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Abstract

Background: Heterotopic ossification (HO) is a frequent radiographic finding after total
ankle arthroplasty (TAA), but its clinical relevance, diagnostic criteria, and prognostic
implications remain uncertain. This systematic review summarizes current evidence on
HO incidence, distribution, severity, risk factors, clinical impact, and diagnostic/prognostic
value to inform surgical decision-making regarding approach, implant design, and revision
strategies. Methods: A systematic review was conducted according to PRISMA guidelines
using PubMed, Web of Science, and Scopus databases and the following search string
“heterotopic ossification” AND “ankle” (February 2015-February 2025). Twenty-two studies
were included, most of which were retrospective and varied in methodological quality.
Data were extracted on HO incidence, severity, clinical relevance, and factors associated
with diagnosis and management. Results: HO incidence varied widely across studies. No
significant associations were found between HO and surgical variables such as approach (all
studies used the anterior approach) or coronal alignment. HO presence did not consistently
correlate with reduced postoperative range of motion and radiographic follow-up duration.
Implant design appeared to influence anatomical distribution in some comparative studies,
though without statistical significance. Reoperations specifically for HO excision were rare
and mainly performed for mechanical complications (impingement or osteolysis) rather
than HO severity itself. Conclusions: Although HO is a frequent finding after TAA, its
clinical impact appears limited and largely unpredictable. Diagnostic tools are currently
limited to conventional radiography, and no reliable prognostic markers exist. Further
high-quality studies are needed to define standardized diagnostic criteria and clarify the
prognostic role of HO in long-term outcomes.

Keywords: total ankle arthroplasty; aging; heterotopic ossification; systematic review;
complications

1. Introduction

Total ankle arthroplasty (TAA) has become an established surgical option for patients
with end-stage ankle arthritis [1-3], aiming to relieve pain, preserve mobility, and restore a
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more physiological gait [3,4]. Continuous improvements in implant design, biomaterials,
and surgical techniques over the past decades have significantly increased the procedure’s
popularity and improved mid- to long-term survivorship, with modern implants reporting
five-year survival rates of 92-97% [5-7]. Despite these advancements, complications remain
a concern, particularly those affecting long-term outcomes and revision rates. Intraoperative
risks include fractures and iatrogenic neurovascular injuries, while postoperative issues
may involve wound healing problems and infections [8].

Among the complications reported after TAA, heterotopic ossification (HO) is a fre-
quent radiographic finding [9]. HO is defined as the abnormal formation of bone within
soft tissues, often triggered by local inflammation and osteoinductive factors. Various
mechanisms have been proposed to explain this process, including the role of microbial
bioburden in creating a local osteogenic environment that stimulates resident progenitor
cells to form ectopic bone [10,11].

While extensively studied in other joints such as the hip and elbow, where inci-
dence rates may reach 90% after arthroplasty [12], its clinical relevance following TAA
is still debated and is presumed to result from a complex interplay of systemic and local
factors [11,13,14]. HO may potentially cause pain, mechanical impingement, and limited
range of motion (ROM), but many cases remain asymptomatic, and its true prognostic
value is unclear [15].

Several surgical and patient-related risk factors for HO formation have been described,
including extensive soft tissue dissection, bone debris, malalignment, prolonged operative
times, postoperative hematoma, male sex, older age, and a history of heterotopic ossification
in other joints [16,17]. Additionally, implant design and positioning may influence the
anatomical distribution and severity of HO, although current evidence is heterogeneous
and inconclusive.

Despite the frequency of HO reported in the literature, standardized diagnostic criteria
and consistent reporting are lacking. Radiographic classifications, such as the Brooker
system modified for the ankle, are inconsistently applied, and no validated biochemical or
imaging biomarkers are available to predict clinically significant HO [18,19]. Furthermore,
the relationship between HO severity, ROM, pain, and revision surgery remains uncertain,
leaving clinicians without robust guidelines to prevent or manage this condition. Various
biochemical markers of bone metabolism have been explored for HO prediction, though
none have demonstrated reliable diagnostic or prognostic value. Currently, the most
effective prophylactic strategies remain limited to radiotherapy and nonsteroidal anti-
inflammatory drugs (NSAIDs) [12].

Surgical variables, implant design, and follow-up duration on HO development, and
to provide evidence-based recommendations for surgical strategy and patient management.

Despite increasing awareness of its clinical relevance, evidence-based guidelines are
still lacking regarding how modifiable surgical factors—such as implant selection, surgical
approach, and prosthetic alighment—may influence HO incidence and severity. This gap
hinders the development of intraoperative strategies tailored to minimize HO formation
and improve patient outcomes.

This systematic review aims to synthesize current evidence on the incidence, anatom-
ical distribution, radiological severity, risk factors, clinical outcomes, and diagnos-
tic/prognostic value of HO after TAA. By analyzing studies published over the past
decade, this review seeks to clarify whether HO development is influenced by intraopera-
tive variables such as surgical approach and coronal alignment, and whether it is associated
with a reduction in postoperative ROM, whether implant design affects the anatomical
distribution of HO, whether HO incidence correlates with radiographic follow-up duration,
potentially leading to underreporting in short-term studies, and, finally, the contribution
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of HO to TAA reoperations, and whether specific HO grades or distribution patterns are
more likely to necessitate surgical revision.

2. Materials and Methods

This systematic review was conducted in accordance with the PICOS (Population,
Intervention, Comparison, Outcomes, Study design) framework. Studies were considered
eligible if they met the following criteria: included patients with end stage ankle arthritis
(Population), treated with TAA (Intervention), featured comparisons either pre- versus
post-surgery or between different prosthesis designs (Comparison), reported the presence
of HO (Outcomes), and were clinical studies of any design (Study Design) (Figure S1). This
systematic review has been registered on PROSPERO (ID CRD420250655560).

2.1. Data Sources and Search Strategy

A comprehensive literature search was conducted on 28 February 2025, using the
PubMed, Web of Science, and Scopus databases. The following search string was applied
across all databases: (heterotopic ossification) AND (ankle).

Filters included English language and a publication date range from 28 February 2015
to 28 February 2025.

The review adhered to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines. The study selection process is summarized in the
PRISMA flowchart (Figure 1).
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Figure 1. PRISMA flowchart of the study selection process.

2.2. Study Selection

Duplicate records were removed using EndNote 21. The remaining articles were
screened by two authors (FV and SOZ) based on title and abstract, according to the follow-
ing inclusion criteria: clinical studies of any level of evidence involving TAA performed for
ankle injuries, with reported postoperative HO. Exclusion criteria were: preclinical studies,
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reviews, book chapters, technical notes, comments, or any study that did not report HO
among complications.

In cases where the abstract did not provide sufficient information, the full text was
retrieved and assessed against the inclusion/exclusion criteria. The study selection pro-
cess was independently performed by two reviewers (FV and SOZ), with disagreements
resolved by a third author (GG).

Reference lists of all included studies were also reviewed to identify additional
eligible publications.

2.3. Data Extraction

Two authors (FV and SOZ) independently extracted data using a standardized form.
The following information was collected (Table 1):

Reference (Ref.), study type, and patient treatment period (yrs);

Number of patients (pts) and joints treated, including patient sex and age;
Indications for surgery and their respective percentages;

Type of prosthetic implant and mean follow-up duration in months (mo);

Incidence of complications, HO rate, HO localization, and HO severity.

2.4. Risk of Bias Assessment

The risk of bias in each included study was independently evaluated by two reviewers
(FV and SOZ), with disagreements resolved through consensus with a third author (GG).
The following two validated tools were used:
1. Downs and Black checklist [20], consisting of 26 items across five domains:
Reporting (9 items);
External validity (3 items);
Bias (7 items);
Confounding (6 items);
Power (1 item);

The maximum score is 31 points.
2. Modified Coleman Methodology Score (mCMS) [21], comprising 11 criteria:

Study size;

Mean follow-up duration;

Number of surgical procedures per outcome;
Study type;

Surgical technique description;
Postoperative rehabilitation details;

Use of MRI outcomes;

Inclusion of histological outcomes;

Outcome measures;

Clinical outcome assessment methods;

Description of subject selection process.

2.5. Statistical Analysis

Descriptive statistics were used to summarize study characteristics, including implant
type, surgical approach, HO incidence and distribution, and reoperation rates.

Associations between HO and various clinical or radiographic parameters were evalu-
ated using linear and multiple linear regression analyses:
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1.  Simple linear regression was applied to assess:

e  The relationship between HO incidence and change in ROM, using pre- and
post-operative ROM data from four studies.

e  The association between HO incidence and radiographic follow-up duration. The
Durbin-Watson test was performed to check for autocorrelation in residuals.

2. Multiple linear regression models were developed to:

e Analyze whether the distribution of Brooker grades (I-III) predicted the likelihood
of HO resection. Grade IV was excluded due to insufficient data.

e  Explore whether overall reoperation rates were influenced by a combination of
factors, including HO incidence, HO resection rate, infection, implant subsidence,
and loosening.

All statistical analyses were conducted using Jamovi version 2.6.26. A p-value of <0.05
was considered statistically significant.

3. Results

A total of 284 records were identified through database searches (PubMed: n = 69; Web
of Science: n = 74; Scopus: n = 141). After duplicate removal (n = 115), 169 unique studies
remained for screening. Following title and abstract evaluation, 10 studies were excluded
due to irrelevance, and 141 were removed for being reviews (n = 58), preclinical/finite
element studies (n = 74), or for focusing on ossifications unrelated to TAA, particularly
in soft tissues (n = 9). Eighteen studies met the eligibility criteria, and an additional
four were identified via reference screening, resulting in 22 studies included in the final
analysis [7,12,22-41] (Figure 1) (Table 1).

3.1. Study Characteristics

Publication years ranged from 2015 to 2025, with peak output in 2015 and 2021
(4 studies each). No eligible articles were published in 2020, 2024 or 2025 (Figure 2).

N° of publication/year

o‘llll ‘ll

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Ne
N N W W A~ G

- o

Figure 2. Histogram on the number of publications per year from February 2015 to February 2025.

Among the 22 studies, 16 were case series [7,12,22-35], with 11 being retrospec-
tive [12,22,23,25-27,29-33] and 5 prospective [7,24,28,34,35], while 6 were comparative
studies [36—41], with 5 being retrospective [36-39,41] and 1 prospective randomized [40]
(Figure 3A).
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Table 1. Summary of included study results.

Pts/N° of Joints . . o Type of Implant (%) ... o HO (%) Localization,
Ref. Type of Study (yrs) (F/M and Age) Indications for Surgery (%) Mean F-Up (mo) Complications (%) Severity
. o/, . o/n. . Total: 48%. Posterior: 100%.
Deleu,  Retrospectivecase  50/50 (25/25; ?gg;f;ﬁggfc gﬁ ((1688//)) HINTEGRA (100%). Osgi‘;lyesrls E‘fg;; ffilrtllc‘mal Grade I (42%), Grade II
2015 [22] series (2008-2012) 55 + 12 yrs) P 3’ A (14%) o) 45 mo a 4% y )YRevi;’i;)n 10 )y (29%), Grade III (17%),
y ° o) ° Grade IV (12%)
Manegold,  Retrospective case  84/88 (38/46; L osttraumatic OA (70%);  yyrpcRA (100%). Total: 99%. Anterior (26 /‘1’)'
2017 [12] series (2005-2009) 55 + 14 yrs) Primary OA (22%); Secondary 36 mo nr posterior (100%), media
OA (8%) (23%), lateral (55%)
T
Clifton, Retrospective case 70/70 (16/54; Post-traumatic OA (21%); HINTEGRA (100%). (Ii 39%); Major E 4’0 "); Total: 1%
2021 [23] serie (2010-2014) mean 69 yrs) Unknown (10%) Inflammatory 77 mo In ternie’ dia t]e (3% )(')i,o T
OA (3%); Others, AVN (2%) i
fracture (1%)
Lee, 2018  Prospective case series 144 /144 (58/86; Post-traumatic OA (59%); HINTEGRA (100%). Major (18%); Revision (17%); Total: 7%
[7] (2005-2012) Mean 61 yrs) Primary OA (41%) 88 mo Minor (7%) e
Lee, 2019  Prospective case series 123/123 (54/69; Post-traumtaic OA (64%); HINTEGRA (100%). Major (28%); Revision (12%); Total: 8%
[24] (2005-2015) Mean 56 yrs) Primary OA (30%); RA (6%) 78 mo Minor (11%) o0
. ) Post-traumatic OA (53%); Lucency (56%); Revision Total: 100%. Grade I (14%),
P;%Ylgr‘{;gfk I:gf:;ff;;g:;gg;;} 672617? 1(“;') Primary OA (33%); RA (13%); STAR (100%). 96 mo  (28%); Required secondary ~ Grade I (32%), Grande III
y Hemochromatosis (1%) procedures (4%) (52%), Grade IV (2%)
Swelling (55%); Revision
Jastifer, Retrospective case 18/18 (8/10; Post-traumatic OA (77%); STAR (100%). (39%); Talar subsidence Total: 78%
2015 [26] series (1998-2003) Mean 61 yrs) Primary OA (17%); RA (6%) 151 mo 2-5 mm (11%); e
Talar subsidence > 5 mm (6%)
Cysts (14%); Osteolysis (14%); =40 .
Palanca, Retrospective case 24/24 (n.r.; N STAR (100%). Revision (13%); malil;oc;[ﬁi.sSééL/z/. ;\/I egéférior
2018 [27] series (1998-2000) Mean 74 yrs) o 188 mo Talar subsidence < 5 mm (10%); °s P

Talar subsidence > 5 mm (5%) tibia (69%). Grade IIT (23%)




Diagnostics 2025, 15, 2203

7 of 20

Table 1. Cont.

Pts/N° of Joints . o Type of Implant (%) .. o HO (%) Localization,
Ref. Type of Study (yrs) (F/M and Age) Indications for Surgery (%) Mean F-Up (mo) Complications (%) Severity
Cysts (60%); Nonrevision
Kerkhoff, Prospective case series  134/134 (84/50; (43%); Post-traumatic OA . secondary procedures (16%); Total: 98%. Grade III
2016 [28] (1999-2008) 59 + 13 yrs) (33%); Primary OA (25%); STAR (100%). 90 mo Prosthesis failure (15%); (>50%)
y Hemochromatosis (1%) Revision (10%); Lucency ?
(9%); Re-operation (5%)
Rli\:)lsségrilnTA:)?tle; i ;icﬁsﬂii:llc Subsidence (31%); Loosening Total: 31%. Tibia (45%),
Jamjoom, Retrospective case 28/29 (10/18; comgonents (84%); INBONE II (100%). (21%); Osteolysis (17%); Talus (7%), Both (10%).
2022 [29] series (2016-2019) mean 68 yrs) P Y 40 mo Re-operation (7%); i.0. deep Grade I (44%), Grade I
Insert wear (10%); eroneal nerve injury (3%) (12%), Grade III (44%)
Talar malalignment (3%) p jury ’
Re-operation (33%); Lucency Total: 6.7 o Aontenor (7./0)’
(27%); Non—implant-related Posterior (40%), Anterior
Rushing, Retrospective case 15/15(8/7; nr INBONE II (100%). revi;ic’)n 7% )'i/[inor (20%); and posterior 20%. Grade I
2021 [30] series (2010-2014) Mean 63 yrs) - 85 mo S 7 (30%), Grade II (20%),
Major (7%); Grade III (30%
Intermediate (7%) rade LI (30%),
Grade IV (20%)
. . . . Lucency (94%); Revision
Bianchi, Retrospective case 34/34 (17/17; Post-traumatic OA (73%); o /Y. Toa. . o) N oo :
2021 [31] series (2004-2009) 54 + 12 yrs) Primary OA (21%); RA (6%) BOX (100%). 143 mo  (59%); R(e:yosﬁsel(’zz/l(;n (37%); Total: 91%. Grade III-IV
. o 1. Osteolysis (46%);
Wan, 2018 Retrospective case 59/59 (28/31; Post—traurpahc OA §85 ); Salto mobile-bearing. Re-operation (12%); Revision = Total: 22%. Grade I (62%),
. Degenerative OA (8%); RA o, . o
[32] series (2012-2015) Mean 64 yrs) o e 36 mo (5%); Progressive subtalar Grade II (38%)
(5%); Tuberculous arthritis (2%) e mo
arthritis (2%)
Post-traumatic OA (59%); RA
(25%); Idiopathic OA (9%);
. 237/254 Hemochromatosis (2%); AVN — op o ution o
Van Es, Retrospective case (117/120; (2%); Juvenile chronic arthritis implant (100%) Re-operation (53%); Total: 13%
2022 [33] series (2004-2012) 59 + 11 yrs) (1%); Arthritic psoriasis (<1%); 83 mo Revision (22%)

Ankylosing arthritis (<1%);
Postinfectious OA (<1%);
Ehlers-Danlos syndrome (<1%)
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Table 1. Cont.

Pts/N° of Joints . o Type of Implant (%) .. o HO (%) Localization,
Ref. Type of Study (yrs) (F/M and Age) Indications for Surgery (%) Mean F-Up (mo) Complications (%) Severity
Post-traumatic OA (70%);
Penner, Prospective, case 67/67 (30/37; Inflammatory OA (6%); INFINITY (100%). Re-operation (9%); Revision Total: 3%
2018 [34] series (2013-2015) Mean 62 yrs) Primary OA (16%); Secondary 35 mo (3%) o
OA (8%)
Lucency (41%); Minor (22%);
Rushing,  Prospective case series ~ 32/32 (14/18; CADENCE (100%). Re-operation (19%); Major a0 .
2021 [35] (2016-2018) Mean 61 yrs) nr 24 mo (13%); Intermediate (6%); 0wl 31% All posterior
Revision (6%)
COMPARATIVE
Group (1): Ankle
. impingement (38%) *;
Group (1): . .
. oy.  Osteolysis (19%); Neuralgia
Jung, 2015 coIr{I‘f}t)r:rZsz\i“c]aeSe 52/54 (24/28;  Post-traumatic OA (66%); HIN(T;}ECEJI;A(Z()‘%O ®); (14%); Revision (10%). Group Group (1): 33%;
[36] series (2004-2012) Mean 65 yrs) Primary OA (26%); RA (8%) MOBILITY (60%); (2): Osteolys1s (})2 {0)} Group (2): 15%.
31 mo Neuralgia (15%);
Revision (9%);
Ankle impingement (9%)
Group (1): Group (1): total (33%).
Retrospective . Post-traumatic OA (67%); HINTEGRA (39%); Posterior (86%), Anterior
J un[g3,72]016 comparative case ?\iégi (6254/1'23/ Primary OA (26%); RA (6%); Group (2): n.r (14%). Group (2): total
series (2004-2012) y Post-infection sequelae (1%) MOBILITY (61%). (15%). Anterior (83%),
31 mo Anterior—posterior (17%)
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Table 1. Cont.

Pts/N° of Joints

Type of Implant (%)

HO (%) Localization,

Ref. Type of Study (yrs) (F/M and Age) Indications for Surgery (%) Mean F-Up (mo) Complications (%) Severity
Group (1): total (56%).
Anterior (19%), Posterior
(23%), Anterior-Posterior
) . o/, Group (1): (15%). Grade I (37%),
Rushi Retrospective 90,90 (4842 POSIt, tr a“magf:gf‘s(% ); INFINITY (69%); Grade II (40%), Grade ITI
2(;1252 E§8g]l comparative case Mean 60 yrs)l In ﬂarrﬁrrll;?f)}r]y arthri ti; ’(30 "); Group (2): Re-operation (2%) (17%), Grade IV (6%).
series (2015-2018) Recurrent instability (6%) CADEzIZIiE) (31%). AS::rlilgr((zl)i O’;o)tall (()zle/roi)(.)r
(39%). Grade I (40%),
Grade II (40%),
Grade IIT (20%)
Group (1): total (81%) *.
Group (1): o
INFINTTY (57%); Grade I (58%), Grade I
. (15%), Grade III (24%),
Doyle Retrospective Group (2): Grade IV (3%). Group (2):
yie comparative case 71/71 (n.r.) nr. CADENCE (23%); n.r o ) o/
2022 [39] . total (50%). Grade I (50%),
series (2017-2020) Group 3): de T (25° de TTI
VANTAGE (20%). Grade II (25%), Grade
20 mo (25%). Group 3): total
(57%). Grade I (100%)
Group (1): Lucency/cyst
Prospective Group (1): STAR (51%), Subsidence (29%),
Nunley, ran dgmize d 84/84 (n.r,; nr (49%); Group (2): Re-operation (20%); Group Group (1): total (61%) **.
2018 [40] Mean 65 yrs) ’ Salto Talaris (51%). (2): Lucency/cyst (23%), Group (2): total (30%)
(2011-2014) : 0
54 mo Subsidence (2%),
Re-operation (7%)
Group (1):
Smooth-stemmed -
. on. Group (1): Revision (45%);
Togher, c lfstrorsé%e‘fgxcfaes o 22/22 (14/8; o H(\;IFON](E;; ;5011/0)’ Re-operation (9%). Group (2): Group (1): total (55%).
2023 [41] ompa Mean 64 yrs) ' oup (&) ULy Periprosthetic tibial cyst Group (2): total (46%)

series (2016-2021)

porous-coated
stemmed INBONE II
(50%). 28 mo

(55%); Re-operation (9%)

* p <0.05: Group (1) Vs. Group (2); **, p < 0.005: Group (1) Vs. Group (2).
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Figure 3. Pie charts: (A) percentage (%) of study types of the included articles; (B) percentage (%) of
prosthesis employed in the included articles.

3.2. Surgical Indications

Post-traumatic and primary osteoarthritis were the predominant indications for TAA
(>90%), followed by rheumatoid arthritis, especially in studies involving the STAR pros-
thesis. Less common etiologies included AVN, inflammatory arthritis, and revision cases.
Several studies did not specify the underlying diagnosis [27,30,35,39—41].

HO presence was reported in all studies, with severity grading available in 11/22 articles
using the Brooker classification modified by Lee [12,22,25,27-32,38,39] (Table 2).

Table 2. Brooker classification modified by Choi and Lee.

Class Criteria
0 No heterotopic ossification
I Islands of bone within the soft tissue about the ankle
I Bone spurs from the tibia or talus, reducing the posterior joint space by <50%

111 Bone spurs from the tibia or talus, reducing the posterior joint space by >50%

v Bridging bone continuous between the tibia and the talus

3.3. Surgical Approach

All prostheses evaluated were implanted through an anterior approach, precluding
comparative analysis of surgical access on HO development. No approach-specific risk
factors were identified.

3.4. HO and Coronal Alignment or ROM

Only one study [12] addressed coronal alignment, reporting no significant correlation
with HO. However, a weak link between varus malalignment and anterior/lateral HO
was noted. ROM analysis, incorporating data from four studies [7,22,24,32], showed no
statistically significant relationship between ROM change and HO incidence (p = 0.958)
(Table 3).

3.5. Implant Design
3.5.1. Case Series by Implant Design

Among the 22 included studies, 13 case series evaluated specific implant types. The
most frequently assessed prostheses were HINTEGRA (5 studies), STAR (4), INBONEII (2),
INFINITY (1), and CADENCE (1). Additional devices included BOX, Salto Mobile-Bearing,
CCI, and VANTAGE (Figure 3B).
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Table 3. Association between HO and coronal alignment or ROM.

Study

Alignment

Post-op ROM

Comment

Lee, 2018 [7]

Varus: dorsiflexion 9° — 10°,
plantarflexion 22° — 26°
Valgus: dorsiflexion 9° — 11°,
plantarflexion 20° — 25°
Neutral: dorsiflexion 8° —
10°, plantarflexion 20° — 27°

ROM improvements
observed across all groups,
with no statistically
significant differences

Coronal plane alignment does
not appear to significantly
influence ROM

Clifton, 2021 [23]

Valgus: ROM 17° pre-op — 8°
post-opVarus: ROM 11°
pre-op — 6° post-op

Decreased ROM
postoperatively, but more
neutral component

Slight trend toward improved
outcomes with more neutral
alignment; weak correlation

positioning with ROM
s ROM improved (from No association found between
Wan, 2018 [32] Not specified 33° to 40°) ROM and alignment
®, 3, v angles remained stable ROM remained No significant correlation with

Bianchi, 2021 [31]

over time

nearly unchanged

implant orientation

Some implants in varus;

ROM improvements noted

J ung,[3221357§2016 MOBILITY group in particularly in Ten;?gﬁ;ﬁg:f illi)ertiirlthM
’ neutral alignment MOBILITY-neutral group &
Weak correlation between
varus alignment and
. o Not directly assessed heterotopic ossification (HO)
Manegold, 2017 [12] Varus alignment (>92°) for ROM in anterior/lateral recesses;

excessive HO may contribute
to joint stiffness

HINTEGRA was examined in five studies [7,12,22-24], including 471 patients (M:F
ratio 1:0.68; age range: 55-69 years). HO incidence varied markedly: 1% [23], 48% [22],
and 99% [12], with follow-ups of 45, 36, and 77 months, respectively. Lee et al. reported
a lower incidence (~7%) in prospective cohorts (n = 144 and 123) after longer follow-
ups (88 and 78 months). HO was mostly posterior [12,22], and Grade I was the most
frequent severity [22]. Major complications included osteolysis (up to 48%), cysts (40%),
and reoperation (13-28%).

STAR was analyzed in four studies [25-28] with 252 patients (M:F ratio 1:1.53; age
range: 59-74 years). HO incidence was consistently high: 100% [25], 78% [26], 62% [27],
and 98% [28], predominantly at Grade III. The most frequent complications were lucency
(56%), swelling (55%), and osteolysis (14%). Talar subsidence (6-9%) and reoperation rates
(5-9%) were reported.

INBONE II was studied in two retrospective series [29,30] (n = 43; M:F ratio 1:0.72;
mean age: 63-68 years). HO incidence ranged from 31% [29] to 67% [30], mostly posterior
and of Grades I and III. Complications included component subsidence (31%), reoperation
(33%), osteolysis (17%), and isolated peroneal nerve injuries (3%).

BOX (Bianchi et al. [31], n = 34) showed a 91% HO rate (mostly Grades III-1V) at
143-month follow-up, with a lucency rate of 94% and cysts in 6%.

Salto Mobile-Bearing (Wan et al. [32], n = 59) was associated with 22% HO (Grades
I-II), 46% osteolysis, and a 12% reoperation rate at 36 months.

CCI (Van Es et al. [33], n = 237) showed 13% HO after 83 months, with 22% revision
and 53% reoperation rates.

INFINITY (Penner et al. [34], n = 67) demonstrated a low HO rate (3%) with minimal
complications (3% revision, 9% reoperation) at 35 months.
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CADENCE (Rushing et al. [35], n = 32) had no HO reported after 24 months; the most
common complication was lucency (41%), with a 31% reoperation rate.

Although comparisons are limited by heterogeneity in follow-up and methodology,
INFINITY was associated with the lowest reported HO incidence, predominantly anterior
when present. However, no consistent statistical significance was observed across designs.

3.5.2. Comparative Studies

HINTEGRA vs. MOBILITY [36,37]: HO incidence was higher in HINTEGRA (33%)
than MOBILITY (15%), with posterior vs. anterior localization, respectively. Differences
were not statistically significant.

INFINITY, CADENCE, VANTAGE [38,39]: HO incidence ranged from 54% to 57%,
with INFINITY showing significantly higher rates than CADENCE (p = 0.04).

STAR vs. SALTO [40]: STAR had a significantly higher HO rate (61% vs. 30%; p < 0.01).

INBONE II (stem types) [41]: No significant difference in HO between porous-coated
(55%) and smooth-stemmed (46%) implants.

These studies suggest trends in implant-specific HO localization and rates, though
significance was inconsistent.

3.6. HO Incidence and Radiographic Follow-Up

No significant association was found between HO incidence and radiographic follow-
up duration (p > 0.05). The Durbin-Watson test confirmed the absence of autocorrelation
(p = 0.292), and the regression intercept was not significant (p = 0.488).

3.7. HO and Reoperation

Approximately 6.5% of TAAs underwent surgical excision of HO. Follow-up dura-
tion was significantly correlated with resection rate (p = 0.009), though unrelated to total
reoperation frequency (p = 0.179).

Multiple linear regression models analyzing Brooker Grades I-III did not yield statisti-
cally significant associations with the following resection rates:

Grade I and IT model: R? = 0.419; p > 0.05.

Grade IT and III model: R? = 0.0517; p > 0.05.

Grade IV was excluded due to limited data. Overall reoperation rate showed no
correlation with HO incidence, resection rate, infection, subsidence, or loosening. The
model’s intercept (0.186) was consistent with a mean reoperation rate of 22.2%, indicating
multifactorial causes.

3.8. Risk of Bias

The Downs and Black scores averaged 13.4 (range: 9-18), indicating low overall study
quality. The mean modified Coleman methodology score was 38 (range: 24-60), reinforcing
the limited methodological robustness across the included studies (Table 4).
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Table 4. Risk of bias.

Downs and Black Checklist

Modified Coleman Methodology Score

Article Reporting E;;T;?:; Va{?(;ietl;flglias Inctil;?fa:)lu\:jdliiggy Power Total Score Part A Part B Total Score
Deleu, 2015 [22] 8 3 3 2 0 16 40 30 10
Manegold, 2017 [12] 6 2 3 2 0 13 35 25 10
Clifton, 2021 [23] 6 2 2 3 0 13 40 30 10
Lee, 2018 [7] 9 3 4 3 0 19 54 44 10
Lee, 2019 [24] 8 3 3 2 0 16 54 44 10
Haytmanek, 2015 [25] 8 3 3 3 1 18 37 27 10
Jastifer, 2015 [26] 6 3 3 3 0 15 24 14 10
Palanca, 2018 [27] 6 3 3 3 0 15 28 18 10
Kerkhoff, 2016 [28] 9 3 3 3 0 18 60 50 10
Jamjoom, 2022 [29] 7 3 2 2 1 15 28 18 10
Rushing, 2021 [30] 8 2 3 2 0 15 29 19 10
Bianchi, 2021 [31] 7 3 3 3 0 16 28 18 10
Wan, 2018 [32] 8 2 3 3 0 16 29 19 10
Van Es, 2022 [33] 9 3 3 3 0 18 39 29 10
Penner, 2019 [34] 9 3 3 3 0 18 44 34 10
Rushing, 2021 [35] 7 2 3 2 0 14 38 28 10
Jung, 2015 [36] 7 3 3 2 0 15 42 32 10
Jung, 2016 [37] 8 3 3 3 0 17 44 34 10
Rushing, 2022 [38] 7 2 3 2 0 14 32 22 10
Doyle, 2023 [39] 5 3 2 2 0 12 50 40 10
Nunley, 2019 [40] 7 3 3 5 0 18 29 19 10
Togher, 2023 [41] 7 2 2 3 1 15 40 30 10
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4. Discussion

The growing success of TAA, supported by the development of fourth-generation
implants and a progressive increase in annual procedural volumes in both European and
North American registries [42—44] potentially leading to early osteoarthritis in adjacent
joints, TAA aims to restore physiological joint mobility, relieve pain, and improve overall
patient quality of life.

Despite these advantages, TAA has shown complication and failure rates compara-
ble to those of arthrodesis [45] such as HO, osteolysis, cyst formation, and peri-implant
radiolucency frequently reported among mid- to long-term complications [8,46].

HO, a well-recognized complication in other joints such as the elbow and, most
notably, the hip in prosthetic surgery [47-49], has also been documented following TAA.
However, despite its recurrent mention in the literature, reported incidence rates vary
widely depending on the type of prosthesis—and even within the same design—reflecting
a lack of consensus [10].

A contributing factor to the limited understanding of this complication is the scarce
attention it receives in clinical studies: many authors do not report HO as a specific outcome
following TAA, hindering efforts to determine its actual incidence and prevalence across
patient populations and implant types. Consequently, orthopedic surgeons are often
unable to derive optimal intraoperative or postoperative prevention strategies. Moreover,
it remains unclear whether HO represents a true complication or rather a frequent, benign
postoperative finding with minimal clinical implications.

In this review, only 22 clinical studies were identified over a 10-year span, with most show-
ing low methodological quality: just one randomized controlled trial (RCT) was found [40],
while the vast majority were retrospective (17/22) [7,16,22,23,25-27,29-33,36-39,41], and only
six were comparative in nature [36—41]. Two independent risk-of-bias assessments con-
firmed the generally poor quality of the evidence.

Common methodological limitations included the absence of power analysis, random-
ization, and blinding, as well as insufficient control of confounding factors. Furthermore,
more than half the studies (55%) reported concomitant procedures, while surgical (68%) and
rehabilitation (59%) protocols were often poorly described. None of the studies included
MRI or histological evaluations.

Nevertheless, follow-up duration and sample size were acceptable in most stud-
ies: 57% enrolled more than 60 patients, and 95% reported a follow-up between 24
and 60 months. Clinical outcome measures, assessment methods, and inclusion cri-
teria were generally well detailed. Follow-up ranged from 2 years [35,38,39,41] to
15 years [27], with 3-year [17,22,29,32,34,36,37] and 6-7-year follow-ups [7,23,24,28,30,33]
being most common.

Except for two studies with fewer than 20 patients [26,30], sample sizes ranged from
22 [41] to 237 [33]. The mean patient age was 62 years, with a nearly equal female-to-male
ratio (F/M 0.89), and most procedures were unilateral. The predominant indication for
TAA was post-traumatic osteoarthritis, consistently reported across studies. TAA is of-
ten indicated in subjects over 65 years of age with advanced ankle arthritis, a common
condition in the elderly, especially if they have had previous trauma or suffer from de-
generative diseases. A recent study found that the median age of patients undergoing
total ankle arthroplasty is 63 years, and this figure has remained constant over the past
two decades [50].

Surgical indications were homogeneous, with post-traumatic ankle osteoarthritis
being the most common indication for TAA. All procedures used the anterior approach,
reflecting its widespread adoption. While this uniformity limits comparative analysis of
surgical access impact on HO formation, it also underscores the approach’s advantages
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in joint exposure and deformity correction in the coronal plane. Nonetheless, a limitation
of the anterior approach is its reduced control over sagittal alignment, which could affect
implant biomechanics.

Although this review, supported by a recent systematic review [51], did not identify a
clear correlation between HO and postoperative ROM, the potential association between
HO and joint alignment, particularly in the coronal plane, remains insufficiently investi-
gated. To date, only one study [16] has suggested a possible link between coronal alignment
and HO, but the results did not reach statistical significance. Moreover, most available
studies did not stratify alignment according to HO status, which limits the possibility of
drawing definitive conclusions.

Prior investigations into alignment and postoperative ROM [52,53] did not find signifi-
cant coronal plane correlations, but they did highlight the importance of sagittal alignment—
particularly anterior translation and inclination of the talar component relative to the tibial
component—in achieving better ROM. These findings suggest that sagittal parameters may
play a more influential role in joint function after TAA.

Given the possible biomechanical contribution to HO, it is plausible that suboptimal
sagittal alignment—harder to manage via the anterior approach—may facilitate ectopic
bone formation through altered kinematics or loading. This points to the need for more
focused studies on the relationship between surgical approach, multiplanar alignment, and
the periarticular biological response.

In parallel, implant design may also influence HO incidence and anatomical distribu-
tion. Comparative and series data suggest that some prostheses predispose to distinct HO
patterns. For example, the MOBILITY prosthesis demonstrated a lower HO rate (15%) than
HINTEGRA (33%) in a matched comparison [37], but with different distribution—mainly
anterior for MOBILITY and posterior for HINTEGRA. This anterior pattern may stem
from deeper anterior tibial cuts needed for MOBILITY’s tibial component, possibly causing
localized periosteal irritation and subsequent HO. HINTEGRA, offering broader anterior
coverage, may mitigate this but redirect ossification posteriorly [16,22,23].

Similarly, INFINITY and CADENCE—despite shared lineage—had different HO rates
in a direct comparison [39]: INFINITY showed 57% HO versus 54% in CADENCE, predom-
inantly posterior in both. While the difference is small, it suggests that minor geometric
features—such as anterior edge congruence or talar orientation—might affect stress distri-
butions and thereby HO formation. Notably, CADENCE was the only implant to report
zero HO cases in a separate series [35], though shorter follow-up must be acknowledged.

Prostheses like STAR and BOX exhibited high HO rates (62-100% and 91%, respec-
tively) [25-28,31] and more severe grades (III-IV), which may reflect design limitations,
longer follow-up, or surgical / postoperative protocol differences. In contrast, INFINITY [34],
Salto [32], and CCI [33] had lower HO rates (3-22%) and less severe grades, potentially
linked to conservative bone resection or optimized bone-implant interfaces.

These findings support the hypothesis that implant-related factors—such as anterior
tibial resection extent, cortical coverage, and component geometry—may influence HO
formation patterns following TAA. For example, in comparative studies, the CADENCE
prosthesis, requiring aggressive anterior tibial osteotomy, showed a predilection for anterior
HO, whereas the HINTEGRA model, with anterior cortical reference and broad anterior
coverage but less posterior support, was associated with predominantly posterior HO.
However, due to heterogeneity in study design and reporting, these associations remain
speculative and require further biomechanical and prospective investigation.

No significant relationship was observed between follow-up duration and HO inci-
dence, suggesting that the underreporting of HO is likely due to inconsistencies in follow-up
imaging protocols rather than temporal factors alone.
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Although HO is a frequent radiographic finding after TAA, our analysis indicates that
it does not consistently lead to revision. Only a minority of patients underwent surgery
specifically for HO removal, and no linear association was found between HO severity
(Brooker grade) and reoperation. This suggests that HO alone is rarely a direct revision in-
dication. Instead, reintervention appears more likely when HO coexists with complications
such as impingement, subsidence, osteolysis, or infection. The absence of a significant link
between total reoperation rate and HO-related variables, along with a stronger correlation
between follow-up duration and HO excision, further supports that while symptomatic HO
may warrant surgery, most cases remain asymptomatic and are managed conservatively.
These findings align with studies indicating that high-grade HO may contribute to pain
and ROM limitation, but its clinical impact varies and should be interpreted in context.
Therefore, surgical decisions should consider the overall biomechanical and functional
status rather than HO presence alone.

Despite the frequent radiographic detection of HO following TAA, its diagnosis and
prognostic value remain limited by several factors. Currently the Brooker classification
modified for the ankle, are inconsistently applied across studies, impeding direct com-
parisons and clinical extrapolation. Moreover, the lack of routine postoperative imaging
protocols and variability in follow-up duration contribute to underreporting and inconsis-
tent detection of HO.

From a diagnostic standpoint, no specific biochemical markers or imaging modalities
beyond standard radiographs have demonstrated consistent utility in predicting or identi-
fying clinically relevant HO. While exploratory studies have assessed the role of markers of
bone metabolism or inflammatory mediators, none have been validated for clinical use in
TAA settings [54]. The prognostic significance of HO is similarly unclear. This review found
no consistent correlation between HO severity and postoperative ROM, pain, or reoperation
rates. Notably, even high-grade ossifications were frequently asymptomatic and did not
necessitate revision surgery. When reoperation occurred, it was typically due to mechanical
complications such as impingement or osteolysis, rather than HO severity alone.

Considering this, there is a pressing need for high-quality prospective studies incor-
porating standardized diagnostic criteria, longitudinal imaging, and functional outcome
measures. Such efforts would enable the development of validated prognostic models,
helping clinicians identify which patients are at genuine risk of HO-related morbidity and
may benefit from targeted prophylactic or surgical interventions.

Based on the findings of this systematic review, several practical considerations can
be drawn for clinical practice. First, HO after TAA is frequent but often clinically silent;
surgical excision should be reserved for symptomatic cases causing impingement or func-
tional limitation. Second, while implant design may influence the anatomical distribution
of HO, current evidence does not support selecting a specific prosthesis solely to reduce
its incidence. Third, meticulous surgical technique—minimizing soft tissue trauma, en-
suring adequate irrigation, and removing bone debris—may help reduce the risk of HO
formation in high-risk patients. Finally, standardized radiographic follow-up and early
detection are recommended to identify cases that may benefit from closer monitoring or
intervention, although no validated biochemical or imaging biomarkers currently exist to
guide prophylaxis or early treatment.

5. Conclusions

HO is a frequently reported radiographic finding following TAA, with incidence and
distribution patterns varying across implant designs. However, current evidence—largely
retrospective and methodologically limited—fails to demonstrate a consistent association
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between HO severity and adverse clinical outcomes such as reduced ROM, pain, or revision
surgery. Most cases appear asymptomatic and are managed conservatively.

Given the variability in HO reporting, absence of standardized diagnostic criteria,
and limited prognostic value, HO should be interpreted as a common postoperative radio-
graphic phenomenon with unclear clinical relevance. While some implant designs may
influence its distribution, no definitive risk factors have been identified.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/diagnostics15172203 /s1, Figure S1: Schematic representation
summarizing the PICOS elements applied in the systematic review.

Author Contributions: Conceptualization, FV. and S.0.Z.; methodology, G.S.; software, A.M.; valida-
tion, S.0.Z., EV. and G.G.; formal analysis, 5S.0.Z.; investigation, F.V.; resources, A.M.; data curation,
C.F; writing—original draft preparation, S.0.Z.; writing—review and editing, F.V.; supervision, G.G.;
project administration, S.0.Z.; funding acquisition, G.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the 5x1000 2023 (redditi 2022) 5M-2023-23687106 - Nuove
Prospettive Traslazionali per la Diagnosi, Prevenzione e Trattamento delle Malattie Muscoloscheletriche Rare
e Complesse.

Data Availability Statement: The original contributions presented in the study are included in the
article material, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

HO Heterotopic ossification

TAA Total ankle arthroplasty

NSAIDs Nonsteroidal anti-inflammatory drugs
ROM Range of motion

mCMS  Modified Coleman Methodology Score

AVN Avascular necrosis
CCI Ceramic coated implant
F Females

f-up Follow-up

i.o. Intra-operative

M Males

mo Months

nr. Not reported

OA Osteoarthritis

PE Polyethylene

Pts Patients

RA Rheumatoid arthritis
Ref. Reference

yrs Years

1.  Giannini, S.; Romagnoli, M.; O’Connor, ].J.; Catani, F.; Nogarin, L.; Magnan, B.; Malerba, F.; Massari, L.; Guelfi, M.; Milano, L.;
et al. Early Clinical Results of the BOX Ankle Replacement Are Satisfactory: A Multicenter Feasibility Study of 158 Ankles. . Foot
Ankle Surg. 2011, 50, 641-647. [CrossRef]

2. Barg, A.; Wimmer, M.D.; Wiewiorski, M.; Wirtz, D.C.; Pagenstert, G.I.; Valderrabano, V. Total ankle replacement-indications,
implant designs, and results. Dtsch. Arztebl. Int. 2015, 112, 177-184.


https://www.mdpi.com/article/10.3390/diagnostics15172203/s1
https://www.mdpi.com/article/10.3390/diagnostics15172203/s1
https://doi.org/10.1053/j.jfas.2011.06.003

Diagnostics 2025, 15, 2203 18 of 20

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mosca, M.; Caravelli, S.; Vocale, E.; Maitan, N.; Grassi, A.; Massimi, S.; Fuiano, M.; Zaffagnini, S. Clinical-radiological outcomes
and complications after total ankle replacement through a lateral transfibular approach: A retrospective evaluation at a midterm
follow-up. Int. Orthop. 2021, 45, 437-443. [CrossRef]

Raikin, S.M.; Sandrowski, K.; Kane, ].M.; Beck, D.; Winters, B.S. Midterm Outcome of the Agility Total Ankle Arthroplasty. Foot
Ankle Int. 2017, 38, 662—-670. [CrossRef] [PubMed]

Koivu, H.; Kohonen, I.; Mattila, K.; Loyttyniemi, E.; Tiusanen, H. Long-term results of Scandinavian Total Ankle Replacement.
Foot Ankle Int. 2017, 38, 723-731. [CrossRef] [PubMed]

Krishnapillai, S.; Joling, B.; Sierevelt, LN.; Kerkhoffs, G.M.M.].; Haverkamp, D.; Hoornenborg, D. Long-term Follow-up Results of
Buchel-Pappas Ankle Arthroplasty. Foot Ankle Int. 2019, 40, 553-561. [CrossRef] [PubMed]

Lee, G.W.; Wang, S.H.; Lee, K.B. Comparison of intermediate to long-term outcomes of total ankle arthroplasty in ankles with
preoperative varus, valgus, and neutral alignment. J. Bone Jt. Surg. Am. 2018, 100, 835-842. [CrossRef]

Cody, E.A.; Scott, D.].; Easley, M.E. Total ankle arthroplasty. A critical analysis review. JBJS Rev. 2018, 6, e8. [CrossRef]
Malherbe, C.; Deleu, P.A.; Bevernage, B.D.; Birch, I.; Maldague, P.; Gombault, V.; Putzeys, P.; Leemrijse, T. Early-Term Results of
the Cadence Total Ankle Prosthesis: A European Noninventor Study. Foot Ankle Int. 2023, 44, 1-12. [CrossRef]

Bemenderfer, T.B.; Davis, W.H.; Anderson, R.B.; Wing, K.; Escudero, M.1.; Waly, F; Penner, M. Heterotopic ossification in total
ankle arthroplasty: Case series and systematic review. . Foot Ankle Surg. 2020, 59, 716-721. [CrossRef]

Seavey, ].G.; Wheatley, B.M.; Pavey, G.].; Tomasino, A.M.; Hanson, M.A ; Sanders, E.M.; Dey, D.; Moss, K.L.; Potter, B.K.; Forsberg,
J.A.; et al. Early local delivery of vancomycin suppresses ectopic bone formation in a rat model of trauma-induced heterotopic
ossification. J. Orthop. Res. 2017, 35, 2397-2406. [CrossRef] [PubMed]

Ranganathan, K.; Loder, S.; Agarwal, S.; Wong, V.W,; Forsberg, J.; Davis, T.A.; Wang, S.; James, A.W.; Levi, B. Heterotopic
Ossification: Basic-Science Principles and Clinical Correlates. J. Bone Joint Surg. Am. 2015, 97, 1101-1111. [CrossRef]

Shehab, D.; Elgazzar, A.H.; Collier, B.D. Heterotopic ossification. J. Nucl. Med. 2002, 43, 346-353.

Pavey, G.J.; Qureshi, A.T.; Hope, D.N.; Pavlicek, R.L.; Potter, B.K,; Forsberg, ].A.; Davis, T.A. Bioburden increases heterotopic
ossification formation in an established rat model. Clin. Orthop. Relat. Res. 2015, 473, 2840-2847. [CrossRef]

Mercurio, M.; Cofano, E.; Kennedy, J.G.; Butler, J.J.; Zanini, A.; Galasso, O.; Gasparini, G.; Marangon, A. Indications, Functional
Outcomes, Return to Sport and Complications of Anterior and Lateral Approaches for Total Ankle Arthroplasty: A Comprehensive
Review. Healthcare 2025, 13, 841. [CrossRef]

Manegold, S.; Springer, A.; Landvoigt, K.; Tsitsilonis, S. Heterotopic ossification after total ankle replacement: The role of
prosthesis alignment. Foot Ankle Surg. 2017, 23, 122-127. [CrossRef] [PubMed]

Iorio, R.; Healy, W.L. Heterotopic ossification after hip and knee arthroplasty: Risk factors, prevention, and treatment. J. Am.
Acad. Orthop. Surg. 2002, 10, 409-416. [CrossRef]

Brooker, A.F; Bowerman, ].W.; Robinson, R.A_; Riley, L.H., Jr. Ectopic ossification following total hip replacement. Incidence and
a method of classification. J. Bone Joint Surg. Am. 1973, 55, 1629-1632. [CrossRef]

Lee, K.B.; Cho, Y.J.; Park, ].K.; Song, E.K.; Yoon, T.R.; Seon, ].K. Heterotopic ossification after primary total ankle arthroplasty.
J. Bone Joint Surg. Am. 2011, 93, 751-758. [CrossRef]

Downs, S.H.; Black, N. The feasibility of creating a checklist for the assessment of the methodological quality both of randomised
and non-randomised studies of health care interventions. J. Epidemiol. Community Health 1998, 52, 377-384. [CrossRef] [PubMed]
Kon, E.; Verdonk, P.; Condello, V.; Delcogliano, M.; Dhollander, A.; Filardo, G.; Pignotti, E.; Marcacci, M. Matrix-assisted
autologous chondrocyte transplantation for the repair of cartilage defects of the knee: Systematic clinical data review and study
quality analysis. Am. J. Sports Med. 2009, 37, 1565-166S. [CrossRef]

Deleu, P.A.; Bevernage, B.D.; Gombault, V.; Maldague, P.; Leemrijse, T. Intermediate-term Results of Mobile-bearing Total Ankle
Replacement. Foot Ankle Int. 2015, 36, 518-530. [CrossRef]

Clifton, L.J.; Kingman, A.; Rushton, PR.P.; Murty, A.; Kakwani, R.; Coorsh, J.; Townshend, D.N. The Hintegra total ankle
replacement: Survivorship, failure modes and patient reported outcomes in seventy consecutive cases with a minimum five year
follow-up. Int. Orthop. 2021, 45, 2331-2336. [CrossRef]

Lee, G.W,; Seon, J.K; Kim, N.S.; Lee, K.B. Comparison of Intermediate-Term Outcomes of Total Ankle Arthroplasty in Patients
Younger and Older Than 55 Years. Foot Ankle Int. 2019, 40, 762-768. [CrossRef]

Haytmanek, C.T.; Gross, C.; Easley, M.E.; Nunley, J.A. Radiographic Outcomes of a Mobile-Bearing Total Ankle Replacement.
Foot Ankle Int. 2015, 36, 1038-1044. [CrossRef]

Jastifer, ].R.; Coughlin, M.J. Long-term follow-up of mobile bearing total ankle arthroplasty in the United States. Foot Ankle Int.
2015, 36, 143-150. [CrossRef] [PubMed]

Palanca, A.; Mann, R.A; Mann, J.A.; Haskell, A. Scandinavian Total Ankle Replacement: 15-Year Follow-up. Foot Ankle Int. 2018,
39, 135-142. [CrossRef] [PubMed]

Kerkhoff, Y.R.; Kosse, N.M.; Metsaars, W.P.; Louwerens, ] W.K. Long-term Functional and Radiographic Outcome of a Mobile
Bearing Ankle Prosthesis. Foot Ankle Int. 2016, 37, 1292-1302. [CrossRef]


https://doi.org/10.1007/s00264-020-04709-4
https://doi.org/10.1177/1071100717701232
https://www.ncbi.nlm.nih.gov/pubmed/28462686
https://doi.org/10.1177/1071100717698695
https://www.ncbi.nlm.nih.gov/pubmed/28535724
https://doi.org/10.1177/1071100719828379
https://www.ncbi.nlm.nih.gov/pubmed/30700155
https://doi.org/10.2106/JBJS.17.00703
https://doi.org/10.2106/JBJS.RVW.17.00182
https://doi.org/10.1177/10711007221136539
https://doi.org/10.1053/j.jfas.2019.12.003
https://doi.org/10.1002/jor.23544
https://www.ncbi.nlm.nih.gov/pubmed/28390182
https://doi.org/10.2106/JBJS.N.01056
https://doi.org/10.1007/s11999-015-4272-3
https://doi.org/10.3390/healthcare13070841
https://doi.org/10.1016/j.fas.2017.02.008
https://www.ncbi.nlm.nih.gov/pubmed/28578795
https://doi.org/10.5435/00124635-200211000-00005
https://doi.org/10.2106/00004623-197355080-00006
https://doi.org/10.2106/JBJS.J.00178
https://doi.org/10.1136/jech.52.6.377
https://www.ncbi.nlm.nih.gov/pubmed/9764259
https://doi.org/10.1177/0363546509351649
https://doi.org/10.1177/1071100714561058
https://doi.org/10.1007/s00264-021-05071-9
https://doi.org/10.1177/1071100719840816
https://doi.org/10.1177/1071100715583353
https://doi.org/10.1177/1071100714550654
https://www.ncbi.nlm.nih.gov/pubmed/25201330
https://doi.org/10.1177/1071100717738747
https://www.ncbi.nlm.nih.gov/pubmed/29389250
https://doi.org/10.1177/1071100716661477

Diagnostics 2025, 15, 2203 19 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

Jamjoom, B.A; Siddiqui, B.M.; Salem, H.; Raglan, M.; Dhar, S. Clinical and Radiographic Outcomes of Revision Total Ankle
Arthroplasty Using the INBONE II Prosthesis. . Bone Joint Surg. Am. 2022, 104, 1554-1562. [CrossRef]

Rushing, C.J.; Mckenna, B.J.; Zulauf, E.A.; Hyer, C.F; Berlet, G.C. Intermediate-Term Outcomes of a Third-Generation, 2-
Component Total Ankle Prosthesis. Foot Ankle Int. 2021, 42, 935-943. [CrossRef] [PubMed]

Bianchi, A.; Martinelli, N.; Caboni, E.; Raggi, G.; Manfroni, E; Sansone, V. Long-term follow-up of Bologna-Oxford (BOX) total
ankle arthroplasty. Int. Orthop. 2021, 45, 1223-1231. [CrossRef]

Wan, D.D.; Choi, W.]J.; Shim, D.W.; Hwang, Y.; Park, Y.J.; Lee, ].W. Short-term Clinical and Radiographic Results of the Salto
Mobile Total Ankle Prosthesis. Foot Ankle Int. 2018, 39, 155-165. [CrossRef]

van Es, L.J.M.; van der Plaat, L.W,; Sierevelt, LN.; Hoornenborg, D.; Haverkamp, D. Long-term Follow-up of 254 Ceramic Coated
Implant (CCI) Evolution Total Ankle Replacements. Foot Ankle Int. 2022, 43, 1285-1294. [CrossRef]

Penner, M.; Davis, W.H.; Wing, K.; Bemenderfer, T.; Waly, F.; Anderson, R.B. The Infinity Total Ankle System: Early Clinical
Results With 2- to 4-Year Follow-up. Foot Ankle Spec. 2019, 12, 159-166. [CrossRef]

Rushing, C.J.; Law, R.; Hyer, C.F. Early Experience With the CADENCE Total Ankle Prosthesis. ]. Foot Ankle Surg. 2021, 60, 67-73.
[CrossRef]

Jung, H.G,; Shin, M.H,; Lee, S.H.; Eom, ].S.; Lee, D.O. Comparison of the outcomes between two 3-component total ankle implants.
Foot Ankle Int. 2015, 36, 656-663. [CrossRef]

Jung, H.G,; Lee, S.H.; Shin, M.H.; Lee, D.O.; Eom, ].S.; Lee, ].S. Anterior Heterotopic Ossification at the Talar Neck After Total
Ankle Arthroplasty. Foot Ankle Int. 2016, 37, 703-708. [CrossRef]

Rushing, C.J.; Steriovski, J.; Hyer, C.E,; Berlet, G.C. Heterotopic Ossification Following Total Ankle Arthroplasty With Fourth-
Generation Prostheses. Foot Ankle Spec. 2022, 15, 448-455. [CrossRef] [PubMed]

Doyle, M.D.; Mitchell, L.H.; Ishibashi, M. A.; Castellucci-Garza, EM.; Sherick, R.M.; Rao, N.M. Radiographic Comparison of
Heterotopic Ossification After Primary Total Ankle Arthroplasty in Fourth-Generation Implants. Foot Ankle Spec. 2023, 16,
221-225. [CrossRef] [PubMed]

Nunley, J.A.; Adams, S.B.; Easley, M.E.; DeOrio, ] K. Prospective Randomized Trial Comparing Mobile-Bearing and Fixed-Bearing
Total Ankle Replacement. Foot Ankle Int. 2019, 40, 1239-1248. [CrossRef] [PubMed]

Togher, C.J.; Thompson, ].M.; Perkins, ].M.; Berlet, G.C.; Hyer, C.F. A Study of Tibial Cyst Formation in Modular Stemmed Total
Ankle Arthroplasty: Exploring a Possible Relationship to Smooth and Porous Coating on the Stem Segments. |. Foot Ankle Surg.
2023, 62, 756-763. [CrossRef]

Longo, U.G.; Papalia, R.; Bonifacini, C.; Martinelli, N.; Candela, V.; Ruzzini, L.; De Salvatore, S.; Piergentili, I.; Denaro, V. Emerging
National Trends in Ankle Prosthesis: A 15-Year Analysis of the Italian National Hospital Discharge Records. J. Foot Ankle Surg.
2022, 61, 695-699. [CrossRef]

Karzon, A.L; Bariteau, J.T.; Coleman, M.M.; Kadakia, R.J.; Jacobson, J.E.; Labib, S.A. The Fall and Rise of Total Ankle Arthroplasty:
A Database Analysis of Procedural Incidence Between 2009 and 2019. Foot Ankle Orthop. 2022, 7, 2473011421500719. [CrossRef]

Karzon, A.L.; Kadakia, R.J.; Coleman, M.M.; Bariteau, J.T.; Labib, S.A. The Rise of Total Ankle Arthroplasty Use: A Database
Analysis Describing Case Volumes and Incidence Trends in the United States Between 2009 and 2019. Foot Ankle Int. 2022, 43,
1501-1510. [CrossRef] [PubMed]

Raikin, S.M.; Rasouli, M.R.; Espandar, R.; Maltenfort, M.G. Trends in treatment of advanced ankle arthropathy by total ankle
replacement or ankle fusion. Foot Ankle Int. 2014, 35, 216-224. [CrossRef]

Coester, L.M.; Saltzman, C.L.; Leupold, J.; Pontarelli, W. Long term results following ankle arthrodesis for post-traumatic arthritis.
J. Bone Jt. Surg. Am. 2001, 82, 219-227. [CrossRef] [PubMed]

Herman, Z.].; Edelman, D.G.; Ilyas, A.M. Heterotopic Ossification After Elbow Fractures. Orthopedics 2021, 44, 10-16. [CrossRef]
Liu, E.Y;; Hildebrand, A.; Horner, N.S.; Athwal, G.S.; Khan, M.; Alolabi, B. Heterotopic ossification after total elbow arthroplasty:
A systematic review. |. Shoulder Elbow Surg. 2019, 28, 587-595. [CrossRef] [PubMed]

Herzberg, R.; Tracey, O.C.; Tahvilian, S.; Baksh, N.; Zikria, B.; Naziri, Q. Incidence of heterotopic ossification following total hip
arthroplasty by approach: A systematic review. Eur. J. Orthop. Surg. Traumatol. 2024, 34, 2089-2098. [CrossRef]

Bernasconi, A.; Izzo, A.; Sgadari, A.; D’Agostino, M.; Mariconda, M.; Goldberg, A.]. Median age of patients undergoing total
ankle replacement has not significantly changed between 1999 and 2023: A systematic review of prospective studies. Foot Ankle
Surg. 2025, 31, 3-9. [CrossRef]

Butler, J.J.; Healy, H.; Anil, U.; Habibi, A.; Azam, M.T.; Walls, R.J.; Kennedy, ].G. The significance of heterotopic ossification
following total ankle arthroplasty: A systematic review and meta-analysis. Eur. |. Orthop. Surg. Traumatol. 2024, 34, 1945-1956.
[CrossRef]

Cenni, E; Leardini, A.; Cheli, A.; Catani, F.; Belvedere, C.; Romagnoli, M.; Giannini, S. Position of the prosthesis components in
total ankle replacement and the effect on motion at the replaced joint. Int. Orthop. 2012, 36, 571-578. [CrossRef] [PubMed]


https://doi.org/10.2106/JBJS.21.01240
https://doi.org/10.1177/1071100720986114
https://www.ncbi.nlm.nih.gov/pubmed/33508961
https://doi.org/10.1007/s00264-021-05033-1
https://doi.org/10.1177/1071100717737988
https://doi.org/10.1177/10711007221108084
https://doi.org/10.1177/1938640018777601
https://doi.org/10.1053/j.jfas.2020.08.023
https://doi.org/10.1177/1071100715573716
https://doi.org/10.1177/1071100716642757
https://doi.org/10.1177/1938640020970013
https://www.ncbi.nlm.nih.gov/pubmed/33215527
https://doi.org/10.1177/19386400221079199
https://www.ncbi.nlm.nih.gov/pubmed/35168383
https://doi.org/10.1177/1071100719879680
https://www.ncbi.nlm.nih.gov/pubmed/31561727
https://doi.org/10.1053/j.jfas.2023.04.006
https://doi.org/10.1053/j.jfas.2021.10.034
https://doi.org/10.1177/2473011421S00719
https://doi.org/10.1177/10711007221119148
https://www.ncbi.nlm.nih.gov/pubmed/36050924
https://doi.org/10.1177/1071100713517101
https://doi.org/10.2106/00004623-200102000-00009
https://www.ncbi.nlm.nih.gov/pubmed/11216683
https://doi.org/10.3928/01477447-20201119-03
https://doi.org/10.1016/j.jse.2018.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30639172
https://doi.org/10.1007/s00590-024-03896-9
https://doi.org/10.1016/j.fas.2024.07.007
https://doi.org/10.1007/s00590-024-03866-1
https://doi.org/10.1007/s00264-011-1323-6
https://www.ncbi.nlm.nih.gov/pubmed/21789498

Diagnostics 2025, 15, 2203 20 of 20

53. Braito, M.; Dammerer, D.; Reinthaler, A.; Kaufmann, G.; Huber, D.; Biedermann, R. Effect of Coronal and Sagittal Alignment on
Outcome After Mobile-Bearing Total Ankle Replacement. Foot Ankle Int. 2015, 36, 1029-1037. [CrossRef] [PubMed]
54. Mertens, M.T.; Singh, J.A. Biomarkers in arthroplasty: A systematic review. Open Orthop. J. 2011, 5, 92-105. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/1071100715583383
https://www.ncbi.nlm.nih.gov/pubmed/25899099
https://doi.org/10.2174/1874325001105010092
https://www.ncbi.nlm.nih.gov/pubmed/21584201

	Introduction 
	Materials and Methods 
	Data Sources and Search Strategy 
	Study Selection 
	Data Extraction 
	Risk of Bias Assessment 
	Statistical Analysis 

	Results 
	Study Characteristics 
	Surgical Indications 
	Surgical Approach 
	HO and Coronal Alignment or ROM 
	Implant Design 
	Case Series by Implant Design 
	Comparative Studies 

	HO Incidence and Radiographic Follow-Up 
	HO and Reoperation 
	Risk of Bias 

	Discussion 
	Conclusions 
	References

