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Abstract: Objectives: To compare the safety and efficacy of open surgery (OS) and mini-
mally invasive surgery (MIS) techniques in the correction of symptomatic hallux valgus
(HV). Methods: A systematic review of studies up to January 2024 was conducted, iden-
tifying all the relevant literature comparing OS and MIS for symptomatic HV. Searches
were performed across major databases including MEDLINE, Cochrane and EMBASE. A
total of 32 studies were included, comprising randomised control trials, prospective and
retrospective cohort studies as well as grey literature. Key outcomes assessed included
radiographic measures such as the hallux valgus angle (HVA), intermetatarsal angle (IMA),
and distal metatarsal articular angle (DMAA), with preoperative and postoperative angles
analysed to calculate the power of correction. Secondary outcomes included American
Orthopaedic Foot and Ankle Society (AOFAS) scores, operative time, hospital stay du-
ration, radiation exposure and complication rates. Both fixed-effect and random-effects
models were applied based on the observed heterogeneity in the data. Results: Thirty-two
studies with 2423 patients contributed to the summative outcome. Postoperative HVA
and IMA were comparable between OS and MIS groups. However, MIS showed a signif-
icantly lower DMAA angle (MD = —0.90, CI: —1.55 to —0.25, p = 0.01). In radiographic
correction analysis, MIS demonstrated significantly greater DMAA correction (MD = 1.09,
CI: 0.43 to 1.75, p = 0.001). The odds of hardware removal were significantly higher with
MIS (OR =2.37, CI: 1.41 to 4.00, p = 0.001). Functional analysis showed that MIS achieved
significantly higher postoperative AOFAS scores (MD = 2.52, CI: 0.92 to 4.13, p = 0.002).
MIS was associated with a shorter operative (MD = —12.07 min, CI: —17.02 to —7.11,
p < 0.00001) and a significantly shorter hospital stay (MD = —0.76, CI: —1.30 to —0.21,
p = 0.007). MIS was linked to higher radiation exposure (MD = 51.18, CI: 28.71 to 73.65,
p < 0.00001). Conclusions: There is no definitive superiority between MIS and OS for hallux
valgus correction. While MIS offers benefits such as improved DMAA correction, higher
functional AOFAS scores, shorter operative times and reduced hospital stays, it also carries
risks like increased radiation exposure and a higher rate of hardware removal. The decision
between MIS and OS should be personalised, taking into account the specific needs and
circumstances of each patient. Larger studies are warranted to validate these findings as
newer MIS techniques continue to emerge and evolve.

Keywords: hallux valgus; bunion; MIS; minimally invasive; percutaneous; osteotomy;
meta-analysis
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1. Introduction

Hallux valgus (HV) is a prevalent foot deformity characterised by the progressive lat-
eral deviation of the great toe and a medial prominence of the first metatarsal head [1]. This
multifactorial pathology often leads to significant pain and discomfort, causing patients
to shift more weight onto the lesser metatarsals. Consequently, this compensatory mecha-
nism increases the risk of transfer metatarsalgia, hyperkeratosis and stress fractures in the
lesser toes [2].

When conservative treatments fail or HV severely affects quality of life, surgical
intervention is often necessary. Traditionally, open surgery (OS) has been the gold standard
method for correcting HV. OS offers the advantage of direct visualisation and precise
correction of the deformity, which can be particularly beneficial in complex cases. It allows
for the comprehensive correction of both the bony and soft tissue components of the
deformity, contributing to long-term stability and reliable outcomes [3-5].

In contrast, minimally invasive surgery (MIS), specifically defined as minimally inva-
sive percutaneous surgical techniques with internal fixation for correcting hallux valgus,
has emerged as an alternative approach. These percutaneous techniques involve procedures
performed through small skin punctures without large incisions, with control achieved
through fluoroscopic guidance. By minimising soft tissue disruption, percutaneous tech-
niques offer potential benefits such as shorter operation times, reduced hospital stays, faster
recovery, less postoperative pain, and smaller scars [6-8].

The evolution of MIS techniques began with first-generation methods reported by
Isham et al., which did not utilise internal fixation after osteotomy [9,10]. This was suc-
ceeded by second-generation techniques involving an axial Kirschner (K)-wire fixation
following distal transverse osteotomy of the first metatarsal to provide greater stabil-
ity [11,12]. The third generation introduced screw fixation after a distal chevron osteotomy
to achieve metatarsal head translation, aiming to replicate the outcomes of an open os-
teotomy [10,13,14]. The most recent fourth-generation techniques employ double bi-cortical
rigid screw fixation after an extra-articular transverse osteotomy to facilitate the translation
of the metatarsal head across the coronal, sagittal and rotational planes [15].

Despite the potential advantages of MIS, there remains ongoing debate regarding its
comparative effectiveness with OS. While MIS may offer reduced soft tissue damage and
quicker recovery, open surgery remains a robust option with the ability to address complex
deformities directly. This article aims to systematically review the literature on this topic
and compare radiographic and clinical outcomes between OS and MIS techniques.

2. Material and Methods

A systematic review and meta-analysis were conducted using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [16].

2.1. Eligibility Criteria

This meta-analysis included randomised controlled trials (RCTs), prospective cohort
studies, retrospective cohort studies and grey literature written in English that compared
MIS with OS for symptomatic hallux valgus. For inclusion, MIS procedures had to in-
clude percutaneous techniques. Only studies reporting at least one outcome related to
radiographic measures, complications or patient satisfaction were considered. Studies
were excluded if they focused on biomechanical research without clinical outcomes, lacked
relevant outcome measures, concentrated on learning curves or skill acquisition or were
cadaveric in nature.
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2.2. Primary Outcomes

The primary outcomes assessed included radiographic measurements and compli-
cation rates. Studies were required to report both preoperative and postoperative angles,
including the Hallux Valgus Angle (HVA), the Intermetatarsal Angle (IMA), and the Dis-
tal Metatarsal Articular Angle (DMAA), to calculate correction. Additionally, outcomes
such as the rates of revision surgeries, hardware removals, recurrences and incidences of
infections, chronic pain and osteoarthritis were evaluated. These measures were selected to
comprehensively assess the effectiveness and safety of MIS versus OS for hallux valgus.

2.3. Secondary Outcomes

Secondary outcomes included operation duration in minutes, hospital stay in days,
radiation exposure in seconds, postoperative Visual Analog Scale (VAS) score and Amer-
ican Orthopaedic Foot and Ankle Society (AOFAS) score. The AOFAS score evaluates
pain, function and alignment through a combination of clinician-reported and patient-
reported components [3]. The VAS score is a patient-reported measurement of pain inten-
sity [3]. These measures provided a comprehensive view of patient satisfaction and overall
surgical impact.

2.4. Literature Search Strategy

Two authors (AHK and MT) independently conducted comprehensive searches across
multiple databases, including AMED, Cochrane, EMBASE, Google Scholar, MEDLINE
and Scopus. The search strategy, developed using both text words and Medical Subject
Headings (MeSH) terms, utilised Boolean operators “AND” and “OR” to construct a com-
prehensive search string. This strategy included terms such as “Hallux valgus”, “Bunion”,
and “bunionectomy” combined with “Minimally invasive”, “MIS”, “minimally invasive

(s

chevron and akin”, “MICA”, “percutaneous”, “percutaneous chevron akin”, “PECA”,

“PDQ”, “percutaneous distal osteotomy”, “Isham”, “Bosch”, “Bosch”, “SERI”, and “Simple,
Effective, Rapid, Inexpensive”, as well as “Open osteotomy”, “Open akin”, “open chevron”,
“open scarf”, “open surgery”, and “open osteotomy”. The search was conducted without
language or publication date restrictions to encompass both historical and contemporary
studies. Databases were searched from their inception up to 25 January 2024, when the

final search was completed.

2.5. Selection of Studies

Titles and abstracts of articles identified through the literature searches were indepen-
dently evaluated by two authors, AHK and MT. Full texts of the pertinent reports were then
retrieved for further review. Articles that satisfied the eligibility criteria were selected for
inclusion in the meta-analysis. Any disagreements regarding study selection were resolved
through discussion between the authors.

2.6. Data Extraction and Management

An electronic data extraction spreadsheet was created and pilot-tested on a sample of
randomly selected articles, with adjustments made as needed. The spreadsheet included
fields for study-related information such as primary author, year of publication, country,
study type and details on the surgical approach for both minimally invasive and open
surgeries. It also recorded cohort size, follow-up length and both primary and secondary
outcome data. Two authors cooperatively collected and documented the data. Any dis-
crepancies were resolved through discussion among the authors to ensure consistency
and accuracy.
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2.7. Data Synthesis

Data analysis was conducted by two authors using Review Manager 5.3 software (The
Cochrane Collaboration, London, UK) [17-19]. For outcomes with heterogeneity levels
below 50%, a fixed-effect model was applied, while a random-effects model was used for
outcomes with higher heterogeneity. The results were presented in forest plots with 95%
confidence intervals (Cls), and statistical significance was set at p < 0.05. For dichotomous
outcomes, odds ratios (ORs) were calculated, while mean differences (MDs) were used for
continuous data.

Statistical analysis was performed to evaluate the corrective power of outcome mea-
sures pre- and postintervention in each study. For this, the mean, standard deviation
and sample size from two independent samples within the same intervention group were
used to compute mean differences and standard errors. The standard deviation of the
mean difference was derived by multiplying the standard error by the square root of the
sample size [17].

2.8. Assessment of Heterogeneity

Heterogeneity among the studies was assessed using Cochran’s Q test (x2). The degree
of inconsistency was quantified using the I? statistic, which was interpreted as follows: 0%
to 25% indicating low heterogeneity, 25% to 75% indicating moderate heterogeneity, and
75% to 100% indicating high heterogeneity.

2.9. Quality Assessment

The quality of all non-randomised studies was evaluated using the ROBINS-I tool,
which assesses bias across domains such as confounding, participant selection and outcome
measurement. For randomised controlled trials, the RoB 2 tool, a revised Cochrane risk-of-
bias tool, was used to analyse potential biases in randomisation, deviations from intended
interventions and outcome reporting.

2.10. Publication Bias

This was assessed using a funnel plot and use of a statistical test as suggested by
Egger et al. [20]

3. Results
3.1. Literature Search Results

Our search strategy retrieved 617 studies, and after thoroughly screening the retrieved
articles, the authors identified 32 studies that met the eligibility criteria (Figure 1).

3.2. Baseline Characteristics

A total of 33 studies were included, combining a total of 2423 patients, with 1209 in
MIS and 1214 in the open surgery group. A table of baseline patient characteristics can be
seen below (Table 1).
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Table 1. Baseline characteristics of included studies.
Feet Number
Author Year Country  Study Design =~ MIS Technique
Total MIS oS
Balesar et al. [19] 2024  Netherlands Prospective MICA 68 42 26
Kim et al. [21] 2024 i(gig; Retrospective Modified MICA 65 32 33
Nicolas et al. [22] * 2023 UK RCT MIS 31 17 14
Toepfer et al. [23] ** 2023 Switzerland Matched Pair MICA 112 56 56
Hwang et al. [24] 2023  Korea Retrospective SERI 60 30 30
Tang et al. [25] *** 2023  China Retrospective MIS-Chevron 60 28 32
. Matched

Tay et al. [26] 2022 Singapore Cohort MICA 60 30 30
Lietal. [27] 2022 China Retrospective MIS 36 16 20
Patnaik et al. [4] 2022 UK Retrospective MIS-Chevron 54 27 27
Dragosloveanu et al. [28] 2022  Romania RCT Percutaneous 50 24 26

Chevron
Xu et al. [29] 2022  China Retrospective g’gsefhe"mn 54 31 23
Vieria et al. [30] 2022 Switzerland Retrospective MI Lapidus 91 47 44
Siddiqui et al. [31] 2021  USA Retrospective MIDMO 61 31 30
Guo et al. [32] 2021 China Retrospective POO 112 48 64
Torrent et al. [33] 2021  Spain RCT MI Scarf 58 30 28

Osteotomy
Palmanovich et al. [34] 2020 Israel RCT SERI 36 21 15
Kaufmann et al. [35] 2020 Austria RCT MI Chevron 39 19 20
Schilde et al. [36] 2020  Germany  Retrospective MI Akin 210 124 86
Lim et al. [37] 2020  Singapore Prospective MIS 104 52 52
Schulze et al. [38] 2019 Germany  Retrospective Kramer 174 72 102
Choi et al. [39] 2019 i%‘ig; Retrospective ~ MIS 55 25 30
Frigg et al. [40] 2019  Switzerland Prospective MICA 98 48 50
Boksh et al. [41] 2018 UK Prospective Mini-scarf 37 16 21
Lai et al. [42] 2017  Singapore Retrospective PECA 87 29 58
Lee et al. [43] 2017  Australia  RCT PECA 50 25 25
Brogan et al. [44] 2016 UK Retrospective T distal 65 41 24

chevron
Othman et al. [45] 2016  Egypt RCT Bosch 58 33 25
Poggio et al. [46] 2015  Spain Retrospective ~ Kramer 202 69 133
Giannini et al. [47] 2013 Italy RCT SERI 40 20 20
Radwan et al. [11] 2012 Egypt RCT PDO 64 31 33

. Matched

Maffulli et al. [12] 2009 Italy Cohort Bosch 72 36 36
Roth et al. [48] 1996  Austria Retrospective Bosch 124 88 36

MI: minimally invasive, MICA: minimally invasive chevron akin, MIDMO: minimally invasive distal metatarsal
osteotomy, MIS: minimally invasive surgery, PDO: percutaneous distal-metatarsal osteotomy, PECA: percutaneous
chevron and akin, POO: percutaneous oblique osteotomy, RCT: randomised control trial, SERIL: simple, effective,
rapid, and inexpensive, UK: United Kingdom. * abstract only, ** poster only, *** preprint.
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Figure 1. Prisma flow diagram. The PRISMA diagram details the search and selection processes applied
during the overview. PRISMA, preferred reporting items for systematic reviews and meta-analyses.

3.3. Radiographic Outcomes
3.3.1. Postoperative HVA Angle

Postoperative HVA angle was reported in 22 studies with 1480 patients (Figure 2)
[4,11,12,21,24-26,28-34,37,39,42-45,47,48]. The mean difference was —0.17 degrees (CL: —0.96
to 0.61), indicating a slight, non-significant difference between OS and MIS groups. Overall,
heterogeneity was high (I? = 76%, p < 0.00001). The difference in postoperative HVA angle
was not statistically significant (p = 0.66).
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3.3.2. Postoperative IMA Angle

The postoperative IMA angle was reported in 22 studies with 1630 patients (Figure 2)
[4,11,12,21,24,26,28-30,34,36,37,39,42-45,47,48]. The mean difference was 0.16 degrees
(CI: —0.26 to 0.59), indicating a small, non-significant difference between OS and MIS
77%, p < 0.00001). The difference in postoper-
ative IMA angle was not statistically significant (p = 0.45).

groups. Overall, heterogeneity was high (I?

3.3.3. Postoperative DMAA Angle

The postoperative DMAA angle was reported in 11 studies with 654 patients (Figure 2)
[12,21,25,29,30,33,34,39,44,45,47]. The MIS group had a significantly lower DMAA angle
(MD = —0.90, CI: —1.55 to —0.25, p = 0.007). Heterogeneity was moderate (I> = 57%,
p = 0.010).

A:HVA Post-op Angle

D: HVA Correction

Mis os Mean difference Mean difference mis Mean difference Mean difference
Study or Subgroup Mean  SD Total Mean  SD Total Weight IV, Random, 95%Cl IV, Random, 95%CI Study or Subgroup Mean  SD Total Mean  SD Total  Weight IV, Random, 95%CI IV, Random, 95% CI
Roth 2005 1275 7 88 1206 65 36 42%  069[1.89,327) o Roth 2005 1725 101 88 1694 107 36 43%  0.31[387,449) —
Maffulli 2009 17 4 36 20 6 36 46% -3.00[-5.36,-064] Maffulli 2009 10 721 36 8 848 36 49%  200[-1.64,564] = o
Radwan 2012 1314 283 31 1284 287 33 63% 030[-1.10,170] el Radwan 2012 14.45 52 31 1329 437 33 67%  1.16[1.20,352]
Giannini 2013 2138 41 20 201 36 20 45%  1.70[-069,4.09] - Giannini 2013 14 539 20 154 592 20 51% -140[-491,211]
Brogan 2016 104 57 41 99 59 24 37%  050[-244,344] L Brogan 2016 162 1204 41 209 17 24 28% -470[1066,1.26]
Othman 2016 655 075 33 652 075 25 77%  003[-036,042] Othman 2016 2669 506 33 2678 506 2 63% -009[272,254]
Lai 2017 88 59 29 138 76 58 38% -5.00(-7.90,-2.10] Lai 2017 211 10.34 29 16.8 1.32 58 37% 4.30(-0.46 , 9.06]
Lee 2017 76 22 25 10.1 19 25 71% -250(-3.38,-162] . Lee 2017 238 242 25 211 452 25 72% 270[069,4.71] —
Choi 2019 124 46 25 15 57 30 40% 090[182,362) S Choi 2019 129 572 25 144 644 30 55% -150[472,1.72) —
Palmanovich 2020 201 79 21 207 69 15 19% -060[-5.46,4.26] R Lim 2020 188 862 52 155 1018 52 50% 3.30(-0.33,693 I
Lim 2020 86 53 2 18 73 52 44% -320[-565,-075] P, Palmanovich 2020 19 951 21 1 84 15 29%  090(-4.98,678]
Torrent 2021 127 375 30 10.5 4 28 52% 220(0.20, 4.20] l—— Torrent 2021 202 102 30 228 6.4 28 4.9% -260[-6.24,1.04]
Guo 2021 179 931 48 148 7.82 64 3.3% 3.10[-0.16, 6.36] Siddiqui 2021 159 10.84 31 99 11.42 30 3.1% 6.00[0.41, 11.59] ——
Siddiqui 2021 12 66 31 123 69 30 32% -0.30(-369,3.09] Guo 2021 18 1366 48 195 1182 64 37% -150[-6.33,333 —t
Tay 2022 77 41 0 93 61 30 42% -160[423,103] Tay 2022 158 768 0 144 921 30 42%  140(289,569] .
Patanaik 2022 149 42 27 134 48 27 45%  150[-0.91,391] Tt Patanaik 2022 19 975 27 167 873 27 36%  230[-264,7.24) i A
Dragosloveanu 2022 88 31 24 89 23 26 60% -010[-162,142] 4 Dragosloveanu 2022 237 398 24 23 487 26 66% 070[-176,3.16] o
Xu2022 204 79 3 137 73 23 25% 670[262,10.78] S — Xu 2022 144 93 31 194 801 23 39% -5.00(963,-0.37] = s
Vieria 2022 145 8 47 119 62 44 37%  260[033,553 - Vieria 2022 199 1204 47 255 884 44 42% -560(-992,-128) ——
Hwang 2023 104 64 0 139 56 30 36% -350(-6.54,-0.46] S Hwang 2023 222 1145 0 149 952 30 33% 7.30[1.97,1263)
Tang 2023 1027 168 28 1099 225 2 69% -072[1.72,028] = Tang 2023 1811 529 28 144 921 32 48%  371[003,745 ——
Kim 2024 75 43 32 73 53 33 46% 0.20[-2.14,254) o S Kim 2024 222 1145 32 189 9.52 33 3.4% 330(-1.83,843] T —
Total (95%Cl) 759 721 1000% -0.17[-0.96,0.61] r Total (95%Cl) 721 1000%  0.73[-0.47,1.93] *
Heterogeneity: Tau? = 2.04; Chi? = 85.73, df = 21 (P < 0.00001); P = 76% Heterogeneity: Tau? = 4.15; Chit = 46.47, df = 21 (P = 0.001); F = 55%
Test for overall effect: Z=0.44 (P = 0.66) T 5 0 Test for overall effect 2= 1.20 (P = 0.23) 0 5 T
Test for subgroup differences: Not applicable Favours MIS Favours OS Test for subgroup differences: Not applicable Favours OS Favours MIS
B: IMA Post-op Angle E: IMA Correction
Mis os Mean difference Mean difference MIS os Mean difference Mean difference
Study or Subgroup Mean SD Total Mean sD Total Weight IV, Random, 95%Cl 1V, Random, 95%CI Study or Subgroup Mean sD Total Mean sD Total Weight IV, Random, 95% Cl IV, Random, 95%CI
Roth 2005 767 25 88 719 275 3 52% 048[056,152] . Roth 2005 433 4m2 88 481 389 36 50% -0.48(-2.09,1.13]
Maffulli 2009 8 3 36 8 4 36 36% 0.00[-163,163] — Maffulli 2009 7 67 36 6 5 36 27% 100[-173,373
Radwan 2012 779 132 31 823 143 33 63% -044[-1.11,023] — Radwan 2012 476 234 31 38 219 33 65% 096[-0.15,207]
Giannini 2013 68 43 20 83 34 20 22% -1.50[-3.90,0.90] — Giannini 2013 93 58 20 78 51 20 20% 150[1.88,488]
Othman 2016 758 075 33 79 05 25 72% -038(-0.70,-0.06] 4 Othman 2016 954 141 33 9 125 25 78% 054(0.15,123
Brogan 2016 68 36 4 67 34 24 33%  010[165,185] - Brogan 2016 49 569 4 67 572 24 25% -1.80[-468,108]
Lai 2017 103 31 29 88 34 58 41% 1.50[0.07 , 2.93] — Lee 2017 92 128 25 8.1 167 25 74%  1.10[0.28,1.92]
Lee 2017 6.4 08 25 76 09 25 6.8% -1.20([-1.67,-0.73] o Lai 2017 43 4.98 29 58 474 58 36% -1.50[-3.68,0.68]
Choi 2019 49 22 25 59 3 30 42% -1.00[-2.38,0.38] i Choi 2019 95 234 25 82 3.08 30 5.5% 1.30[-0.13,273]
Palmanovich 2020 6 23 21 6.1 3 15 32% -0.10[-1.91,1.71] — Lim 2020 56 403 52 6.1 347 52 55% -050[-195,095]
Schilde 2020 41 14 124 48 12 8 7.1% -070[-1.05,-035] » Palmanovich 2020 88 298 21 72 378 15 34%  160[-0.70, 3.90]
Lim 2020 84 29 2 78 24 52 52%  060[0.42,162] [ Schilde 2020 93 38 124 82 37 8 68%  110[0.06,214]
Siddiqui 2021 59 33 31 68 41 30 31% -090([-2.77,097] — Siddiqui 2021 6.1 439 31 48 573 30 30% 130[-127,387]
Guo 2021 6.94 153 48 697 295 64 58% -0.03[-0.87,0.81] —+ Guo 2021 626 364 48 673 389 64 56% -047(-1.87,083]
Torrent 2021 73 225 30 75 1875 28 51% -020[-1.26,0.86] o4 Torrent 2021 8 2mn 30 72 274 28 56% 080[-060,220]
Tay 2022 75 39 30 78 37 30 30% -030[-2.22,162] — Tay 2022 € 474 30 58 47 30 33%  020[-219,259)
Patanaik 2022 62 28 27 523 24 27 42% 097[-042,236] [ Patanaik 2022 83 382 27 725 339 27 42%  105[-088,298)
Dragosloveanu 2022 12 18 24 64 15 26 5.5% 080[-0.12,1.72] bes Dragosloveanu 2022 79 255 24 92 242 26 57% -1.30[-2.68,0.08] p—
14 455 31 55 32 23 27% 590(3.83,7.97] P— Xu 2022 16 58 31 66 432 23 28% -5.00[-7.70,-2.30]
Vieria 2022 64 32 a7 48 36 44 41%  160[020 300) _ Vieria 2022 94 56 47 124 608 44 32% -3.00[541,-059] S
Hwang 2023 66 35 0 73 29 0 36% -070[233 093] 1 Hwang 2023 69 468 30 46 389 30 37%  230[0.12,448) I
Kim 2024 69 24 32 53 29 3 44%  160[031.289) . Kim 2024 89 369 2 78 439 33 41%  1.10[-0.87,307] Al
Total (95%CI) 855 775 100.0%  0.16 [-0.26, 0.59] 'Y Total (95%CI) 775 100.0%  0.22[-0.32,0.76] 3
Heterogeneity: Tau? = 0.64; Chi? = 92.43, df = 21 (P < 0.00001); F = 77% Heterogeneity: Tau? = 0.85; Chi* = 51.58, df = 21 (P = 0.0002); F = 59%
Test for overall effect: Z = 0.75 (P = 0.45) Testiog £=080(5=0143) 4 2 4
FavoursOS  Favours MIS

Test for subgroup differences: Not applicable

C: DMAA Post-op Angle

4 2 2 4
Favours MIS Favours OS

Test for subgroup differences: Not applicable

F: DMAA Correction

MIS os Mean difference Mean difference Ms os Mean difference Mean difference
Studyor Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95%CI WV, Random, 95%Cl Studyor Subgroup Mean ~ SD  Total Mean SD  Total Weight IV,Fixed, 85%CI IV, Fixed, 95%CI
Maffulli 2009 & % 36 7 5 36 6.9% 0.00(-2.09,2.09] — Maffulli 2009 4 6.4 36 5 7.81 36  4.0% -1.00[-4.30,2.30] —t
Giannini 2013 159 54 20 15 75 20 23%  090[315,495] — Giannini 2013 58 771 20 67 1126 20 1.2% -0.90(-6.88,5.08] R —
©Othman 2016 693 075 3 792 075 25 223% -0.99[-1.38,-0.60] | Othman 2016 1291 214 33 1148 191 25 39.9% 1.43[0.38,248] "~
Brogan 2016 1 8 41 1 10 24 18% -1000(-1469,531] — Brogan 2016 8 1063 4 11345 24 11% 7.00[0.71,1329)

Choi 2019 25 18 25 33 46 30 87% -080[-256,096] - Choi 2019 15 612 % 15 764 30 33% 0.00[-364,364] I
Palmanovich 2020 6 28 21 74 32 15 72%  -1.40(-341,061] — Palmanovich 2020 787 375 21 43 52 15 46% 357(0.49,6.65] e
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Figure 2. Forest plots of radiographic outcomes. (A) Postoperative HVA between MIS and open
groups; (B) postoperative IMA; (C) postoperative DMAA; (D) HVA correction; (E) IMA correction and
(F) DMAA correction. HVA, hallux valgus angle. MIS, minimally invasive surgery. IMA, intermetatarsal
Angle. DMAA, distal metatarsal articular angle [4,11,12,21,24-26,28-31,33-37,39,42-45,47 A8].
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3.3.4. HVA Angle Correction

HVA correction was calculated from 22 studies with 1480 patients (Figure 2)
[4,11,12,21,24-26,28-34,37,39,42-45,47,48]. The mean difference was 0.73 degrees (CI: —0.47
to 1.93), indicating a small, non-significant difference in corrective power between OS
and MIS groups. The higher HVA correction suggests stronger corrective power, but the
difference was not statistically significant (p = 0.23). Overall, heterogeneity was moderate
(I = 55%, p = 0.001).

3.3.5. IMA Angle Correction

IMA correction was calculated from 22 studies with 1630 patients (Figure 2)
[4,11,12,21,24,26,28-31,33,34,36,37,39,42-45,47 ,48]. The mean difference was 0.22 degrees
(CI: —0.32 to 0.76), indicating a small, non-significant difference in deformity correction
between the OS and MIS groups. The higher angle suggests a greater correction of the de-
formity, but the difference was not statistically significant (p = 0.43). Overall, heterogeneity
was moderate (I = 59%, p = 0.0002).

3.3.6. DMAA Angle Correction

DMAA correction was calculated from 11 studies with 654 patients (Figure 2)
[12,21,25,29,30,33,34,39,44,45,47]. MIS had significantly greater DMAA correction com-
pared to the OS group (MD = 1.09, CI: 0.43 to 1.75, p = 0.001), indicating that MIS surgery
was more effective in correcting the deformity. Overall, heterogeneity was moderate
(I? = 45%, p = 0.05).

3.4. Analysis of Complications
3.4.1. Revision Surgery

Revision surgery rates were reported in 14 studies with 1125 patients (Figure 3)
[4,12,21,25,29-34,37,39,40,46]. The analysis indicated higher odds of requiring revision
surgery with MIS compared to OS (OR = 1.64, CI: 0.89 to 3.01), although this difference was
not statistically significant (p = 0.11). Heterogeneity was low (1% = 8%, p =0.37).

3.4.2. Recurrence

Recurrence rates were reported in 14 studies with 1046 patients (Figure 3)
[21,29-31,33-35,37,39,40,44-46]. The analysis showed slightly lower odds of recurrence
with MIS compared to OS (OR = 0.84, CI: 0.44 to 1.61), though the difference was not
statistically significant (p = 0.60). Heterogeneity was very low (I? = 0%, p = 0.79).

3.4.3. Infection

Infection rates were reported in 16 studies with 1482 patients (Figure 3)
[11,12,21,22,25,30,32,34,36,37,40,42,45,46,48,49]. The analysis showed no significant dif-
ference in the odds of infection between OS and MIS (OR = 1.35, CI: 0.75 to 2.42). Hetero-
geneity was very low (I = 0%, p = 0.46), and the overall effect was not statistically significant
(p=0.32).
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3.4.4. Hardware Removal

Hardware removal rates were reported in 19 studies with 1357 patients (Figure 3)
[4,12,21,22,25,28-30,32-37,40,43,44,47,49]. The analysis showed significantly greater odds
of hardware removal with MIS compared to OS (OR = 2.37, CI: 1.41 to 4.00). Heterogeneity
was moderate (I> = 50%, p = 0.006), and the overall effect was statistically significant
(p =0.001).

A:Revision Surgery D:Hardware Removal
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Figure 3. Forest plots of complications. (A) Odds of revision surgery between MIS and open groups;
(B) recurrence; (C) infection; (D) hardware removal; (E) chronic pain and (F) osteoarthritis, stiffness
or necrosis. MIS, minimally invasive surgery. [4,11,12,21,22,25,28-37,39,40,42—49].

3.4.5. Chronic Pain

Chronic pain was reported in 10 studies with 856 patients (Figure 3) [28,29,31,32,40,43,44,46-48].
The analysis showed no significant difference in the odds of chronic pain between OS and
MIS (OR = 1.32, CI: 0.64 to 2.73). Heterogeneity was low (I? = 8%, p = 0.37), and the overall
effect was not statistically significant (p = 0.46).



Osteology 2025, 5, 3 10 of 19

3.4.6. Osteoarthritis, Stiffness and Necrosis

Osteoarthritis, stiffness, or necrosis rates were reported in nine studies with
661 patients (Figure 3) [11,31,32,35,39,40,47-49]. The analysis showed no significant differ-
ence in the odds of these complications between OS and MIS (OR = 0.88, CI: 0.41 to 1.88).
Heterogeneity was very low (IZ = 0%, p = 0.90), and the overall effect was not statistically
significant (p = 0.75).

3.5. Postoperative Outcomes and Surgical Metrics
3.5.1. Operative Time (In Minutes)

Operative time was reported in nine studies with 738 patients (Figure 4)
[11,12,21,33,37-39,42,45]. The analysis showed that MIS surgery had significantly shorter
operative times compared to OS (MD = —12.07 min, CI: —17.02 to —7.11, p < 0.00001). Het-
erogeneity was very high (I> = 94%, p < 0.00001), reflecting substantial variability among
the studies.
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Figure 4. Forest plots of postoperative outcomes and surgical metrics. (A) Operative time between MIS and
open groups; (B) length of stay; (C) radiation exposure; (D) postoperative AOFAS score; (E) postoperative
VAS score and (F) AOFAS correction. MIS, minimally invasive surgery. AOFAS, American Orthopedic Foot
and Ankle Society. VAS, visual analogue score [4,11,12,21,25,26,28,29,32,33,35,37-39,42 A3,45,47].



Osteology 2025, 5, 3

11 of 19

3.5.2. Length of Stay (In Days)

Length of stay was reported in three studies with 241 patients (Figure 4) [12,21,37]. The
analysis showed significantly shorter hospital stays with MIS compared to OS (MD = —0.76,
CI: —1.30 to —0.21, p = 0.007). Overall, heterogeneity was moderate (I> = 74%, p = 0.02).

3.5.3. Radiation Exposure (In Seconds)

Radiation exposure was reported in three studies with 241 patients (Figure 4)
[28,37,42]. The analysis showed significantly higher radiation exposure with MIS compared
to OS (MD = 51.18, CI: 28.71 to 73.65, p < 0.00001). Overall, heterogeneity was very high
(I? = 99%, p < 0.00001), indicating substantial variability among the studies.

3.5.4. Postoperative AOFAS Score

Postoperative AOFAS score was reported in 14 studies with 905 patients (Figure 4)
[11,12,25,26,28,29,32,35,37,39,42,43,45,47]. The analysis showed significantly higher AOFAS
scores with MIS compared to OS (MD = 2.52, CI: 0.92 to 4.13), indicating better functional
outcomes. Overall, heterogeneity was moderate (I?> = 56%, p = 0.005). The difference in
postoperative AOFAS score was statistically significant (p = 0.002).

3.5.5. Postoperative VAS Score

Postoperative VAS scores were reported in 11 studies with 728 patients (Figure 4)
[4,25,26,28,29,32,33,35,37,42,43]. The analysis showed a slight reduction in pain with MIS
compared to OS (MD = —0.13, CI: —0.33 to 0.08), though this difference was not statistically
significant (p = 0.22). Heterogeneity was moderate (I> = 46%, p = 0.05).

3.5.6. AOFAS Correction

The mean difference between preoperative and postoperative AOFAS scores was cal-
culated in 14 studies with 905 patients (Figure 4) [11,12,25,26,28,29,32,35,37,39,42,43,45,47].
MIS had significantly better AOFAS correction compared to OS (MD = 2.03, CI: 0.66 to 3.41,
p = 0.004). Overall, heterogeneity was low (12 = 0%, p = 0.70).

3.6. Quality Assessment Results

The modified Cochrane Collaboration tool was used to assess the risk of bias in both
randomised controlled trials (RCTs) and retrospective cohort studies. The risk of bias graphs for
RCTs and non-RCTs are presented in Figure 5 and Figure 6, respectively [4,11,12,21-30,32-49].

3.7. Publication Bias

Publication bias was evaluated across the included studies using Egger’s test, a linear
regression method applied to the postoperative IMA angle data [20]. The results, depicted
in Figure 7’s funnel plot, indicated no significant evidence of publication bias (p = 0.12).
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4. Discussion

This meta-analysis compares the outcomes of open surgery (OS) and minimally inva-
sive surgery (MIS) for hallux valgus (HV) correction, focusing on radiographic corrections,
complication rates and functional outcomes. As surgical techniques continue to evolve, the
use of MIS for HV correction has gained attention due to its potential benefits in reduc-
ing tissue trauma and recovery time. The recent NICE guidance recommends minimally
invasive percutaneous techniques with internal fixation as a viable option for HV cor-
rection, provided standard clinical governance and audit measures are in place. NICE
concluded that MIS performs comparably to OS regarding pain and recovery, with no
major safety concerns, but noted a lack of strong evidence favouring one MIS technique
over another [50].

Our analysis revealed that while MIS and OS exhibit similar radiographic results
for key parameters such as the HVA and IMA, MIS demonstrates notable advantages in
certain areas. Specifically, MIS shows superior postoperative alignment in DMAA and
better functional recovery, as evidenced by higher AOFAS scores, shorter operative times
and length of stay. However, MIS is associated with higher rates of hardware removal and
increased radiation exposure. Overall, these results suggest that MIS offers comparable
if not slightly improved outcomes in terms of postoperative recovery and functional
performance. However, considerations regarding radiation and hardware-related issues
should be considered when choosing the appropriate surgical approach.

To our knowledge this meta-analysis is the most comprehensive to date, including
32 studies—surpassing the scope of previous analyses by Ji et al. (22 studies), Lu et al.
(11 studies), Singh et al. (9 studies) and Alimy et al. (seven RCTs) [3,5,51,52]. In addition
to the larger number of studies, our meta-analysis offers several novel contributions. We
are the first to systematically calculate and analyse angle corrections across all studies,
providing a more detailed evaluation of deformity correction. Previous works did not offer
this level of precision. Furthermore, our study breaks down specific complications, rather
than pooling them together as earlier analyses did, offering a more nuanced understanding
of the risks associated with each surgical approach. Another unique aspect of our analysis
is the calculation of improvement in AOFAS scores, as opposed to only reporting final
scores, giving a clearer picture of functional recovery over time.

When comparing radiographic outcomes, our findings revealed no significant differ-
ences between MIS and OS in key postoperative angles such as HVA and IMA. However,
our analysis identified a significant advantage for MIS in the correction of the DMAA, a
finding not emphasised in previous studies. The DMAA is the angle between the distal
articular surface and the longitudinal axis of the first metatarsal. The superior correction
of DMAA with MIS can be attributed to the transverse osteotomy technique typically
employed in MIS. This offers surgeons greater control of the distal segment compared
to the chevron or scarf osteotomies used in OS. This enhanced control in DMAA correc-
tion makes MIS particularly beneficial in patients with higher angle deformities, where
achieving optimal realignment is crucial in prevent recurrence or revision surgeries. The
correction in HVA and IMA between the two techniques were non-significant, suggesting
both techniques are effective for typical HV cases. For patients with mild to moderate
deformities, the choice of technique may therefore be guided by other factors such as
patient preference, surgeon experience and the specific clinical scenario. However, in cases
with severe deformities, MIS may offer an edge due to its superior control over DMAA,
improving overall alignment and long-term outcomes.

The American Orthopaedic Foot and Ankle Society (AOFAS) score is a widely used
tool for evaluating foot and ankle conditions. It integrates both patient-reported and
physician-determined factors to gauge pain, function, and alignment on a scale from 0 to
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100 [53]. In this analysis, MIS demonstrated significantly improved postoperative AOFAS
scores, indicating patients who undergo MIS may achieve better functional recovery than
those who have OS. As a non-validated measure that combines subjective patient inputs
with objective clinician assessments, it is susceptible to bias and requires careful interpre-
tation [54]. This raises the possibility of the AOFAS score exaggerating the effectiveness
of techniques like MIS, potentially inflating perceived functional recovery benefits. While
these limitations are crucial to acknowledge, the AOFAS score widespread implementation
facilitates comparisons across various studies. Its findings, despite being potentially biased,
still provide meaningful insights when understood within the scope of its limitations.

Another key advantage of MIS our analysis highlighted is its shorter operative dura-
tions and reduced hospital stays. MIS has the potential to reduce productivity loss and
absenteeism costs by enabling patients to resume their daily activities and responsibilities
sooner. This efficiency not only enhances patient quality of life but also mitigates the eco-
nomic impact of lost wages and reduced productivity for both employees and employers.
By minimising time off work due to surgery, MIS can contribute to a more sustainable
workforce and lower overall healthcare costs.

In terms of complications, our analysis found no significant differences between OS
and MIS in major adverse outcomes such as revision surgery, recurrence, wound infection,
chronic pain, or osteoarthritis. This suggests that both techniques offer comparable safety
profiles and these results are reassuring for both surgeons and patients when considering
surgical options for HV correction. However, MIS was associated with a higher likelihood
of hardware removal, an area of concern that warrants attention. This may be due to the
use of more hardware in MIS or patient discomfort caused by its proximity to soft tissues.

The most frequent complication in our analysis was implant removal, particularly
in earlier-generation techniques such as SERI and Bosch osteotomies with K-wires and
third-generation minimally invasive chevron-akin osteotomies with cannulated screws.
While this presents a clear challenge, recent improvements in screw morphology have
reduced soft tissue irritation, potentially decreasing the need for hardware removal in
future fourth-generation MIS techniques [15]. Additionally, a finite element analysis (FEA)
model by Lewis et al. demonstrated that fixation with two screws, one bicortical and
one intramedullary, was the optimal screw configuration in producing the lowest values
for osteotomy displacement, minimum and maximum stress, and von Mises stress on both
bone and screws [55]. This fourth-generation technique shows promise for improving
outcomes, allowing for early weight-bearing and rehabilitation, and potentially reducing
the incidence of implant removal. As these newer techniques become more widely adopted
and improved screw designs are implemented, we anticipate further advancements in
patient recovery and a reduction in hardware-related complications.

The learning curve is a critical factor to consider when adopting MIS for HV.
Baumann et al. concluded that the learning curve for MIS in HV typically plateaus after
approximately 35.5 surgeries (range 27-40) [51]. During this learning phase, surgeons
experienced longer operating times and greater reliance on fluoroscopy. Despite these chal-
lenges, Baumann et al. found no significant difference in patient outcomes or complication
rates between the learning phase and the plateau phase, suggesting that patient safety
remains largely unaffected by the learning curve. However, they emphasised the need for
further research to fully understand the impact of the learning curve on long-term out-
comes. In our meta-analysis, several studies accounted for the learning curve by excluding
early cases to mitigate the potential for complications. For example, two papers excluded
the first 10 and first 20 cases, respectively, and one study initially abandoned MIS due to a
high rate of burn wounds before resuming once the technique was perfected [34,35]. By
excluding these early cases, the reported complication rates may reflect selective reporting
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bias, as complications during the learning curve were not included. Complications during
the learning phase should not be viewed as just a byproduct, as they can have lasting
effects on patients. To mitigate these risks, cadaveric training and thorough practice with
MIS-specific instruments are highly recommended. This allows surgeons to develop the
necessary tactile skills and lessen the learning curve’s influence on patient outcomes.

This meta-analysis has several limitations that should be considered when interpreting
the results. First, the inclusion of different generations of MIS techniques, some utilising
K-wires and others one or two screws, contributes to high heterogeneity, complicating
direct comparisons. Furthermore, the studies included in this meta-analysis span over
two decades (1996-2024), a period during which there have been significant advancements
in surgical techniques and peri-operative care. Newer fourth-generation MIS techniques
have emerged in recent years, while older first- and second-generation techniques are likely
to be phased out. This evolution complicates direct comparisons of surgical outcomes, as
older techniques may no longer represent contemporary practice. Improvements in peri-
operative care over the years and its variability across the globe, including better patient
preparation, anaesthesia protocols and postoperative management, may have contributed
to reduced operative times and shorter lengths of hospital stay, further complicating the
interpretation of pooled outcomes. Advances in screw morphology and design over the
past two decades also add complexity, as newer screws are designed to improve fixa-
tion and outcomes, making comparisons with older methods less reliable. Additionally,
non-randomised studies and grey literature were included, which introduces potential
biases inherent to retrospective designs. Variability in study duration and differing time
points also affect consistency across pooled data. Furthermore, the incomplete reporting of
primary and secondary outcomes in several studies limits the robustness of our findings.
The AOFAS score, although widely used, is non-validated and may result in biased assess-
ments. Moreover, some studies excluded early MIS cases to account for the learning curve,
introducing selective reporting bias. Finally, the possibility of publication bias may have
influenced the overall results.

5. Conclusions

In conclusion, this meta-analysis demonstrates that both OS and MIS for HV correction
achieve similar radiographic outcomes, with MIS showing advantages in certain areas,
such as superior DMAA correction, shorter operative times and improved functional
recovery. However, MIS is associated with higher rates of hardware removal and increased
radiation exposure, which must be carefully considered. While the learning curve for MIS
presents challenges, adequate training can help mitigate complications. Overall, MIS offers
comparable and, in some cases, improved outcomes, but requires careful patient selection
and surgeon expertise.
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