits.(Aitken, Jenkins and Rymaszewski, 2015)  In cases where surgery is indicated, 

osteosynthesis may be preferred where this is achievable, however in some cases, 

par@cularly in older pa@ents with poor bone quality, considera@on must be given to elbow 

replacement.(McKee et al., 2009)  The last decade has seen increasing use of hemi-

replacement (DHH, replacement of only the distal humerus) as opposed to total elbow 

replacement (TER, replacement of the distal humerus and the proximal ulna) for fractures 

that are not suitable for osteosynthesis, to the point in 2022 where the number of DHH 

performed for acute trauma exceeded the number of TER in the Na@onal Joint 

Registry.(Achakri et al., 2023) It is not clear which of these treatment op@ons provides a 

be`er outcome for pa@ents. 

 

A search of the Prospero registry using the term “elbow”, conducted on 21st August 2023, 

iden@fied one systema@c review comparing surgical and non-surgical op@ons for the 

treatment of distal humerus fractures in older adults (CRD42021250811) and one comparing 

DHH to TER for unreconstruc@ble distal humerus fractures in the elderly 
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(CRD42021228329).(Burden et al., 2022; Stoddart et al., 2022) An addi@onal search of 

Pubmed and Google Scholar conducted on 21st August 2023 iden@fied a further systema@c 

review comparing DHH to osteosynthesis for acute AO13C mul@-fragmentary distal humerus 

fractures.(Nielsen et al., 2022)  The three reviews were assessed using AMSTAR-2, a cri@cal 

appraisal tool for systema@c reviews that contain randomised or non-randomised studies or 

both, and all were rated cri@cally low (Appendix F).(Shea et al., 2017)   

 

In a recent real-@me Delphi study to determine the core outcome domains for studies of 

elbow replacement, pa@ents iden@fied pain as the primary outcome domain.(Wa`s, 2023a)  

Current knowledge of pain outcomes from elbow replacement for distal humerus fractures is 

not well described.  None of the systema@c reviews iden@fied in our search reported 

analysis of pain scores, without explana@on given for excluding this outcome.  Knowledge of 

likely pain outcomes is needed if a future trial is undertaken to compare the two 

interven@ons using pain as the primary outcome as preferred by pa@ent representa@ves.   It 

was, therefore, appropriate to conduct a systema@c review of pain outcomes in this 

popula@on as this is of high importance to pa@ents and has not been included in the scope 

of previous reviews.   

 

Objec@ve 
 

To undertake a systema@c review of the published literature to report the outcome of distal 

humerus hemi-replacement and total elbow replacement for the treatment of 

unreconstruc@ble acute distal humerus fractures in adult pa@ents using pa@ent rated pain 

instruments.   

 

Methods 
 

The protocol was developed with considera@on of the PRISMA-P repor@ng 

guideline.(Shamseer et al., 2015; Campbell et al., 2020)  The protocol was published on the 

Open Science Framework (d.o.i.:10.17605/OSF.IO/3TKWH) and registered on Prospero 

(Registra@on number CRD42023474360).  Ethical approval was not required.  The PRISMA 

checklist has been completed (Appendix G). 
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Inclusion Criteria 
 

The criteria for studies to be included in the review are provided in table 1.  

 

Participants Adult human participants (18 years and over) treated with elbow 

replacement for acute (within 6 weeks of injury) closed distal humerus 

fracture classified using the AO classification system as 13A3, 13B3 or 13C 

type fractures.(Müller et al., 1990) 

Intervention Participants undergoing distal humerus hemi-replacement using the 

Latitude prosthesis (Stryker).  Studies using humeral components from 

total elbow replacement systems or custom distal humerus hemi-

replacement implants will not be included. 

Comparison Participants undergoing total elbow replacement using implants that are 

identified by the National Joint Registry as in use in the UK at the time of 

the most up to date report.(Achakri et al., 2023)  This includes Coonrad-

Morrey (Zimmer-Biomet), Nexel (Zimmer-Biomet), Discovery (Lima) and 

Latitude (Stryker) total elbow replacement systems. 

Outcome 

(Primary) 

The outcome of interest is patient reported pain scores recorded using a 

numerical rating scale (NRS) for pain. 

Outcome 

(Secondary) 

Patient rated pain scores measured using a Likert scale.  Where available 

pain scores derived from functional outcome scores such as the 

Disabilities of the Arm Shoulder and Hand (DASH) – Item 24, short form 

version (QuickDASH) – item 9, Oxford Elbow Score (OES) – item 12 and 

combined physician and patient rated outcome scores such as the Mayo 

Elbow Performance Score (MEPS) were included if pain specific 

instruments had not been reported. 

Timing The outcome data at a minimum follow up of 3 months was included.  If 

data was available for individual studies or patients at different time 

points the longest follow up data was used for analysis. 

 

Table 1 Inclusion criteria for systema@c review. 

 



 75 

Eligibility 
 

Studies repor@ng in English between January 2000 and September 2023 were eligible for 

inclusion in the systema@c review. This @me period was chosen to maximise the available 

data and to ensure only modern implants were included.  Where studies included pa@ents 

with heterogeneous indica@ons for surgery they were only included if the data on pa@ents 

treated for acute distal humerus fractures were described separately. 

 

Randomised trials, non-randomised controlled trials, prospec@ve and retrospec@ve cohort 

studies, case-control studies, analy@cal cross-sec@onal studies and case series of ten pa@ents 

or more were eligible for inclusion. Review ar@cles, surveys, case reports and conference 

abstracts were excluded.  Studies comparing one of the interven@ons of interest to another 

interven@on not eligible for inclusion in the review were included where the data for the 

eligible interven@on were disaggregated (for example osteosynthesis).   

 

The NRS pain score was selected as the primary outcome of interest as this could be most 

easily used to inform power calcula@ons for any future randomised controlled trial.  It is 

recognised that pain scores may change over @me following arthroplasty surgery, and it is 

unlikely that a standardised @me point for recording pain has been used.  To avoid inclusion 

of pain from the immediate post-opera@ve phase (wound healing) studies had to have a 

minimum follow-up of 3 months. 

 

Informa;on sources 
 

A database search was conducted on 24th September 2023 of Medline (Ovid), Embase and 

CENTRAL from January 2000 to September 2023. The cita@on list of all included studies, 

systema@c reviews and review ar@cles were searched for any addi@onal ar@cles.  If trials 

were iden@fied in CENTRAL for which there was no published report, inves@gators were 

contacted to ask for available data.  There was no search of the grey literature.  Mul@ple 

reports of the same study were collated.  The study selec@on process is shown in the 

PRISMA flow chart (Figure 1). 
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Figure 1 Prisma flow diagram. 

 

Search strategy 
 

The database search was conducted with support from an informa@on specialist.  Medline, 

Embase, and CENTRAL were searched using the MeSH terms “arthroplasty, replacement, 

elbow”, “humeral fractures” “hemiarthroplasty” and key words “hemireplacement” and 

“distal humerus”.  The full search strategy used for Ovid MEDLINE® is detailed in Figure 2. 

 

 
Figure 2 Medline search strategy. 

Duplicates removed                           
n = 470

Wrong population n = 27

Foreign language = 7

Wrong study design = 6

Flow Diagram Systematic Review Literature Search

Included

Eligibility

Screening

Records excluded                     
n = 950

Full text articles assessed for eligiblity   
n = 84

Full text articles excluded, 
with reasons                             

n = 61

Medline                              
n = 612

Embase                                 
n = 667

CENTRAL                          
n = 225

Studies included                                     
n = 23

Identification

Combined searches                               
n = 1504

Screening of titles and abstracts          
n = 1034

Wrong outcome = 15

Wrong publication type = 6

1. Elbow Prosthesis/ or Arthroplasty, Replacement, Elbow/ 

2. 
(elbow* adj3 (arthroplast* or replacement* or hemiarthroplast* or hemireplacement*or hemi-arthroplast* or 

hemi-replacement*)).tw. 

3. 
((distal adj humer*) adj3 (arthroplast* or replacement* or hemiarthroplast* or hemireplacement* or hemi-

arthroplast* or hemi-replacement*)).tw. 

4. 1 or 2 or 3 

5. ((interposition or osteocapsular or arthroscop*) adj arthroplasty).tw. 

6. 4 not 5 

7. (trauma or fractur*).tw. 

8. 6 and 7 

9. exp animals/ not humans.sh. 

10. 8 not 9 

11. limit 10 to yr="2000 -Current" 
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Study records 

 

Data management 
 

Searches were imported into Endnote (Version X9.3.3, Clarivate, Philadelphia, PEN, USA).  

Full text ar@cles of short-listed cita@ons were obtained from mul@ple sources and stored in 

Endnote. 

 

Selec?on process 
 

Duplicates were excluded in Endnote before ini@al screening based on @tle and abstract 

using Rayyan.ai (Rayyan, Cambridge, MA, USA).(Ouzzani et al., 2016) The screening was 

undertaken independently by two reviewers (AW, ZH)  using  the pre-specified inclusion 

criteria. Full text screening of shortlisted records was conducted independently by two 

reviewers (AW, ZH) with disagreements resolved through discussion. 

 
Data collec?on process 
 

Data collec@on was undertaken using a data collec@on tool in Excel (Microsoj). Pilot tes@ng 

of the data collec@on tool was not undertaken given the small number of studies included.  

Data were extracted independently by two reviewers (AW, ZH) and cross-referenced to 

iden@fy any transcrip@on errors which were corrected by discussion and re-examina@on of 

the source data. 

 

Aggregate results for the post opera@ve pain scales from included studies were extracted 

where available. For studies including heterogeneous groups of pa@ents which prevented 

extrac@on of aggregate data, for example studies using a variety of different implants or 

including indica@ons other than acute trauma, explora@on was undertaken of extrac@on of 

individual pa@ent data to generate aggregate results, using an excel spreadsheet, from 

included published studies by AW and checked for accuracy by ZH.  Pre-opera@ve pain scores 

were not available as these interven@ons are undertaken for acute trauma. 
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Data items 
 

Data items extracted included cita@on details, study design, the age and sex of included 

par@cipants, fracture type according to AO classifica@on, @me from injury to surgery, implant 

studied, sample size, and length of follow up (minimum, maximum, mean/median). For 

instruments measuring pain with a discrete or con@nuous numerical scale, mean, standard 

devia@on, minimum and maximum scores were extracted.  For instruments measuring pain 

using categorical scales, counts and sample size were extracted to calculate propor@ons. 

 

Priori;sa;on 
 

Overall priority was given to pain outcomes recorded with a pa@ent rated pain instrument 

(NRS Pain, Likert scales). Pain scores derived from combined pa@ent and physician rated 

outcome instruments (e.g. Mayo Elbow Performance Score) were used only where an 

individually reported pa@ent pain instrument had not been reported.   

 

Risk of Bias 
 

Based on ini@al searches and a previous scoping review of the literature it was an@cipated 

that the majority of the evidence available would be case series.(Wa`s et al., 2022)  Risk of 

bias assessment was undertaken using the JBI Cri@cal Appraisal Checklist for Case 

Series.(Munn et al., 2020)  The included randomised controlled trials was assessed using the 

Cochrane ROB-2 tool.(Sterne et al., 2019)  Each study was assessed independently by two 

reviewers (AW,ZH) and where there were differences in ra@ng, agreement was reached 

through discussion.  

 

Data extrac;on and synthesis 
 

The data synthesis was conducted in line with the Synthesis Without Meta-analysis (SWiM) 

guidelines that are intended to guide the conduct of systema@c reviews of quan@ta@ve 

effects where meta-analysis of effect size is not possible due to the nature of the available 

data.(Campbell et al., 2020)  The data synthesis aimed to obtain an es@mate of the pain 
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outcome for each treatment without comparison between interven@ons, due to the 

expected paucity of compara@ve studies.   

 

Assessment of clinical and methodological heterogeneity 
 
Clinical heterogeneity included a comparison of pa@ents age, sex and AO classifica@on 

between included studies.  The assessment of methodological heterogeneity was based on 

study design and risk of bias or cri@cal appraisal assessment. 

 

Primary Outcome: Numerical ra;ng scale for pain 
 
The primary outcome was the NRS pain score.  Mean and standard devia@on values were 

extracted where available.  Where the mean and standard devia@on was not available it was 

imputed from the median, minimum and maximum values, and sample size as described by 

Hozo et al.(Hozo, Djulbegovic and Hozo, 2005)  

 

Secondary Outcome: Likert pain scale 
 

A four-point scale was used for analysis as this is a commonly used scale; none, mild, 

moderate, severe.  Data transforma@on was conducted for studies that use a scale with a 

different number of pain descriptors.  For scales that reported a five-point scale: “none”, 

“mild”, “moderate”, “severe” and “extreme”, the “severe” and “extreme” categories were 

combined into “severe”. 

 

Meta-analysis of pain outcomes 
 
Means were combined using standard formulae to provide an es@mate of the average 

weighted mean NRS pain score for DHH and TER separately.(‘Cochrane Handbook for 

Systema@c Reviews of Interven@ons version 6.4’, 2023)  A meta-analysis of single average 

weighted means was conducted using a random effects model in R (Version 2023.06.2) 

Metamean package that uses the inverse variance method for pooling, for each interven@on 

without comparison of interven@ons.  Sta@s@cal heterogeneity was assessed using the Q 

sta@s@c, degrees of freedom and p-value, tau2 as a measure of variance,  I2 sta@s@c to 

quan@fy the propor@on of variance due to true heterogeneity and the H-sta@s@c as a 
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measure of excess of Q over degrees of freedom, where homogeneous treatment effects 

within a meta-analysis would give a value of 1 and values greater than 1 indicate a degree of 

heterogeneity in the data.(Higgins and Thompson, 2002)  Categorisa@on from the Cochrane 

Handbook was used, where an I2 value of 0% to 40% might indicate the propor@on of 

variance a`ributable to heterogeneity is not important, 30% to 60% may represent 

moderate importance, 50% to 90% may represent substan@al importance and 75% to 100% 

considerable importance.(‘Cochrane Handbook for Systema@c Reviews of Interven@ons 

version 6.4’, 2023)  It should be noted that the sta@s@cal tests for heterogeneity can be 

misleading where the number of included studies is low.(Hardy and Thompson, 1998)  

 

For the Likert pain score, propor@ons falling within each category were combined in a 

random effects meta-analysis in R (Version 2023.06.2) Metaprop package, with the variances 

stabilised using the Freeman-Tukey double arcsine transforma@on. Whilst this data could be 

split into (no pain)/(pain) or (no pain, mild pain)/ (moderate pain, severe pain) these 

divisions are arbitrary and there is no clear way to choose between the approaches.  The 

authors felt that it will be more informa@ve to clinicians to synthesise an es@mate of the 

weighted propor@ons within each category (no pain, mild pain, moderate pain and severe 

pain).   

 

Results 
 

Included studies 
 

A total of 1034 abstracts were iden@fied from searches ajer duplicates were removed.  

Nine-hundred and forty were excluded ajer screening of @tles and abstracts.  Eight-four full 

texts ar@cles were reviewed and 23 studies met the inclusion criteria (Appendix H).  The 

reasons for exclusion are provided in Figure 1.   

 

Two randomised controlled trials were iden@fied that compare DHH to TER for acute 

unreconstruc@ble distal humerus fractures.  One pilot study iden@fied from CENTRAL has not 

yet been published.(Smith, 2020)  The authors were contacted and kindly shared their data 

but it did not meet the criteria for inclusion in this systema@c review due to the small 
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sample size and was excluded.  The other published trial reported no difference in pain or 

func@on outcomes between the two interven@ons.(Jonsson et al., 2023)  The sample size 

was 40 pa@ents and there is some uncertainty regarding the findings due to a poten@al risk 

of bias.(Jonsson et al., 2023)  The TER and DHH data from this trial was extracted separately 

and included in the meta-analysis of propor@ons.   

 

One case series met the inclusion criteria measuring pain in pa@ents having a TER for acute 

distal humerus fracture on a numerical ra@ng scale, but the scale was from 1-10 which 

meant the results could not be included in the meta-analysis with other NRS pain scales 

measuring pain from 0-10.(Schiavi et al., 2020)  In this study 12 female par@cipants (mean 

age 79 years) with AO 13C acute distal humerus fractures treated with a Coonrad-Morrey 

TEA had a median pain score 3.2/10 (range 1 to 7) at an average follow up of 91 months 

(range 60 to 120 months).  There were 16 further case series repor@ng pain outcomes of 

TEA.(Ali, Shahane and Stanley, 2010) (Antuña et al., 2012; Baik et al., 2020) (Gambirasio et 

al., 2001; Garcia, Mykula and Stanley, 2002; Frankle et al., 2003; Kamineni and Morrey, 

2004; Jost, Adams and Morrey, 2008; Prasad and Dent, 2008; Sørensen, 2014; Gallucci et al., 

2016; Pogliacomi et al., 2016; Prasad, Ali and Stanley, 2016; Barco et al., 2017; Celli et al., 

2021; Strelzow et al., 2021)  There were 5 case series repor@ng pain outcomes of 

DHH.(Nestorson et al., 2015; Al-Hamdani et al., 2019; Ro@ni et al., 2020; Celli et al., 2022; 

Dirckx et al., 2023)  The demographic details, fractures types and length of follow up are 

provided in table 2.  For all case series included in the meta-analysis, pain data was only 

available for one @me point (the last follow up) and this data was used in the analysis.  

 

Risk of Bias of Included Studies 
 

The demographic data suggest similar age cohorts and similar propor@on of female pa@ents, 

however there was heterogeneity in the included fracture types.  The methodological risk of 

bias of the included randomised trial was assessed as high using the RoB-2 tool (Appendix I).  

For case series the JBI Cri@cal Appraisal Checklist for Case Series was used (Figure 3).  Whilst 

most of the case series met the majority of the checklist criteria, case series are at risk of 

bias due to their uncontrolled design.  In addi@on, we found that there was uncertainty 
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regarding complete inclusion of cases and a lack of repor@ng of the presen@ng sites 

demographic informa@on, that could increase the risk of bias of included studies. 

 

 
Table 2 Demographics of included studies (NA = not available, * indicates individual pa@ent 

data available) 

 

 
Figure 3 Outcome of JBI cri@cal appraisal tool for case series.(Munn et al., 2020) 

 

 
 

Author and Year 
Sample   

size 

Fracture type 
(AO 

classification) Implant  
Mean age in 
years (range) 

% female 
patients 

Mean follow 
up in months 

(range) 
Total elbow arthroplasty           
Gambirasio 2001* 10 13B1/13C Coonrad-Morrey 85 (57-95) 100 18 (12-34) 
Garcia 2002* 16 13A3/13B3/13C3 Coonrad-Morrey 73 (61-95) 75 36 (12-66) 
Frankle 2003* 12 13C Coonrad-Morrey 72 (65-88) 100 45 (24-72) 
Kamineni 2004 43 13A/13B/13C Coonrad-Morrey 69 (34-92) 72 84 (24-180) 
Prasad 2008* 15 13A3/13B3/13C3 Coonrad-Morrey 78 (61-89) 73 52 (24-88) 
Jost 2008 10 13A/13B/13C Coonrad-Morrey 65 (47-83) NA 66 (24-132) 
Ali 2010* 20 13A3/13B3/13C3 Coonrad-Morrey 72 (62-92) 80 63 (36-108) 
Antuna 2012* 14 13B3/13C2/13C3 Coonrad-Morrey 77 (63-89) NA 54 (24-82) 
Sorensen 2014 20 13B3/13C3 Coonrad-Morrey 77 (55-95) 90 21 (4-52) 
Prasad 2016 19 13A3/13B/13C Coonrad-Morrey 68 (40-80) 63 156 (120-210) 
Pogliacomi 2016 20 13C Coonrad-Morrey / Latitude 74 (68-86) 95 60 (24-168) 
Gallucci 2016* 23 13A2/13C Coonrad-Morrey 76 (43-87) 91 40 (13-96) 
Barco 2017 44 NA Coonrad-Morrey 70 (38-93) 75 NA (120-NA) 
Baik 2020 43 13C Coonrad-Morrey 79 (65-91) 79 34 (6-116) 
Strelzow 2021 40 NA Latitude 79 (NA) 88 70 (24-156) 
Celli 2021* 13 13C2/13C3 Coonrad-Morrey 64 (61-67) 85 153 (144-170) 
Jonsson 2023 17 13B3/13C1/13C3 Latitude / Discovery 77 (NA) 88 26 (NA) 
Hemiarthroplasty             
Nestorson 2015* 42 13C3 Latitude Hemiarthroplasty 72 (56-84) 93 34 (24-61) 
Al-hamdani 2019* 24 13C2,13C3 Latitude Hemiarthroplasty 65 (47-80) 88 25 (12-70) 
Celli 2022* 24 13C2/13C3/13B3 Latitude Hemiarthroplasty 64 (45-78) 75 91 (24-151) 
Rotini 2023* 27 13C3/13C2/13B3 Latitude Hemiarthroplasty 64 (45-78) 78 82 (12-151) 
Dirckx 2023* 15 13C3/13B3 Latitude Hemiarthroplasty 75 (62-86) 93 31 (16-56) 
Jonsson 2023 18 13B3/13C1/13C3 Latitude Hemiarthroplasty 74 (NA) 89 32 (NA) 

 

Author and Year

Clear 
criteria for 
inclusion

Condition 
measured in 
standard 
reliable way

Valid 
methods for 
identification 
of cases

Consecutive 
inclusion of 
participants

Complete 
inclusion of 
participants

Clear 
reporting of 
demographics

Clear 
reporting 
clinical 
information

Outcomes 
clearly 
reported

Reporting 
presenting 
sites 
demographic 
information

Appropriate 
statistical 
analysis

Total elbow arthroplasty
Gambirasio 2001 yes yes yes unclear unclear yes yes yes no yes
Garcia 2002 yes yes yes yes no yes yes yes no yes
Frankle 2003 yes yes yes unclear yes no yes yes no yes
Kamineni 2004 yes yes yes yes yes yes yes yes yes yes
Prasad 2008 yes yes yes unclear unclear yes yes yes no yes
Jost 2008 Yes Yes Yes Yes no yes yes yes no yes
Ali 2010 yes yes yes yes no yes yes yes no no
Antuna 2012 yes yes yes unclear unclear no yes yes no yes
Sorensen 2014 yes yes yes yes no yes no yes no yes
Prasad 2016 yes yes yes yes no yes yes yes no yes
Pogliacomi 2016 yes yes yes unclear unclear yes yes yes no yes
Gallucci 2016 yes yes yes unclear no yes yes yes no yes
Barco 2017 yes yes yes yes no yes yes yes unclear no
Baik 2020 yes yes yes unclear unclear yes yes no no no
Strelzow 2021 no yes unclear no no no yes no no yes
Celli 2021 yes yes yes yes yes yes yes yes no yes
Hemiarthroplasty
Nestorson 2015 yes yes yes yes no yes yes yes no yes
Al-hamdani 2019 yes yes yes yes no yes yes yes yes yes
Celli 2022 yes yes unclear unclear no yes yes yes no yes
Rotini 2023 yes yes yes unclear no yes yes yes no yes
Dirckx 2023 yes yes yes yes no yes yes yes no yes
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Pain Outcomes 
 

Pain outcome data was obtained from the following outcome instruments; Numerical Ra@ng 

Scale pain (NRS pain) score, Likert pain scale, Disabili@es of the Arm Shoulder and Hand 

(DASH) item 24 or and short form DASH (QuickDASH) item 9 (pain in the last week), Oxford 

Elbow Score item 12 (average daily pain), Mayo Elbow Performance Score Likert pain scale.   

 

The included randomised controlled trial reported pain for TER and DHH on a Likert scale 

extracted from the Mayo elbow performance score.(Jonsson et al., 2023) Sixteen case series 

reported pain outcomes for TER; 3 reported pain using numerical ra@ng scales (NRS pain) 

only, 12 used a Likert scale for pain only and 1 reported both.(Table 3)   In 2 of the 4 studies 

repor@ng NRS pain the mean or median was provided with minimum and maximum values 

but with no es@mate of variance, in one study the median, minimum, maximum and 

interquar@le range was reported.(Prasad, Ali and Stanley, 2016; Barco et al., 2017; Baik et 

al., 2020)   These values were used to calculate means and standard devia@ons. 

 

 

Table 3 Data for pain outcomes (* indicates imputed data). 

 

Author and Year
Sample   

size

Mean NRS 
pain score 

(SD)

Minimum 
NRS pain 

score

Maximum 
NRS pain 

score

Number 
with no 

pain

Number 
with mild 

pain

Number 
with 

moderate 
pain

Number 
with severe 

pain
Total elbow arthroplasty
Gambirasio 2001 10 NA NA NA 8 2 0 0
Garcia 2002 16 NA NA NA 11 5 0 0
Frankle 2003 12 NA NA NA 10 2 0 0
Kamineni 2004 43 NA NA NA 35 8 0 0
Prasad 2008 15 NA NA NA 8 5 2 0
Jost 2008 10 NA NA NA 10 0 0 0
Ali 2010 20 NA NA NA 14 6 0 0
Antuna 2012 14 NA NA NA 6 3 4 1
Sorensen 2014 20 NA NA NA 15 4 1 0
Prasad 2016 19 1.8 (2.2)* 0 5 NA NA NA NA
Pogliacomi 2016 20 NA NA NA 18 2 0 0
Gallucci 2016 23 1.0 (1.3) 0 5 NA NA NA NA
Barco 2017 44 0.6 (1.0) 0 4 27 6 0 0
Baik 2020 43 3.5 (2.0) 0 8 NA NA NA NA
Strelzow 2021 40 NA NA NA 28 10 2 0
Celli 2021 13 NA NA NA 7 6 0 0
Jonsson 2023 17 NA NA NA 12 3 1 1
Hemiarthroplasty
Nestorson 2015 42 NA NA NA 31 6 4 1
Al-hamdani 2019 24 2.6 (2.4) 0 7 NA NA NA NA
Celli 2022 24 NA NA NA 20 1 3 0
Rotini 2023 27 NA NA NA 23 1 3 0
Dirckx 2023 15 0.5 (0.8) NA NA NA NA NA NA
Jonsson 2023 18 NA NA NA 10 5 3 0
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In addi@on to the included randomised trial repor@ng pain using a Likert scale for DHH, there 

were 5 case series repor@ng pain outcomes for DHH; 3 repor@ng Likert pain scores only and 

2 repor@ng NRS pain only (Table 3). 

 

Pain measured on Numerical Ra?ng Scale 
 

All studies included in the meta-analysis reported pain on an 11-point NRS scale, from 0 = no 

pain to 10 = worst pain.  Four cohort studies measured pain following TER including 129 

par@cipants.(Gallucci et al., 2016; Prasad, Ali and Stanley, 2016; Barco et al., 2017; Baik et 

al., 2020)  The NRS pain score from the four studies of TEA had a mean ranging from 0.6 (SD 

1.0) to 3.5 (SD 2.0).  Meta-analysis es@mated a weighted mean NRS pain for TER of 1.7/10 

(95% CI 0.4 to 3.0). The sta@s@cal tests indicate substan@al varia@on in the outcomes, a large 

propor@on of which is due to true heterogeneity with an I2 of 95.9%.   

 

The two studies of DHH repor@ng NRS pain scores on an 11-point scale include 39 

par@cipants with means of 0.5 (SD 0.8) and 2.6 (SD 2.4).(Al-Hamdani et al., 2019; Dirckx et 

al., 2023)  Meta-analysis es@mated a weighted mean NRS pain for DHH of 1.5/10 (95% CI 0.0 

to 3.6). Again, sta@s@cal tests indicate substan@al varia@on in the reported outcomes, a large 

propor@on of which is probably due to true heterogeneity (I2 93.6%), although with only two 

studies this should be interpreted with cau@on (Figure 4). 

 
Figure 4 Forest plots NRS pain for TER and DHH (DF = degrees of freedom).(Gallucci et al., 

2016; Prasad, Ali and Stanley, 2016; Barco et al., 2017; Al-Hamdani et al., 2019; Baik et al., 

2020; Dirckx et al., 2023). 

 

Q = 72.62, DF = 3, p <0.0001, tau-square = 1.58, I-square = 95.9%, H = 4.92 Q = 15.6, DF = 1, p <0.0001, tau-square = 2.1, I-square = 93.6%, H = 3.95

TER DHH

TER
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Pain measured on a 4-point Likert scale 
 

Meta-analysis of the probability es@mate of each response on the 4-point Likert pain scale 

was undertaken for TER and DHH. 

 

For TER the weighted probability of no pain from 14 studies including 283 par@cipants was 

0.75(95% c.i. 0.67 to 0.82), mild pain 0.21(95% c.i 0.16 to 0.26), moderate pain 0.02 (95% c.i. 

0.00 to 0.05), severe pain 0.00 (95% c.i. 0.00 to 0.01). (Ali, Shahane and Stanley, 2010) 

(Antuña et al., 2012) (Frankle et al., 2003; Barco et al., 2017; Celli et al., 2021) (Gambirasio et 

al., 2001; Garcia, Mykula and Stanley, 2002; Kamineni and Morrey, 2004; Jost, Adams and 

Morrey, 2008; Prasad and Dent, 2008; Pogliacomi et al., 2016; Jonsson et al., 2023) 

(Sørensen, 2014; Strelzow et al., 2021)  

 

For DHH the weighted probability of no pain from 4 studies including 111 par@cipants was 

0.76 (95% CI 0.64 to 0.86), mild pain 0.10(95% CI 0.03 to 0.21), moderate pain 0.12 (95% CI 

0.06 to 0.18) and severe pain 0.00(95% CI 0.00 to 0.03).(Nestorson et al., 2015; Ro@ni et al., 

2020; Celli et al., 2022; Jonsson et al., 2023) (Figure 5) 

 

 

Figure 5 Forest plots of pooled probabili@es of Likert pain scores for TER and DHH. 

 

The results of sta@s@cal test for heterogeneity for the pain outcomes and sensi@vity analysis 

are provided in Appendix J.  Sensi@vity analysis indicated no change in the findings that 

would alter the interpreta@on when imputed data was removed from the analysis of the NRS 

pain score for TER. 

 

Summary pain scores TER on Likert scale Summary pain scores DHH on Likert scale
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Discussion 
 

Adults with mul@-fragmentary fractures of the distal humerus, who are considered to be 

well enough to undergo surgery, but whose fracture configura@on or bone quality does not 

allow for fracture fixa@on (osteosynthesis), may consider either total elbow replacement or 

distal humerus hemi-replacement to restore func@on.  Current NJR data suggests 

community uncertainty amongst elbow surgeon between TER or DHH in this situa@on with 

approximately equal numbers of each procedure recorded each year in the Na@onal Joint 

Registry of England, Wales, Northern Ireland and Guernsey.(Achakri et al., 2023)   The 

perceived advantage of DHH is preserva@on of bone stock, unlimited weight restric@on, 

avoidance of polyethylene par@culate debris and reduced risk of component loosening, as 

ulna stem loosening is a common problem in total elbow arthroplasty.(Figgie et al., 2006; 

Goldberg et al., 2008; Argintar et al., 2012)  TER on the other hand could result in be`er 

func@on with less pain, when compared to hemiarthroplasty, as has been observed in other 

joints.24,25  There may also be differences in the rates of revision following these two 

interven@ons.(Achakri et al., 2023) 

 

Two systema@c reviews published in 2022 comparing the func@onal outcome of TER and 

DHH indicate no clinical difference in outcome when func@on was measured using the Mayo 

Elbow Performance Score, short form version of the Disabili@es of the Arm Shoulder and 

Hand Score (quickDASH), and measured range of flexion and extension and pronosupina@on 

of the forearm.(Burden et al., 2022; Stoddart et al., 2022)  One of the reviews reported that 

the full version of the Disabili@es of the Arm Shoulder and Hand Score (DASH score) may be 

lower in the DHH group, with a weighted mean difference of 18.4/100 compared to 

TEA.(Burden et al., 2022) However the other systema@c review using broader inclusion 

criteria reported minimal difference in DASH scores.(Stoddart et al., 2022) None of the 

published systema@c reviews have inves@gated the pain outcome for TER or DHH for acute 

distal humerus fractures. 

 

The only published randomised controlled trial repor@ng pain outcomes found no significant 

differences between the TER and DHH group with 20 par@cipants in each group, when pain 

was measured on a Likert scale.(Jonsson et al., 2023)  Through this systema@c review we 
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have described in more detail the available data on pain outcomes following TER and DHH 

for treatment of distal humerus fractures.  Overall average pain scores are low following TER 

and DHH for acute distal humerus fractures, but this data synthesis indicates that some 

pa@ents do report ongoing pain following these interven@ons.  Data from studies repor@ng 

pain measured using a numerical ra@ng scale suggest similar weighted mean pain scores 

between the two interven@ons, but this was based on only a few small studies with 129 

observa@ons for TER and 39 for DHH, which may explain the wider confidence interval for 

DHH.  Differences in the distribu@on of pain scores were observed from a larger group of 

studies including more pa@ents (283 observa@ons TER and 111 DHH) measuring pain using 

4-point Likert scales, with evidence indica@ng that more than 1 in 10 pa@ents will report 

moderate pain ajer DHH, whereas less than 2/100 report moderate pain ajer TER.  There is 

substan@al heterogeneity in the reported data from included studies and therefore there is 

uncertainty regarding this finding.  The quality of the available evidence does not enable 

direct comparison of pain outcomes between the two interven@ons.  There is concern 

regarding clinical heterogeneity between studies (different fracture types) and the majority 

of studies are case series.  The only randomised trial comparing outcomes between TER and 

DHH showed no difference in pain outcomes using a Likert instrument, but the trial was not 

powered to address this ques@on.(Jonsson et al., 2023)  

 

Currently there is insufficient informa@on to guide clinicians or pa@ents regarding the be`er 

treatment op@on.  This systema@c review has added to the uncertainty regarding the 

equivalence of outcomes of TER and DHH for treatment of acute unreconstruc@ble distal 

humerus fractures in adults.  A prospec@ve randomised trial is needed to compare the 

outcome of TER and DHH in this popula@on.  This systema@c review provides data to inform 

an es@mate of the distribu@on for the pain outcomes that can be used to help the trial 

design.  Further work is required, however, to determine acceptable parameters for power 

analysis. 

 

2.5.5 Concluding remarks 
 
To my knowledge this is the first systema@c review to report pain outcomes, the primary 

outcome iden@fied by pa@ents, following elbow replacement for acute distal humerus 
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fractures in adults.  Whilst it is not possible to draw direct comparison between the pain 

outcome following total elbow replacement and hemi-replacement, the pooled results 

indicate that over 10% of pa@ents report moderate or severe pain ajer hemi-replacement.  

Pooled pain results for total elbow replacement indicate that reports of moderate or severe 

pain are not common.   

 

Pain has been measured en@rely using either numerical ra@ng scales or Likert pain scales, 

ojen as part of a combined func@on and pain instrument.  Both instruments only assess 

pain in a single domain (pain over a specified @me period) and neither of these pain 

instruments have been validated for use in elbow arthroplasty.  The American Shoulder and 

Elbow Society pain (ASES pain) subscale and the Pa@ent Rated Elbow Evalua@on pain (PREE 

pain) subscale, have been validated for use in this sefng, but currently there is a lack of 

data on the expected pain outcomes from these two instruments.(MacDermid, 2001)(King et 

al., 1999)(King et al., 1999; MacDermid, 2001; Angst et al., 2005)  Neither instrument 

provides weigh@ng to the pain scales captured, and the total score for each instrument is 

used to report outcomes.  Of the two instruments, only the PREE assesses the frequency of 

pain symptoms.  This is  a useful measure of the impact of pain, that is used in clinical 

prac@ce, because it has been shown that increases in the frequency of pain can have a 

nega@ve effect on quality of life.(Katz, 2002)   

 

In the absence of prior data on PREE pain scores following elbow replacement for trauma, 

other techniques have to be employed to establish probability distribu@ons.  Expert 

elicita@on, where experts are asked to express their view of the likely distribu@on of values 

of a quan@ty of interest based on their own experience of a subject and a summary of 

current knowledge, is a technique for genera@ng probability distribu@ons for unknown 

quan@@es.  The next chapter will explore es@mates of PREE pain outcomes following elbow 

arthroplasty for acute trauma in adults, using Sheffield Expert Elicita@on Framework.(Oakley 

and O’Hagan, Anthony, 2019) 
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2.6 Paper 4: Pain score distribu;on Expert elicita;on study for Distal humerus hemi-
replacement And total elbow replacement using a validated Numerical pa;ent 
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2.6.3 Introduc;on to the paper 
 
The previous paper described the weighted pooled distribu@on of pain outcomes following 

TER and DHH for acute trauma from the published literature.  The reported outcomes have 

been measured using numerical ra@ng scales for pain or Likert scales, both of which are 

unidimensional and neither has been validated for use in elbow replacement research.  

These pooled distribu@ons can, however, be used by elbow surgery experts to elicit 

probability distribu@ons for an instrument that has been validated for use ajer elbow 

replacement, but for which parameter proper@es are not known, namely the Pa@ent Rated 

Elbow Evalua@on pain (PREE pain) score.  There is a rich literature on the psychology behind 

expert elicita@on and techniques to manage bias, anchoring and group behaviour.(O’Hagan, 

2006)  The Sheffield elicita@on framework is a structured approach to expert elicita@on that 

has been used in the next paper to develop prior probability distribu@on func@ons to 

address objec@ve D of the thesis, to generate an informa@ve prior for the key outcome using 

expert elicita@on techniques informed by the evidence synthesis.(Oakley and O’Hagan, 

Anthony, 2019)  The experts were selected from an interna@onal group of known elbow 

replacement experts who are ac@ve in research and who were willing to take part in the 

study, balancing those who have published on the use of total elbow replacement and hemi-

replacement in trauma, and therefore have an understanding of probability distribu@ons for 

pain outcomes.  Other key-stakeholders, such as pa@ents and physiotherapists were not 

included.   

 
2.6.4 SubmiJed manuscript 
 
Title 
 
Pain score distribu@on expert elicita@on study for distal humerus hemi-replacement and 

total elbow replacement using a validated numerical pa@ent rated outcome-measure in 

trauma (PEDANT) 
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Abstract 
 
Background 

When distal humerus fractures in adults cannot be fixed, total elbow replacement (TER) and 

distal humerus hemi-replacement (DHH) are used for joint salvage in approximately equal 

numbers in England.  Pa@ents have reported that pain is the primary outcome of this 

interven@on from their perspec@ve.  The Pa@ent Rated Elbow Evalua@on (PREE) pain 

subscale has been validated for use as a pain instrument for elbow replacement but there is 

no data on PREE pain outcomes for pa@ents treated for acute trauma.  Expert elicita@on is a 

method for producing probability distribu@ons for unknown parameters. 

 

Aim 

The aim of this study is to conduct expert elicita@on using the Sheffield Expert Elicita@on 

Framework (SHELF) methodology to produce probability distribu@ons for the PREE pain 

score at 12 months in adult pa@ents with unreconstruc@ble distal humerus fractures treated 

with TER or DHH. 

 

Methods 

SHELF methodology was used to elicit probability distribu@ons.  Seven experts were 

recruited from several countries selec@ng a balance of those favouring TER and those 

favouring DHH.  The experts were provided with a summary of known pain outcomes for 

elbow replacement for trauma from a systema@c review, and were asked to consider their 

median of the Pa@ent Rated Elbow Evalua@on (PREE) pain score at 12 months ajer a TER for 

acute trauma, their difference in the median PREE pain scores at 12 months between TER 

and DHH, and the standard devia@on of the PREE pain score at 12 months ajer a TER and 

DHH.  The Ra@onal Independent Observer (RIO) concept was used to achieve consensus.  

Where elicited distribu@ons follow a normal distribu@on the standard distribu@on (SD) is 

used to describe distribu@on of data, for other distribu@ons the interquar@le range (IQR) is 

used. 
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Results 

 

The elicited median value for the PREE pain at 12 months ajer TER for acute trauma was 

13.6/50 (IQR 10.6 to 16.8).  The experts median es@mate of the difference in PREE pain 

scores between TER and DHH at 12 months for acute trauma was 3.4 (IQR -0.3 to 7.1).  The 

elicited standard distribu@on of PREE pain scores at 12 months ajer TER for trauma was 9 

(standard devia@on (SD) 2.2), and ajer DHH was 12 (SD 3.0). 

 

Conclusion 

 

Having considered the available evidence and using standard elicita@on techniques seven 

experts reached a consensus that pain scores measured using the PREE pain instrument at 

12 months in pa@ents treated with elbow arthroplasty for acute trauma would be higher 

following DHH than TER, and that the pain scores for DHH pa@ents would exhibit greater 

variance than pa@ents having TER.  This difference is es@mated to be small and modelling of 

trial outcome suggests it would not be possible to show a sta@s@cally significant difference in 

pain outcome between the two interven@ons using this instrument.  This data provides prior 

distribu@ons that can be updated using Bayesian methodology in a future randomised 

controlled trial to provide more accurate es@mates of popula@on probability distribu@ons. 

 

Introduc;on 

 

Fractures of the distal humerus are increasing due to an ageing popula@on, and elbow 

arthroplasty for trauma has doubled in the ten years that the Na@onal Joint Registry has 

been collec@ng data for England, Wales, Northern Ireland and Guernsey with 144 confirmed 

elbow arthroplasty opera@ons for acute trauma in 2022.(Palvanen et al., 2010; Achakri et al., 

2023)  The treatment op@ons for this injury are cast immobilisa@on without an opera@on, 

fixa@on with plates and screws (osteosynthesis), and elbow prosthe@c 

replacement.(Stoddart et al., 2022)  Where the bone cannot be fixed there are two op@ons 

for elbow replacement for trauma, distal humerus hemi-replacement (DHH) in which just the 

broken elbow end of the humerus is replaced, and total elbow replacement (TER) in which 

both the broken humerus and intact proximal ulna are replaced.  TER has been the standard 
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care but there are concerns about limita@ons in loading the operated joint, the risk of the 

implant loosening from the bone over @me leading to pain and a need for revision 

surgery.(Barco et al., 2017)  DHH has been proposed as an alterna@ve solu@on with the 

hypothesis that the risks caused by joint loading ac@vi@es and of implant loosening and 

revision is reduced because only one part of the joint being replaced.(Phadnis, Banerjee, 

Adam C Wa`s, et al., 2015)  Hemi-replacement has been used in other joints for trauma, but 

has been shown to be associated with higher risk of joint pain and inferior func@onal 

outcomes when compared to total joint arthroplasty.(Zi-Sheng et al., 2012; Shukla et al., 

2016)  There are no large randomised controlled trials comparing the outcome of DHH to 

TER in acute elbow trauma and it is not known which approach is be`er for pa@ents.   

 

One of the barriers to conduc@ng a randomised trial is the incidence rela@vely low incidence 

of distal humerus fractures requiring arthroplasty, which makes it challenging to recruit and 

randomise sufficient par@cipants to adequately power the study in an economically viable 

@me period.   Elbow arthroplasty is a rare interven@on with an annual incidence of less than 

1 per 100,000 popula@on, and elbow arthroplasty for acute trauma accounts for only 40% of 

these, with approximately equal numbers having TER and DHH in the NJR data from 2020 to 

2022.  Whilst it may be viable to conduct a suitably powered randomised trial using a 

classical or frequen@st approach if all of these pa@ents could be randomised, these 

procedures are spread over approximately 90 hospitals, crea@ng a logis@cal and economic 

challenge.   

 

An alterna@ve approach is to use Bayesian approaches, whereby we start with an ini@al 

probability distribu@on for the outcome (prior distribu@on), collect data (likelihood) and 

apply Bayes theorum to update the probability distribu@on (posterior distribu@on).(Donovan 

and Mickey, 2019)  The posterior distribu@on should be closer to the true popula@on 

distribu@on than the prior, based on the evidence collected.  When using this approach we 

can use an uninforma@ve prior, where every outcome has the same probability, which is akin 

to the frequen@st approach, where we ignore any previous knowledge on the subject in the 

analysis other than for conduc@ng power calcula@ons.  In most cases, however, we have 

some knowledge of the expected outcomes, and it may be possible to produce an 
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informa@ve prior based on published data and expert knowledge, whereby some outcomes 

are considered to have a higher probability than others.   

 

Trial planning requires iden@fica@on of a primary outcome which should be valid, feasible to 

measure and relevant to the par@cipants and end-users.(McLeod et al., 2019)  In the CODER 

Real-Time Delphi consensus study pa@ents iden@fied pain as the primary outcome domain 

for elbow arthroplasty.(Wa`s et al., 2024)   Of the validated pain instruments for elbow 

arthroplasty, the Pa@ent Rated Elbow Evalua@on(PREE) best fulfils the criteria for the 

primary outcome instrument.(MacDermid, 2001) The PREE measures the average amount of 

pain over the last week using an 11-point numerical ra@ng scale from no pain (0) to worst 

pain ever (10) in five domains; worst pain, rest pain, pain when lijing a heavy object, pain 

with repeated movement, and frequency of pain from never (0) to always (10). However, a 

lack of data on PREE scores in the popula@on undergoing elbow arthroplasty for acute 

trauma is a barrier to trial planning.   

 

A systema@c review of the published literature since 2000 has shown that the es@mate of 

pain outcomes ajer elbow arthroplasty for trauma is not well described.(Wa`s, 2023b)  The 

literature consists largely of case series with implicit high risk of bias. The iden@fied studies 

use either an NRS or Likert scale for pain.  None report the pain scores using the PREE.  

Expert elicita@on is a scien@fic model used to produce probability distribu@ons for unknown 

parameters.  A number of different approaches can be used such as the Classic Method and 

the Sheffield Expert Elicita@on Framework (SHELF).(Cooke, R.M., 1991; Flandoli et al., 2011; 

O’Hagan, 2019)  In the elicita@on process experts are asked to consider what is currently 

known on a subject, and their own experience as an expert, in order to elicit a probability 

distribu@on for quan@@es of interest for which the value is not known.  This elicited 

informa@on can be used to inform prior distribu@ons for Bayesian approaches or to inform 

sample size calcula@ons with a frequen@st approach.(Tan, Chung, et al., 2003)(Oremus et al., 

2002; Tan, Chung, et al., 2003) 

 

The aim of this study is to undertake expert elicita@on using the SHELF methodology to 

produce prior probability distribu@ons for the PREE pain score at 12 months in adult pa@ents 

with unreconstruc@ble distal humerus fractures treated with TER or DHH. 
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Materials and Methods 

 

The protocol adheres to the reference protocol for expert elicita@on studies described by 

Bojke et al. in 2021 which was funded by the Na@onal Ins@tute for Health Research (NIHR) 

Health Technology Assessment (HTA) programme.(Bojke et al., 2021) 

 

Experts 
 

The experts were recruited from specialists in orthopaedic elbow surgery.  The experts were 

chosen on the basis of known exper@se in elbow replacement for distal humeral fracture 

with evidence of research on this topic and from specialist shoulder and elbow surgeons 

with a strong background in research methods evidenced by publica@on.  Representa@on 

was balanced between those predominantly using DHH and those predominantly using TER 

for acute trauma reconstruc@on.  Experts were drawn from a number of different countries 

to ensure a breadth of opinion was sampled.  Experts were required to be able to 

communicate in English and understand wri`en English.  

 

Le`ers of invita@on were sent via email outlining the protocol and @me commitment 

required.  Experts had to be willing to par@cipate in one-to-one sessions and commit to 

a`ending a group elicita@on session.  The experts were asked to declare any personal or 

financial conflicts of interest. 

 

Approach to elicita;on 
 

The Sheffield Expert Elicita@on Framework (SHELF) was used.(Oakley and O’Hagan, Anthony, 

2019)  The experts were provided with a standardised SHELF expert briefing document that 

explained the process of expert elicita@on and introduced the key concepts that the expert 

needed to understand for the workshop (Appendix K). Addi@onal training was available 

online via the SHELF website which par@cipants were signposted to 

(h`ps://shelf.sites.sheffield.ac.uk/e-learning-course).   
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The experts were provided with an evidence dossier developed by AW based on a systema@c 

review summarising current evidence regarding pain outcomes for TER and DHH in trauma 

from studies published since 2000 (Appendix L).  The evidence consists largely of 

observa@onal studies of case series, and pain was measured en@rely with either 11-point 

numerical ra@ng scales for pain (NRS pain) or 4- or 5-point Likert scales.  The summary 

evidence from the systema@c review repor@ng a high risk of bias was provided for the 

experts, showing summary mean NRS pain scores and 95% confidence intervals for TER and 

DHH, as well as summary Likert pain scale outcomes repor@ng the propor@on repor@ng pain 

as none, mild, moderate, and severe. 

 

To help the experts convert the summary evidence using the Likert scale into PREE 

outcomes, data from a separate study by Angst et al. of a non-trauma popula@on was 

presented that had measured pain six months ajer TER using PREE pain and a Likert pain 

scale from the SF-36.(Angst et al., 2005)  The mean PREE pain score was 14/50 (SD 13.3) and 

the mean SF-36 pain score was 60 which equates to “mild pain” on the 6-item SF-36 Likert 

scale.   The experts were invited to comment on the data presented and suggest changes 

prior to star@ng the elicita@on workshops to produce a final evidence dossier that was 

shared with all reviewers.   

 

One-to-one elicita@on was conducted by AW as facilitator and ZH as recorder with the 

experts to elicit the quan@@es of interest.  

Once all of the experts had completed their one-to-one elicita@on exercises, they were 

brought together online for a group elicita@on mee@ng to discuss the anonymised individual 

results and to elicit a distribu@on for each quan@ty of interest as a group using the principle 

of the “ra@onal independent observer” (RIO). 

 

Elicita;on method 
 

Variable interval methods (VIM) were used to elicit probability distribu@ons for the median 

NRS pain scores for DHH and TER.(Bojke et al., 2021)  The median value was elicited, rather 

than the mean, as it is easier for experts to consider the value below or above which they 

would expect 50% of the values to lie.  In normally distributed data the median will 
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approximate to the mean.  The quar@le method was used for ini@al elicita@on by individual 

experts.  The probability method was used for the group elicita@on.  Standard devia@ons 

were elicited using the method described by Alhussain and Oakley.(Alhussain and Oakley, 

2020) 

 
Quan;;es of interest 

 

A: Experts were asked to consider their median of the Pa@ent Rated Elbow Evalua@on (PREE) 

pain score at 12 months ajer a TER. 

 

B: Experts were asked to consider their difference in the median PREE pain scores at 12 

months in pa@ents having TER or DHH for acute trauma. 

 

C: Experts were asked to consider their standard devia@on of the PREE pain score at 12 

months ajer a TER and DHH. 

 

FiUng 
 

The fifng was guided by the expert’s beliefs using SHELF sojware and distribu@on 

parameters generated, the beta distribu@on was chosen as the default because this 

produces distribu@on bounded by the lower and upper plausible limits provided by the 

expert.(Oakley, 2015)  The individual fi`ed distribu@on were shown to the expert without 

commentary or revision.  For the group stage the quan@ty of interest was elicited using the 

RIO model and the fi`ed consensus RIO distribu@on was shared with the experts for 

considera@on and adjustment if it did not adequately reflect their consensus view.  A beta 

distribu@on was generated from the parameters elicited from the experts, bounded by the 

parameter limits. 

 
Aggrega;on 

 

Mathema@cal aggrega@on was not undertaken as there was insufficient agreement between 

the individually elicited fi`ed distribu@ons.  Behavioural aggrega@on was used with experts 

a`ending an online consensus mee@ng to agree a fi`ed distribu@on for the RIO.   
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Documenta;on 
 

Standardised SHELF documents were used to collect data from the experts before and 

during the elicita@on process.  The “Expert Enquiry” form was completed by the experts 

prior to the elicita@on mee@ng and their responses collated (Appendix M).  This included the 

expert’s name and @tle, their background and exper@se and their declara@ons of interest.  

The experts were asked to review the evidence dossier and to list any addi@onal sources of 

evidence that they felt should be considered by the experts, and to list any ques@ons, 

clarifica@ons or correc@ons pertaining to the evidence dossier. 

 

During each workshop the SHELF elicita@on record documents were used. The purpose of 

the elicita@on was clearly defined and a record of the pre-elicita@on training received by 

each expert was documented, including any training elicita@ons.  The exper@se of all 

par@cipants was recorded alongside declara@ons of interest.  The evidence document was 

reviewed and clarifica@ons made without discussion of the quality or interpreta@on of the 

evidence.  The structure of the elicita@on was discussed with the expert, with clear 

defini@ons of the quan@@es of interest provided.   

 

One-to-one elicita;on 
 

The SHELF elicita@on record was completed for each quan@ty of interest.  This captured the 

date, start @me and finish @me of the mee@ng, a record of the discussion and parameters 

elicited.  The facilitator (AW), an elbow surgeon trained in SHELF methodology, led the 

discussion.  To ensure anonymity of the experts’ elicita@ons at the group feedback stage, 

each was assigned a unique iden@fier that was used in feedback.   

 

For each quan@ty of interest, the defini@on and the evidence regarding only that quan@ty 

was reviewed.  The expert was asked to record their lower and upper plausible limits for that 

quan@ty.  The expert was then asked to consider and record their median (M) and lower and 

upper quar@les (Q1, Q2) for the quan@ty of interest using pre-prepared slide sets from the 

SHELF package to explain these concepts.  The recorder (ZH) documented the experts’ 
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responses and then fi`ed a distribu@on using SHELF sojware to the expert’s assessment 

which was captured in the form of density func@ons.  The expert was shown the fi`ed 

distribu@on but not invited to revise it and no commentary was provided by the facilitator at 

this stage. 

 

Standard devia@ons for the PREE pain at 12 months for TER and DHH were elicited by asking 

the expert to consider their lower and upper es@mates of the propor@on of pa@ents scoring 

between their elicited median score for PREE pain ajer TER and their median plus 10 points.  

For the standard devia@on of DHH their median PREE pain score was calculated from the 

sum of their median for TEA and their difference in PREE pain score between TER and DHH 

at 12 months.  The expert was asked to consider their lower and upper es@mates of the 

propor@on of pa@ents scoring between their elicited median score for PREE pain ajer DHH 

and their median plus 10 points.  The assurance shiny app from the SHELF website was used 

to calculate their upper and lower limit of the standard devia@ons from the propor@ons 

es@mated.(Alhussain and Oakley, 2020) 

 

Group Elicita;on 
 

The group elicita@on record from SHELF was used to document the group elicita@on 

exercise.  The Facilitator computed an equally-weighted average of the density func@ons 

(linear pool) using SHELF sojware.  This was not revealed to the experts, but available as a 

benchmark by the facilitator if group discussions lead to an unwarranted narrowing of the 

uncertainty, that was not supported by the group elicita@ons.  The group were shown each 

of the individually synthesised fi`ed distribu@ons for each quan@ty of interest in 

anonymised format to s@mulate discussion.  The experts were given the opportunity to give 

their opinion about the quality and interpreta@on of the evidence.   

 

For the group stage elicita@on, the limits were set to the parameter limits for the quan@ty of 

interest; the median PREE at 12 months ajer TER (0 to 50) and the RIO difference in PREE 

scores at 12 months between TER and DHH (-50 to 50).  The group elicita@on method and 

judgements were recorded.  The group consensus judgements for RIO using the probability 
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method were recorded for the probabili@es (P1, P2, P0) of three values of the quan@ty of 

interest (X) chosen by the facilitator (X1, X2, X0).   

 

To elicit the standard devia@on for PREE pain scores for TER and DHH at 12 months the 

group were asked to reach a consensus on what a ra@onal independent observer (RIO) 

would consider to be a plausible upper and lower limit for the standard devia@on of PREE 

pain scores at 12 months ajer TER and DHH, based on the experts lower and upper limits 

from the individual elicita@on stage, which was recorded as the “group plausible range”.  The 

quar@le method was used to elicit the RIO probability distribu@on of the quan@@es of 

interest. 

 

The parameters for the fi`ed distribu@on for the consensus RIO judgement was recorded in 

the SHELF documenta@on, and the fi`ed distribu@on shared with the experts alongside 

some implied probabili@es such as the 10th and 90th percen@le.  The experts were given the 

opportunity to adjust the elicited parameters with further rounds of fifng and feedback if 

required un@l the final fi`ed distribu@on was accepted and recorded in the chosen 

distribu@on field. 

 

Delivery 
 

The structured elicita@on exercises and group elicita@on stage was conducted online using 

Zoom (Zoom Video Communica@ons Inc.) to accommodate expert surgeons from Belgium, 

France, Finland, Sweden and the United Kingdom. 

 

Training and pilo;ng 
 

Online training videos for self-directed learning were made available ( 

h`ps://shelf.sites.sheffield.ac.uk/e-learning-course) and experts were encouraged to review 

these before the one-to-one elicita@on mee@ngs.  To familiarise the expert to the methods 

of expert elicita@on a trial elicita@on was conducted to elicit parameters for a quan@ty of 

interest unrelated to the study aims at the start of the one-to-one elicita@on workshop.  This 

allowed the Facilitator to highlight common errors of elicita@on such as overconfidence 

https://shelf.sites.sheffield.ac.uk/e-learning-course
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(bounds between upper and lower plausible limits too narrow) and imprecision (for example 

placing upper and lower quar@les too far from the median).   

 

The protocol was piloted with a local elbow surgeon expert (AWr) to ensure that the 

procedures func@on as intended and could be easily followed by the par@cipants. 

 

Results 
 

Seven experts were contacted and agreed to take part in the expert elicita@on.  Prior to 

par@cipa@on in the elicita@on workshop all experts read the SHELF elicita@on guide and one 

expert accessed the online SHELF training material.  The experts declared any conflicts of 

interest (Appendix M).  All experts were happy with evidence dossier provided and none 

provided any addi@ons, correc@ons or sought any clarifica@ons. 

 

Median PREE pain score at 12 months following TER for distal humerus fracture 
 

The experts were asked to consider their distribu@on of the median score on the PREE pain 

scale from 0 to 50 (were 0 represents no pain) at 12 months ajer TER.  They were asked to 

consider what the distribu@on would look like if 100 experiments were conducted and all 

the medians were plo`ed. The parameters elicited from the experts are given in table 1. 

 

At the group stage this elicited data was considered and there was discussion of the 

available evidence.  The parameter limits for the PREE are 0 and 50.  The experts were asked 

to agree RIO cumula@ve probabili@es for a value of the median PREE of 10, 16 and 20 and 

agreed values of 0.2, 0.7, and 0.9.  The fi`ed beta distribu@on curve (parameters a = 6.69, ß 

= 17.4) had a median value of 13.6/50 (inter-quar@le range (IQR) 10.6 to 16.8). This was fed 

back to the experts, with the implica@ons that 10% of the median values would lie below 7.9 

and 10% would lie above 19.6, and the experts felt that this reasonably represented the RIO 

distribu@on.  No further elicita@on was conducted for this quan@ty. 
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Expert Lower 

plausible 

limit 

Lower 

quartile 

Median Upper 

quartile 

Upper 

plausible 

limit 

Fitted Beta 

distribution 

parameters 

a b µ 

A 10 12 15 16 18 0.953 0.825 14.40 

B 10 12 16 20 26 0.711 1.070 15.70 

C 5 8 10 12 16 1.670 1.960 9.97 

D 10 12 15 17 20 0.908 1.000 14.60 

E 7 12 14 16 26 3.650 6.090 14.00 

F 10 13 16 18 22 1.310 1.410 15.70 

G 12 14 15 16 18 2.160 2.160 15.00 

 

Table 1 Individual expert elicited Median PREE scores at 12 months following TER for acute 

distal humerus fracture. 

 

 

Difference in the median PREE pain score at 12 months between TER and DHH for distal 
humerus fracture 
 

The experts were asked to consider their distribu@on of the difference in the median PREE 

pain scores in 100 trials comparing TER and DHH at 12 months.  The parameters elicited are 

provided in table 2. 

 

The parameter limits for the median difference of the PREE pain scores were -50 and 50.  

The experts were asked to agree RIO cumula@ve probabili@es for a value of the median PREE 

of 0, 4 and 10 and agreed values of 0.3, 0.5, and 0.925.  The fi`ed beta distribu@on curve 

(parameters a = 44.5, ß = 38.9) had a median value of 3.4 (IQR -0.3 to 7.1). This was fed back 

to the experts, with the implica@ons that 10% of the difference values would lie below -3.6 

and 10% would lie above 10.4, and the experts felt that this reasonably represented the RIO 

distribu@on and no further elicita@on was required. 
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Expert Lower 

plausible 

limit 

Lower 

quartile 

Median Upper 

quartile 

Upper 

plausible 

limit 

Fitted Beta 

distribution 

parameters 

a b µ 

A 1 2 3 4 5 1.000 1.000 3.00 

B 0 2 5 8 12 0.824 1.080 4.86 

C -5 2 5 7 10 2.480 1.450 4.82 

D 5 7 10 15 20 0.655 0.980 10.30 

E -5 -2 0 2 8 1.870 2.850 -0.06 

F 0 3 5 7 10 1.530 1.530 5 

G -6 -2 0 2 6 2.160 2.160 0 

 

Table 2 Individual expert elicited difference in the median PREE score at 12 months between 

TER and DHH for distal humerus fracture. 

 

Distribu;on of the Standard Devia;ons of the PREE pain score at 12 months following TER 
and DHH 

 

To elicit the standard devia@ons the experts were asked to consider their es@mate of the 

propor@on of pa@ents that would score between their median and their median plus 10 

points.  Table 3 shows the 5% and 95% probability es@mates of the propor@on scoring in this 

interval for each expert. 

 

In the group stage the experts were asked to consider the propor@ons elicited and from 

these to elicit a RIO distribu@on using the quar@le method.  For TER the experts agreed a 

lower limit for the standard distribu@on of 7 and an upper limit of 20.  The RIO median was 

12, lower quar@le 10 and upper quar@le 20.  These parameters were fi`ed to a normal 

distribu@on elici@ng a mean standard devia@on for PREE pain scores at 12 months ajer TER 

of 9 (SD 2.2).  For DHH the experts agreed a lower limit of 7 and upper limit of 20.  The RIO 

median was 12, lower quar@le 10 and upper quar@le 14.  These parameters were fi`ed to a 

normal distribu@on elici@ng a mean standard devia@on for PREE pain scores at 12 months 
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ajer DHH of 12 (SD 3.0).  The experts were sa@sfied that the elicited distribu@ons 

represented their views. 

 

Expert Probability of 

scores falling 

between median, 

median+10 TER 

Elicited Standard 

Distribution 

PREE pain 

for TER 

Probability of 

scores falling 

between median, 

median+10 DHH 

Elicited Standard 

Distribution 

PREE pain for 

DHH 

5% 95% 5% 95% 5% 95% 5% 95% 

A 0.30 0.45 11.9 6.1 0.25 0.40 14.8 7.8 

B 0.20 0.40 19.1 7.8 0.20 0.40 19.1 7.8 

C 0.20 0.45 19.0 6.1 0.10 0.40 39.5 7.8 

D 0.25 0.45 14.8 6.1 0.25 0.45 14.8 6.1 

E 0.40 0.48 7.8 4.9 0.35 0.45 9.7 6.1 

F 0.30 0.499 11.9 4.3 0.15 0.499 26.0 4.3 

G 0.40 0.45 7.8 6.1 0.35 0.40 9.7 7.8 

 

Table 3 Individual expert elicited distribu@on of the standard devia@ons of the PREE pain 

score at 12 months following TER and DHH 

 

 

Discussion 
 

Elbow prosthe@c replacement is used for unreconstruc@ble intra-ar@cular distal humerus 

fractures in pa@ents who are fit for surgical interven@on.  According to the Na@onal Joint 

Registry data, in the most recent three years reported, when pa@ents undergo elbow 

replacement for trauma, approximately half receive a TER and half DHH.(Achakri et al., 2023)  

There are some apparent differences in the demographics with 22% of those undergoing 

DHH under 65 years of age and 43% over 74 years, compared to 9% <65 years for TER and 

62% >74 years.(Achakri et al., 2023)  The propor@on of female pa@ents is 84% for both 

interven@ons from the latest report.(Achakri et al., 2023)  This data indicates some 

preference for use of DHH in younger pa@ents, which is consistent with a concern regarding 

long term risks of ulna implant loosening that is present with TER.  There is a lack of quality 
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evidence to compare TER to DHH to help the clinician and pa@ent choose the best 

interven@on.  One randomised trial with 20 pa@ents in each treatment arm, has reported 

equivalent func@onal outcomes from TER and DHH for acute fractures with no difference in 

pain outcomes, but the trial has been found to be at high risk of bias using the Cochrane 

ROB-2 criteria and may be underpowered to detect a difference.(Sterne et al., 2019; Jonsson 

et al., 2023)  From this, some may conclude that it does not ma`er which interven@on is 

used, but there are differences in the reported revision rate for TER and DHH at 2 years in 

favour of TER reported in the NJR, and systema@c reviews have raised concerns regarding 

func@onal outcomes in younger pa@ents, and the overall levels of pain ajer DHH.(Achakri et 

al., 2023; Heifner et al., 2024)(Achakri et al., 2023; Wa`s, 2023b; Heifner et al., 2024) 

Others have reported that func@on scores may be higher ajer DHH compared to 

TER.(Burden et al., 2022)  This uncertainty regarding the best treatment op@on for pa@ents 

with unreconstruc@ble intra-ar@cular distal humerus fractures could be addressed by a 

suitably powered prospec@ve randomised controlled trial stra@fied by age, but this may not 

be feasible due to low incidence.  Bayesian trial methodology may be a more feasible 

approach for this type of rare interven@on. 

 

A recent Delphi consensus study with pa@ent and public involvement has reported that the 

most important outcome for pa@ents ajer elbow replacement is pain.  This was felt to be 

more important than elbow func@on.(Wa`s et al., 2024)  The choice of instruments to 

measure pain ajer total elbow replacement is limited.  Many instruments combine pain 

assessment with func@on assessment (Oxford elbow score, DASH score, Liverpool elbow 

score) and pain items are rarely reported separately by inves@gators.(Dawson et al., 

2008)(Hudak, Amadio and Bombardier, 1996)(Sathyamoorthy, 2004;Dawson et al., 2008)  

Pain scales such as the visual analogue scale, numerical ra@ng scale or Likert scale have been 

validated as tools for measuring pain, but we are not aware of any inves@ga@ons of their 

psychometric proper@es in elbow replacement studies and they are unidimensional.(Herr et 

al., 2004)  The PREE and American Shoulder and Elbow Society (ASES-e) scores measure and 

report pain independently, over several dimensions, and have been validated in general 

elbow condi@ons and in total elbow replacement studies.(Angst et al., 2005, 2012; Vincent 

et al., 2021)  The ASES-e does not capture frequency of pain symptoms and includes 
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physician assessment of strength, range of movement and stability making it more 

cumbersome, therefore the PREE has been selected for use in this study.  

 

Angst et al. have reported that in pa@ents undergoing total elbow replacement the mean 

PREE improved from a score of 30/50 (SD 9.2) pre-opera@on to 15/50 (SD 13.7) at 6 months 

ajer surgery.  However the study popula@on was not representa@ve of those undergoing 

replacement for trauma with 54% of the 79 pa@ents included having a diagnosis of 

rheumatoid arthri@s.(Angst et al., 2012)  Acute fracture pa@ents were excluded from the 

analysis and this data can only guide the expert as to the likely outcome in the trauma 

popula@on.   

 

Expert elicita@on is a tool to produce probability distribu@ons for unknown quan@@es of 

interest.  The experts in the PEDANT study have provided their consensus based on a 

synthesis of current knowledge, their own exper@se and the views of other experts in the 

field, to provide es@mated median PREE pain scores for pa@ents 12 months ajer TER, the 

difference between median PREE pain scores for TER and DHH and es@mates of the standard 

devia@ons for both.  The expert elicita@on process was conducted in two phases, individual 

elicita@on and group elicita@on.  In the individual elicita@on phase the experts were asked to 

comment on the evidence but there was no discussion of the evidence provided.   The 

experts were given a prac@ce elicita@on exercise in order to address common elicita@on 

errors of overconfidence and precision.(O’Hagan, 2006)  The experts have expressed their 

view that a ra@onal independent observer, considering the evidence provided, observing 

their elicited quan@ty probability distribu@ons and listening to the considera@ons made by 

the experts in the group discussion would conclude that in a randomised trial comparing 

pain outcomes at 12 months in pa@ents undergoing TER or DHH for acute distal humerus 

fractures the median pain score for TER would be 14/50 with a variance of 81, for DHH the 

median score would be 17/50 with a variance of 144.  Applying these parameters to the 

Bayesian assurance applica@on developed by Alhussain and Oakley, it is unlikely that a 

randomised trial will show benefit of one interven@on over the other if pain is the primary 

outcome.(Alhussain and Oakley, 2020)  It is possible that the background data is misleading, 

or that the parameters elicited by the experts underes@mate the treatment effect.  It is also 

important to note that behavioural aggrega@on was used to agree a fi`ed distribu@on for 
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the RIO between the experts. Even if well-managed this type of aggrega@on may be a source 

social and cogni@ve biases such as group polarisa@on, overconfidence and groupthink and 

hence is a possible limita@on of this study. Nevertheless, this data provides prior 

distribu@ons that can be updated using Bayesian methodology in a future randomised 

controlled trial for this rare interven@on, to provide more accurate es@mates of popula@on 

probability distribu@ons. 

 
2.6.5 Addi;onal material 
 
To conduct a trial using Bayesian inference, priors are required.  Using the SHELF shiny apps 

in R enthusias@c, scep@cal and uninforma@ve priors can be generated based on the 

parameters elicited from the experts in PEDANT.(Oakley, 2015)  The minimal clinically 

important difference (MCID) would ojen be used to generate the enthusias@c prior, but this 

has not yet been determined for PREE in pa@ents undergoing elbow replacement.  The 

enthusias@c prior is therefore based on the probability density func@on (PDF) of the 

difference in mean PREE scores elicited (Figure 2.2). 

 

 

 

Figure 2.2 Enthusias@c probability density func@on for the difference in PREE score between 

TER and DHH for acute trauma at 12 months. 

 

The scep@cal prior has a mean difference of zero and a 5% probability of exceeding the 

median difference from the enthusias@c prior, as specified by Wijeysundera et al. (Figure 

2.3). (Wijeysundera et al., 2009) 
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Figure 2.3 Scep@cal probability density func@on for the difference in PREE score between 

TER and DHH for acute trauma at 12 months. 

 

A non-informa@ve prior can take a number of different forms.  Wijeysundera advise using a 

mean of zero and standard devia@on of 10 on a logarithmic scale.(Wijeysundera et al., 2009)  

An alterna@ve, and that chosen here, is to use a non-informa@ve prior with equal probability 

of all possible outcomes, where the likelihood will define the posterior (Figure 2.4). 

 

 

 

Figure 2.4 Non-informa@ve probability density func@on for the difference in PREE score 

between TER and DHH for acute trauma at 12 months. 

 
 
2.6.6 Concluding remarks 
 
This expert elicita@on study has generated probability distribu@ons that can be used as 

priors in a future Bayesian designed randomised trial to compare pain outcomes following 
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total elbow arthroplasty and hemiarthroplasty for acute distal humerus fractures in adults.  

Assurance tes@ng using the methodology of Alhussain and Oakley suggest that if the median 

difference probability distribu@on generated by the experts is correct it is unlikely that a trial 

will find a sta@s@cally significant difference between the two interven@ons with an a of 5%, 

when pain is measured using the PREE.(Alhussain and Oakley, 2020)  It might be concluded 

that there is li`le value is conduc@ng a trial to compare the two interven@ons, however 

these es@ma@ons regarding PREE pain outcome may be incorrect and the higher revision 

rate at two years for DHH reported by the Na@onal Joint Registry raises ques@ons regarding 

the cost effec@veness of the two interven@ons and the surgical burden placed in the pa@ent 

that warrant further inves@ga@on. 
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3 Discussion 
3.1 Summary and contribu;on to the field 
 
The aim of this thesis was to explore outcomes that could be used in a clinical trial of a low-

volume surgical interven@on (elbow replacement) for the management of unreconstruc@ble 

acute distal humerus fractures in adults.  Assessment of new surgical interven@ons is 

important to ensure that they are safe and effec@ve.  For rare interven@ons, it is even more 

important to undertake structured evalua@on, because the experience of an individual 

clinician may not highlight high rates of implant failure, and harms, such as re-opera@on, 

that may affect a larger group of pa@ents if early evalua@on is not undertaken.(Hobby et al., 

2008)   

 

In a staged approach I have demonstrated that there is substan@al inconsistency in the 

outcome measured employed in the exis@ng literature on elbow replacement, and I have 

worked with key stakeholders using a structured real-@me Delphi approach to define a core 

outcome domain set that is relevant to pa@ents and should be included in the outcome set 

by researchers inves@ga@ng the clinical outcomes of elbow replacement for any indica@on.  

Pa@ent representa@ves have made it clear that from their perspec@ve the most important 

outcome is a measure of pain, rather than func@on scores that are most commonly used.   

This has a degree of face validity, as the majority of pa@ents that I see who are unhappy 

ajer a total elbow replacement for trauma, are complaining of pain, not loss of func@on.  

This insight is valuable to the design of any future trials of elbow replacement interven@ons, 

and would be a key outcome in a future trial of elbow replacement for management of 

acute unreconstruc@ble distal humerus fractures in adults.  Core @me points for outcome 

collec@on ajer the interven@on were iden@fied as 3 months, 12 months and 24 months.  It 

is too early to assess outcomes following elbow replacement at 3 months, because pa@ents 

are s@ll recovering and outcomes are unlikely to have peaked, and longer follow-up may lead 

to higher a`ri@on.  Therefore, a future trial might use 12 months for the primary outcome 

when comparing the efficacy of the interven@ons. I have synthesised exis@ng knowledge on 

pain outcomes for elbow replacement in acute trauma in a systema@c review and meta-

analysis, iden@fying differences in pain distribu@on but uncertainty about the findings given 

the small sample size and heterogeneity of included data.  I found that the instruments 
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commonly used to measure pain have not been validated for elbow replacement.  There is 

an outcome instrument to measure pain that has been validated for use following elbow 

replacement (Pa@ent Rated Elbow Evalua@on pain (PREE pain)), and having determined that 

there is no direct data to determine probability distribu@ons for this outcome instrument in 

the sefng of replacement for acute elbow trauma, I have completed an expert elicita@on 

exercise, using the weighted pooled outcome data from this evidence synthesis to inform 

the delibera@ons of elbow replacement experts, to generate prior probability distribu@on 

func@ons that can be used to plan a future trial. 

 

A review of exis@ng evidence is vital before embarking on primary research to avoid was@ng 

resources in research that will not provide any addi@onal knowledge.(Chalmers et al., 2014) 

A systema@cally conducted scoping review following current best methodological prac@ce 

and repor@ng standards mapped exis@ng evidence based on 362 included studies on elbow 

replacement.(M. Peters et al., 2020)(Tricco et al., 2018) The popula@on of interest for the 

scoping review and the real-@me Delphi study to define core outcome domains was pa@ents 

undergoing any form of elbow replacement, including total elbow replacement, distal 

humerus hemi-replacement, radial head replacement and radio-capitellar replacement.  The 

scoping review iden@fied that the majority of the literature on elbow replacement, on which 

we base our decisions and informa@on for pa@ents, is from rela@vely small case series, with 

the inherent risk of biased observa@ons.(Wa`s et al., 2022)  Where randomised trials have 

been conducted in elbow replacement, the sample sizes were found to be small and the 

studies are likely to be underpowered.  The assessment of interven@ons occurs in an 

unstructured way and could be improved by the adop@on of stepwise approaches to the 

development of surgical interven@ons as described by the IDEAL framework.(McCulloch et 

al., 2009)  Most studies are unfunded, which is not unique to elbow replacement research, 

but the low incidence of elbow replacement is likely to be the main reason for these small 

trials.(Rankin et al., 2014)  From background reading into clinical trials in rare diseases 

outlined in the introduc@on, it became clear that the majority of techniques used in drug 

trials to mi@gate the problem of a small available sample size cannot be used in surgical 

trials.  Surgical interven@ons are irreversible in nature and usually require prolonged follow 

up to determine success or failure.(Jansen et al., 2017)  This means that any design that 

requires withdrawal of treatment or early outcome, such as cross-over designs, N-of-one or 
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adap@ve randomisa@on are not possible to apply.(Whicher, Philbin and Aronson, 2018)  

Na@onal research collabora@ve networks in the UK have supported recruitment to 

mul@centre studies in orthopaedics and have led to successful research delivery.(Rangan, 

Brealey and Carr, 2012)  For rare interven@ons it may be necessary to explore interna@onal 

collabora@on to recruit sufficient par@cipants over a reasonable recruitment period, but 

there are challenges with data sharing, aligning protocols to local prac@ce, and gaining 

agreement on intellectual property.(Costa, Brealey and Perry, 2023)   When the disease or 

interven@on is very rare, even this approach may be challenging as it may be necessary to 

involve many countries to achieve the required sample size, with an accompanying 

administra@ve burden, but here ini@a@ves such as the NIHR Global Health Research Unit 

may provide a useful framework for researchers (h`ps://www.globalsurgeryunit.org/).  

 

The scoping review of the literature demonstrated that there was substan@al inconsistency 

in both what is measured (583 outcome descriptors across 362 studies) and how outcomes 

are measured, with 105 instruments used to measure 39 outcomes.(Wa`s et al., 2022) 

Many studies did not iden@fy a primary outcome, and most outcomes reported were not 

pa@ent rated.   Given the clear lack of consensus about which outcomes should be assessed, 

in advance of the proposed randomised trial to compare outcomes of TER and DHH, it was 

essen@al to establish which outcomes are important to pa@ents and clinicians.  A core 

outcome study was, therefore, conducted using best prac@ce guidelines for core outcome 

set surveys and engaging key stake-holders to iden@fy what should be measured in elbow 

replacement research.(Kirkham et al., 2017)(Kirkham et al., 2019)  The repor@ng was aligned 

to the best prac@ce guidelines for repor@ng.(Kirkham et al., 2016)  Delphi consensus 

techniques can suffer from a`ri@on and respondent fa@gue so a real-@me Delphi approach 

was adopted, to enable par@cipants to engage with the survey in a single round.(Trevelyan 

and Robinson, 2015)  Par@cipants could return to the survey as many @mes as they wanted 

over a period of the survey and could see in real-@me the aggregate responses of other 

par@cipants for each ques@on, and where they felt that an outcome was substan@ally more, 

or less, important (a pre-determined 2 point difference on a 9-point scale) than the real-@me 

aggregate, they were able to inform other par@cipants of the reasons for their response.  

The nine mandatory core domains iden@fied for elbow replacement were “return to work or 

normal daily role”, delivery of care measured in the domains “pa@ent sa@sfac@on with the 
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outcome of surgery” and “would the pa@ent have the same opera@on again”, “pain”, 

“revision”, “elbow func@on”, “independence in ac@vi@es of daily living”, “health related 

quality of life” and “adverse events”, and there was an addi@onal outcome “range of 

movement”, that was considered important by clinicians but less important by pa@ents so 

that was considered a desirable but not mandatory domain.  To direct research resources 

more efficiently, these domains should be used by all researchers inves@ga@ng elbow 

replacement, rather than outcomes that are not considered important by stakeholders, such 

as radiographic outcomes.  Physical func@on and adverse events were found to be the most 

commonly described outcomes in the scoping review (paper 1), but the finding from the 

CODER study that pa@ents consider the measurement of pain outcome most important 

should result in researchers considering this key outcome as the primary outcome for future 

trials where appropriate for the research ques@on. The collabora@on determined that data 

should be collected at baseline before the interven@on, 3 months, 12 months and 24 

months post interven@on as a minimum.  Data collec@on at 6 months post interven@on was 

considered important by clinicians, but pa@ents felt this could be avoided to reduce burden 

on trial par@cipants, and it is therefore considered a desirable but not mandatory @me-

point.  Other data @me-points may be useful depending on the clinical ques@on and @me 

points for data collec@on beyond two-years were not considered.   

 

The CODER core outcome set (Paper 2) is new and reflects the outcome domains that 

pa@ents and clinicians consider to be important for elbow replacement.  If these outcomes 

are measured consistently by researchers, it will enable repor@ng of data that is relevant to 

stakeholders, will aid comparison of outcomes between trials and facilitate meta-analysis, 

which can be helpful in rare disease research.  There are issues with adop@on of core 

outcome sets by the research community, with evidence that take-up can be 

low.(Matvienko-Sikar et al., 2022)  The most frequently iden@fied barriers to the use of a 

poten@ally relevant core outcome set iden@fied in a survey were researcher preference of 

alterna@ve outcomes, a lack of awareness of available core outcome sets, and barriers to use 

of recommended outcome instruments.(Matvienko-Sikar et al., 2022) The CODER outcome 

set describes core domains that can be readily assessed with pa@ent rated instruments, and 

the manuscript has been published in a high impact orthopaedic journal and presented at 

the European Society for Surgery of the Shoulder and Elbow annual scien@fic mee@ng.  
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Further work is need to define the best instruments to measure the core domains and to 

con@nue to raise awareness of the core outcome set, emphasising the importance of 

incorpora@on of the outcomes into future trials to help reduce research waste. 

 

The CODER study found that the pain domain is the key outcome of interest to pa@ents and 

carers following elbow replacement surgery.  It has also been shown previously by others 

that pain dispropor@onately affects composite outcome scores for pa@ents ajer elbow 

trauma surgery.(Doornberg, 2005)  The most recently published systema@c reviews 

exploring outcomes following TER and DHH have not reported pain outcomes at all, focusing 

instead on composite outcome instruments such as the Disabili@es of the Arm Shoulder 

(DASH) and Hand or Mayo Elbow Performance Score (MEPS) that combine assessment of 

pain, func@on and other domains into a single score, or on physician assessed outcomes 

such as range of movement.(Stoddart et al., 2022)(Burden et al., 2022)  The only 

randomised trial comparing TER and DHH did not report pain as a separate domain from 

elbow func@on, repor@ng instead the composite outcome of the DASH Score, as the primary 

outcome, and MEPS.(Jonsson et al., 2023)(Hudak, Amadio and Bombardier, 1996)(Morrey 

and Adams, 1992)  It was therefore necessary to undertake an evidence synthesis of pain 

outcomes for elbow replacement conducted for acute elbow trauma in a systema@c review 

of the published literature.  From the scoping review (Paper 1) it was already apparent that it 

would not be possible to undertake a compara@ve meta-analysis of effect es@mates of the 

available data for the two different types of elbow replacement used in acute trauma (total 

elbow replacement and distal humerus hemi-replacement) due to a lack of compara@ve 

trials, instead the guidelines for systema@c review without meta-analysis (SWiM) were 

followed allowing transparent repor@ng and descrip@ve meta-analysis of outcome data for 

each interven@on without comparison.(Campbell et al., 2020)  The majority of the literature 

repor@ng pain outcomes for elbow replacement for trauma, consis@ng largely of 

retrospec@ve observa@onal studies, used either a numerical ra@ng scale or Likert scale for 

measurement of pain outcomes, either in isola@on or as part of a combined pain and 

func@on score as reported in paper 3.    Both of these instruments are unidimensional, 

measuring only one characteris@c of pain (e.g. worst pain, average pain, etc.) and neither 

have been validated for use in elbow replacement. The evidence synthesis from this 

systema@c review should, therefore, not be used directly to inform future trial planning, but 
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may help in the synthesis of expected pain outcomes using instruments that have been 

validated for used ajer elbow replacement.  The finding that more than 10% of pa@ents 

report moderate pain ajer distal humerus hemi-replacement needs to be interpreted with 

cau@on due to the small sample sizes of included studies and heterogeneity of reported 

results and popula@ons studied, but does jus@fy further inves@ga@on of effect es@mates of 

pain outcomes following TER and DHH given the importance that pa@ents a`ach to this 

outcome domain. 

 

The pa@ent rated elbow evalua@on (PREE) is the only pa@ent rated instrument that could be 

iden@fied that has been validated for the assessment of pain ajer elbow replacement, and 

that measures the frequency of pain symptoms.(MacDermid, 2001)(Angst et al., 2005)(Angst 

et al., 2012)  The PREE could be used as the primary outcome in a future trial. It measures 

pain across five domains from a score of zero for no pain in any situa@on to a maximum pain 

score of 50.  The PREE also measures func@on separately on a scale from zero to fijy, and 

the two can be combined to give a total score out of 100.   It is recommended however that 

pain and func@on are reported separately.  PREE scores following elbow replacement for 

trauma have not been reported.  The expert elicita@on exercise reported in paper 4, used 

the evidence synthesis of pain outcomes from paper 3, to inform experts in elbow 

replacement for trauma to provide an es@mate of the an@cipated pain outcomes using the 

PREE for pa@ents undergoing elbow replacement for trauma at 12 months ajer the 

interven@on.  A group of seven experts in elbow replacement, with a balance of users of TER 

and DHH for acute trauma, were guided through an expert elicita@on exercise using SHELF 

methodology to produce es@mated parameters for the PREE pain outcomes.(Oakley and 

O’Hagan, Anthony, 2019) They reached consensus that in a trial measuring the pain 

outcome at 12 months in a trial comparing TER to DHH for acute trauma, there would be a 

median difference in the PREE pain scale of 3.4 (IQR -0.3 to 7.1).  The es@mated standard 

devia@on of the PREE pain scores ajer TER at 12 months was 9 (SD 2.2), giving an es@mated 

effect size of 0.38. Classical power analysis using the parameters elicited in PEDANT 

performed in G*Power (Version 3.1.9.6) with a = 0.05 and 1-b = 0.8 using a-priori mean (SD) 

PREE pain score for TER of 14(9) and DHH 17(12) with a two-tailed T-test with 1:1 alloca@on 

indicates a sample size of 396, with 198 pa@ents comple@ng each arm of the trial (Appendix 

O).(Faul et al., 2007)  Assuming an a`ri@on rate of 20% between recruitment and primary 
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follow up at 12 months 495 par@cipants would have to be randomised.  If an assump@on is 

made, based on the SOFF Trial that compares two interven@ons of similar intensity in elbow 

trauma, that 70% of eligible pa@ents, that is adult pa@ents with an unreconstruc@ble distal 

humerus fracture consen@ng to par@cipate, will agree to randomisa@on, a future study 

would need 707 par@cipants to be eligible from screening.(Cook et al., 2023)  There were 

144 elbow replacement for trauma in 2022 undertaken in 90 hospitals recorded in the 

NJR.(Achakri et al., 2023)  Even if it were possible to approach all these pa@ents, and 

assuming that all surgeons had the equipoise to randomise pa@ents to the study, it would 

s@ll take at least five years to reach the sample size required if recrui@ng within England, 

Wales and Northern Ireland.  An interna@onal mul@centre trial could be designed to achieve 

target more quickly, if funding could be secured and agreements reached with researchers in 

other countries. 

 

Whilst it is recognised that Bayesian inference cannot replace the degree of certainty about 

an effect size that a suitably powered and well conducted classical frequen@st design trial 

provides, it may be a pragma@c solu@on for interven@ons that are very rare such as elbow 

arthroplasty for trauma.  From the PEDANT study (paper 4) non-informa@ve, scep@cal and 

enthusias@c priors have been described that can be used in a future trial using Bayesian 

inference to compare the outcome of TER and DHH for the management of acute 

unreconstruc@ble distal humerus fractures in adults as measured by the PREE pain scale at 

12 months.  It is clear that these es@mates are unlikely to precisely represent the true 

popula@on probability density func@ons, but collec@on of likelihood observa@ons from a 

well-designed randomised trial and applica@on of Bayesian transforma@on to produce 

posterior distribu@ons, will enable inves@gators to use the available resources to obtain a 

be`er es@mate of the true popula@on parameters, with a variety of probability es@mates, 

some scep@cal, some enthusias@c, that can be used to inform balanced future decision 

making.  With a Bayesian approach we can use the knowledge that we already have from 

exis@ng data, and update our knowledge from new data through the applica@on of Bayes 

theorum.  This approach has been cri@cised for being too subjec@ve because the prior is 

based on our beliefs about an outcome, but it has been argued that this is no more 

subjec@ve than the calcula@ons used in power analysis to inform classical trial design.(Berry, 

1993)  A Bayesian approach has the added benefit that the output is likely to be more 
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intui@ve to the clinician because the Bayesian inference of outcome probabili@es aligns more 

closely with the way clinicians think in prac@ce.(Gill, Sabin and Schmid, 2005) 

 

 
3.2 Strengths and limita;ons 
 
In this thesis a stepwise approach has been taken to address gaps in knowledge regarding 

the best method to assess an important clinical ques@on, whether pa@ents should be 

treated with TER or DHH for acute unreconstruc@ble distal humerus fracture.  The research 

landscape for elbow replacement was mapped using established guidelines for scoping 

reviews, indica@ng that there was a lack of consistency in outcome domains being assessed, 

and that the majority of the literature to frame evidence-based prac@ce is small 

retrospec@ve case series with inherent risks of bias.(M. D. J. Peters et al., 2020)(Tricco et al., 

2018)(Wa`s et al., 2022)  There is clear evidence of a lack of funding in elbow replacement 

research, which may be related to the low volumes of surgery, and therefore low economic 

priority.  As with rare, or orphan diseases, the low incidence of the pathology makes the 

clinical decision making no less important for the individual pa@ent.(Ellio` and Zurynski, 

2015) Key stakeholders, including pa@ents, carers, primary care prac@@oners, 

physiotherapists and orthopaedic surgeons were engaged in the process to iden@fy nine 

core outcome domains that should be captured at baseline and three months, 12 and 24 

months ajer the interven@on, to ensure that the limited resources available for elbow 

replacement research are used as efficiently as possible. However, the number of pa@ents 

par@cipa@ng in the survey was lower than an@cipated, in part due to the mul@-stage process 

to register their interest and access the sojware, required because of data protec@on and 

the use of a United States based survey sojware company.  In order to ensure the pa@ents 

voice was adequately represented addi@onal work was undertaken to review the core 

domain set with a PPI group.  Whilst the PPI group par@cipa@ng in the CODER study included 

a representa@on of important stakeholders, including pa@ents, carers, representa@ve of 

pa@ents with disabili@es and pa@ents with experience of research, only two par@cipants had 

lived experience of total elbow replacement.  None-the-less, the unanimity amongst the 

group regarding the most important core outcome, pain domain, was notable and should be 
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given further considera@on by researchers and clinicians who tend to focus on func@on or 

composite outcomes.  

 

 If adopted by the research community this core domain set would be of significant benefit 

to enable comparison between studies and pooling of data.  This impact is not guaranteed 

however, and despite efforts to disseminate the core outcome set, more work is needed to 

ensure that it is adopted by the research community.(Matvienko-Sikar et al., 2022)  The 

pa@ents made it clear their determina@on that the key outcome domain from their point of 

view is pain.  This was par@cularly important because as a research community we have 

tended to priori@se func@onal outcomes or instruments that combine a number of domains 

into one overall score, as in the only published randomised trial to compare TER to DHH for 

acute fractures.(Jonsson et al., 2023)  We should conclude that, where appropriate to the 

clinical ques@on, pain should be the primary outcome domain used to assess elbow 

replacement. 

 

Pain outcomes have not be assessed in previous systema@c reviews of elbow replacement 

outcomes for acute trauma, which have focused on func@on or mul@-domain outcome 

instruments, range of movement, adverse events and re-opera@on.(Stoddart et al., 

2022)(Burden et al., 2022)  Paper 3 was the first systema@c review to describe pain 

outcomes following elbow replacement for trauma.  This review was limited by the quality of 

the available literature which consists largely of retrospec@ve case series.  Clinical and 

methodological heterogeneity prevented comparison between DHH and TER outcome data.  

All data was given weigh@ng depending on the sample size, rather than assessing their direct 

relevance to the research ques@on.  Tan et al. have proposed that for the establishment of 

priors, data should be assessed for per@nence (how close the informa@on is to that being 

collected in a trial based, for example, on disease, demographic or interven@on 

characteris@cs), validity (quality of trials based on their design) and precision (the reliability 

of the data obtained).  Data can be downrated using a correc@on factor described in their 

paper based on the evalua@on of these three factors.(Tan, 2003)  The review of published 

literature iden@fied that previous studies have used pain instruments, such as the numerical 

ra@ng scales or Likert scales for pain, neither of which has been validated for use in elbow 

replacement research.  No formal systema@c review was undertaken to iden@fy pain 
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instruments with suitable psychometric proper@es, but only one pa@ent rated pain 

instrument, the PREE, could be iden@fied that had been validated for use in this 

sefng.(MacDermid, 2001)(Vincent and MacDermid, 2012)  The ASES elbow score could be 

an alterna@ve pain instrument for a future trial, but requires physician assessment of some 

elements of the score and does not measure frequency of pain.(King et al., 1999)  Neither of 

these instruments have been subjected to a detailed analysis using the COSMIN or EMPRO 

instrument to objec@vely determine the psychometric proper@es and suitability for this 

outcome domain, and this work should be completed before widespread adop@on in a core 

outcome set.(Terwee et al., 2018)(Valderas et al., 2008) 

 

The use of subjec@ve priors, such as those produced from expert elicita@on studies, has 

raised concerns amongst the sta@s@cal community.(Whitehead, 1993)  Whilst it must be 

acknowledged that if the prior probability density func@on is markedly wrong, it will draw 

the likelihood data away from the true popula@on probability, this is in some way mi@gated 

by the use of mul@ple priors, no-informa@ve, scep@cal and enthusias@c that can be assessed 

to draw balanced inferences.  It is expected of course that suitably informed, knowledgeable 

and experienced experts will elicit a probability density func@on that is more informa@ve 

than a neutral prior.  There are risks, however, in the elicita@on process with experts subject 

to par@cular biases including anchoring, where an expert is influenced by a previous 

number, availability or ease of recall of an event may influence the expert’s percep@on of 

frequency of events and overconfidence, where the confidence interval limits are too 

narrow is a common phenomenon.(O’Hagan, 2006)  To mi@gate these risks I a`empted to 

achieve a balance amongst the experts of level of experience and preference for use of TER 

or DHH for acute trauma in their own prac@ce.  There is also a concern in any group 

consensus exercise that strong personali@es may influence the outcome.  I minimised these 

risks by closely adhering to the SHELF methodology.  I provided the experts with a summary 

of the evidence on pain outcomes based on paper 3 to tackle the availability problem.  At 

the start of each individual elicita@on, I conducted a trial elicita@on, asking the experts to 

elicit the median weight of a male Southern African Lion, to highlight the problems of 

overconfidence and placing quar@les too far from the median.  I carefully constructed the 

ques@oning to avoid anchoring, and to address the challenges of group psychology the 

experts were first asked to express their own beliefs in PDFs before coming together as a 
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group to consider what a ra@onal independent observer would consider to be the truth, 

based on the experts’ individual PDFs and the arguments put forward in discussion.(Oakley 

and O’Hagan, Anthony, 2019)  This approach may more easily allow experts to consider a 

posi@on that is discordant to their own beliefs.  The facilitator, too, can have an influence on 

the success of the expert elicita@on exercise.  Facilita@on is a challenging undertaking that 

requires good knowledge of the background material but also of the psychological principles 

of elicita@on, and like all things experience can improve the quality of facilita@on.  As the 

facilitator in the PEDANT study, I was inexperienced as a facilitator, and my exper@se in 

elbow replacement surgery could have influenced the outcome of the PEDANT study.  I had 

a`ended the SHELF methodology training course to learn SHELF techniques to avoid 

introducing bias, but this lack of experience could have influenced the outcome of the 

elicita@on exercise.  Great care was taken, however, to avoid influencing the experts when 

elici@ng their own beliefs and during the group exercise, in par@cular to avoid any anchoring.  

The experts were all orthopaedic surgeons, and the results of the PEDANT study may not be 

representa@ve of all stakeholders.  The inclusion of pa@ents would have been challenging, 

given the understanding of probability distribu@ons required for expert elicita@on, however 

inclusion of physiotherapists in the expert panel may have increased the diversity of opinion 

regarding likely pain outcomes. 

 
3.3 Implica;ons for pa;ents and carers 
 
The work presented in this thesis has importantly taken great care to engage pa@ents and 

carers in the selec@on of outcomes that should be measured.  The use of the core outcome 

set should accelerate scien@fic discovery in the field of elbow replacement research, and 

importantly reduce waste of resources in trials that use outcomes that are not relevant to 

stakeholders, which will be to the benefit of pa@ents.  Pa@ents have told us that we need to 

priori@se the assessment of pain outcomes when evalua@ng the effec@veness of elbow 

replacement interven@ons, which is an important message for researchers in this field.  

 

The thesis presents evidence that there may be differences in the pain outcomes between 

TER and DHH conducted for acute trauma, but that there is substan@al uncertainty regarding 

the size and significance of any differences.  The four studies described in this thesis have 
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brought us closer to a trial that can evaluate the effec@veness of these rare interven@ons for 

pa@ents with acute distal humerus fractures. 

 

3.4 Implica;ons for healthcare providers and policy makers 
 
Medical devices, unlike pharmaceu@cals, can be released into the market without evidence 

of effec@veness.  Distal humerus hemi-replacement has overtaken total elbow replacement 

as the most commonly used treatment for unreconstruc@ble distal humerus fractures in 

adults in England since design and development of a specific hemi-replacement prosthesis in 

the first decade of this century.  The scoping review (paper 1) indicates that up un@l 2023, 

and the publica@on of the first randomised trial to compare the effec@veness to total elbow 

replacement, the only evidence on which to base the use of this device was small 

retrospec@ve observa@onal case series studies.(Wa`s et al., 2022)  The adop@on of 

structured approaches to the assessment of interven@ons, as outlined in the IDEAL 

framework, could accelerate development of devices and techniques, and could improve the 

evidence on which clinical decisions should be made.(McCulloch et al., 2009) 

 

Policy makers, funders and researches should recognise that the majority of orthopaedic 

interven@ons are rare, but the number of rare interven@ons being offered means that there 

are many pa@ents that are being impacted by a lack of good quality scien@fic evidence on 

which to inform healthcare decision making.  These challenges are likely to apply to other 

surgical special@es and beyond, into other medical disciplines.  Policy makers should 

considera@on whether there is a need to develop specialised funding strategies to address 

this underserved popula@on, as has been done with the orphan drug act for research into 

pharmaceu@cals.(‘Orphan Drug Act’, 1983)   The low incidence of many orthopaedic 

interven@ons means that trials conducted using classic frequen@st methods are may not be 

feasible without considerable resource.  Bayesian trial methodology and inference may have 

par@cularly u@lity in scien@fic research where there are barriers to alterna@ve techniques to 

deal with the low incidence of interven@ons or where the popula@on under study is very 

heterogeneous.(Jansen et al., 2017) The main barriers to adop@on of Bayesian trials are 

reported to be a lack of knowledge about the Bayesian approach, and lack of guidance from 
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regulators.(The Medical Outreach Subteam of the Drug Informa@on Associa@on Bayesian 

Scien@fic Working Group et al., 2023)     

 

Healthcare researchers should adopt the core domains iden@fied in CODER (Paper 2) in 

future elbow replacement research to improve consistency of outcome repor@ng, to ensure 

that they are assessing outcomes of importance to pa@ents and clinicians, and reduce waste 

in research and the burden for pa@ents.  Funding panels should be looking for inclusion of 

the core domains and outcome @me points when assessing future funding applica@ons in 

this area.  Healthcare providers and policy makers should consider whether the increased 

use of DHH over TER can be jus@fied based on the current evidence, and whether more 

detailed scien@fic assessment of these interven@ons in a prospec@ve randomised trial is 

required to determine which interven@on results in the best outcome for our pa@ents.  

Although outside the scope of this thesis cost effec@veness analysis should also be 

undertaken to compare these interven@ons and their associated addi@onal costs related to 

rehabilita@on resources, adverse events or re-opera@ons. 

  
3.5 Implica;ons for research and future research priori;es 
 
A systema@c review of the instruments that can be used to measure the core domains 

iden@fied in CODER and formal assessment of candidate instruments using the COSMIN or 

EMPRO tool should be undertaken to determine the core outcome instrument set for elbow 

replacement research.(Terwee et al., 2018)(Valderas et al., 2008)  The results for the core 

outcome instruments should be reported in future research into elbow replacement, at the 

specified @me points of baseline, 3 months, 12 and 24 months post interven@on.  The need 

for addi@onal outcome assessment beyond two years has not been considered in this thesis.  

In line with the requirement of the Orthopaedic Data Evalua@on Panel (ODEP), it would be 

sensible for long term outcome analysis, to collect data at 3, 5, 7 and 10 years.(Orthopaedic 

Data Evalua@on Panel, 2021) 

 

The FOREST trial (NIHR154915) is in set-up, with sites preparing to begin recruitment.  This 

will randomise 320 adult pa@ents, aged 60 years and over, with distal humerus fractures to 

either osteosynthesis or replacement.  The choice of replacement, total elbow replacement 
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or hemi-replacement, will be decided by the trea@ng surgeon.  There is no inten@on to 

randomise the pa@ents in the replacement group because of concern that this could impact 

the feasibility of the trial, as some surgeons are not comfortable performing a hemi-

replacement.  The primary outcome for this trial is the DASH score, but the PREE has been 

adopted as a secondary outcome measure, which will provide valuable prospec@ve data on 

the outcome distribu@ons for total elbow replacement and hemi-replacement in acute 

trauma using this instrument. 

 

Un@l this data is available, the prior probability distribu@ons provided in this thesis can be 

used to inform a future randomised controlled trial of TER and DHH for acute 

unreconstruc@ble distal humerus fracture in adults.  Given the low incidence of this 

interven@on, this is likely to require a classical trial design with a prolonged recruitment 

period, or establishment of an interna@onal trial to establish sufficient recrui@ng sites to 

more rapidly reach the required sample size.  Alterna@vely, Bayesian trial methods could be 

used based on the established priors, with the support of a sta@s@cian with exper@se in this 

field.   

 

Further research should be conducted to establish the minimally clinically important 

difference for the PREE ajer elbow replacement which can be used to inform future trials 

and to develop an alterna@ve informa@ve prior.(Vincent and MacDermid, 2012)   
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4 Conclusions 
 

A randomised trial is needed to determine the effec@veness, safety and cost effec@veness of 

the different elbow replacement approaches for acute unreconstruc@ble distal humerus 

fracture. There are barriers to evalua@ng elbow replacements, including inconsistencies in 

the outcomes that have been measured in historical studies, which has been addressed by 

the development of a core outcome domain set for elbow replacement. This core outcome 

set includes return to work or normal daily role, pa@ent sa@sfac@on with the outcome of 

surgery, would the pa@ent have the same opera@on again, pain, revision, elbow func@on, 

independence in ac@vi@es of daily living, health related quality of life and adverse events 

including death.  These core outcomes should be assessed at baseline and 3, 12 and 24 

months ajer the interven@on.  Pain was considered by pa@ents to be a key outcome.  

Evidence synthesis of pain outcomes confirms that there is a need for a well conducted 

randomised trial to compare pain outcomes using validated instruments such as the PREE 

pain score.  Es@mates for the distribu@on of PREE pain scores at 12 months ajer elbow 

replacement for acute trauma have been synthesised, that can inform trial planning.  A 

future trial could be conducted using a Bayesian framework.  
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Elbow arthroplasty research methods, 
outcome domains, and instruments used in 
clinical outcome studies
A SCOPING REVIEW

Aims
Arthroplasties of the elbow, including total elbow arthroplasty, radial head arthroplasty, 
distal humeral hemiarthroplasty, and radiocapitellar arthroplasty, are rarely undertaken. 
This scoping review aims to outline the current research in this area to inform the develop-
ment of future research.

Methods
A scoping review was undertaken adhering to the Joanna Briggs Institute guidelines us-
ing Medline, Embase, CENTRAL, and trial registries, limited to studies published between 
1 January 1990 and 7 February 2021. Endnote software was used for screening and 
selection, and included randomized trials, non- randomized controlled trials, prospective 
and retrospective cohort studies, case- control studies, analytical cross- sectional studies, 
and case series of ten or more patients reporting the clinical outcomes of elbow arthro-
plasty. The results are presented as the number of types of studies, sample size, length 
of follow- up, clinical outcome domains and instruments used, sources of funding, and a 
narrative review.

Results
A total of 362 studies met the inclusion criteria. Most were of total elbow arthroplasty (246; 
68%), followed by radial head arthroplasty (100; 28%), distal humeral hemiarthroplasty (11; 
3%), and radiocapitellar arthroplasty (5; 1%). Most were retrospective (326; 90%) and obser-
vational (315; 87%). The median sample size for all types of implant across all studies was 
36 (interquartile range (IQR) 21 to 75). The median length of follow- up for all studies was 56 
months (IQR 36 to 81). A total of 583 unique outcome descriptors were used and were cate-
gorized into 18 domains. A total of 105 instruments were used to measure 39 outcomes.

Conclusion
We found that most of the literature dealing with elbow arthroplasty consists of retrospec-
tive observational studies with small sample sizes and short follow- up. Many outcomes 
have been used with many different instruments for their measurement, indicating a need 
to define a core set of outcomes and instruments for future research in this area.

Cite this article: Bone Joint J 2022;104-B(10):1148–1155.

Introduction
Arthroplasty of all or part of the elbow has been 
performed routinely for various indications since 
the cemented design of Dee was introduced in the 
1960s, including for patients with inflammatory 
arthropathy, osteoarthritis (OA), trauma and its 
sequelae, instability, and (rarely) tumour.1 The term 
‘elbow arthroplasty’ is often taken to mean total 
elbow arthroplasty, involving replacement of the 

distal humerus and proximal ulna with or without 
replacing the radial head, but also may include 
replacement of the radial head or distal humerus in 
isolation and arthroplasty of the capitellum of the 
humerus and radial head (radiocapitellar arthro-
plasty). The aim of these procedures is to relieve pain 
and restore function and quality of life to the patient.

Clinical practice should be based on robust 
scientific evidence, and randomized controlled 
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Appendix B Annual Incidence of Orthopaedic Procedures based on 
Na;onal Consultant Informa;on Programme (Hospital Episode 
Sta;s;cs) and Office for Na;onal Sta;s;cs data.  

 
 

 
 

Horizontal line indica@ng the boundary for European Union Defini@on of Rare Disease 
50/100 000). (NCIP: h`ps://gefngitrigh}irsfme.co.uk/associated_projects/ncip/) (ONS: 
h`ps://www.ons.gov.uk/peoplepopula@onandcommunity/popula@onandmigra@on/popula@
ones@mates/bulle@ns/annualmidyearpopula@ones@mates/mid2020)  

  

England  Count      
(Apr 2019-Mar 2020)

Annual incidence/100 000 
(Based on England 
Population n = 56550000 
in 2020 (Source: NCIP and 
Office of National 
Statistics))

Total knee replacement 78993 139.69
Hip replacement 74077 130.99
Fracture neck of femur surgery 62748 110.96
Arthroscopic knee 46272 81.82
Carpal tunnel release 42716 75.54
Dupuytren's 15413 27.26
Rotator cuff repair 11788 20.85
Cruciate ligament reconstruction 10720 18.96
1st metatarsal osteotomy 10048 17.77
Acromioclavicular joint surgery 8327 14.73
Unicompartmental  knee replacement 8174 14.45
Extensor tendon repair 7705 13.63
Shoulder replacement 7688 13.60
Trigger finger release 7289 12.89
1st Metatarsophalangeal joint fusion 5658 10.01
Ganglion excision 4985 8.82
Revision knee replacement 4975 8.80
Revision hip replacement 4968 8.79
Shoulder stabilisation 3789 6.70
Frozen shoulder 3619 6.40
Subacromial decompression 3618 6.40
Revision hip replacement - non elective 2808 4.97
Ankle fusion 1815 3.21
Revision carpal tunnel 1523 2.69
Small joint replacement hand 1415 2.50
Patellofemoral replacement 1174 2.08
Excision calcific tendinopathy 900 1.59
Revision shoulder replacement 874 1.55
Ankle replacement 871 1.54
Wrist fusion 808 1.43
Revision cruxiate ligament recon 721 1.27
Elbow replacement 411 0.73
Arthroscopic biceps 361 0.64
Revision elbow replacement 251 0.44

https://gettingitrightfirsttime.co.uk/associated_projects/ncip/
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/bulletins/annualmidyearpopulationestimates/mid2020
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/bulletins/annualmidyearpopulationestimates/mid2020


 159 

Appendix C Minutes of CODER PPIE Mee;ng 
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Appendix D CODER ques;onnaire 
 

 

CODER outcome questionaire version 1.0 21st March 23 AW

Outcome Domain Outcome Outcome subcategory Description Implications for patient of adverse event

Please rate the importance of each 
outcome for total elbow replacement from 
1 (least important) to 9 (most important).  
We are interested in your own view, there 
is no right or wrong response.  If your rating 
is more than 2 points away from the 
median aggregate response from previous 
survey participants you can povide your 
reason for your response.

Societal Carer Burden Non-homebound discharge Patient discharged to nursing/residential home or step down care 1      2      3      4      5      6      7      8      9

Personal Circumstances Patient autonomy Patient in control of their own circumstances and/or activities of daily living 1      2      3      4      5      6      7      8      9

Cognitive function Cognitive status
An individual's level of awareness with perception, reasoning, judgment, intuition, 
and memory 1      2      3      4      5      6      7      8      9

Economic resource Hospital costs Costs incurred by hospital for treatment 1      2      3      4      5      6      7      8      9

Discharge disposition Patient discharged home, to nursing home or step down care 1      2      3      4      5      6      7      8      9

Cost-utility analysis Ratio between cost of treatment and number of years lived in full health 1      2      3      4      5      6      7      8      9

Psychiatric Mental Health Emotional, psychological, behavioral and social health 1      2      3      4      5      6      7      8      9

Emotional wellbeing Emotional wellbeing A patient's emotional state 1      2      3      4      5      6      7      8      9

Confident and in control of your life Patient's emotional state 1      2      3      4      5      6      7      8      9

Social function Social-psychological function
Patient's ability to carry out social tasks and/or develop and maintain social  
relationships 1      2      3      4      5      6      7      8      9

Time to return to sport Period of time from surgery to return to sport 1      2      3      4      5      6      7      8      9

Participation in sport Patient able to return to sport after surgery 1      2      3      4      5      6      7      8      9

Grade of sport participation The level of sport that the patient has been able to return to 1      2      3      4      5      6      7      8      9

Perceived health General Health Status Patient's overall assessment of their health 1      2      3      4      5      6      7      8      9

Mortality survival In hospital mortality Death occuring during the hospital admission for elbow replacement 1      2      3      4      5      6      7      8      9

30 day mortality Death occuring within 30 days of elbow replacement 1      2      3      4      5      6      7      8      9

90 day mortality Death occuring within 90 days of elbow replacement 1      2      3      4      5      6      7      8      9

Mortality Death occuring at any time point between surgery and final follow-up 1      2      3      4      5      6      7      8      9

Role function Return to work Patient able to return to work after surgery 1      2      3      4      5      6      7      8      9

Time to return to work Period of time from surgery to return to work 1      2      3      4      5      6      7      8      9

Return to unrestricted function Patient able to return to normal activities without restriction 1      2      3      4      5      6      7      8      9

Delivery of care Satisfaction with surgery/treatment
Patient's self reported happiness with the surgery or treatment / acceptable state  
of symptoms 1      2      3      4      5      6      7      8      9

Satisfaction with results of procedure
Patient's self reported happiness with the outcome of the procedure / acceptable 
state  of symptoms 1      2      3      4      5      6      7      8      9

Patient satisfaction Patient‘s self reported happiness with care and outcome in general 1      2      3      4      5      6      7      8      9

Satisfaction with elbow function Patient's self reported happiness with the use of the elbow 1      2      3      4      5      6      7      8      9

Success of treatment Patient's assessment of the outcome of the intervention 1      2      3      4      5      6      7      8      9

Room for improvement Patient's assessment of how much the intervention could be improved 1      2      3      4      5      6      7      8      9

Would patient have the same operation 
again?

Patient's assessment of how likely it is they would have the same intervention if they 
had the same problem in the future 1      2      3      4      5      6      7      8      9

Patient assessment of outcome Patient's assessment of the outcome of the intervention 1      2      3      4      5      6      7      8      9

Nervous system Pain Patient's assessment of their level of pain in general 1      2      3      4      5      6      7      8      9

Pain at rest Patient's assessment of their level of pain when not active 1      2      3      4      5      6      7      8      9

Pain on movement Patient's assessment of their level of pain when moving the arm 1      2      3      4      5      6      7      8      9

Pain with activity Patient's assessment of their level of pain with activity 1      2      3      4      5      6      7      8      9

Night pain Patient's assessment of their level of pain at night 1      2      3      4      5      6      7      8      9

Average daily pain Patient's assessment of their average level of pain each day 1      2      3      4      5      6      7      8      9

Pain at worst Patient's assessment of their level of pain when it is at its worst 1      2      3      4      5      6      7      8      9

Tenderness Patient's experience of pain when the elbow is touched 1      2      3      4      5      6      7      8      9

Pain medication used Measurement of the quantity of pain relieving drugs used by the patient 1      2      3      4      5      6      7      8      9

Neurological status Physician assessment of the nerve function in the arm and hand 1      2      3      4      5      6      7      8      9

Ulnar nerve function Physician assessement of the function of the ulnar nerve 1      2      3      4      5      6      7      8      9

Radial nerve function Physician assessement of the function of the radial nerve 1      2      3      4      5      6      7      8      9

Hospital resource Operation duration How long the operation takes in minutes 1      2      3      4      5      6      7      8      9

Length of stay Number of days that the patient stays in hospital 1      2      3      4      5      6      7      8      9
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Appendix E CODER real-;me DELPHI respondent’s scores by ques;on. 

 

CODER Appendix 1
Outcome DomainOutcome Outcome subcategory Description 1 2 3 4 5 6 7 8 9 % score >6

Societal Carer BurdenNon-homebound discharge
Patient discharged to nursing/residential home or step 
down care 15 19 4 23 15 15 4 4 0 8

Personal CircumstancesPatient autonomy
Patient in control of their own circumstances and/or 
activities of daily living 0 0 0 0 16 4 28 40 12 80

Cognitive function Cognitive status An individual's level of awareness with perception, reasoning, judgment, intuition, and memory4 0 4 4 16 16 32 20 4 56
Economic resource Hospital costs Costs incurred by hospital for treatment 12 8 12 28 12 4 8 12 4 24

Discharge disposition
Patient discharged home, to nursing home or step down 
care 16 4 4 8 36 8 4 16 4 24

Cost-utility analysis
Ratio between cost of treatment and number of years lived 
in full health 12 0 0 4 20 12 24 20 8 52

Psychiatric Mental Health Emotional, psychological, behavioral and social health 0 0 9 4 17 9 26 17 17 60
Emotional wellbeing Emotional wellbeing A patient's emotional state 4 9 0 0 9 22 22 26 9 57

Confident and in control of your life Patient's emotional state 4 0 0 4 9 17 30 26 9 65

Social function Social-psychological function
Patient's ability to carry out social tasks and/or develop and 
maintain social  relationships 0 5 5 5 5 14 27 24 18 69

Time to return to sport Period of time from surgery to return to sport 13 0 13 13 38 13 13 0 0 13
Participation in sport Patient able to return to sport after surgery 9 5 14 9 5 27 23 0 9 32

Grade of sport participation The level of sport that the patient has been able to return to 13 0 25 0 50 0 13 0 0 13
Perceived health General Health Status Patient's overall assessment of their health 0 5 9 5 9 27 23 5 18 46

Mortality survival Mortality
Death occuring at any time point between surgery and final 
follow-up 5 5 9 5 5 27 9 23 14 46

30 day mortality Death occuring within 30 days of elbow replacement 0 0 0 0 0 0 21 7 71 99
90 day mortality Death occuring within 90 days of elbow replacement 0 0 0 0 0 7 36 29 29 94

In hospital mortality
Death occuring during the hospital admission for elbow 
replacement 0 0 0 0 0 0 21 0 79 100

Role function Return to work Patient able to return to work after surgery 5 0 0 0 9 9 23 36 18 77
Time to return to work Period of time from surgery to return to work 9 0 5 14 0 18 23 23 5 51

Return to unrestricted function
Patient able to return to normal activities without 
restriction 0 5 0 5 9 9 27 27 18 72

Delivery of care Satisfaction with surgery/treatment
Patient's self reported happiness with the surgery or 
treatment / acceptable state  of symptoms 0 0 0 0 5 10 5 24 57 86

Satisfaction with results of procedure
Patient's self reported happiness with the outcome of the 
procedure / acceptable state  of symptoms 5 0 0 0 0 5 10 19 62 91

Patient satisfaction Patient‘s self reported happiness with care and outcome in general 0 0 0 0 0 0 32 18 50 100

Satisfaction with elbow function Patient's self reported happiness with the use of the elbow 0 0 0 0 5 5 19 14 57 90
Success of treatment Patient's assessment of the outcome of the intervention 0 0 0 0 0 5 14 38 43 95

Room for improvement
Patient's assessment of how much the intervention could 
be improved 5 0 5 0 10 38 10 29 5 44

Would patient have the same operation again?

Patient's assessment of how likely it is they would have the 
same intervention if they had the same problem in the 
future 0 0 5 0 0 10 24 29 33 86

Patient assessment of outcome Patient's assessment of the outcome of the intervention 0 0 0 0 0 0 24 24 52 100
Nervous system Pain Patient's assessment of their level of pain in general 0 0 0 0 0 0 29 38 33 100

Pain at rest Patient's assessment of their level of pain when not active 0 0 0 0 0 5 14 33 48 95

Pain on movement
Patient's assessment of their level of pain when moving the 
arm 0 0 0 0 0 5 38 29 29 96

Pain with activity Patient's assessment of their level of pain with activity 0 0 0 0 5 5 29 33 29 91
Night pain Patient's assessment of their level of pain at night 0 0 0 0 5 5 24 38 29 91

Average daily pain Patient's assessment of their average level of pain each day 0 5 0 5 0 5 33 38 14 85

Pain at worst
Patient's assessment of their level of pain when it is at its 
worst 0 5 0 0 5 14 19 33 24 76

Tenderness Patient's experience of pain when the elbow is touched 0 5 10 14 24 10 29 10 0 39

Pain medication used
Measurement of the quantity of pain relieving drugs used 
by the patient 0 5 0 0 19 24 24 14 14 52

Neurological status
Physician assessment of the nerve function in the arm and 
hand 0 0 0 5 5 0 33 33 24 90

Ulnar nerve function Physician assessement of the function of the ulnar nerve 0 0 0 5 0 10 29 24 33 86
Radial nerve function Physician assessement of the function of the radial nerve 5 0 0 5 0 15 24 33 19 76

Hospital resource Operation duration How long the operation takes in minutes 5 14 14 14 19 10 0 14 10 24
Length of stay Number of days that the patient stays in hospital 5 14 10 5 19 19 24 5 0 29

Re-admission
Patient admitted to the same or another healthcare 
institution after discharge (excludes step-down care) 5 10 0 5 10 20 24 19 10 53

Re-admission within 30 days

Patient admitted to the same or another healthcare 
institution up to 30 days after discharge (excludes step-
down care) 0 0 0 5 10 18 23 45 0 68

Re-admission within 90 days

Patient admitted to the same or another healthcare 
institution up to 90 days after discharge (excludes step-
down care) 0 0 0 0 18 45 27 0 9 36

Return to operating room
A need to take the patient back to the operating room due 
to post operative problems 0 5 5 10 10 5 24 24 19 67

Unplanned intubation
A need to put a ventilation tube back in to the patient due 
to problems after surgery 10 5 10 14 14 10 5 24 10 39

Healthcare utilisation
The patient's total use of healthcare resources related to 
the episode of care 10 5 5 5 29 10 20 10 10 40

Need for further interventionRe-operation Re-operation

The need for any additional surgery after the first 
intervention excluding surgery that involves the elbow 
replacement 5 0 10 0 10 14 19 19 4 42

Amputation
Removal of a limb - for example through upper arm to 
control infection in elbow 8 0 0 0 0 25 0 17 50 67

Arthrodesis
Attempt to fuse bones above and below elbow to make one 
continuous bone 17 0 8 8 8 8 17 8 25 50

Lateral ligament 
reconstruction

Rebuilding the soft tissue that holds the bones together at 
the elbow 8 8 0 0 25 33 17 0 8 25

Secondary wound suture
Using thread to close a wound if it has opened up after 
surgery 8 0 8 17 17 8 25 17 0 42

Ulnar nerve decompression
Release of the soft tissues around the nerve that gives 
feeling to the little and ring finger to prevent damage 8 0 0 0 8 25 33 17 8 58

Return to operating room
Taking a patient back to the operating theatre for any 
reason 8 8 8 0 0 25 25 17 8 50

Incision and drainage
Opening a wound in the operating theatre usually for 
treatment of infection or a collection of blood 8 0 8 0 0 33 8 42 0 50

Irrigation and debridement
Washing out of a woud in the operating theatre and 
removing dead tissue usually for the treatment of infection 8 0 8 0 0 25 0 42 17 59

Manipulation under 
anaesthesia

Trying to move the joint with the patient asleep in the 
operating theatre 8 0 0 0 0 42 17 8 25 50

Lysis of adhesions
Opening the joint to remove scar tissue causing a restriction 
of movement of the elbow 8 0 0 0 0 50 8 25 8 41

Time to re-operation

Time period between the first surgery to implant the elbow 
replacement and any additional surgery (needs specification 
of units of measurement (hours, days, weeks, months, 
years)) 0 0 8 0 8 25 17 25 17 59

Revision Revision surgery

Any further operation involving the elbow replacement. This 
includes adjustments, additions, exchanges or removal of 
all or part of elbow implant components 0 0 0 0 5 0 15 25 55 95

Reason for revision
The explanation for why the implant has to be altered or 
removed 0 0 0 0 11 11 21 16 42 79

Implant removal Taking the implant out of the patient 0 0 0 5 11 5 11 21 47 79
Implant survival Whether the elbow replacement is still in the patient 0 0 0 5 0 16 21 5 53 79
Implant exchange Changing of all or part of the elbow replacement 0 0 0 11 0 16 11 21 42 74

Implant survival - aseptic 
loosening

A measure of the number of elbow replacements that have 
not been removed or altered for coming loose from the 
bone without infection over time 0 0 0 0 0 5 42 11 42 95

Implant survival - Revision 
mechanical failure

A measure of the number of elbow replacements that have 
not been removed or altered because of something going 
wrong with the implant itself (such as fracture, component 
wear or loosening of the components) over time 5 0 0 0 0 5 26 26 37 89

Implant survival - Revision 
mechanical failure or 
loosening

A measure of the number of elbow replacements that have 
not been removed or altered because of something going 
wrong with the implant itself (such as fracture or 
component wear) or for coming loose from the bone for any 
reason over time 0 0 5 0 5 5 37 11 37 85

Implant survival - loosening

A measure of the number of elbow replacements that have 
not been removed  or altered for coming loose from the 
bone for any reason over time 5 5 0 0 0 16 26 5 42 73

Implant survival - Revision
A measure of the number of elbow replacements that have 
not been removed or altered for any reason over time 5 5 0 0 0 5 32 11 42 85

% respondents for each score
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Implant survival - definite 
loosening and bushing wear

A measure of the number of elbow replacements that have 
not been removed or altered for clear evidence of coming 
loose from the bone for any reason or wear of the plastic 
components over time 5 0 0 0 0 21 32 5 37 74

Implant survival - possible 
loosening and bushing wear

A measure of the number of elbow replacements that have 
not been removed or altered for a suspicion of coming loose 
from the bone for any reason or wear of the plastic or 
metal  components over time 5 0 0 5 5 11 42 11 21 74

Implant survival - revision and 
loosening

A measure of the number of elbow replacements that have 
not been removed or altered for any reason for coming 
loose from the bone for any reason over time 5 0 0 0 0 11 32 16 37 85

Cumulative success rate An alternative description of implant survival 0 0 5 0 5 5 11 47 26 84

MSK connective tissueStability Stability

The ability of the elbow joint to maintain a fixed position 
with a force applied .  No clinical evidence of joint 
dislocation or subluxation.  Excludes radiographic evidence. 5 0 0 0 10 0 30 40 15 85

Stability on varus/valgus 
stress

The ability of the elbow joint to maintain a fixed position 
with a force applied inwards or outwards.  No clinical 
evidence of joint dislocation or subluxation.  Excludes 
radiographic evidence. 6 0 0 18 6 18 18 18 18 54

Instability - subjective
The patient's own perception of the presence of the elbow 
not maintaining correct position in rest or during movement 6 0 0 6 12 12 35 12 18 65

Stability of prosthesis in axial 
compression

The ability of the elbow joint to maintain a fixed position 
with a force applied through forearm towards elbow.  No 
clinical evidence of joint dislocation or subluxation.  
Excludes radiographic evidence. 12 12 6 6 18 6 30 6 6 42

Radiographic appearance Radiographic appearance Changes seen on plain X-ray images of the elbow 0 5 5 5 10 20 25 15 15 55

Radiographic alignment
Radiographic assessement of the alignment of the implant 
with the bone 0

Radiographic fixation

Fixation method (for example cementing) and quality of 
fixation seen in radiographs  (No radiographic evidence of 
loosening of the implant) 0 0 0 0 0 9 27 36 27 90

Radiographic success No apparent radiographic problem identified 9 0 0 0 9 9 27 45 0 72

Radiographic lengthening
Radiographic evidence that the implant has been positioned 
in a way to lengthen the segment 18 0 0 18 0 27 18 0 18 36

Radiographic head size Radiographic assessment of the size of the radial head 0
Radiographic congruence 
PRUJ

Radiographic assessement of the way the radial head fits 
into the socket on the ulna 18 0 0 9 18 18 18 9 9 36

Radiographic stem size
Radiographic assessment of the size of the stem of a 
prosthesis 9 0 18 18 36 9 0 0 9 9

Radiographic stem 
positioning

Radiographic assessment of the position of an implant 
within the bone 0 0 0 0 9 18 27 27 18 72

Radiographic quality of 
cementing technique

Radiographic assessment of the quality of the cementation 
between the implant and the bone 0 0 0 0 0 9 27 36 27 90

Radiographic implant 
positioning

Radiographic assessement of the position of the implant 
within the bone 9 0 0 0 0 0 36 36 18 90

Radiographic prosthetic 
sizing Radiographic assessment of the size of the implant 9 0 9 18 9 45 0 9 0 9
Radiographic bone graft 
integration

Radiographic assessment of the degree to which any bone 
graft has attached to the host bone 0 0 18 9 0 0 18 36 18 72

Radiographic cortical fit
Radiographic assessment of the space between the implant 
and the bone 9 0 0 9 18 27 27 9 0 36

Radiographic valgus tilting
Radiographic assessment of the alignment of the implant 
within the bone 9 9 0 9 45 9 0 9 9 18

Radiographic joint congruity
Radiographic assessment of the conformity of the two sides 
of the joint 0 0 0 0 9 9 9 36 36 81

Other Synovitis Inflammation of the joint (lining) 5 15 5 20 20 20 10 0 5 15
Deformity Change in the appearance of the elbow 5 15 5 25 15 5 15 10 5 30

Cubitus valgus
Alignment of the forearm relative to the arm with the 
elbow in a fully straightened position 10 5 10 20 10 20 10 10 5 25

Swelling Increase in the size of the elbow 15 10 0 10 25 20 10 10 0 20

Joint position sense
The ability to determine how bent the elbow is without 
looking at it 10 0 5 15 30 20 10 5 5 20

Deficient bone stock The amount of bone missing around the elbow 5 0 5 15 10 10 25 20 10 55

MCL healing
A measure of the amount of healing of the medial ligament 
of the elbow 10 5 25 30 10 10 5 0 5 10

implant size The choice of size of the implant used 15 10 10 20 5 10 15 10 5 30
Physical function Function/disability Function A measure of the use of the arm or impairment of use 0 0 0 0 5 10 15 50 20 85

Disability 0 0 0 0 10 10 40 25 15 80

Range of movement Range of movement
A measure of the amount of movement of the elbow or 
forearm 0 0 0 0 10 20 10 40 20 70

Range of pronosupination
A measure of the amount of rotational movement of the 
forearm from palm up to palm down 0 0 0 0 0 7 20 40 33 93

Range of flexion/extension
A measure of the amount of movement of the elbow from 
straight to bent 0 0 0 0 0 13 27 33 27 87

Range of flexion/extension 
(active)

A measure of the amount of movement of the elbow from 
straight to bent by the patient only 0 0 0 0 0 7 27 33 33 93

Range of flexion/extension 
(passive)

A measure of the amount of movement of the elbow from 
straight to bent with a clinician helping to move the limb 7 0 7 7 13 7 20 7 33 60

Range of pronosupination 
(active)

A measure of the amount of rotational movement of the 
forearm from palm up to palm down by the patient only 0 0 0 7 0 7 27 33 27 87

Range of pronosupination 
(passive)

A measure of the amount of movement of the forearm 
from palm up to palm down with a clinician helping to 
move the limb 7 0 7 20 0 13 13 13 27 53

Strength Strength A measure of the power of the muscles around the elbow 0 5 0 5 15 20 45 5 5 55

Grip strength
A measure of the power of the muscles to grip an object in 
the hand 0 0 0 8 17 8 50 0 17 67

Flexion Strength
A measure of the power of the muscles around the elbow 
to move the elbow from straight to bent 0 0 17 8 25 0 33 8 8 49

Extension strength
A measure of the power of the muscles around the elbow 
to move the elbow from bent to straight 0 8 8 8 17 8 17 25 8 50

Pronation strength
A measure of the power of the muscles around the elbow 
to move the forearm from palm up to palm down 0 8 8 25 8 25 17 0 8 25

Supination strength
A measure of the power of the muscles around the elbow 
to move the forearm from palm down to palm up 0 8 8 17 0 33 25 0 8 33

Maximum grip strength
A measure of the maximum power of the muscles to grip 
an object in the hand 0 0 8 8 25 17 25 8 8 41

Pinch strength
A measure of the power of the muscles to pinch an object 
between finger and thumb 0 42 8 0 8 17 0 25 0 25

Isometric flexion strength

A measure of the power of the muscles around the elbow 
when the elbow is held in a fixed position and the patient 
tries to move the elbow from straight to bent 0 8 17 17 17 8 25 0 8 33

Isometric extension strength

A measure of the power of the muscles around the elbow 
when the elbow is held in a fixed position and the patient 
tries to move the elbow from bent to straight 0 8 8 25 8 8 25 8 8 41

isometric pronation strength

A measure of the power of the muscles around the elbow 
when the elbow is held in a fixed position and the patient 
tries to move the forearm from palm up to palm down 0 8 17 17 25 17 8 0 8 16

Isometric supination strength

A measure of the power of the muscles around the elbow 
when the elbow is held in a fixed position and the patient 
tries to move the forearm from palm down to palm up 0 8 17 8 17 25 17 0 8 25

Triceps strength
A measure of the power of the triceps muscle to move the 
elbow from bent to straight 0 8 8 8 17 25 25 8 0 33

Activities of daily living Activities of daily living A measure of the ability to do everyday tasks 0 0 0 5 0 5 20 35 35 90

Autonomy on ADL A measure of the patients independence for everyday tasks 0 0 0 0 11 16 5 21 47 73

Self-care activities
A measure of the ability of the patient to do personal care 
such as hygiene 5 0 0 0 11 5 11 32 37 80

Housekeeping ability
A measure of the ability of the patient to do household 
activities such as cleaning 0 0 5 5 5 21 21 26 17 64

Locomotion Ambulation A measure of the patients ability to move around 0 10 5 10 10 30 20 5 10 35

Quality of life Health related quality of life Health related quality of life
A measure of the patients own perception of the impact of 
their health on their life 0 0 0 5 0 25 20 25 25 70

Adverse events Adverse event
All adverse events (no time 
limit) A measure of complications occuring after surgery 0 0 0 10 0 5 10 35 40 85

30-day adverse event
A measure of complications occuring within 30 days 
following surgery 0 0 0 0 6 17 11 33 33 77

intra-operative complication A measure of complications occuring during an operation 6 0 0 0 6 1 22 17 39 78

peri-operative complication
A measure of complications occuring around the time of an 
operation 0 0 0 0 6 17 22 39 17 78

post-operative complication A measure of complications occuring after an operation 0 0 0 0 6 6 17 44 28 89

Major complications
A measure of serious adverse events or complications of 
surgery such as death or those needing additional surgery 0 0 0 0 0 0 17 11 72 100
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Appendix F Assessment of systema;c reviews using AMSTAR-2 
criteria. 

(Shea et al., 2017) 

 
 

  

AMSTAR 2

Research Q 
and 
Inclusion 
PICO

Review 
methods 
established 
before 
review and 
deviation 
justified?

Explanation 
of study 
designs 
included

Comprehen
sive search 
strategy

Selection in 
duplicate

Data 
extraction 
in duplicate

Excluded 
studies list 
and 
justification

Adequate 
description 
included 
studies

RoB 
adequate

Sources of 
funding for 
studies

If meta-
analysis - 
appropriate 
stats

Impact of 
RoB on 
meta-
analysis

Impact of 
RoB on 
interpretati
on

Explanation 
for 
heterogenei
ty

Publication 
bias

Conflicts of 
interets RATING

Q1 Q2* Q3 Q4* Q5 Q6 Q7* Q8 Q9* Q10 Q11* Q12 Q13* Q14 Q15* Q16
STODDART NO YES YES NO YES NO NO NO NO NO NO NO NO NO NO YES CRITICALLY LOW
EVANS NO YES NO NO YES NO NO NO NO NO NO NO NO NO NO YES CRITICALLY LOW
NIELSEN NO NO NO NO YES YES NO PARTIAL PARTIAL NO NA NA YES NO NA YES CRITICALLY LOW



 172 

Appendix G Prisma checklist for systema;c review 

 

PRISMA 2020 Checklist 

Section and 
Topic  

Item 
# Checklist item  

Location 
where item 
is reported  

TITLE   
Title  1 Identify the report as a systematic review. Page 1 
ABSTRACT   
Abstract  2 See the PRISMA 2020 for Abstracts checklist. Page 2 
INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of existing knowledge. Page 4-5 
Objectives  4 Provide an explicit statement of the objective(s) or question(s) the review addresses. Page 5-6 
METHODS   
Eligibility criteria  5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses. Page 6-7 
Information 
sources  

6 Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify the 
date when each source was last searched or consulted. 

Page 8-9 

Search strategy 7 Present the full search strategies for all databases, registers and websites, including any filters and limits used. Page 9-10 
Selection process 8 Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record 

and each report retrieved, whether they worked independently, and if applicable, details of automation tools used in the process. 
Page 10 

Data collection 
process  

9 Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked 
independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the 
process. 

Page 11 

Data items  10a List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each 
study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect. 

Page 11 

10b List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any 
assumptions made about any missing or unclear information. 

Page 12 

Study risk of bias 
assessment 

11 Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each 
study and whether they worked independently, and if applicable, details of automation tools used in the process. 

Page 12 

Effect measures  12 Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. Page 12 
Synthesis 
methods 

13a Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and 
comparing against the planned groups for each synthesis (item #5)). 

Page 13 

13b Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data 
conversions. 

Page 13-14 

13c Describe any methods used to tabulate or visually display results of individual studies and syntheses. Page 13-14 
13d Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the 

model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used. 
Page 13-14 

13e Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression). NA 
13f Describe any sensitivity analyses conducted to assess robustness of the synthesized results. Page 20 

Reporting bias 
assessment 

14 Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). Page 16 

Certainty 
assessment 

15 Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. Page 14 
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PRISMA 2020 Checklist 

Section and 
Topic  

Item 
# Checklist item  

Location 
where item 
is reported  

TITLE   
Title  1 Identify the report as a systematic review. Page 1 
ABSTRACT   
Abstract  2 See the PRISMA 2020 for Abstracts checklist. Page 2 
INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of existing knowledge. Page 4-5 
Objectives  4 Provide an explicit statement of the objective(s) or question(s) the review addresses. Page 5-6 
METHODS   
Eligibility criteria  5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses. Page 6-7 
Information 
sources  

6 Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify the 
date when each source was last searched or consulted. 

Page 8-9 

Search strategy 7 Present the full search strategies for all databases, registers and websites, including any filters and limits used. Page 9-10 
Selection process 8 Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record 

and each report retrieved, whether they worked independently, and if applicable, details of automation tools used in the process. 
Page 10 

Data collection 
process  

9 Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked 
independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the 
process. 

Page 11 

Data items  10a List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each 
study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect. 

Page 11 

10b List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any 
assumptions made about any missing or unclear information. 

Page 12 

Study risk of bias 
assessment 

11 Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each 
study and whether they worked independently, and if applicable, details of automation tools used in the process. 

Page 12 

Effect measures  12 Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. Page 12 
Synthesis 
methods 

13a Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and 
comparing against the planned groups for each synthesis (item #5)). 

Page 13 

13b Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data 
conversions. 

Page 13-14 

13c Describe any methods used to tabulate or visually display results of individual studies and syntheses. Page 13-14 
13d Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the 

model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used. 
Page 13-14 

13e Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression). NA 
13f Describe any sensitivity analyses conducted to assess robustness of the synthesized results. Page 20 

Reporting bias 
assessment 

14 Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). Page 16 

Certainty 
assessment 

15 Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. Page 14 
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Appendix H Screened ;tles for systema;c review of pain outcomes 
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Appendix I Assessment of Jonsson et al. 2023 against ROB-2 criteria. 
(Sterne et al., 2019; Jonsson et al., 2023)  
 

 
 

  

 

Revised Cochrane Risk of Bias tool (RoB 2) for randomised trials
TER v DHH
Jonsson 2023 Unique ID Study ID Experimental Comparator Outcome Weight D1 D2 D3 D4 D5 Overall

Low risk
Some concerns
High risk

D1 Randomisation process
D2 Deviations from the intended interventions
D3 Missing outcome data
D4 Measurement of the outcome
D5 Selection of the reported result

1
Intention-to-
treat 1 Jonsson 

2023
Distal 
humerus 
hemiarthro
plasty

Total elbow 
arthroplasty

Pain Likert 
Scale from 
MEPS

! + ! ! - - +
!
-
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Appendix J Sensi;vity analysis for paper 3 

 

  

Appendix 4: Analysis excluding imputed data (left side).  Analysis including imputed data provided for comparison (right side).  NRS pain DHH not included as there was no imputed data.

Forest plot NRS pain TEA excluding imputed (Prasad excluded) Forest plot NRS pain TEA including imputed (for comparison)
Studies 3 Mean 1.7009 Studies 4 Mean 1.7193
Observations 110 LL -0.0535 Observations 129 LL 0.4464

UL 3.4554 UL 2.9921
I2(%) 97.2 I2(%) 95.9
tau2 2.3412 tau2 1.5803
H 5.96 H 4.92
Q 71.11 Q 72.62
DF 2 DF 3
P <0.0001 P <0.0001

Forest plot proportions TEA Likert Pain excluding imputed (Gallucci excluded) Forest plot proportions TEA Likert Pain including imputed (for comparison)
Studies 14 None Mild Moderate Severe Studies 15 None Mild Moderate Severe
Observations 283 Events 209 62 10 2 Observations 306 Events 227 66 11 2

Proportion 0.747 0.2083 0.0152 0.0001 Proportion 0.7503 0.2055 0.0167 0.0001
LL 0.6705 0.1597 0.0001 0 LL 0.6813 0.159 0.0007 0
UL 0.8172 0.2609 0.046 0.0114 UL 0.8412 0.2558 0.0455 0.0105
I2(%) 45.4 4.8 30.9 0 I2(%) 41.5 0 26.8 0
tau2 0.0094 0.001 0.0054 0 tau2 0.0072 0.001 0.0043 0
H 1.35 1.03 1.2 1 H 1.31 1 1.17 1
Q 23.8 13.66 18.82 5.14 Q 23.93 13.84 19.14 5.19
DF 13 13 13 13 DF 14 14 14 14
P 0.033 0.3984 0.1288 0.9719 P 0.0467 0.4615 0.1598 0.983

Forest plot proportions DHH Likert Pain excluding imputed (Al-Hamdani and Dirckx excluded) Forest plot proportions DHH Likert Pain including imputed (for comparison)
Studies 4 None Mild Moderate Severe Studies 6 None Mild Moderate Severe
Observations 111 Events 84 13 13 1 Observations 149 Events 106 23 19 1

Proportion 0.7606 0.1060 0.1146 0.0039 Proportion 0.7150 0.1374 0.1147 0.0019
LL 0.6435 0.0291 0.0579 0 LL 0.5522 0.0479 0.0597 0
UL 0.8618 0.2147 0.1847 0.0341 UL 0.8551 0.2567 0.182 0.0245
I2(%) 44.3 54.5 0 0 tau2 0.0305 0.021 0.0021 0
tau2 0.0065 0.0112 0 0 H 1.97 1.73 1.19 1
H 1.34 1.48 1 1 I2(%) 74.2 66.7 29
Q 5.39 6.59 0.7 0.75 Q 19.35 15 7.04 0.83
DF 3 3 3 3 DF 5 5 5 5
P 0.1455 0.0862 0.8736 0.8622 P 0.0017 0.0104 0.2174 0.9748
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Appendix K Standardised SHELF Expert briefing document. 
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Appendix L Evidence dossier pain scores a[er TER and DHH for acute 
trauma. 
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Appendix M Expert enquiry form and responses. 
 

Name and 

Title Background and Expertise 

Declaration of 

Interests 

Additional 

Evidence 

Clarification

s and 

Corrections 

MANSAT 

Pierre, Prof. 

Master in Biomechanics 1992; Fellowship Mayo 

Clinic - Adult Reconstruction Upper Limb 

(Shoulder-Elbow) 1996/1997; PhD Thesis on 

Shoulder arthroplasty using FEA 2002; Professor of 

Orthopedic and Traumatology, University Hospital 

Toulouse FRANCE 2004; Main activities: Shoulder, 

Elbow and Hand Surgeries; 180 per-reviewed 

articles indexed in Pubmed; Chief-editor JSES 

International (Elsevier)   

Chief-editor JSES 

International 

(Elsevier); Payed 

consultant: 

Medartis, 

Stryker, Zimmer-

Biomet None None 

Lars 

Adolfsson, 

Professor, MD 

Specialist in orthopedic and hand surgery. 35 years 

experience. Over 100 peer reviewed publications 

on upper extremity trauma and surgery. Several on 

elbow arthroplasty none 

nothing 

very 

important 

missing none 

Toni Luokkala, 

MD PhD, 

Consultant 

Elbow and 

Hand Surgeon 

Current employer: Wellbeing services county of 

Central Finland, Hospital Nova, Jyväskylä, Finland. 

Background: 12 years as a consultant elbow and 

hand surgeon including upper limb fellowship 

position in Wrightington hospital 2017. 

Consultant, 

National patient 

insurance center, 

Finland - - 

Joideep 

Phadnis Elbow specialist 

Consultant for 

stryker 

(arthroplasty 

implants) 

none 

additional none 

Jonathan 

Evans  

I am a Consultant Shoulder and Elbow surgeon at 

the Princess Elizabeth Orthopaedic Centre, Royal 

Devon University Hospital, Exeter. I also hold a 

position as a Senior Clinical Lecturer in 

Orthopaedics at the University of Exeter. As a 

clinical academic I split my time 50/50 between 

clinical work and research activity. Over the last 

few years I have published systematic reviews and 

meta-analysis on the outcome of total elbow 

replacements and distal humeral 

hemiarthroplasties in the context of trauma and 

have conducted a feasibility randomised controlled 

trial assessing these two interventions in 

unreconstructable distal humeral fractures. In 

I have no 

relevant 

disclosures 

I have read 

the dossier 

and there is 

no relevant 

further 

published 

evidence I 

would 

offer. I have 

discussed 

some pre-

published 

data with 

Prof Watts 

No further 

clarifications 

and 

corrections.  
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2017 I completed my doctorate assessing 

outcomes in lateral elbow tendinopathy, a major 

component of which involved the assessment of 

the psychometric properties of elbow specific 

Patient Reported Outcome Measures (PROMs). I 

have maintained an interest in PROMs and have 

published on core outcome sets in elbow 

pathology and the use of advanced psychometric 

techniques including item response theory and 

computerised adaptive tests.  

from our 

feasibility 

RCT.  

Andrew 

Wright. 

Consultant 

Elbow & 

Shoulder 

Surgeon, 

Wrightington 

Hospital. 

Consultant Elbow Surgeon at Wrightington 

Hospital UK since 2020. My practice is 

predominantly elbow orientated with tertiary 

referrals from regional colleagues. I have 

collaborated in a multidisciplinary working group 

to produce national guidelines for lateral elbow 

tendinopathy. 

No interests to 

declare 

No 

additional N/A 

Alexander 

Van Tongel 

MD PhD 

Shoulder - Elbow surgeon University Hospital 

Ghent 

To evaluate the 

average pain 

score and to help 

to lower the pain 

score with new 

techniques - - 
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Appendix N Linear pooling and assurance assessment for expert 
elicita;on. 

 

During the group elicita@on stage the moderator had access to the linear pool, or 

mathema@c aggrega@on, of the individually elicited expert beliefs.  These were not shared 

with the experts to avoid influencing the group stage discussion.  They do however indicate 

the level of agreement between experts.  Linear pooling can be used instead of the RIO 

consensus process but the la`er was chosen for this study. 

 

 
 
Figure N.1 Linear pool for median PREE at 12 months ajer TER 
 

 
 
Figure N.2 Linear pool for difference in median PREE at 12 months ajer TER and DHH 
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Assurance assessment was undertaken using the method described by Alhussain and Oakley 
using their online shiny app.(Alhussain and Oakley, 2020) 
 

 
 
Figure N.3 Assurance assessment: stage 1 - treatment effect.  
 

 
 
Figure N.4 Assurance assessment: stage 2 - treatment group variance. 
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Figure N.5 Assurance assessment: stage 3 - control group variance. 
 

 
 
Figure N.6 Assurance assessment: stage 4 - assurance. 
 
The results given indicate that with the elicited median treatment effect and standard 

devia@on for PREE pain outcomes following TER and DHH, it is not assured that a 

randomised trial would demonstrate a significant difference in outcomes between the two 

interven@ons when assessed using this outcome instrument. 
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Appendix O G*Power output for classical power analysis based on 
parameters elicited in PEDANT study (Paper 4) 

 

t tests - Means: Difference between two independent means (two 
groups) 
 
Analysis: A priori: Compute required sample size  
Input:  Tail(s)                        = Two 
   Effect size d                  = 0.2828427 
   α err prob                     = 0.05 
   Power (1-β err prob)           = 0.8 
   Allocation ratio N2/N1         = 1 
Output:  Noncentrality parameter δ      = 2.8142493 
   Critical t                     = 1.9660032 
   Df                             = 394 
   Sample size group 1            = 198 
   Sample size group 2            = 198 
   Total sample size              = 396 
   Actual power                   = 0.8016202 


