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Abstract

Introduction After failed total ankle arthroplasty (TAA), revision arthrodesis (RAA) and revision arthroplasty (RTAA) are
treatment options, but comparative outcome data remain limited. The aim of this study was to compare mid-term survival of
RAA and RTAA after failed primary TAA and to explore clinical and radiographic factors associated with failure.

Materials and methods In this retrospective cohort study, 124 patients (RAA=72, RTAA=52) were reviewed after failed
TAA between 2006 and 2020, with a minimum follow-up of 12 months. Kaplan-Meier analysis and Cox regression were
used to assess survival, and decision tree models were used as exploratory tools to identify factors associated with failure.
Results Mean follow-up was 71.6+42.7 months. Surgical failure occurred in 6.45% of patients, with no significant dif-
ference (RAA 6.9%, RTAA 5.8%). Five-year survival was slightly higher for RTAA (97% vs. 93%), although durability
decreased beyond 87 months. Female sex, higher BMI, and younger age were associated with failure after RAA, whereas
large periprosthetic cysts and elevated BMI were related to failure after RTAA.

Conclusions RAA and RTAA demonstrate comparable mid-term survival after failed TAA. Revision strategy selection

should be individualized, considering bone stock, patient characteristics, and failure patterns.

Levels of evidence III

Keywords Prosthesis failure - Salvage procedure - Survivorship - Risk factor - Decision tree analysis

Introduction

Total ankle arthroplasty (TAA) continues to evolve as a
treatment modality for end-stage ankle arthritis. Ten-year
survivorship of modern TAA designs has been reported
at approximately 89%, with some implant-specific series
demonstrating survival rates exceeding 90% at long-term
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follow-up, although often accompanied by a substantial rate
of additional procedures [1, 2]. More recent analyses have
reported survival rates of up to 97.7% at 5-year follow-up
for selected surgical techniques, such as transfibular TAA
[3].

Long-term durability remains challenging, with revision
rates of 12.6% at 7 years and 18% at 10 years [4, 5]. When
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TAA fails, salvage procedures include conversion to revi-
sion ankle arthrodesis (RAA) or revision total ankle arthro-
plasty (RTAA) [6, 7].

While primary ankle replacement and arthrodesis have
been extensively studied, the literature on revision proce-
dures is less robust. RAA has been associated with solid
union rates (up to 90%), but carries risks of nonunion, pain,
and adjacent joint degeneration [8—11]. RTAA outcomes
vary widely, with 5-year survival rates ranging from 60%
to 80% [12-15].

As patient comorbidities rise, it is vital to consider their
impact on treatment outcomes [16].

Patient-related risk factors include elevated BMI (> 30 kg/
m?), which has been linked to higher complication and non-
union rates after ankle arthrodesis, as well as an increased
risk of wound problems and readmissions [17]. Elevated
BMI has also been associated with an increased risk of pros-
thesis failure after primary total ankle arthroplasty [18, 19].
Age represents another relevant variable, as older patients
may demonstrate impaired healing capacity and higher non-
union rates [20, 21], whereas younger patients may place
greater mechanical demands on the reconstruction [19, 22].
In addition, sex-related differences have been described,
with female patients reported to experience inferior clini-
cal outcomes and altered gait patterns after arthrodesis [21].

Implant- and pathology-related factors also influence
outcomes. The presence of periarticular cysts has been asso-
ciated with compromised bone stock and an increased risk
of failure after TAA [18, 22]. Underlying diagnoses may
further modify prognosis. Patients with rheumatoid arthri-
tis have demonstrated superior TAA survivorship than those
with osteoarthritis [19], whereas periprosthetic joint infec-
tions and infection-related periarticular ossifications are
associated with higher failure rates [23-25].

Procedure-related risk factors, such as prior revision sur-
gery, have been shown to result in less improvement after
both TAA and ankle arthrodesis (AA) [16, 26].

Many comorbidities affect both primary TAA and AA
similarly, complicating initial treatment decisions. Under-
standing these shared risk profiles is crucial for tailoring
revision strategies once primary procedures fail.

However, there is a lack of comparative studies not only
on survival but also on the impact of associated factors of
failure, specifically in the context of RAA versus RTAA.
Prior investigations have mainly focused on primary
procedures.

To address these gaps, we aimed to: first, compare sur-
vival outcomes of RAA and RTAA following failed primary
TAA; second, explore associated clinical and radiographic
factors using decision tree analyses that were applied as
exploratory tools to identify patterns within the dataset.
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We hypothesized that survival may differ between RTAA
and RAA following failed primary TAA, potentially reflect-
ing advances in implant design. Additionally, we expected
that various patient- and implant-related factors may be
associated with revision failure.

Methods

We included and retrospectively reviewed all patients
who underwent either revision ankle arthrodesis (RAA)
or revision total ankle arthroplasty (RTAA) for failed pri-
mary TAA at our center between 2006 and 2020. Cases
with primary amputation or follow-up <12 months were
excluded. All 700 primary TAA patients during this period
were included in the national implant registry maintained
by the National Orthopedic Society. Follow-up visits and
subsequent surgeries are likewise documented. Following
ethics board approval, demographic characteristics, comor-
bidities, and reoperation rates were extracted from medical
records, while radiographs and CT (computed tomography)
scans were reviewed for radiographic assessment. Patient-
reported outcome measures (PROMs) were collected.

A total of 124 revision cases met the inclusion criteria.
The revision strategy aimed to preserve bone stock when-
ever possible. When sufficient bone was available, non-
stemmed implants were used. In cases of tibial bone defects,
stemmed implants were employed. Talar cysts or poor talar
bone quality typically require revision implants with plate
support. In the RAA group, 45 procedures involved iso-
lated ankle arthrodesis, while 27 were conducted as tibio-
talocalcaneal (TTC) fusions. Fusion technique depended
on bone quality and deformity. Isolated ankle arthrodesis
was predominantly performed using anterior plate fixa-
tion. In selected cases, lateral plating was used depending
on deformity correction. TTC fusion was mostly stabilized
with intramedullary nailing. Autologous bone grafting,
most commonly harvested from the iliac crest, was used
to address bone defects. In cases of extensive bone loss, a
structural allograft was occasionally required. Among the
RTAA cases, 21 were revised using a large-stemmed pros-
thesis and 31 using a resurfacing prosthesis.

We analyzed survivorship and potential associated fac-
tors for failure in both revision strategies. Variables con-
sidered included prior surgical procedures (e.g. ossification
resection or wound debridement) or additional interventions
(e.g. calcaneal osteotomy or subtalar fusion). “Time to revi-
sion” was defined as the interval in months from primary
TAA to revision procedure. Further clinical factors included
the underlying indication for RAA or RTAA, age, gender,
BMI levels, and the presence of an underlying rheumatoid
disease. Radiographic evaluation before revision surgery
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included the assessment of periprosthetic cysts and periar-
ticular ossifications.

Regarding failure analysis, surgical and clinical failure
were analyzed separately, as they represented distinct out-
come dimensions.

Surgical failure of RAA was defined as the need for revi-
sion surgery, including re-revision arthrodesis due to non-
union, spacer implantation due to infection, or amputation.
Surgical failure of RTAA was defined analogously as the
need for revision surgery, including prosthesis explanta-
tion followed by revision arthrodesis, spacer implantation,
or amputation. Surgical failure was classified as the event
(“death’) in the survival analysis.

Clinical failure was defined as a European Foot and Ankle
Society (EFAS) score<10 at follow-up. Questionnaires
were sent to all included patients, resulting in a follow-up
rate of 79.4%. Baseline characteristics of responders and
non-responders were compared to assess potential response
bias.

For survival analysis, only surgical failures were consid-
ered events. For decision tree analyses, both surgical and
clinical failures were classified as failures.

Figure 1 illustrates the composition of the study cohort
and the distribution of surgical and clinical failures across
the different analyses. Aseptic loosening, subsidence, and
abrasion were summarized as component failure.

Descriptive statistics were used to analyze demographic
and clinical data, failure rates, and clinical outcomes, and
were expressed as means, standard deviations, percentages,
and confidence intervals. We conducted group comparisons
between RAA and RTAA using t-tests and chi-squared tests.
For selected categorical predictors identified by the decision
trees, odds ratios (OR) with 95% confidence intervals were
calculated using contingency table analysis and Fisher’s
exact test.

Study Flow Diagram

| Total revision TAA cases (2006-2020): n = 194 |

Excluded (n = 70):

- PE exchange cases
- Amputations

- FU < 12 months

— Y

Final cohort included (n = 124):
- Revision Arthrodesis (RAA): n =72
- Revision TAA (RTAA): n = 52

I\

Kaplan-Meier & Cox Regression (n = 124): | Decision Tree Analysis (n = 124):
- Surgical failure only - Failure = Surgical OR Clinical (EFAS < 10)
- Total failures: n = 8 (RAA: 5, RTAA: 3) - Total failures: n = 40 (RAA: 23, RTAA: 17)

Fig.1 Study Flow Diagram (PE=Polyethylene exchange, FU=Follow
up)

A survival analysis was performed using Kaplan—Meier
curves to estimate the time to failure for each revision strat-
egy. Failure was defined as the need for operative revision
of the salvage procedure. The Cox proportional hazards
model was applied to assess the effect of the type of revision
procedure (RAA vs. RTAA) on hazard of failure. Hazard
ratios (HRs) with corresponding 95% confidence intervals
(CIs) and p-values were reported.

We implemented a 5-fold outer cross-validation loop to
evaluate the model’s performance on unseen data. For each
fold of the outer loop, the dataset was split into training and
test sets.

An additional 3-fold inner cross-validation loop was used
for hyperparameter tuning within the training set. Boot-
strapping introduced variability by generating 50 resampled
training datasets. Each bootstrap sample was used to train a
decision tree classifier.

For each bootstrap sample, we conducted a grid search
over a predefined hyperparameter space using Grid-
SearchCV. Since the dataset was not balanced, with 32.26%
of failures, the classes were weighted to achieve class
balance.

The model with the highest validation accuracy was
selected as the best model for the inner fold.

The best model from the inner loop was evaluated on the
outer test set, and its accuracy was recorded.

This process was repeated for all outer folds, resulting in
five accuracy scores, which were averaged to estimate the
model’s generalization performance.

Given the exploratory and retrospective nature of this
study, no a priori sample size calculation was performed. All
statistical analyses were conducted using Microsoft Excel
(Redmond, WA), JupyterLab Version 3.0.14 (Open-Source
Project), and Python Version 3.9.16 (Beaverton, OR). The
following packages were utilized for the study: Pandas
(v1.5.2), SciPy (v1.10.0), NumPy (v1.24.2), Scikit-learn
(v1.0.2), and Matplotlib (v3.6.2).

A p-value of < 0.05 was considered statistically
significant.

Results

A total of 124 patients were included. Of these, 72 (58.06%)
underwent RAA and 52 (41.94%) RTAA. Mean follow-up
was 71.56+£42.66 months, with a minimum follow-up of 12
months. Mean age at revision was 63.28+11.34 years, with
73 male (58.87%) and 51 female patients (41.13%). Aver-
age survival of the primary TAA was 77.95+49.71 months.

The most frequently explanted primary implants were
Salto Talaris (Integra, Plainsboro, NJ), Scandinavian Total
Ankle Replacement (STAR; Stryker, Mahwah, NJ), and
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Hintegra (Artiqo, Luedinghausen). Revision implants for
RTAA included Inbone II, Infinity (Wright Medical, Inc.,
Memphis, TN), and Salto XT (Integra, Plainsboro, NJ).

Survival analysis and failures of salvage procedures

Surgical revision of the salvage procedure was defined as
the event (‘death’) in survival analysis. A total of 8 salvage
procedures (6.45%) failed during follow-up. In the RAA
group, 5 cases (6.94%) required reoperation, whereas 3
(5.77%) failed in the RTAA group. One-year and five-year
survival rates were 95% and 93% for RAA, and 98% and
97% for RTAA, respectively. After 87 months, the curves
intersected, with the RTAA curve falling below that of RAA.

Cox regression showed no significant difference between
RAA and RTAA (b =-0.02, 95% CI: -0.38-0.34, HR=0.98,
p = 0.93). Kaplan-Meier survival curves (Fig. 2) demon-
strate cumulative survival for each group. Confidence inter-
vals widen beyond 7 years due to decreasing numbers at
risk.

Associated factors analysis

Group comparisons were performed to assess differences in
potential factors associated with outcome between patients
undergoing RAA and RTAA. Included factors, their distri-
butions, and p-values are outlined in Table 1. Additional
interventions were significantly more frequent in the RTAA
group (p = 0.0007), whereas no other significant differences
were observed.

Decision tree analysis

For decision tree analyses failure definition was expanded
to include both surgical and clinical failure. Clinical failure
was defined by poor functional outcome, characterized by
an EFAS score below 10. EFAS scores were available for

100.0% A —— Revision total ankle arthroplasty

——— Revision total ankle arthrodesis

95.0%

90.0% -

85.0%

Survival

80.0% A

75.0% 4

70.0% A

0 24 48 72 96 120 144 168 192
Month after surgery

Fig. 2 Kaplan-Meier-Curve of RAA and RTAA
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79.4% of patients (n=98). Comparison between respond-
ers and non-responders revealed no significant differences
regarding age, BMI, or revision procedure (all p>0.05).
However, a significant difference in sex distribution was
observed (p=0.02), with male patients being overrepre-
sented among responders.

Thus, clinical failure occurred in 33 of 124 patients
(26.61%). Nineteen patients (26.39%) in the RAA group
and 14 patients (26.92%) in the RTAA group experienced
clinical failure. Table 2 presents the distribution of surgi-
cal and clinical failures. Patients experiencing both surgical
and clinical failure were counted once in the overall failure

category (n=1).
Decision tree for RAA

The decision tree for RAA identified female sex and
BMI>28.77 kg/m? as possible predictors of failure (Fig. 3).
Male patients with BMI<28.77 kg/m? showed a reduced
risk. Of 23 total failures, 16 occurred in female patients and
7 in male patients. In univariate analyses, BMI>28.77 kg/
m? showed a strong association with failure (OR 8.94, 95%
CI 2.62-30.54; p<0.001), and female sex was associated
with higher odds of failure after RAA (OR 4.30, 95% CI
1.48-12.48; p=0.007). The data-driven age split at 40.5
years did not reach statistical significance in univariate
comparison (OR 2.24, 95% CI 0.30-16.98; p=0.436).

Most failures in female patients were related to poor
clinical outcomes rather than surgical revision: 12 female
patients (75%) exhibited low EFAS scores, while 4 (25%)
required revision surgery.

Among patients with BMI<28.77 kg/m?, age further
modified risk: failure rates were lower in patients older than
40.5 years and higher in those younger than 40.5 years. The
model showed good discriminative ability (AUC=0.74,
balanced accuracy 72.3%, sensitivity 64.0%, specificity
75.6%).

Decision tree for RTAA

In the RTAA subgroup, periprosthetic cysts>1 cm in diam-
eter emerged as a primary associated factor for failure
(Fig. 4).

Eleven of 15 patients (73%) with cysts>1 cm failed,
compared with 6 of 31 patients (19%) without such cysts.
This corresponds to a relative risk of 3.79 and an odds ratio
of 11.46 (95% CI: 2.63-49.9; p<0.01).

When cysts were <1 cm and BMI was <29.37 kg/m?,
failure was less likely. However, failure rates increased
significantly in the same scenario when BMI exceeded
29.37 kg/m?. BMI>29.37 kg/m? was associated with an
increased odds of failure (OR 3.32, 95% CI 0.89-12.37,
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Table 1 Associated factors,
their distribution in the cohort,
the RAA and RTAA group and
p-values of group comparisons
with the appropriate statistical
analyses

Associated Factor Cohort Revision Revision p-value
(n=124) Arthrodesis  Arthroplasty
(n=72) (n=52)

Age in years M (SD) 63.28+11.34 63.86+£12.21 62.48+10.09 0.89 (t-test)
Sex 0.21 (Chi-squared test)
Male 73 (58.87%) 39 (54.17%) 34 (82.69%)

Female 51 (41.13%) 33 (45.83%) 18 (34.62%)
BMI in kg/m2 M (SD) 28.72+4.7 28.96+4.85  28.40+4.51  0.06 (t-test)
Diagnosis 0.37 (Chi-squared test)
Component failure 90 (72.58%) 52(72.22%) 38 (73.08%)

Misalignment 22 (17.74%) 11 (15.28%) 11 (21.15%)

PJI 12 (9.68%) 9 (12.5%) 3 (5.77%)
Rheumatic Disease 0.81 (Chi-squared test)
None 101 (81.45%) 59 (81.94%) 42 (80.77%)

Present, but in remission 3 (2.42%) 1(1.39%) 2 (3.85%)

Present and with antirheumatic 6 (4.84%) 4 (5.56%) 2 (3.85%)

treatment

Excluded

Previous Revisions
None

Present

Additional Procedures

None

Present
Periprosthetic Cysts

None

present, but of size up to 1 cm
present and of size 1 cm or
larger

Excluded
Periarticular Ossifications
None

Present but not spanning the
joint space

Present and spanning the joint
space

Excluded

14 (11.29%) 8 (11.11%) 6 (11.54%)

0.28 (Chi-squared test)

84 (67.74%) 46 (63.89%) 38 (73.08%)
40 (32.26%) 26 (26.11%) 14 (26.92%)
0.0007 (Chi-squared
test)
93 (75%) 62 (86.11%) 31 (59.62%)
31 (25%) 10 (13.89%) 21 (40.38%)
0.45 (Chi-squared test)
26 (20.97%) 12 (16.67%) 14 (26.92%)
40 (32.26%) 23 (31.94%) 17 (32.69%)
44 (35.48%) 29 (40.28%) 15 (28.85%)

14 (11.92%) 8 (11.11%) 6 (11.54%)

0.61 (Chi-squared test)

31 (25%) 15 (20.83%) 16 (30.77%)
56 (45.16%) 34 (47.22%) 22 (42.31%)
23 (18.55%) 15(20.83%) 8 (15.38%)

14 (11.29%) 8 (11.11%) 6 (11.54%)

Table 2 Distribution of failures in the cohort, the RAA and RTAA

group®
Failures Cohort Revision Revision
(n=124)  Arthrodesis Arthro-
(n=172) plasty
(n=52)
Surgical Failures (due to nec- 8 (6.45%) 5(6.94%) 3
essary revision surgery) (5.77%)
Clinical Failures (due to EFAS 19 (26.39%) 14
Score<10) (26.61%) (26.92%)
Total Failures 23 (31.94%) 17
(32.26%) (32.69%)

a One patient experienced both surgical and clinical failure and was
counted once in the overall failure category

Separate decision tree analyses were performed for each salvage pro-
cedure to identify factors associated with failure

o *—ﬁﬁrwi- No Failure
- A ' mEE Failure
173 288 3aro
BMI
< 288 > 288

Y

| we I

4 0
0 81
Age
male A female
Gender
405 < > 405
Male Female
v v
y Al
& | vy ©
. n=12
Failure n=25 nEt )
. No Failure ~ Failure
No Failure

Fig. 3 Decision tree analysis for revision arthrodesis (n="72)
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No Failure
I Failure

A
Periprosthetic cysts

<1em >1cm
r
e -. -
it @
A
1 1.4 40.7 La
BMI Failure
204 < > 294
4 ]
Q n=16
No Failure Failure

Fig.4 Decision tree analysis for revision arthroplasty (n=>52)

p=0.07), although this did not reach statistical significance.
The RTAA decision tree model exhibited robust perfor-
mance (AUC=0.64, balanced accuracy 64.52%, sensitivity
50.00%, specificity 77.14%).

Discussion

We compared the survival and failure rates of revision ankle
arthrodesis and revision total ankle arthroplasty following
failed total ankle arthroplasty. By identifying associated
factors that might influence the success or failure of these
procedures, we aimed to support patient selection and surgi-
cal planning.

RTAA resulted in slightly superior survival rates beyond
5 years than RAA (97% vs. 93%). Earlier studies found
overall union rates of around 80% for RAA and a four-year
survival of 87% for RTAA [10].

Failures in this cohort were heterogeneous. Surgical fail-
ure (6.45%) accounted for a smaller proportion of events,
whereas more failures were driven by poor clinical out-
comes (26.61%) as reflected by low EFAS scores. Reported
failure rates in the literature range from 6 to 27% for RAA
[27-32] and 12-21% for RTAA [13, 14, 33-36]. A recent
meta-analysis confirmed a five-year revision rate of 9.9%
for RTAA [37].

In particular, the overall surgical failure rate was low in
both groups, indicating that contemporary revision strate-
gies after failed TAA can achieve reliable mid-term survi-
vorship. Although a 4.35-fold higher failure rate for RAA
compared to RTAA was observed in a previous study [38],
our recent results with comparable survival curves for RAA
and RTAA suggest that both procedures represent viable
salvage options when appropriately selected. These findings

@ Springer

support the notion that failure of a primary TAA does not
necessarily preclude a successful revision outcome.

There was a significantly higher rate of additional pro-
cedures performed in the RTAA group compared to the
RAA group. These interventions most commonly addressed
residual deformity, compromised bone stock, or adjacent
joint pathology. Previous reports indicated that successful
RTAA often requires a more complex reconstructive strat-
egy, including corrective osteotomies, subtalar procedures,
or management of bone defects, compared to revision
arthrodesis [12, 39, 40].

Despite the higher rate of additional interventions, RTAA
did not demonstrate inferior mid-term survival in the present
cohort, suggesting that the need for concomitant procedures
should be interpreted as a marker of surgical complexity
rather than an indicator of treatment failure.

Given the multifactorial nature of revision failure, treat-
ment decisions should be individualized. The decision tree
models were therefore applied as exploratory tools to illus-
trate potential interactions between variables within this
dataset rather than to establish clinically validated decision
algorithms.

In RAA, female sex, younger age, and higher BMI were
linked to poorer outcomes. These findings may result from
reduced bone healing capacity, hormonal differences, and
comorbidities, which could contribute to poorer outcomes
in female patients. Most failures in women were due to poor
clinical outcomes rather than revisions, possibly related to
difficulties adapting to altered gait mechanics and loss of
ankle motion after arthrodesis. Prior research showed simi-
lar revision rates [41] but worse PROMSs in women [42].

The association between younger age and poorer out-
comes may be due to higher functional demands. Compari-
sons with preceding studies on primary AA illustrated that
age was not predictive of revision after AA [41]. TAA was
mainly recommended for older patients with low physical
demands and AA for younger patients. Recent evidence,
however, suggests that younger age (< 50 years) should
not contraindicate TAA [43]. Our results extend this to
revisions, supporting the notion that RTAA should also be
considered for younger patients, as they might benefit from
a better outcome. However, the identified age threshold of
40.5 years should be interpreted as a data-driven split within
the decision tree rather than a strict clinical cutoff.

The influence of BMI is well-documented in AA, with
morbid obesity (> 40 kg/m?) being associated with an
increase in postoperative complications and in the odds of
nonunion [44, 45]. Although some studies found no sig-
nificant effect of obesity on RAA outcomes [26], our find-
ings suggest that elevated BMI may still compromise RAA
success.
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RTAA was negatively affected by the presence of cysts
larger than 1 cm and higher BMI values. Periprosthetic
cysts have been associated with osteolysis, micromotion of
the implant, wear particles, and synovial fluid pressure [18,
46]. They may indicate a higher degree of bone loss and
structural instability, which could complicate fixation and
compromise implant survival [47]. This finding is consistent
with prior studies showing osteolysis worsens TAA revision
outcomes [48].

Elevated BMI has been previously associated with higher
rates of implant failure and complications following primary
TAA [49], though newer data found no increased complica-
tion risk [50].

Regarding RTAA, elevated BMI levels have been associ-
ated with lower survival rates and higher revision rates of up
to 17.8% [19, 21, 51].

These findings highlight distinct patterns associated with
failure after RAA and RTAA. The decision tree analysis
should be interpreted strictly as exploratory and hypothesis-
generating. The models were internally validated and are
not intended to serve as definitive clinical decision-making
tools.

Several limitations to this study must be considered.
Its retrospective nature introduces potential biases, and it
is constrained by the relatively small number of patients
and variations in patient variables. The follow-up duration
was relatively limited for assessing long-term survivor-
ship of revision procedures after failed TAA, and extended
follow-up may reveal additional failures. The RAA group
comprised both isolated ankle arthrodesis and TTC fusion
procedures. These techniques differ in surgical complex-
ity and biomechanical implications, potentially introducing
heterogeneity within the RAA cohort. The study was not
powered to perform a separate subgroup analysis for these
fusion types, and results should therefore be interpreted with
this limitation in mind. Furthermore, the overall sample size
inherently limits the statistical power of the analysis. Given
the rarity of revision procedures, the likelihood of a type II
error must be considered, meaning that potentially relevant
differences may not have reached statistical significance.
In particular, the absolute number of surgical failure events
was low, further limiting statistical robustness. No a priori
power calculation was performed due to the retrospective
design. Consequently, non—statistically significant differ-
ences between RAA and RTAA should not be interpreted
as evidence of equivalence, but rather as findings requiring
cautious interpretation and confirmation in larger cohorts.

EFAS scores were available for 79.4% of patients.
Although no significant differences were observed regard-
ing age, BMI, or revision type between responders and
non-responders, the sex distribution differed significantly.
Therefore, a potential response bias cannot be fully excluded.

Defining clinical failure using the EFAS score required a
pragmatic cut-off below the cohort average EFAS score of
12.31. The threshold also needed to account for patients’
increasing demands on their daily and leisure activities. If a
different cut-off point had been chosen, it could have yielded
different outcomes. The EFAS score was only assessed
postoperatively. It cannot be determined whether patients
already had low scores preoperatively before undergoing
primary TAA. Therefore, the clinical failure rate cannot be
interpreted in isolation, as it doesn’t consider the patients’
baseline condition prior to primary TAA. This limits the
interpretation of our findings, as some cases with postop-
erative EFAS <10 may not reflect a true clinical failure. For
future studies, it would be highly valuable to collect and
compare PROMs both preoperatively and postoperatively.

Decision trees are biased by features with many levels,
potentially neglecting features with fewer levels. They tend
to be unstable due to their sensitivity to data variations,
leading to different decision boundaries and predictions
given slight changes in the data set.

Considering the small number of cases, our findings
must therefore be interpreted with caution. It is crucial to
replicate our findings across larger data sets to validate the
generalizability of the decision tree models presented [52].
However, we could assess the generalizability of the models
by the internal validation dataset, which was split off before
training the decision trees.

Conclusion

In this study, both RAA and RTAA achieved high mid-term
survival rates, suggesting that failed primary TAAs can
be effectively revised. With slightly better survival rates
for RTAA than for RAA, neither procedure is universally
superior. Additional interventions were performed more fre-
quently in the RTAA group, which might reflect the higher
technical complexity often required in revision arthroplasty.
However, both options are influenced by specific risk pro-
files. By integrating factors associated with failure into
decision tree models, we used an exploratory approach to
illustrate patterns associated with failure and to demonstrate
how multiple factors may interact across different revi-
sion strategies. RTAA may be considered when bone stock
is adequate, whereas RAA may remain a suitable option,
particularly in elderly, male patients with bone loss. Future
prospective studies with larger sample sizes are needed
to confirm these associations and ensure broader clinical
applicability.
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