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Abstract

Objective To systematically evaluate the efficacy and safety of intramedullary nails (IMNs) in tibial-talocalcaneal
arthrodesis (TTCA) for treating Charcot neuroarthropathy (CN).

Methods A comprehensive search for relevant literature was conducted in the PubMed, Embase, Cochrane Library,
Web of Science, Scopus and SinoMed databases, covering studies from 2014 to October 30, 2024. The inclusion cri-
teria were based on the PICOS framewaork: the study population consisted of CN patients, the intervention was TTCA
with IMNs, and the outcomes assessed included bone union rate, complication rate, and limb salvage rate. Statistical
analysis was performed using Stata 17.0 software. Literature quality was assessed using the Newcastle-Ottawa Scale
(NOS) for cohort studies and case series. This systematic review was prospectively registered with the International
Prospective Register of Systematic Reviews (PROSPERO; registration number: CRD42025644983).

Results A total of seven studies involving 147 patients with a mean follow-up of one year were included. The meta-
analysis revealed a combined standardized mean difference (SMD) of -4.99 (95% Cl: -6.70 to -3.28) for the AOFAS
score, with high heterogeneity (12=90.7%). Sensitivity analyses were conducted to assess the stability of the results.
The combined estimate for the bone nonunion rate was 3.3% (95% Cl: 0.1% to 8.9%), with moderate heterogeneity
(12=33.2%). The combined estimate for the infection rate was 12.9% (95% Cl: 2.0% to 29.2%). A comparison of preop-
erative and postoperative scores showed significant improvements in patients' function and quality of life, highlight-
ing the critical role of the TTCA procedure in improving prognosis.

Conclusion IMNs in TTCA demonstrate high efficacy for CN, with significant functional improvement, low nonun-
ion rates, and favorable limb salvage outcomes. However, infection risks and heterogeneity across studies highlight
the need for standardized protocols and larger controlled trials to optimize patient selection and postoperative
management.
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injuries, leprosy, spinal cord cavernous malforma-
tions, hereditary neuropathies, smoking, and alcohol-
ism. The disease leads to progressive destruction of
the bones, joints, and soft tissues of the foot and ankle,
resulting in dislocations, peripheral fractures, or both,
and ultimately causing instability, deformity, and an
increased risk of ulcers and infections. Currently, many
scholars argue that the core pathogenesis of CN is neu-
rogenic arthropathy. Sensory nerve damage prevents
patients from perceiving joint abnormalities, leading to
joint lesions caused by repeated pressure [2]. Jeffcoate
et al. [3] suggest that inflammation and activation of
the RANKL/OPG pathway are central to the develop-
ment and persistence of acute CN. Managing CN is
particularly challenging in its advanced stages, where
involvement of the ankle and hindfoot often necessi-
tates surgical intervention to restore stability and ena-
ble ambulation. Common surgical approaches include
exostectomy, fusion, external fixation, amputation, and
Achilles tendon lengthening [4].

Tibiotalocalcaneal arthrodesis (TTCA) is a salvage pro-
cedure that fuses the ankle and subtalar joints [5] to treat
conditions such as progressive deformity or severe arthri-
tis [6], and has become a key surgical approach for treating
advanced CN involving the hindfoot. Among the various
fixation methods for TTCA, retrograde Intramedullary Nails
(IMNs) fixation provides stable metatarsal mechanics and
reliable biomechanical support, making it a focal point in
the treatment of CN [7]. As technology advances, the design
and modification of various new IMNs have led to further
improvements in the safety and efficacy of this procedure.

Despite the widespread use of IMNSs in clinical practice,
studies on their application in CN have limited sample
sizes and are mostly retrospective analyses or case stud-
ies, lacking high-quality randomized controlled trials. In
addition, individual patient differences and the diversity
of surgical techniques increase the heterogeneity of the
research results, and there is a lack of systematic compre-
hensive analysis. Therefore, there is an urgent need for a
systematic review and meta-analysis of the existing lit-
erature to comprehensively evaluate the effectiveness and
safety of IMNss in the treatment of CN with TTCA.

This study aims to fill gaps in current research through
systematic review and meta-analysis, clarifying the
role and potential benefits of IMNs in treating CN with
TTCA. The study focuses on postoperative functional
scores, bone union rate, complication rates, and the
applicability and limitations of intramedullary nails. By
systematically reviewing and analyzing existing literature,
this study aims to provide an evidence-based foundation
for guiding clinical decision-making.
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Materials and methods

Search strategy

The study followed the PRISMA 2020 guidelines and
systematically searched for relevant literature in the fol-
lowing databases: PubMed, Embase, Cochrane Library,
Web of Science, Scopus and SinoMed, from 2014 to
October 30, 2024. It was registered in the PROSPERO
database (CRD42025644983), ensuring methodological
transparency and adherence to international standards.
All methods—including eligibility criteria, data extrac-
tion, risk of bias assessment, and statistical analyses—
were predefined and are comprehensively reported. This
ensures that the study remains transparent, reproduc-
ible, and adheres to high methodological standards.
The search terms included: "Tibiotalocalcaneal Arthro-
desis,” "Hindfoot Arthrodesis," "Charcot arthropathy,”
"Charcot neuroarthropathy,” "intramedullary nail," and
"fusion rates," among others. Boolean logic operators
(AND, OR, NOT) were used to ensure the compre-
hensiveness and specificity of the search. Additionally,
manual searches were conducted to identify poten-
tially missed studies, particularly treatment options for
TTCA and CN, as well as citation chasing. All manually
retrieved literature was screened by two independent
researchers to minimize omissions and bias.

Specific search strategies combined free text terms and
MeSH terms, such as (Tibiotalocalcaneal Arthrodesis
[Title/Abstract]) OR (TTC Arthrodesis [Title/Abstract])
AND ((Arthropathy, Neurogenic [MeSH Terms]) OR
(Neurogenic Arthropathy [Title/Abstract]) OR (Char-
cot Joint [Title/Abstract])). The search strategy for each
database was adapted to its specific characteristics.

Information sources included all databases, registration
platforms, reference lists, and other methods of search-
ing or consultation (e.g., referrals from experts in relevant
fields). The search and query date were October 2024,
and detailed search strategies for all sources are provided
in the Appendix.

Eligibility criteria

Inclusion criteria were: 1) studies conducted on
patients who underwent TTCA for CN and used IMNs
for fixation; 2) retrospective and prospective cohort
studies, case series, and clinical studies; 3) reports with
clear outcome metrics, such as the rate of bone fusion,
complication rates, and functional scores; and 4) litera-
ture published in English and Chinese. Exclusion crite-
ria were: 1) other treatments; 2) pathology reports or
studies with fewer than 5 participants; 3) literature with
unclear or unextractable data.
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Data extraction and management

Literature extraction was conducted by two senior
authors (Zhang and Zhao), who independently screened
titles and abstracts. The full text was thoroughly exam-
ined according to predetermined inclusion criteria, with
disagreements resolved by a third-party investigator.
Extracted data included: authors and year of publica-
tion, country, type of study, patient characteristics (e.g.,
age, gender, hobbies, comorbidities), sample size, surgi-
cal method, duration of follow-up, and assessment meas-
ures (e.g., AOFAS scores, FFI scores, SF-36 scores, rates
of limb preservation, infections, and bone nonunion).
To ensure consistency across all studies, extracted data
was stored in Microsoft Excel, and double entry was per-
formed to minimize errors.

Assessment of methodological quality

Literature quality screening was conducted indepen-
dently by two authors. The quality of the included stud-
ies was assessed using the Newcastle-Ottawa Scale
(NOS) [8], with disagreements resolved through discus-
sion. The assessment results, summarized in Table 1. The
assessment results will be used in subsequent sensitivity
analyses to evaluate the impact of study quality on overall
outcomes.

Statistical analysis

Statistical analyses were performed using Stata 17.0
software. For continuous variables, effect sizes were
assessed using standardized mean differences (SMD)
with 95% confidence intervals (CI); for dichotomous
variables, odds ratios (OR) with 95% CI were used.
Heterogeneity was assessed using the 12 statistic, with
sensitivity analyses performed for 12>50%, indicating

Table 1 The Newcastle-Ottawa Scale

(2025) 20:696

Page 3 of 11

significant heterogeneity. Additionally, sensitivity anal-
ysis plots were used to assess the impact of individual
studies on overall results and explore sources of hetero-
geneity. The significance level for all statistical tests was
set at p <0.005.

Results

Study selection

A systematic search of five databases was conducted,
retrieving a total of 146 papers. Ultimately, seven stud-
ies met the inclusion criteria for the meta-analysis [9—
15]. The screening process is detailed in the PRISMA
flowchart (Fig. 1). The seven included studies involved
a total of 147 patients with Charcot neuroarthropathy
treated with TTCA. Baseline characteristics of patients
are summarized in Table 2.

Study quality assessment

The analysis included six case studies and one cross-sec-
tional study, all evaluated using the Newcastle-Ottawa
Scale (NOS) [8]. All included studies were of high quality.
Details of the included studies are provided in Table 1.
The NOS assessment score indicates that six studies are
of high quality (score>7); however, they lack a control
group and fail to adequately control for confounding fac-
tors. Rastegar et al. received a slightly lower score of 6
points, primarily due to issues with exposure selection.
Despite the overall high score, it is important to note
the absence of a control group and the significant issue
of confounding factors. Future studies should prioritize
designing rigorous control groups and addressing con-
founding factors to minimize bias in the results.

Selection
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Rastegar et al. [9] 1
Bajuri et al. [10] 1
Moonot et al. [11] 1
Maetal. [12] 1
Ersin etal. [13] 1
Chraim et al. [14] 1
Siebachmeyer et al. [15] 1
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NOS Newcastle-Ottawa Scale. The NOS score for case—control studies includes: Selection of the study population (D proper identification of cases, @
representativeness of cases, 3 selection of controls, @ identification of controls), comparability between groups (D control of major confounding factors, @ control
of minor confounding factors), measurement of exposure (D identification of exposure, @ consistent methods for exposure identification in both cases and controls,
@ response rate). The NOS score for cohort studies includes: selection of the study population (D representativeness of the exposed group, @ selection of the
non-exposed group, Q) determination of exposure factors, @ outcome indicators not observed at the time of the study), comparability between groups (D control
of major confounding factors, @ control of secondary confounding factors), outcome measurement (D adequate evaluation of the outcome, @ sufficient follow-up

period, @ completeness of follow-up)
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Fig. 1 Screening flowchart

Meta-analysis results

AOFAS score

American Orthopaedic Foot and Ankle Society
(AOFAS) scores were reported in six studies involv-
ing 127 patients (128 feet) with a mean follow-up of 12
months. The forest plot indicated a standardized mean
difference (SMD) of —4.99 (95% CI: —6.70 to —3.28),
P<0.001, showing that postoperative scores were sig-
nificantly higher than preoperative scores. Since the
AOFAS score is a positive scale, a negative SMD indi-
cates a significant improvement in foot and ankle func-
tion after surgery. However, the high heterogeneity
(I2=90.7%) in this meta-analysis suggests substantial
variability between studies, likely due to the large dif-
ferences in sample sizes between the studies of Bajuri
et al. and Moonot et al., which may impact the stability
of effect estimates. Therefore, a sensitivity analysis was
performed in Fig. 2, revealing that the overall effect size

range (approximately —5.16 to —3.41) remained stable
after removing any single study. This suggests that the
results of the meta-analysis were robust, with no sin-
gle study exerting an excessive influence on the overall
findings, thereby mitigating the potential risk of bias.

Nonunion rate

This meta-analysis included seven studies, and a com-
bined estimation using a random effects model yielded an
effect size (ES) of 0.033 (95% CI: 0.001 to 0.089) (Fig. 3),
indicating a low overall non-convergence rate. Hetero-
geneity analysis revealed a p-value of 0.174 and an I? of
33.2%, suggesting moderate but non-significant hetero-
geneity. Overall, the combined estimated nonunion rate
was 3.3%, indicating that intramedullary nailing in TTCA
for Charcot neuroarthropathy has a low risk of nonunion,
supporting its role as a reliable surgical fixation method.
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Meta-analysis estimates, given named study is omitted
| Lower CI Limit stimate | Upper CI Limit

Rastegar et al. (2024) | O

Baijuri et al

Moonot et al

Ma et al

Ersin et al

Chraim et al |

I
-3.41 -2.83

Fig. 2 Sensitivity analysis for AOFAS score. This figure presents the sensitivity analysis for AOFAS scores, showing the effect size stability
after excluding individual studies. The results remained significant, confirming the robustness of the meta-analysis

%

study ES (95% Cl) Weight
i
1

Rastegar et al. - 0.038 (0.007, 0.189) 16.95
|

Bajuri et al. -— 0.000 (0.000, 0.088)  21.53
|
1

Moonot et al. - 0.000 (0.000, 0.354)  6.63
|
1

Ma et al. ! - 0.250 (0.089, 0.532) 10.04
:

Ersin et al. —_— 0.042 (0.007, 0.202) 16.14
|
1

Chraim et al. — 0.053 (0.009, 0.246) 13.89
!
1

Siebachmeyer et al. - 0.048 (0.008, 0.227) 14.83
1

Overall ("2 = 33.213%, p = 0.174) <> 0.033 (0.001, 0.089) 100.00

Fig. 3 Forest plot for nonunion rate. This forest plot shows the combined effect size (ES) for the nonunion rate across studies, with an overall
nonunion rate of 3.3%. The analysis indicates a low overall nonunion rate with moderate heterogeneity (12=33.2%)
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1
1
1
Siebachmeyer et al. 0—:— 0.000 (0.000, 0.155) 14.80
1
Overall (12 =80.728%, p = 0.000) <> 0.129 (0.020, 0.292) 100.00

Fig. 4 Forest plot for infection rate. This plot represents the infection rates across studies, with a combined effect size of 0.129 (95% Cl: 0.020
t0 0.292), indicating a significant risk of infection in the treatment of Charcot neuroarthropathy using TTCA

Table 2 Patient Demographics and Baseline Characteristics

References Country Design Year Sample Age(Year) M/F Follow- Outcomes
up(month)

Rastegar et al. [9] Iran Prospective case Series 2024 26 63 16/10 12 2. 7

Bajuri et al. [10] Malaysia Retrospective Case Series 2023 40 60.5 3/4 24 2. 6

Moonot et al. [11] India, USA Prospective cross-sectional study 2021 7 59.71 13/27 64 1.2+ 3. 4

Maetal. [12] China Retrospective Case Series 2021 12 57.3 10/8 46 2. 3. 4.5

Ersin etal. [13] Turkey Retrospective Case Series 2020 24 62 9/15 45 1.2

Chraimetal. [14] Austria Retrospective Case Series 2018 19 63.43 12/8 26 1

Siebachmeyer et al. [15] UK Retrospective Case Series 2015 21 62.6 6/7 30 1.2

1=SF-36, 2=AO0FAS, 3=FFI, 4=FAQS, 5=VAS, 6 =FADI, 7=EQ-5D-5L, 8=AAOS-FAO

Infection rate

In the meta-analysis of infection rates, heterogeneity
was pronounced in Fig. 4, likely due to the higher infec-
tion rate observed in the study by Bajuri et al. This may
be attributed to various factors, including surgical tech-
nique, patient characteristics (e.g., diabetes mellitus,
alcoholism, smoking), and postoperative management.
The overall effect size (ES) was 0.129 (95% CI: 0.020 to

0.292), indicating an overall infection rate of 12.9%. This
indicates a certain risk of infection associated with TTCA
for Charcot neuroarthropathy. Despite substantial vari-
ations in infection rates among studies, careful patient
selection and stringent postoperative infection control
measures are essential to minimize infection risk in clini-
cal practice.
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Limb salvage rate
Among the seven included studies, Chraim et al. reported
a limb preservation rate of 84.2% (16 out of 19 patients
successfully retained their limbs), indicating that some
patients still required amputation. This may be attributed
to factors such as disease severity, inadequate diabetes
control, and postoperative infection management. These
findings highlight the need for clinicians to thoroughly
assess individual patient characteristics, particularly gly-
cemic control and complication management, to mini-
mize the risk of amputation. Overall, TTCA combined
with intramedullary nailing achieved a high limb pres-
ervation rate in patients with Charcot neuroarthropa-
thy, further confirming its effectiveness and reliability
as a late-stage limb preservation approach. However,
the risk of amputation remains in certain cases, indi-
cating the need for future studies to investigate specific
factors influencing limb preservation success. This will
help optimize patient selection criteria and postoperative
management strategies, ultimately improving treatment
outcomes.

The summary of limb salvage rates, infection rates, and
nonunion rates across the included studies is presented
in Table 3.

Complications

Although IMNs have demonstrated significant benefits
in treating CN patients with TTCA, they are associated
with several complications, primarily poor bone fusion,
infections, and delayed healing. Bajuri et al. reported that
40% of the patients’ experienced complications, a nota-
ble proportion, with 37% of these patients having minor
issues such as mild infections, delayed wound healing,
and bone healing delays. Only 2% experienced serious
complications, including fusion failure and hardware-
related problems, typically observed in patients with
more severe diseases or additional risk factors such as
diabetes or neuropathy.

(2025) 20:696

Page 7 of 11

Other functional scores

An analysis of preoperative and postoperative func-
tional scores from the included studies demonstrates
that intramedullary nails (IMNs) significantly enhance
patient function and quality of life following TTCA sur-
gery for Charcot neuroarthropathy (CN). Postoperative
improvements were particularly evident in the American
Orthopaedic Foot and Ankle Society (AOFAS) scores,
Short Form Health Survey (SF-36), and Foot Function
Index (FFI). Bajuri et al. and Moonot et al. reported
notable increases in SF-36 and AOFAS scores, high-
lighting significant functional recovery and improved
quality of life post-surgery. In contrast, Siebachmeyer
et al. observed more modest improvements, though
their findings still support the efficacy of the procedure.
Additionally, a significant reduction in postoperative
pain, exemplified by the 1.9 Visual Analog Scale (VAS)
score reported by Chraim et al., underscores the positive
impact of IMNs on pain management. Specific details
of the functional and pain scores are summarized in
Table 4 and Table 5.

Discussion

This meta-analysis demonstrated that IMNs in TTCA for
treating CN significantly improved functional outcomes
(e.g., AOFAS scores, limb salvage rates), reduced com-
plication rates, and increased fusion rates compared to
preoperative levels. However, due to the limited number
of studies on TTCA with IMNs for CN treatment, only
seven studies met the inclusion criteria. This suggests the
need for more high-quality randomized controlled trials
or large-sample case studies to validate these findings.
Furthermore, standardized procedures for surgical tech-
niques and postoperative management should be further
developed.

Advantages of intramedullary nails in TTCA

With advances in biomechanics, metallurgy, surgical
techniques, and fluoroscopy, modern IMNs offer sev-
eral advantages: low infection rates, minimal scarring,

Table 3 Summary of limb salvage, infection, and nonunion rates in the included studies

References Year Sample Limb salvage Infection Nonunion
Rastegar et al. [9] 2024 26 100% 1 1
Bajuri et al. [10] 2023 40 100% 19 0
Moonot et al. [11] 2021 7 100% 1 0
Ma etal.[12] 2021 12 100% 1 3
Ersin etal. [13] 2020 24 100% 4 1
Chraim et al. [14] 2018 19 84% 3 1
Siebachmeyer et al. [15] 2015 21 100% 0 1
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Table 4 Preoperative functional score

References SF-36 AOFAS FFI FAOS VAS FADI EQ-5D-5L AAOS-FAO
Rastegar et al. [9] — 49 — — — — 65 —

Bajuri et al. [10] 225 16.28 76.65 5893 — — — —

Moonot et al. [11] — 322 — — — 12.91 — —

Ma etal.[12] — 32 — — — — — —
Ersinetal. [13] — 40 — — — — — —

Chraim et al. [14] — 253 161.1 40.7 6.1 — — —
Siebachmeyer et al. [15] — — — — — — — 50.7
Table 5 Postoperative functional score

References SF-36 AOFAS FFI FAOS VAS FADI EQ-5D-5L AAOS-FAO
Rastegar et al. [9] — 80 — — — — 80 —

Bajuri et al. [10] 97.88 83.65 21.55 29.05 — — — —

Moonot et al. [11] — 67.6 — — — 70.7 — —
Maetal.[12] 63.02 74.74 — — — — — —
Ersinetal.[13] 70 68 — — — — — —
Chraimetal. [14] — 715 87.2 515 1.9 — — —
Siebachmeyer et al. [16] — — — — — — — 65.2

SF-36 Short Form Health Survey, AOFAS American Orthopaedic Foot and Ankle Society, FFI Foot Function Index, VAS Visual Analog Scale, FAOS Foot and Ankle
Outcome Score, FADI Foot and Ankle Disability Index, EQ-5D-5L EuroQol 5-Dimension 5-Level, AAOS-FAO American Academy of Orthopaedic Surgeons Foot and Ankle

Outcomes Questionnaire

excellent fracture stability [16], good biomechanical
properties and osteointegration, minimal interference
with the fracture site and surrounding soft tissues and
vasculature, and a high success rate [17, 18]. IMNs pro-
vide strong axial and rotational stability, resulting in a
fusion rate of over 80-90% [19-21]. IMNs are an excel-
lent choice for complex tibial-talocalcaneal fusion, par-
ticularly for patients with CN [22].

Intramedullary nails versus other fixation modalities

In recent years, as research and clinical application of
TTCA have advanced, increasing attention has been
given to optimizing its fixation methods. Currently,
TTCA fixation methods primarily include intramedul-
lary nails, locking plates, external fixation frames, and
hybrid fixation. Locking plates provide slightly less sta-
bility than intramedullary nails, whereas screws exhibit
significantly weaker biomechanical properties and the
poorest bone stability [23]. Zhang et al. [24] compared
IMNSs with locking plates and found that both signifi-
cantly reduced postoperative VAS scores and increased
AOQOFAS scores. IMNs had slightly shorter postoperative
fusion times but showed a slightly lower fusion rate than
locking plates. EIAlfy et al. [25] conducted a comparative
study on Ilizarov external fixators and intramedullary
nailing in TTCA, demonstrating that both methods have

distinct advantages. Ilizarov external fixators showed a
slight advantage in promoting bone fusion and functional
recovery but were associated with a higher complica-
tion rate, whereas intramedullary nailing was superior
in complication control. El-Mowafi et al. [26] used a
hybrid fixation method combining IMNs and the Ilizarov
external fixator, yielding high fusion rates and functional
improvement. DeVries et al. [27] explored using a pro-
totype external fixator to assist IMNs for surgical sta-
bilization and found similar results. Froelich et al. [28]
compared the rotational stability of IMNs with locking
plate fixation, finding that IMNs were superior overall.
Berend et al. [20] compared IMNs with cross screws,
finding that IMNs offered higher stability and fusion
rates, further supporting IMNs as one of the preferred
choices for TTCA in treating CN. Bajuri et al. [29] found
that retrograde intramedullary nailing is the preferred
approach for reconstructing Charcot neuroarthropa-
thy before ulceration occurs, whereas hybrid fixation
becomes more necessary in cases with ulceration or com-
plex deformities.

Factors affecting the effectiveness of treatment

Multiple factors influence joint fusion following TTCA.
Pitts et al. [30] analyzed the relationship between
age, gender, diabetes mellitus, cardiovascular disease,
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smoking, and other factors with postoperative compli-
cations by reviewing the charts of 101 TTCA patients.
Their findings showed that diabetes remains a significant
challenge for postoperative bone nonunion and infec-
tion, consistent with the results of Powers et al. [31].
Lee et al. [32] conducted a study to assess the impact of
uncontrolled diabetes on surgical failure after TTCA,
with all patients undergoing retrograde IMNs fixation
(DLA nail; U & I Corporation, Seoul, Korea). The results
showed that the surgical failure rate in uncontrolled dia-
betic patients was ten times higher than in nondiabetic
patients, emphasizing the critical role of diabetes control
in surgical success. Similarly, Kowalski et al. [33] stud-
ied risk factors for post-TTCA complications and found
that diabetic neuropathy, higher ASA (American Society
of Anesthesiologists) classification, Charcot neuropathy,
and high HbA1C were significant risk factors for compli-
cations after TTCA. In contrast, factors such as smoking,
age, and body mass index (BMI) did not show significant
associations with postoperative complications. Wukich
et al. [34] compared postoperative complication rates,
fusion rates, and limb retention rates between diabetic
and nondiabetic patients after TTCA. The study found
that diabetic patients had a significantly higher inci-
dence of superficial infections compared to nondia-
betic patients, though the differences in deep infections
and other complications were not significant. Despite
the higher overall complication rate in diabetic patients
(45.2%), approximately 95% of patients with complex
deformities successfully retained their limbs. Addition-
ally, Rana and Patel et al. [35] studied TTCA fusion in
32 cases of diabetic Charcot neuroarthropathy, finding a
fusion rate of only 65%, significantly lower than the rest
of the patient population. These findings suggest that dia-
betes, particularly diabetes-associated CN, significantly
impacts the fusion rate and complications after TTCA.
Clinicians may need to adopt more aggressive preopera-
tive optimization and postoperative management strat-
egies. For patients with diabetes mellitus and chronic
kidney disease, a standardized glycemic control plan and
renal function monitoring protocol should be developed.

Treatment options for CN

CN is a progressive disorder that compromises the mus-
culoskeletal system. Studies on the expression of genes
associated with CN and their early detection methods
are still controversial and inconclusive [36, 37]. Pakarinen
et al. [38] conducted a long-term follow-up of patients
with CN over approximately 8 years. Their results
showed that although conservative treatment may avoid
surgery, early surgical intervention could improve long-
term prognosis in some cases [39]. Wukich et al. [40] also
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concluded that managing complex deformities in CN
typically requires surgical intervention.

Additionally, Galhoum et al. [41] evaluated the clini-
cal efficacy of non-surgical and surgical interventions
by analyzing a comprehensive management plan for CN
in a systematic review. Non-surgical treatment options
included antiresorptive medications [42, 43], air cushion
walking braces [44], and contact casts (TCC) [45]. Antire-
sorptive drugs perform better in the acute phase but have
limited effect in patients with advanced deformity and
instability. In contrast, air cushion support and plaster
immobilization are less effective in managing patients
with combined instability. Overall, treatment modalities
should be selected based on the stage of the disease and
the patient’s specific situation to achieve the best thera-
peutic outcome. Arthrodesis is the most commonly used
treatment for Charcot neuroarthropathy and is beneficial
for patients who have failed conservative management,
have late-stage instability, or experience recurrent ulcers
[46, 47].

Limitations

This study has several limitations: 1. The small num-
ber of included studies [7] and the limited sample size
may restrict the generalizability of the findings. 2. Some
studies lacked comprehensive follow-up data, which
may influence the evaluation of long-term outcomes. 3.
Key indicators, such as specific postoperative infection
control measures, were insufficiently described in the
included studies.

Conclusion
This systematic evaluation and meta-analysis highlighted
the substantial clinical benefits of IMNs in TTCA for
treating CN. Our analysis revealed that IMNs significantly
enhanced fusion rates, improved functional outcomes
(e.g., AOFAS scores), and led to higher limb salvage rates.
Furthermore, the technique was associated with a low
overall complication and bone nonunion rate, underscor-
ing its safety. However, the use of IMNs is accompanied
by certain limitations, including an increased risk of post-
operative infection in diabetic patients and considerable
heterogeneity, suggesting that variations in patient charac-
teristics and surgical techniques may impact efficacy.
Despite the many advantages of IMNs in treating CN,
this study has limitations, including a small sample size
and high heterogeneity. Future research should include
high-quality randomized controlled trials and larger pro-
spective studies to validate the efficacy and safety of IMNs
across diverse patient populations, as well as to refine pre-
operative patient screening and postoperative management
strategies.
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