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A B S T R A C T   

Purposes: Many studies have been performed that investigate consolidation after arthrodesis of foot and ankle 
joints. Consolidation in foot and ankle joints is best assessed by computed tomography (CT). However, no golden- 
standard methodology exists for radiological consolidation assessment from CT after ankle and foot arthrodesis. 
The aim of this review is to present an overview of the radiological methodologies for consolidation assessment, 
outcomes on reliability and validity and to advise which methodology should be used. 
Method: Scientific databases were systematically searched. Eligible studies were studies that 1) performed foot or 
ankle arthrodesis, 2) mentioned radiological or CT follow-up in abstract, 3) performed postoperative CT in >
50% of patients. Two authors selected eligible studies and performed a risk of bias assessment with the COSMIN 
tool. 
Results: Risk of bias assessment showed that most studies (80%) were at high risk of bias due to poor method-
ology. The most popular method for consolidation assessment is by subjectively categorizing consolidation into 
consolidation groups, with a substantial reliability score. Another popular method is to calculate the fusion ratio 
and then apply a fusion threshold, to distinguish between fused and non-fused joints. This method had an 
excellent reliability score. In most studies a fusion threshold of 50% is used. However, four studies in this review 
showed that a 30% fusion threshold may by more valid. 
Conclusion: Based on the results of this review we would advise to calculate fusion threshold and apply a 30% 
fusion threshold to distinguish fused from non-fused foot and ankle joints.   

1. Introduction 

Arthrodesis of foot or ankle joints can be indicated as a result of 
severe osteoarthritis, malformation or fractures. A dreaded complication 
after arthrodesis is nonunion of the fused joint. In the literature wide 
ranges of union rates after arthrodesis of foot or ankle joints have been 
reported, ranging from 64% till 100% [1]. Risk factors for nonunion 
have been studied extensively, as have operative and fixation tech-
niques, all to prevent nonunion after arthrodesis [1,2]. However, 
although consolidation is a very important outcome measure in these 
studies, there is no general consensus on how to radiologically assess 
consolidation after arthrodesis. Due to the lack of consensus, studies 
currently use different methods to radiologically assess consolidation 
after arthrodesis. 

Little is known about valid and reliable radiological assessment of 

bone consolidation after foot or ankle arthrodesis. Assessment of bone 
healing after a fracture is a somewhat more studied subject. A systematic 
review from Corrales et al. (2008), showed a lack of consensus on 
fracture healing assessment. They reported that in 123 studies that 
investigated therapeutic clinical effects in long-bone fractures, 11 
different criteria for fracture healing were used. The majority of studies 
assessed fracture healing with a combination of clinical and radio-
graphic criteria (62%). Clinical criteria for fracture union are pain on 
weight bearing and pain on palpation. Radiographic criteria for fracture 
union were bridging of the fracture by callus, trabeculae or osseous bone 
and obliteration of the fracture line [3]. Only two of 123 studies re-
ported a quantitative measure of the reliability of the radiographic 
assessment of fracture healing. After the review of Corrales et al. (2008), 
the ‘Radiographic Union Score for Tibial fractures’ (RUST) was intro-
duced as a tool for tibial fracture healing assessment. In this tool, 
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anteroposterior and lateral radiographs are scored based on presence or 
absence of fracture line and callus, resulting in scores ranging between 4 
(no union) to 12 (complete healing) [4]. Also, the interobserver agree-
ment for RUST tool were high (>0.80) [4]. Cooke et al. (2018) corre-
lated the outcome of RUST to biomechanical properties in femoral mice 
fractures, and reported high correlations between RUST scores and 
physical properties [5]. Nowadays, RUST and a slightly adapted version 
(modified RUST) are commonly used tools for fracture healing assess-
ment [5–8]. 

For studies that study consolidation after foot or ankle arthrodesis, it 
would be of great benefit if a validated and widely accepted tool would 
be used. There is no general consensus on a validated golden-standard 
for radiological consolidation assessment after arthrodesis. Coughlin 
et al. (2006) showed however that progress of consolidation of the 
hindfoot, cannot be accurately assessed from radiographs. Therefore, for 
consolidation assessment after hindfoot arthrodesis, CT is strongly rec-
ommended [9,10]. In order to get closer to consensus on consolidation 
assessment in foot and ankle joints, we should first investigate which 
methods are currently used for consolidation assessment. Therefore, the 
aim of this systematic review is to present how studies assess bone 
consolidation after arthrodesis of foot or ankle joints from CT. 

2. Method 

The protocol of this study has been registered (https://www.crd. 
york.ac.uk/prospero/; registration number: CRD42021199088). 

We selected studies which preformed arthrodesis of the foot or ankle 
joints, which evaluated consolidation with CT. Inclusion criteria were: 
foot or ankle arthrodesis was performed, mentioning in the abstract of 
radiological or CT follow-up, postoperative CT to assess bone consoli-
dation is performed in at least 50% of study patients, follow-up period of 
at least four weeks, studies should be written in English, Dutch, German 
or Spanish. We excluded reviews and case reports (≤5 participants), 
animal studies and studies without access to full-text. 

An extensive electronic literature search was performed on the 10th 
of September 2020. Databases that were searched were: Embase, Med-
line Ovid, Web of science, Cochrane central. See Table 1 for the search 
strategy for Embase. To select eligible studies from the search results, 
two rounds of study selection were performed. Each round was per-
formed by two independent reviewers (AW and CH). In the first round, 
search results were screened for eligibility based on title and abstract. 
Results between reviewers were compared and differences were 
resolved by consensus. In the second round, the studies selected by the 
first round were further assessed for eligibility by reading the full text. 
Results between the reviewers were again compared and resolved by 
consensus. In case of disagreements, a third reviewer (DM) was 

consulted. 
Data were extracted with a pre-defined data extraction sheet. Gen-

eral study data that were extracted were: study type, number of patients, 
patient population, CT settings, primary aim of the study and if 
consolidation was the primary outcome of the study. Furthermore, 
methodological descriptions of consolidation assessment were extrac-
ted, who assessed consolidation (radiologist, orthopedic surgeon), how 
many assessors assessed consolidation, if assessors were blinded, reli-
ability measures (inter- or intraclass correlation coefficient (ICC) or 
Kappa scores), validity measures (correlations with other methods of 
assessment or clinical outcomes), and if a study referred to methodol-
ogies of other studies. 

Risk of bias assessment was assessed with the COSMIN tool which is 
advised by Cochrane for clinimetric studies [11]. This tool is established 
to assess the quality of studies on reliability measurements. The tool 
consists of nine subdomains which are scored as very good, adequate, 
doubtful, inadequate or not applicable. Five of those subdomains are 
about design requirements, like time interval between measurements, 
measurement conditions and blinding of assessors. Three subdomains 
are about the statistical method used to assess reliability and assess 
whether an ICC or kappa score was calculated. One subdomain asks 
whether there are ‘any other important flaws in the design or statistical 
methods of the study’. As we did not only include clinimetric studies, 
some studies referred to another study for the methodology of consoli-
dation assessment. If so, the quality of this study was assessed with the 
COSMIN tool and the outcome was included in this subdomain. The risk 
of bias is assessed by applying the worst-score-count method [11]. The 
assessment was performed by two reviewers, discrepancies between 
results were resolved by consensus. 

A table will be presented with all included studies and the methods of 
consolidation assessment from CT. If available, reliability scores of those 
methods will be presented. They will be interpreted according to the 
Koch-Landis interpretation of Kappa tests (slight agreement (Kappa =
0.01-0.20), fair agreement (Kappa = 0.21-0.40), moderate agreement 
(Kappa = 0.41-0.60), substantial agreement (Kappa = 0.61-0.80) and 
excellent agreement (Kappa = 0.81–1.00)) [12]. 

3. Results 

Our electronic search resulted in 12.058 studies. After removing 
duplicates 6450 studies remained for screening. Based on title and ab-
stract screening, 6356 studies were excluded. The remaining 94 studies 
were assessed based on full-text. Full-text screening led to exclusion of 
60 studies. Therefore, 34 studies were eligible for inclusion in this sys-
tematic review. See Fig. 1 for the flow-chart of study selection. 

3.1. Risk of bias assessment 

The results of the risk of bias assessment are shown in Table 2. The 
results show that 27 studies were assessed as inadequate [9,10,13–37], 
meaning that there is a high risk of bias. This was a result of absence of 
reporting reliability measurements, such as ICC or Kappa. Also, none of 
these studies referred to a study with an adequate methodological 
description of consolidation assessment. Risk of bias was assessed as 
doubtful in four studies [38–41]. Three of those studies did assess 
intraobserver reliability but not interobserver reliability [38–40]. One 
study did not report intrabovserver reliability but the study referred to a 
study that assessed intraobserver reliability [41]. Three studies were 
assessed as adequate [42–44]. These studies assessed kappa score’s as a 
measure for agreement between different observers. However it was not 
clearly described if the assessors of bone union were independent and 
blinded [42,43], or if the assessors were without knowledge of each 
other’s scores [44]. Overall, there is a high risk of bias in most of the 
studies. 

Table 1 
Search strategy for Embase.  

(’arthrodesis’/exp OR (arthrodes* OR spondylodesis* OR ((spin* OR joint* OR ankle* 
OR hindfoot* OR forefoot* OR foot OR feet OR tarsal* OR metatarsal* OR subtalar* 
OR talocrural* OR wrist OR knee OR lumbar* OR thora* OR cervi* OR vertebra* OR 
Occipit* OR C1 OR C2 OR C3 OR C4 OR C5 OR C6 OR C7 OR L1 OR L2 OR L3 OR L4 
OR L5 OR T1 OR T2 OR T3 OR T4 OR T5 OR T6 OR T7 OR T8 OR T9 OR T10 OR T11 
OR T12) NEAR/6 fusion*)):ab,ti) AND (’fracture healing’/de OR ’fracture 
nonunion’/de OR ’callus’/de OR ’bone development’/de OR ’ossification’/de OR 
’osteoclastogenesis’/de OR ’fusion rate’/de OR (((bone* OR fracture* OR 
arthrodes* OR osteotom* OR scaphoid* OR osseous OR bony OR spin* OR fusion*) 
NEAR/6 (healing OR union* OR nonunion* OR united OR ununited OR 
consolidation OR development* OR formation* OR bridging)) OR (joint* NEAR/3 
fusion*) OR callus OR ossificatio* OR osteoclastogenes* OR fusion-rate* OR fusion- 
status*):ab,ti) AND (’computer assisted tomography’/exp OR ’radiodiagnosis’/de 
OR radiography/de OR ’bone radiography’/exp OR ’pelvis radiography’/de OR 
’joint radiography’/exp OR ’radiological parameters’/de OR radiologist/de OR 
’diagnostic imaging’/de OR ((compute* NEAR/3 tomograph*) OR radiodiagnos* 
OR radiolog* OR radiograph* OR ct OR (cat NEXT/1 (scan*)) OR ((bone* OR 
diagnos*) NEAR/3 imaging)):ab,ti) NOT ([Conference Abstract]/lim OR [Letter]/ 
lim OR [Note]/lim OR [Editorial]/lim) NOT (’case reports’/de OR ’case report’:ti) 
NOT ([animals]/lim NOT [humans]/lim)  
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3.2. General characteristics 

In this systematic review, 34 studies were included who assessed 
consolidation after foot or ankle arthrodesis with CT. The primary 
outcome in 30 of those studies was assessment of consolidation with CT 
[9,10,13–24,27–35,37,39–42,44]. Seven of these studies were ran-
domized controlled trials [18,19,25,26,28,40,41], and 27 studies were 
retro- or prospective cohort studies [9,10,13–17,20–24,27,29–39, 
42–44]. 

The primary aims of the studies included in this review were diverse. 
The primary aim of 16 included studies, was to investigate the effect of 
bone healing stimulating therapies, such as growth factors, bone grafts 
or low intensity pulsed ultrasound [10,16–19,23–25,28,29,31,32,37, 
39–41]. Eight studies investigated different types of osteosynthesis 
material or operative techniques [20–22,27,30,33,35,44]. In four 
studies the primary aim was to correlate fusion ratio to clinical outcomes 
[13–15,18]. In one study, the primary study aim was to evaluate the 
interrater reliability of consolidation assessment from CT [43]. Other 
studies evaluated long-term results of arthrodesis [34], risk factors for 
nonunion [38], bilateral versus unilateral ankle arthrodesis [36], 
radiographic versus CT evaluation of healing after arthrodesis [9], or 
fusion rate after arthrodesis [42]. See Table 3 for more detailed aims of 
the studies and a complete overview of the general study characteristics. 

3.3. Methods of consolidation assessment 

Fig. 2 shows an overview of methods used for consolidation assess-
ment. Four studies did not describe the methodology used to assess 
consolidation [34–37]. Thirteen studies calculated fusion ratio from CT 
[9,13–17,19–21,26,42,44]. The methodology of calculating fusion ratio 
in foot and ankle arthrodesis was first described in 2006, by the studies 
of Jones et al. (2006) and Coughlin et al. (2006), which are studies from 
the same research group [9,10]. Fusion ratio was calculated by 
measuring the width of the joint surface on each CT slice, and the widths 
of the fused segments on each CT slice. The widths of the joint surfaces of 
each slice were summed, as were the widths of the fused segments on 
each slice. Fusion ratio was calculated with the next formula: fusion 
ratio = (sum of widths of fused segments / sum of widths of joint sur-
faces) * 100′. 

The studies of Jones et al. (2006) and Coughlin et al. (2006) 
measured the widths of fused parts and arthrodesis with a handheld 
digital micrometer [9,10]. Slices that were used for calculating fusion 
ratio were the first to last slice that showed parallel arthrodesis surfaces 
subjected to graft incorporation [9]. Only apposed portions of joints 
were included in the measurements, herewith excluding parts with 
subluxation or offset of joint surfaces and joint surfaces that were 
curving away from each other [9]. Also, hardware and beam hardening 
artifacts were excluded from measurements [9]. 

Next to the studies of Jones et al. and Coughlin et al., 11 studies 
calculated fusion ratio to assess consolidation. They referred either to 

Fig. 1. Flow-chart of study selection.  
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the study of Jones et al. [13–16,44], or to the study of Coughlin et al. 
[17–21,42]. Three of these studies used the calculated fusion ratio as 
primary outcome measure for consolidation [13,14,16]. 

After calculating fusion ratio, three studies categorized fusion ratios 
into arbitrary groups. For example, two studies classified an arthrodesis 
as nonunion if the fusion ratio was lower than 33%, fusion ratios be-
tween 34% and 66% were classified as partial fused, and fusion ratio of 
67% and higher were classified as complete fusion [10,15]. Mehlhorn et 
al (2020). categorized fusion ratios in three groups, <25% fusion, >25% 
and<50% fusion, and>50% fusion [44]. 

The remaining seven studies who calculated a fusion ratio, applied a 
fusion threshold to decide whether an arthrodesis was fused or not. Six 
studies used a fusion threshold of 50% [9,17,18,20,21,42], one study 
used a fusion threshold of 45% [19]. 

Wanivenhaus et al. (2017) had an unique method for consolidation 
assessment. They divided the joint space into nine subareas, by dividing 
the joint space into three horizontal planes (dorsal, central and plantar) 
and three vertical planes (medial, central and lateral) [22]. For each 
subarea the bony bridging was rated and the total amount of consoli-
dation was manually calculated. Thereafter, consolidation was catego-
rized into no fusion (<20%), partial fusion (20%-90%) or total fusion 
(>90%) [22]. 

Sixteen studies had a more subjective approach to assess consolida-
tion, without assessment of an objective measure. Ten studies subjec-
tively assessed consolidation from CT by categorizing the amount of 

consolidation into groups [23–30,40,41]. Six studies subjectively 
assessed consolidation with a fusion threshold. Five studies used a fusion 
threshold of 50% [31–33,39,43], and one a fusion threshold of 25% 
[38]. 

See Table 4 for an overview of all methods used for consolidation, 
including fusion thresholds, consolidation categories and who per-
formed the assessment of consolidation. 

3.4. Reliability measures 

In the study of Usuelli et al. (2016), three orthopedic surgeons were 
asked to objectively measure and calculate subtalar fusion ratio. 
Thereafter, a fusion threshold of 50% was applied. This study reported 
excellent interrater reliability for the subtalar joint (kappa = 0.91, see 
Table 5) [42]. 

The study of Mehlhorn et al. (2020) included patients with an 
instable Charcot foot who were stabilized by fixating the first metatarsal 
joint, talonavicular joint and calcaneocuboid joint. Two observers 
(experienced trauma surgeon and orthopedic surgeon) calculated the 
fusion ratio for each joint and then categorized consolidation into one of 
three groups (<25% fusion, 25–50% fusion and > 50% fusion). Based on 
the consolidation group, joints received points for consolidation. Zero 
points for<25% fusion, 1 point for 25–50% fusion and 2 points for >
50% fusion. As three joints were scored per patient, final consolidation 
scores ranged between 0 and 6 points. With this scoring system, the 

Table 2 
COSMIN risk of bias assessment tool to assess quality of studies on reliability.   

Subdomains for scoring Risk of Bias   

1 2 3 4 5 6 7 8 9 Score 

Jones et al. 2006 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Dorsey et al. 2009 N.a. N.a. N.a. I.ad N.a. I.ad. N.a. N.a. N.a. I.ad. 
Thaunat et al. 2012 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Coulomb et al. 2019 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Fourman et al. 2014 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Mehlhorn et al. 2020 N.a. N.a. V.g. Ad. Ad. V.g. N.a. V.g. N.a. Ad. 
Coughlin et al. 2006 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Coughlin et al. 2008 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Glazebrook et al. 2013a N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Usuelli et al. 2016 N.a. N.a. Ad. Ad. Ad. V.g. N.a. N.a. V.g. Ad. 
Myerson et al. 2019 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Ford et al. 2019 N.a. N.a. Df. Df. Df. I.ad. N.a. N.a. N.a. I.ad. 
Bejarano-Pineda 2020 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Wanivenhaus et al. 2017 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Jones et al. 2015 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Daniels 2010 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
DiGiovanni et al. 2011 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Glazebrook et al. 2013b N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Dekker et al. 2018 N.a. N.a. Df. Df. Df. I.ad. N.a. N.a. N.a. I.ad. 
DiGiovanni et al. 2013 N.a. V.g Ad. Ad. Ad. Df. N.a. V.g. N.a. Df. 
Daniels et al. 2019 N.a. N.a. N.a. N.a. N.a. Df. N.a. N.a. N.a. Df. 
Daniels et al. 2015 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Kodama et al. 2016 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Aubret et al. 2018 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Bibbo 2009 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Cerrato et al. 2014 N.a. N.a. Ad. Ad. Ad. N.a. N.a. N.a. V.g. Ad. 
DiGiovanni et al. 2016 N.a. V.g. Ad. Ad.. Ad. Df. N.a. N.a. V.g. Df. 
Krause et al. 2016 N.a. V.g. Ad. Ad. Ad. Df. N.a. N.a. V.g. Df. 
Tricot et al. 2017 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Steginsky et al. 2020 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Knupp et al. 2008 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Martin Oliva et al. 2017 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Maenohara et al. 2018 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 
Mirza et al. 2019 N.a. N.a. N.a. N.a. N.a. I.ad. N.a. N.a. N.a. I.ad. 

N.a.: not applicable; V.g.: Very good; Ad.: Adequate; Df.: Doubtful; I.ad.: Inadequate. 1) Were patients stable in the time between the repeated measurements on the 
construct to be measured?; 2) Was the time interval between the repeated measurements appropriate?; 3) Were the measurement condition similar for the repeated 
measurements?; 4) Did the professional(s) assign the scores or determined the scores without knowledge of scores or values of other repeated measurement(s) in the 
same patients?; 5) Did the professional(s) assign the scores or determined the values without knowledge of the scores or values of other repeated measurement(s) in the 
same patients?; 6) Were there any other important flaws in the design or statistical methods of the study?; 7) For continuous scores: was an Intraclass Correlation 
Coefficient (ICC) calculated?; 8) For ordinal scores: was a (weighted) Kappa calculated?; 9) For dichotomous/nominal scores: was Kappa calculated for each category 
against the other categories combined? 
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Table 3 
Study characteristics.   

Number of 
patients 

Patient population Study aim Slice 
thickness 
(mm) 

Planes used for 
assessment 

Jones et al. 2006 13 Hindfoot nonunions treated with 
revision arthrodesis  

Effect of low-intensity ultrasound in patients with 
nonunion treated with revision arthrodesis 

1 Orthogonal to joint 
(ax., sag., or cor.) 

Dorsey et al. 2009 29 Ankle or subtalar joint with persistent/ 
recurrent pain 

Correlate joint stability with bone fusion 2 Sag. 

Thaunat et al. 
2012 

14 Posterior arthroscopic subtalar 
arthrodesis 

Correlate fusion ratio and functional results 2 Sag. 

Coulomb et al. 
2019 

22 Arthroscopic subtalar arthrodesis Correlate between fusion ratio and functional results NR Sag. 

Fourman et al. 
2014 

82 Ilizarov method in complex subtalar 
ankle arthrodesis 

Effect of rhBMP-2 on fusion rate 1–2 Sag. 

Mehlhorn et al. 
2020 

40 Medial column stabilization of instable 
Charcot foot 

High-profile threaded and surface modified fusion 
bolts compared to standard fusion bolts 

NR NR 

Coughlin et al. 
2006 

15 Hindfoot arthrodesis  Comparing radiographs and CT-scans for the 
quantitative evaluation of healing of hindfoot 
arthrodesis 

2 Ax. & cor. 

Coughlin et al. 
2008 

15 Subtalar arthrodesis Effect of low intensity ultrasound bone stimulation 
after subtalar arthrodesis 
Evaluate healing rate and 

2 Ax. & cor. 

Glazebrook et al. 
2013a 

275 Isolated hindfoot or ankle fusions correlate fusion with good clinical outcomes 2 Sag. 

Usuelli et al. 2016 25 Total ankle replacement with subtalar 
fusion 

Investigate fusion rate of subtalar joint with total 
ankle replacement 

2 Sag. & cor. 

Myerson et al. 
2019 

140 Subtalar arthrodesis Assess the safety and efficacy of adipose-derived 
cellular bone matrix compared to autograft 

NR Sag. & cor. 

Ford et al. 2019 33 Tibiotalocalcaneal arthrodesis Effect of arthrodesis nail with internal pseudoelastic 
nitinol compression element 

1.2–2 Sag. & cor. 

Bejarano-Pineda 
2020 

7 Tibiocalcaneal hindfoot arthrodesis  Evaluate outcome of retrograde intramedullary nail 
and custom 3D printed titanium cage 

NR NR 

Wanivenhaus 
et al. 2017 

39 First Metatarsophalangeal joint 
arthrodesis with compressive locking 
plate 

Evaluate fusion rate in arthrodesis with dorsal fusion 
plate combined with plantar lag screw 

NR NR 

Jones et al. 2015 103 Hindfoot, midfoot or ankle arthrodesis 
with CBA 

Assess safety and effectiveness of CBA NR Sag. & cor. 

Daniels 2010 60 Hindfoot or midfoot arthrodesis Effect of rhPDGF in a calcium phosphate matrix NR NR 
DiGiovanni et al. 

2011 
20 Ankle or hindfoot arthrodesis  Compare safety and efficacy of biosynthetic bone 

graft substitute to autograft 
2 Ax., cor. & sag. 

Glazebrook et al. 
2013b 

24 Hindfoot, midfoot and ankle arthrodesis  Compare safety and effectiveness of B2A-granule to 
autograft 

0.6–2 Ankle: Cor. 
Subtalar & 
talonavicular: sag. 

Dekker et al. 2018 15 Tibia, ankle or hindfoot reconstructive 
procedure 

Report outcomes of patient-specific 3D-printed 
titanium implants 

NR NR 

DiGiovanni et al. 
2013 

434 Hindfoot or ankle arthrodesis Evaluate if RhPDGF-BB growth factor combined with 
osteoinductive matrix is a safe and effective 
alternative to autograft 

2 Orthogonal to joint 
(ax., sag., or cor.) 

Daniels et al. 
2019 

106 Ankle or hindfoot arthrodesis  Compare safety and efficiency of rhPDGF-BB/b-TCP- 
collagen with autograft 

NR NR 

Daniels et al. 
2015 

75 Ankle and hindfoot fusions Evaluate efficacy and safety of rhPDGF-BB combined 
with beta-tricaclium phosphate colagen matrix versus 
autograft 

NR NR 

Kodama et al. 
2016 

27 Ankle arthrodesis Compare vascularized and non-vascularised anterior 
sliding tibial grafts 

NR NR 

Aubret et al. 2018 11 Revision of total ankle replacement by 
arthrodesis 

TAR revision by reconstruction-arthrodesis when 
using ankle spacer 

NR Ax., sag. & cor. 

Bibbo 2009 69 Ankle or hindfoot fusions in patients at 
high risk for nonunion 

Effect of rhBMP-2 augmentation in high-risk fusions NR NR 

Cerrato et al. 
2014 

41 Ankle, subtalar or tibiotalocalcaneal 
fusion 

Evaluate interrater reliability of fusion from CT 2 Sag. & cor. 

DiGiovanni et al. 
2016 

397 Ankle or hindfoot arthrodesis and 
required supplemental bone graft 

Determine adequate graft material for fusion 2 Orthogonal to joint 
(ax., sag. or cor.) 

Krause et al. 2016 370 Hindfoot, midfoot and ankle fusion Evaluate impact of nonunion on clinical outcomes 
and identify potential risk factors for nonunion 

NR NR 

Tricot et al. 2017 82 Hindfoot or ankle arthrodesis Evaluate if allograft-DBM-BMA is as effective as 
autograft –DBM treatment 

NR NR 

Steginsky et al. 
2020 

32 Isolated subtalar ankle arthrodesis at risk 
of nonunion 

Evaluate anterior ankle arthrodesis with rigid plate 
fixation 

NR NR 

Knupp et al. 2008 28 Rheumatoid arthritis with triple 
arthrodesis 

Evaluate long-term results of triple arthrodesis NR NR 

Martin Oliva et al. 
2017 

19 Arthroscopic subtalar arthrodesis Report outcome arthrodesis using 2 posterior portals NR NR 

Maenohara et al. 
2018 

20 Bilateral or unilateral ankle arthrodesis Compare outcomes of bilateral and unilateral ankle 
arthrodesis 

NR NR 

(continued on next page) 
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study showed substantial level of agreement between raters (kappa =
0.72, see Table 5) [44]. 

The study of Cerrato et al. (2014) aimed to evaluate the reproduc-
ibility scores for consolidation assessment after subtalar, ankle or 
tibiotalocalcaneal arthrodesis. Four orthopedic surgeons were asked to 
subjectively judge the extent of consolidation on sagittal and coronal CT 
cuts. Surgeons judged whether there was>50% consolidation across the 
arthrodesis site. Kappa scores were separately reported per joint but 
were at least substantial (kappa > 0.61) [43]. See Table 5 for all Kappa 
scores and 95% confidence intervals. The studies of DiGiovanni et al. 
(2016) and Krause et al. (2016) reported intrarater reliability for the 
same methodology. In both studies a radiologist subjectively assessed 
whether a joint was fused, and reassessed the CT scans after at least three 
months. DiGionvanni et al. (2016) applied a fusion threshold of 50%, 
and Krause et al. (2008) of 25%. Kappa value for the intrarater reliability 
was excellent in both studies (DiGiovanni et al. (2016): k = 0.87; Krause 
et al. (2016): k = 0.87, see Table 5) [38,39]. 

The study of DiGiovanni et al. (2013) reported intrarater reliability 
by having the same blinded radiologist re-examine a subset of CT scans 
with at least three months in between. The study was performed in 
patients with ankle or hindfoot arthrodesis. In this study, the radiologist 
subjectively categorized consolidation into one of four groups (0%-24% 
fusion, 25%-49% fusion, 50%-74% fusion, 75–100% fusion). Kappa 
value for intrarater reliability was substantial (k = 0.67, see Table 5) 
[40]. 

None of the other studies reported reliability scores for their 
methodology. 

3.5. Validity measures 

Five studies correlated CT assessed consolidation to the clinical 
outcome. Glazebrook et al. (2013b) did this in patients with isolated 
subtalar joint fusion. Clinical outcome was assessed with questionnaires, 
and consolidation was subjectively categorized as absent (0%-24%), 
minimal (25%-49%), moderate (50%-74%) or complete (75%-100%). 
The study showed that for considering a hindfoot or ankle fusion clinical 

successful at least minimal fusion (25%-49%) is necessary [26]. 
Three studies investigated the correlations between fusion thresh-

olds and clinical outcomes. Dorsey et al. (2009) correlated fusion ratio to 
stability in patients with persistent or recurrent pain after ankle or 
subtalar joint arthrodesis [13]. Stability was assessed by physical ex-
amination, operative reports, and effect of diagnostic injections. Based 
on this information, a joint was judged to be stable or unstable. Twelve 
of 42 operated joints were judged as unstable, and 30 as stable. Unstable 
joints had fusion ratios ranging between 0% and 32.8%. Stable joints 
had fusion ratios ranging from 33.2% to 100%. Dorsey et al. (2009) set 
the optimal cutoff level to 33% as this threshold yielded 100% sensi-
tivity and specificity [13]. 

Thaunat et al. (2012) aimed to validate the 33% fusion ratio 
threshold found by Dorsey et al. (2009) in patients with arthroscopic 
subtalar arthrodesis [14]. At six months, three out of 14 fusions had poor 
clinical outcome and needed revision surgery. In all three cases, fusion 
ratio was<33%. All other cases had fusion ratios higher than 33% and 
had clinically stable fusions. Based on this descriptive study, Thaunat 
et al. (2012) concluded that a 33% fusion ratio threshold can indeed 
discriminate between clinical stable and unstable fusions. Furthermore, 
Fourman et al. (2014) reported in their study, that all patients who had a 
fusion ratio of at least 30% at three months, achieved successful 
consolidation without further interventions [16]. Coulumb et al. (2019) 
also aimed to correlate functional results to fusion ratio, but this study 
did not find any correlations between functional results and fusion ratio 
[15]. 

3.6. Data synthesis 

Overall, the most applied method for consolidation assessment after 
arthrodesis in foot and ankle joints is subjective categorization (n = 10), 
followed by calculating fusion ratio and applying a fusion threshold (n 
= 7) and subjective assessment with fusion threshold (n = 6). Less 
common methods were calculating fusion ratio (n = 3), categorization 
based on fusion ratio (n = 3) and creating subareas within the joint space 
(n = 1). In four of the included studies the methodology for 

Table 3 (continued )  

Number of 
patients 

Patient population Study aim Slice 
thickness 
(mm) 

Planes used for 
assessment 

Mirza et al. 2019 18 Hindfoot, midfoot, forefoot and ankle 
arthrodesis  

Investigate the efficacy of LIPUS in delayed union and 
nonunion following foot and ankle arthrodesis 

NR NR 

Pro.: Prospective cohort; Retro.: Retrospective cohort; RCT: Randomized controlled trial; Sag.: Sagital; Ax.: Axial; Cor.: Coronal. 

Fig. 2. Methods of fusion assessment.  
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Table 4 
Methods of consolidation assessment.   

Method of consolidation 
assessment 

Fusion 
threshold 

Consolidation categories Assessor Reference 

Jones et al. 2006 Fusion ratio  ≤ 33%: Nonunion 
34%-66%: Partial fused 
≥ 76%: Complete fusion 

NR NR 

Dorsey et al. 2009 Fusion ratio   Two blinded radiologists Jones et al. 2006 
Thaunat et al. 2012 Fusion ratio   NR Dorsey et al. 2009 
Coulomb et al. 2019 Fusion ratio  ≤ 33%: Nonunion 

33%-67%: Partial fusion 
≥ 67%: Complete 

NR Dorsey et al. 2009 

Fourman et al. 2014 Fusion ratio   Blinded radiologist Jones et al. 2006 
Mehlhorn et al. 2020 Fusion ratio  < 25% 

25%-50% 
> 50% 

Trauma & orthopedic 
surgeon 

Jones et al. 2006 

Coughlin et al. 2006 Fusion ratio 50%  Independent radiologist NR 
Coughlin et al. 2008 Fusion ratio 50%  Independent radiologist Coughlin et al. 

2006 
Glazebrook et al. 

2013a 
Fusion ratio 50%  Independent reviewer Coughlin et al. 

2006 
Usuelli et al. 2016 Fusion ratio 50%  3 orthopedic surgeons Coughlin et al. 

2006 
Myerson et al. 2019 Fusion ratio 45%  Examiner Coughlin et al. 

2006 
Ford et al. 2019 Fusion ratio 50%  Two authors Coughlin et al. 

2006 
Bejarano-Pineda 

et al. 2020 
Fusion ratio 50%  Blinded foot & ankle fellow Coughlin et al. 

2006 
Wanivenhaus et al. 

2017 
Joint space in 9 subareas, manual 
calculation of fusion  

< 20%: No fusion 
20%-90%: Partial fusion 
> 90%: Total fusion. 

One observer NR 

Jones et al. 2015 Subjective assessment  <33%: nonunion 
34%-66%: partial fused 
> 76%: complete fusion 

NR NR 

Daniels et al. 2010 Subjective assessment  Absent, minimal, moderate or complete NR NR 
DiGiovanni et al 

2011 
Subjective assessment  0%-25%: Absent 

26–50%: Minimal 
51–75%: Moderate 
76–100%: Complete 

Independent radiologist NR 

Glazebrook et al. 
2013b 

Subjective assessment  0%-24%: Absent 
25%-49%: Minimal 
50%-74%: Moderate 
75%-100%: Complete 

Independent radiologist NR 

Dekker et al. 2018 Subjective assessment  Bridging by 3 of 4 cortices Independent radiologist & 
senior author 

Glazebrook et al. 
2013b 

DiGiovanni et al. 
2013 

Subjective assessment  0%-24%: Absent 
25%-49%: Minimal 
50%-74%: Moderate 
75%-100%: Complete 

Blinded radiologist NR 

Daniels et al. 2019 Subjective assessment  0%-24% 
25%-49% 
50%-74% 
75%-100% 

Blinded radiologist DiGiovanni et al. 
2013 

Daniels et al. 2015 Subjective assessment  0%-24% 
25%-49% 
50%-74% 
75%-100% 

Blinded radiologist Easley et al. 2000 

Kodama et al. 2016 Subjective assessment  Joint line disappeared with clear 
trabeculation □ Complete 
Some joint line is present with partial 
trabeculation □ Moderate 
Entire joint space present □ Nonunion 

NR NR 

Aubret et al. 2018 Subjective assessment  < 30%: nonunion 
30%-70%: doubtful fusion 
> 70%: definitive fusion 

NR NR 

Bibbo et al. 2009 Subjective assessment 50%  NR NR 
Cerrato et al. 2014 Subjective assessment 50%  4 orthopedic foot and ankle 

surgeons 
Coughlin et al. 
2006 

DiGiovanni et al. 
2016 

Subjective assessment ≥ 50%  Blinded radiologist NR 

Krause et al. 2016 Subjective assessment ≥ 25%  Independent radiologist Glazebrook et al. 
2013b 

Tricot et al. 2017 Subjective assessment 50%  NR NR 
Steginsky et al. 2020 Subjective assessment 50%  Senior author NR 
Knupp et al. 2008 NR NR NR Independent radiologist NR 

NR NR NR NR NR 

(continued on next page) 
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consolidation assessment was not described. 
For some of these methods, reliability was assessed. Calculating 

fusion ratio and applying a fusion threshold showed excellent agreement 
between raters [42]. Calculating fusion ratio, categorization and 
addressing points for three joints in the foot to assess overall consoli-
dation showed substantial agreement between raters [44]. Subjective 
assessment with fusion threshold showed substantial to excellent 
agreement between raters [43] and excellent agreement within the same 
rater [38,39]. Subjective categorization showed substantial reliability 
within the same rater [40]. 

For studies with subjective categorization, one study reported that at 
least minimal (25%–49%) fusion is necessary for good clinical outcome 
[26]. For fusion threshold, three studies reported that fusion ratio’s 
ranging from 30% to 33% are associated with clinically stable joints 
[13,14,16]. One study reported no correlations between fusion ratio and 
functional results [15]. 

4. Discussion 

This review showed that there is a lot of heterogeneity in the 
assessment of consolidation from CT in foot and ankle arthrodesis. 
Although consolidation was the most important outcome measure in 
88% of the included studies, 80% of the studies were at high risk of bias 
due to a poor methodology of consolidation assessment. Only seven of 
34 studies reported, or referred to studies with, outcomes related to the 

reliability of the method that was used. 
For the three most frequently used methods, reliability was assessed 

by at least one study. The most popular method for consolidation 
assessment is subjective categorizing of consolidation. Although the 
reliability was substantial for this method, the subjectivity may decrease 
the reliability of this method [40]. Another popular method was to 
calculate the fusion ratio and then apply a fusion threshold. This more 
objective method resulted in excellent agreement between raters [42]. 
Subjective fusion rate assessment with a fusion threshold also resulted in 
good reliability scores. Other methods for consolidation assessment 
were used less frequently and were also not assessed for reliability. 

For future studies we would strongly recommend to calculate fusion 
ratio for the assessment of consolidation after foot or ankle arthrodesis, 
as this seems to be the most objective method. The methodology of 
measuring and calculating fusion ratio from CT was first described by 
Singh et al. (2005) in patients with scaphoid fractures [45]. In 2013, the 
reliability of fusion ratio as a continuous outcome measure was assessed 
in patient with scaphoid fractures, which was excellent between two 
raters [46]. For consolidation assessment in patients with foot or ankle 
arthrodesis, it would also be very interesting to know if fusion ratio 
could reliably represent consolidation on a continuous scale ranging 
from 0 to 100% fusion. However, the reliability of fusion ratio has not 
been assessed in this patient population yet. Also, currently fusion ratio 
is assessed with varying slice thicknesses and viewing planes (sagittal, 
coronal and axial). Based on the current studies, it is unclear which slice 
thicknesses and which plane(s) should be used. Table 3 showed that 
most studies who reported slices thickness used slice thickness’ of 2 mm. 
Future studies may investigate whether thicker slices can be used, 
without losing accuracy. Which planes can best be used is dependent on 
the joint that is assessed. For the subtalar joint, most studies used only 
the sagittal plane. However, some studies used the sagittal and coronal 
planes. We think that consolidation is most accurately assessed if we 
look at several planes, as is common in clinical practice. We therefore 
advise to use the two planes that are orthogonal to the joint that is 
assessed, and to take the average fusion ratio of the two planes. For 
example, for the subtalar joint this would be the average of the sagittal 
and coronal planes. 

Only three studies used the fusion ratio as their primary outcome 
measure for consolidation [13,14,16]. Most studies categorized the 
amount of consolidation into consolidation groups, or set a fusion 
threshold to distinguish between fused and non-fused joints. Choosing 
appropriate boundaries for consolidation groups or fusion thresholds is 
challenging. Most studies in this review used a fusion threshold of 50%, 
which was rather randomly chosen [9,17,18,20,21,31–33,39,42,43]. 
Studies who correlated consolidation status to clinical outcomes showed 
that good clinical outcomes can be expected from joints that have been 
fused for >30% [13,14,16,26]. It seems that many studies use fusion 
thresholds that are quite high, and therefore, the percentage of fused 
joints may be underestimated in those studies. However, the four studies 
that have been done on validity were all quite small, with a total of 149 
participants in all four studies together. Also, all the studies were per-
formed in patients with subtalar or ankle arthrodesis, so it is unclear if a 
30% fusion threshold is also applicable in the smaller joints of the foot. It 
would be interesting to validate the 30% fusion threshold in a future 
study, with large numbers and good methodological set-up. However, 
with the limited amount of available evidence, we would advise to use a 

Table 4 (continued )  

Method of consolidation 
assessment 

Fusion 
threshold 

Consolidation categories Assessor Reference 

Martin Oliva et al. 
2017 

Maenohara et al. 
2018 

NR NR NR NR NR 

Mizra et al. 2019 NR NR NR NR NR  

Table 5 
Outcomes of reliability measures.  

Study Reliability Method of 
consolidation 
assessment 

Joint of 
arthrodesis 

Kappa 
(95% CI) 

Usuelli et al. 
2016 

Interrater Fusion ratio 
with 50% 
fusion 
threshold 

Subtalar 0.91 
(0.73–1.00) 

Mehlhorn 
et al. 
2020 

Interrater Fusion ratio 
with 
categorization 

First 
tarsometatarsal, 
talonavicular & 
calcaneocboid 

0.72 (NR) 

Cerrato 
et al. 
2014 

Interrater Subjective 
assessment with 
50% fusion 
threshold 

Isolated ankle 
TCC ankle 
Isolated subtalar 
TCC subtalar 

0.79 
(0.58–1.00) 
0.73 
(0.30–1.00) 
0.93 
(0.74–1.00) 
1.00 
(0.80–1.00) 

DiGiovanni 
et al. 
2016 

Intrarater Subjective 
assessment with 
50% fusion 
threshold 

Foot and ankle 
joint 

0.87 (NR) 

Krause et al. 
2016 

Intrarater Subjective 
assessment with 
25% fusion 
threshold 

Hindfoot or ankle 
joints 

0.87 (NR) 

DiGiovanni 
et al. 
2013 

Intrarater Subjective 
categorization 

Ankle, 
talonavicular, 
subtalar or 
calcaneocuboid 

0.67 
(0.46–0.87) 

TCC: Tibiotalocalcaneal; NR: not reported. 
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30% fusion threshold to distinguish fused from non-fused joints. Also, 
based on this fusion threshold, it may be most appropriate to use 
consolidation categories where ≤ 33% represent nonunion, 34–66% 
partial fusion, and ≥ 76% complete fusion. 

This review encountered some limitations. Firstly, eligible studies 
were selected based on mentioning of radiological or CT follow-up in the 
abstract. Herewith, we might have missed studies who did use CT for 
consolidation assessment but did not mention those terms in their ab-
stract. Secondly, the included studies provided limited information 
about who performed the assessment of consolidation and about the 
assessors’ experience. For future studies it would be of interest to 
investigate the reliability of fusion assessment between more experi-
enced assessors, like musculoskeletal radiologists, and less experienced 
assessors. Lastly, this systematic review advises on radiological consol-
idation assessment in foot and ankle joints. However, most of the 
included studies were about arthrodesis of the ankle, hindfoot or mid-
foot joints. Only two studied assessed consolidation in the meta-
tarsophalangeal joint in the forefoot. Mizra et al. (2019) did not report 
how consolidation was assessed, and Wanivenhaus et al. (2017) divided 
the joint space in nine subareas to assess consolidation. Whether 
calculating fusion ratio is a reliable and valid method in the small joints 
of the forefoot is therefore unclear and should be assessed in future 
studies. 

Overall, clinimetric evidence for the best method of consolidation 
assessment from CT in foot and ankle arthrodesis is limited. However, 
based on the current literature, we would like to make some recom-
mendations for future studies. We advise to measure and calculate 
fusion ratio as an outcome measure after foot and ankle arthrodesis 
[9,10]. In this method, fusion ratio is calculated with the formula: ‘sum 
of widths of fused segments / sum of widths of joint surfaces * 100′. 
Preferably, two independent assessors should assess fusion thresholds. 
CT slices should be set at a maximum slice thickness of 2 mm. The 
assessment should be done based on the two orthogonal planes, and 
fusion ratio should be assessed by taking the average of those two 
planes. Based on the studies presented in this systematic review, we 
would advise to use 33% as a fusion threshold to discriminate between 
non-fused and fused joints, or categorize consolidation outcomes in 
three groups (≤33% represent nonunion, 34–66% partial fusion, and ≥
76% complete fusion). Future clinimetric studies should focus on 
assessing the reliability of fusion ratio as a continuous outcome measure 
and validating the 33% fusion threshold. 
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