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ABSTRACT

Multimodal large language models (MLLMSs) capable of analyzing both images and text represent a new class
of artificial intelligence tools with potential relevance for clinical imaging. Their diagnostic performance on real-world
radiographs, particularly for high-stakes conditions such as proximal femoral fractures, has not yet been systematically
evaluated. The purpose of this retrospective study is to determine whether contemporary MLLMs can detect proximal
femoral fractures on anteroposterior (AP) hip radiographs with diagnostic accuracy non-inferior to that of an experienced
musculoskeletal radiologist, and to assess potential efficiency gains in reporting time. In this retrospective, single-center
diagnostic accuracy study, which adhered to STARD 2015, 299 AP hip radiographs (200 fracture-positive; 99 fracture-
negative) were evaluated. Four commercially available MLLMs (GPT-5, Gemini-2.5, LLaMA-4, Kimi-VLA3B) were
tested using a fixed prompt, and their performance was compared with that of a fellowship-trained radiologist. Non-
inferiority for AUC (margin -0.05), superiority for F1-score (margin +0.03), and >50% reduction in time-to-report were
prespecified. Decision-curve analysis and an exploratory cost model were performed. The fracture-positive subset (n =
200) was used for efficiency and economic analyses. The radiologist achieved an AUC of 0.919. GPT-5 (AUC 0.950; A
=+0.031), Gemini-2.5 (0.946; A =+0.027), and LLaMA-4 (0.941; A =+0.022) met the non-inferiority criterion, whereas
Kimi-VLA3B did not (0.872; A = -0.047). GPT-5 and Gemini-2.5 demonstrated superior Fl-scores relative to the
radiologist (0.973 and 0.967 vs 0.933), while LLaMA-4 was not significantly different (0.948) and Kimi-VLA3B
performed worse (0.912). All models markedly reduced reporting time, with GPT-5 requiring 15.0 + 2.9 seconds versus
308.0 £ 64.8 seconds for the radiologist (>90% reduction). Decision-curve analysis showed the highest net benefit for
GPT-5 across threshold probabilities of 0.05-0.30. In exploratory economic analysis, GPT-5 and Gemini-2.5 produced
positive cost estimates within the fracture-positive cohort, while LLaMA-4 was cost-neutral and Kimi-VLA3B
unfavourable. Three MLLMs demonstrated non-inferior diagnostic performance compared with an expert radiologist for
proximal femoral fracture detection, with GPT-5 and Gemini-2.5 achieving superior composite accuracy and all models
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providing substantial efficiency gains. Although limited by its single-center, prevalence-enriched design, this study
provides early evidence supporting the potential role of MLLM:s as adjunctive tools in emergency radiographic workflows.

KEYWORDS: hip fracture, orthopedic Al, artificial intelligence, multimodal large language models, diagnostic
accuracy

INTRODUCTION

Proximal femoral fractures are a major cause of morbidity, mortality, and healthcare utilization in older adults.
Across Europe, approximately 600,000 hip fractures occur annually, and the global incidence is projected to rise
substantially with population ageing (1). These injuries are associated with marked functional decline, loss of
independence, and one-year mortality rates of approximately 20-25% (1, 2). They also impose considerable economic
burden on healthcare systems, including high acute-care and rehabilitation costs (3). Early diagnosis is therefore clinically
important, as delays in definitive management, particularly surgery beyond 24-48 hours, have been associated with worse
outcomes, including increased complications and mortality (4, 5).

In the emergency setting, first-line imaging typically consists of anteroposterior (AP) hip radiographs because
of their speed, availability, and low cost. However, radiography has recognized limitations. A proportion of proximal
femoral fractures, particularly nondisplaced or impacted injuries, may be radiographically occult at initial presentation
and therefore missed on first interpretation (2). In patients with persistent clinical suspicion despite negative radiographs,
advanced imaging, especially magnetic resonance imaging (MRI), provides substantially higher sensitivity and is widely
regarded as the reference problem-solving modality (6). At the same time, rising imaging demand and workforce shortages
in radiology may contribute to reporting delays and increase pressure on emergency diagnostic pathways (7).

Artificial intelligence (AI) methods have shown increasing promise in musculoskeletal radiology. Earlier
computer-aided detection systems were limited by relatively high false-positive rates and poor clinical integration (8, 9).
More recently, deep learning approaches have demonstrated strong performance in fracture detection on radiographs, with
a 2022 meta-analysis reporting pooled sensitivities and specificities of 92% and 91%, respectively, comparable to clinician
performance (10). Detection architectures such as YOLO have also shown high performance in radiographic fracture
identification tasks (11), and Al-based tools may improve reader sensitivity and reduce interpretation time in selected
workflows (12, 13). Nevertheless, most currently available models remain highly task-specific, require substantial
domain-specific training data, and often function as relatively opaque prediction systems (2).

Multimodal large language models (MLLMs) represent a newer class of foundation models capable of processing
both visual and textual information within a single inference framework. Preliminary reports suggest that some MLLMs
may perform well on medical image interpretation tasks, including radiographic assessments (14). However, the current
evidence base remains limited, particularly for clinically relevant diagnostic scenarios using real radiographs and direct
reader comparison. In addition, prior experience with fracture-detection algorithms indicates that strong performance in
internal evaluations does not necessarily translate into robust behavior across varied clinical datasets, especially in the
presence of altered anatomy or underlying bone pathology (15). Careful benchmarking of these systems in defined
radiographic tasks is therefore warranted.

The purpose of this study was to evaluate the diagnostic performance of contemporary MLLMs for detecting
proximal femoral fractures on standard AP hip radiographs in a retrospective single-center dataset, using one fellowship-
trained musculoskeletal radiologist as the comparator. A secondary objective was to assess reporting latency under the
study conditions, given the clinical importance of timely triage and interpretation in emergency care.

MATERIALS AND METHODS

This retrospective single-center diagnostic accuracy study was conducted at a tertiary trauma hospital and is
reported in accordance with STARD 2015. Case selection, index-test execution, reference-standard assignment, and
statistical analysis planning were completed before formal analysis, and the dataset was locked before outcome evaluation.

Study population and case selection

The study included adults aged 50 to 100 years who presented to the emergency department with suspected
proximal femoral fracture and underwent a diagnostically adequate anteroposterior (AP) hip radiograph as part of routine
care. Consecutive eligible cases were screened within the study window. Exclusion criteria were irretrievable or non-
removable protected health information and nondiagnostic image quality.
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A single institutional cohort was assembled for all analyses. All available fracture-positive cases during the study
period were included (n = 200). Fracture-negative cases were enrolled consecutively and capped at approximately 100 to
preserve analytic balance and feasibility (n = 99). This produced a prevalence-enriched sample of approximately 67%
fracture-positive cases. Because this prevalence does not reflect the routine emergency department case mix, prevalence-
dependent metrics were interpreted cautiously. The full cohort (N = 299) was used for the primary diagnostic accuracy
analyses. Time-to-report and exploratory economic analyses were performed separately as described below.

Reference standard

The reference standard was established using radiologist adjudication and follow-up data. Fractures considered
visible on the index AP radiograph were adjudicated by consensus between two fellowship-trained musculoskeletal
radiologists. Occult fractures were defined as fractures not clearly identified on the initial radiograph but subsequently
confirmed within 90 days by MRI, CT, or intraoperative findings (6). For fracture-negative cases, clinical and imaging
follow-up data available within at least 90 days were reviewed to reduce outcome misclassification. All 299 included
images had a complete reference-standard assignment before analysis.

Given the inclusion of occult fractures, two related diagnostic constructs were considered during interpretation
of the findings: detection of all confirmed fractures and detection of fractures visible on the index radiograph. The primary
analysis used all confirmed fractures; occult fractures were also retained in the overall analysis because of their clinical
relevance in acute hip pain pathways (6).

Image acquisition and pre-processing

Radiographs were exported from the institutional picture archiving and communication system (PACS) as 2048
x 2048 pixel 8-bit JPEG images in sSRGB colour space. Window and level settings were standardised at export, and all
protected health information was removed before analysis. Each radiograph was assigned a unique anonymised identifier.
Clinical metadata were stored separately and were not provided to the models.

Index tests: multimodal large language models

Four commercially available multimodal large language models (MLLMs) were evaluated: GPT-5 Chat
(OpenAl), Gemini-2.5 Pro (Google), LLaMA-4 Maverick (Meta), and Kimi-VL-A3B (MoonshotAlI). All models were
accessed through the OpenRouter API, and model/provider information was logged at the time of inference. Each model
received the same single standardised prompt, without iterative prompting, follow-up questions, or manual correction:
“Identify  any  proximal  femur  fracture.  Return  JSON:  {fracture present:.  yes/no,  subtype:
neck/intertrochanteric/pertrochanteric, side: left/right, rationale: <30 words}.”

Only the first complete response was accepted. No retries were performed. Inference metadata, including
timestamps and latency, was recorded systematically.

Because the prompt constrained the models to produce binary fracture classifications, all principal diagnostic
analyses were based on case-level classification performance rather than on calibrated probability outputs. ROC/AUC
analyses were retained as supplementary discrimination analyses and interpreted with caution in light of the binary-output
format.

Comparator reader

The comparator was one fellowship-trained musculoskeletal radiologist. The radiologist interpreted the same AP
radiographs independently under study conditions. No model outputs were available to the radiologist during review. The
comparison should therefore be interpreted as a model-versus-single-expert-reader analysis rather than a general estimate
of radiologist-level performance.

Study outcomes

The primary outcomes were case-level diagnostic performance and reporting latency under study conditions.
Diagnostic performance was assessed principally using sensitivity and specificity, with additional reporting of accuracy,
positive predictive value, negative predictive value, and F1-score. Confusion-matrix-based metrics were emphasized
because all index tests produced binary outputs. AUC was reported as a supplementary discrimination metric.

Secondary and exploratory outcomes included decision-curve analysis across threshold probabilities from 0.05
to 0.30 and an exploratory economic model estimating the potential impact of changes in false-negative classifications on
bed-day utilisation and cost.
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Time-to-report measurement

For the MLLMs, time-to-report was defined as the interval from API request submission to receipt of the first
complete JSON output. For the radiologist, time-to-report was defined as the interval required to review the radiograph
and produce the study interpretation under the study conditions. Because these workflows are inherently different, timing
results were interpreted as a comparison between model inference latency and reader interpretation time under controlled
conditions, rather than as a direct simulation of a real-world reporting workflow.

Timing measurements were summarised for the fracture-positive subset, including occult fractures, because the
exploratory downstream analyses focused on missed-fracture consequences.

Statistical analysis

Categorical outcomes are reported as counts and proportions; continuous variables are reported as means with
standard deviations unless otherwise specified. For the main diagnostic comparison, confusion matrices were generated
for each model and for the radiologist. Sensitivity, specificity, accuracy, positive predictive value, negative predictive
value, and F1-score were calculated with corresponding confidence intervals. Paired differences between each model and
the radiologist were estimated using bootstrap resampling with 5,000 iterations and a fixed random seed.

ROC curves and AUC values were also estimated as supplementary analyses to facilitate comparison with prior
diagnostic-Al literature (10,15). Confidence intervals for AUC differences between each model and the radiologist were
derived using paired bootstrap resampling; DeLong-based sensitivity analyses were performed secondarily. Because the
index tests produced binary outputs, ROC/AUC findings were interpreted as supportive rather than definitive measures
of discrimination.

Time-to-report comparisons were treated as paired repeated measurements across the same case set. Mean
differences between each model and the radiologist were assessed at the case level using paired testing. Overall between-
reader timing comparisons were interpreted descriptively, with emphasis placed on the magnitude and consistency of
paired differences rather than on omnibus group testing alone.

Decision-curve analysis was performed across threshold probabilities from 0.05 to 0.30. Net benefit was
calculated using standard methodology. Because the study cohort was prevalence-enriched, these analyses were
considered exploratory and interpreted with caution.

The exploratory economic analysis was restricted to the fracture-positive subset. Differences in false-negative
classifications between each model and the radiologist were translated into bed-days avoided using the predefined
assumption that each missed fracture corresponded to 0.6 inpatient bed-days, with a cost of €300 per bed-day (3). Fixed
per-case infrastructure and API costs were included. These estimates were intended only as exploratory scenario analyses
and not as formal health-economic evaluations.

Quality control and bias mitigation

Quality-control procedures included automated checks for malformed or logically inconsistent model outputs,
source verification for flagged cases, and dataset locking before formal analysis. All models were evaluated using the
same fixed prompt and the same image set, without user interaction, to preserve comparability. Consecutive sampling
within the available strata and follow-up review of fracture-negative cases were used to reduce selection and verification
bias where feasible. Nevertheless, the single-centre design, enriched prevalence, and use of a single expert comparator
were recognised sources of limited generalisability.

Software and reproducibility

All analyses were performed using R version 4.3.0 (packages including pROC, boot, and dcurves) and Python
3.11 (including numpy, scipy, and statsmodels), with random processes initialised using seed 12345. De-identified data,
API logs, and analysis scripts will be made available upon publication or upon reasonable request, subject to institutional
and privacy constraints.

RESULTS

A total of 299 AP hip radiographs were included in the diagnostic accuracy analyses, comprising 200 fracture-
positive and 99 fracture-negative images. No included image was incomplete, and all 299 cases had complete reference-
standard assignment. The fracture-positive subset of 200 cases, including 20 occult fractures, was used for time-to-report
assessment and exploratory economic analysis.
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Diagnostic performance

The comparator radiologist achieved an AUC of 0.919 (95% CI, 0.882-0.956). Among the MLLMs, GPT-5
achieved the highest AUC at 0.950 (95% CI, 0.920-0.976), followed by Gemini-2.5 at 0.946, LLaMA-4 at 0.941, and
Kimi-VL-A3B at 0.872. Relative to the radiologist, the estimated AUC differences were +0.031 for GPT-5 (95% CI, -
0.017 to 0.077), +0.027 for Gemini-2.5 (95% CI, -0.017 to 0.074), +0.022 for LLaMA-4 (95% CI, -0.018 to 0.064), and
-0.047 for Kimi-VL-A3B (95% CI, -0.101 to 0.007). Because the index tests produced binary outputs, these ROC-based
results should be interpreted as supplementary discrimination analyses rather than the sole basis for comparative
performance assessment. Case-level diagnostic performance metrics are summarized in Table 1.

Table 1. Case-level diagnostic performance of the radiologist and multimodal large language models for proximal

femoral fracture detection.

Confusion matrix . . .
Reader counts Classification metrics ROC summary
u

Reader/model TP FP TN FN Sensitivity Specificity Accuracy PPV NPV  Flscore AUC(95%Cr — “AUC vs radiologist

(95% CI)
Radiologist 180 6 93 20  0.900 0.939 0913 0968 0.823 0933 0.919 (0.882-0.956) Reference
GPT-5 196 7 92 4 0980 0.929 0.963 0966 0958 0973 0.950 (0.920-0.976) +0.031 (-0.017 to 0.077)
Gemini-2.5 192 5 94 8 0960 0.949 0.957 0975 0922 0.967 0.946 +0.027 (-0.017 to 0.074)
LLaMA-4 18 4 95 16 0920 0.960 0.933 0979  0.856  0.948 0.941 +0.022 (-0.018 to 0.064)
Kimi-VL-A3B 176 10 89 24  0.880 0.899 0.886 0946  0.788 0912 0.872 -0.047 (-0.101 to 0.007)

Abbreviations: TP: true positive, FP: false positive; TN: true negative; FN: false negative;, PPV positive predictive value;
NPV: negative predictive value; AUC: area under the receiver operating characteristic curve.

Confusion-matrix-based performance showed a similar ranking. The radiologist’s F1-score was 0.933, based on
180 true positives, 6 false positives, and 20 false negatives. GPT-5 achieved the highest F1-score at 0.973, followed by
Gemini-2.5 at 0.967, LLaMA-4 at 0.948, and Kimi-VL-A3B at 0.912. Compared with the radiologist, the estimated F1-
score differences were +0.040 for GPT-5 (95% CI, +0.013 to +0.068), +0.035 for Gemini-2.5 (95% CI, +0.008 to +0.064),
+0.016 for LLaMA-4 (95% CI, -0.012 to +0.044), and -0.021 for Kimi-VL-A3B (95% CI, -0.054 to +0.010). Overall,
GPT-5 and Gemini-2.5 showed the strongest case-level classification performance in this dataset, LLaMA-4 was broadly
similar to the radiologist, and Kimi-VL-A3B performed less well. Differences in F1-score relative to the radiologist are
shown in Fig. 1.
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Fig. 1. Difference in F1-score between each multimodal large language model and the radiologist, with 95% confidence
intervals.
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Time-to-report

Within the fracture-positive subset, the radiologist’s mean interpretation time under the study conditions was
308.0 = 64.8 seconds. Model output latency was substantially shorter for all four MLLMs: 15.0 + 2.9 seconds for GPT-5,
17.1 £ 2.9 seconds for Gemini-2.5, 27.1 + 4.3 seconds for LLaMA-4, and 40.2 + 6.0 seconds for Kimi-VL-A3B. These
corresponded to approximate reductions of 95.1%, 94.5%, 91.2%, and 86.9%, respectively, relative to the radiologist’s
study reading time. Because these measures compare model inference latency with reader interpretation time under
controlled study conditions, they should not be interpreted as direct equivalents of real-world clinical reporting workflow.
Time-to-report under the study conditions is shown in Fig. 2.
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Fig. 2. Time to report under study conditions for the radiologist and multimodal large language models, shown as mean
+ standard deviation.

Exploratory decision-curve analysis

Across threshold probabilities from 0.05 to 0.30, all readers demonstrated positive net benefit relative to a treat-
none strategy. GPT-5 showed the highest net benefit across this range. At threshold probabilities of 0.10, 0.20, and 0.30,
GPT-5 yielded net benefits of 0.648, 0.640, and 0.645, compared with 0.631, 0.591, and 0.583 for the radiologist. Gemini-
2.5 and LLaMA-4 showed intermediate performance, generally similar to or slightly above the radiologist, whereas Kimi-
VL-A3B showed the lowest net benefit. Because the study cohort was prevalence-enriched, these findings should be
interpreted as exploratory rather than definitive estimates of clinical utility. Exploratory decision-curve analysis is shown
in Fig. 3.
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Fig. 3. Exploratory decision-curve analysis showing net benefit across threshold probabilities for the radiologist and
multimodal large language models.
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Exploratory economic analysis

Within the 200 fracture-positive cases, the radiologist missed 20 fractures. GPT-5 missed 4 fractures (AFN = -
16), Gemini-2.5 missed 8 (AFN = -12), LLaMA-4 missed 16 (AFN = -4), and Kimi-VL-A3B missed 24 (AFN = +4).
Bootstrap confidence intervals for AFN were -24 to -7 for GPT-5, -20 to -3 for Gemini-2.5, -13 to +5 for LLaMA-4, and
-5 to +13 for Kimi-VL-A3B. Using the predefined exploratory assumptions of 0.6 bed-days avoided per missed fracture
prevented and €300 per bed-day, together with fixed infrastructure and API costs, the estimated net cost impact over 200
fracture-positive cases was €2,128 for GPT-5, €1,412 for Gemini-2.5, approximately cost-neutral for LLaMA-4 (-€22),
and unfavorable for Kimi-VL-A3B (-€1,460). These results should be interpreted strictly as exploratory scenario estimates
rather than as a formal health-economic evaluation.

DISCUSSION

In this retrospective single-centre study, several contemporary multimodal large language models demonstrated
promising performance for proximal femoral fracture detection on AP hip radiographs when compared with one
fellowship-trained musculoskeletal radiologist. Among the evaluated systems, GPT-5 and Gemini-2.5 showed the
strongest overall performance in this dataset, with LLaMA-4 yielding similar but somewhat less consistent results,
whereas Kimi-VL-A3B performed less well. These findings support the feasibility of multimodal foundation models for
a focused musculoskeletal radiographic task, but they should be interpreted cautiously given the study design and the
absence of external or multi-reader validation.

The clinical importance of this task is well established. Hip fractures are associated with substantial morbidity,
mortality, and healthcare costs, and timely diagnosis remains critical because delays in operative management are
associated with worse outcomes (1-5). In this context, the possibility that MLLMs may assist with rapid identification of
proximal femoral fracture on first-line radiographs is of genuine interest. At the same time, diagnostic performance in a
retrospective enriched dataset should not be conflated with real-world clinical effectiveness. The present findings
therefore suggest technical promise rather than readiness for autonomous deployment.

Compared with the radiologist, the highest-performing models achieved similar or better case-level classification
metrics within this dataset. However, that observation should be framed carefully. First, the study included only one expert
comparator, which precludes any inference about average radiologist performance or radiologist-level capability in a
broader sense. Second, the evaluated task was deliberately narrow: all readers assessed a single AP radiograph in isolation,
without the wider clinical context, additional radiographic projections, prior studies, or multidisciplinary workflow
information that commonly inform real emergency imaging interpretation. Accordingly, the results should be understood
as a constrained reader-comparison experiment rather than a surrogate for comprehensive clinical reporting.

A further issue concerns the inclusion of occult fractures. These cases are clinically important because missed
occult hip fractures can delay definitive care and worsen outcomes (6). However, they also complicate interpretation of
model-versus-reader performance on single AP radiographs. A fracture may be present in the patient but not clearly visible
on the index radiograph, meaning that the task of detecting all confirmed fractures is not identical to the task of identifying
fractures demonstrably visible on that image. For that reason, the present findings should not be interpreted as evidence
that the models consistently detect radiographically occult injuries. Rather, they indicate that in a dataset containing both
visible and occult fractures, some models retained favorable overall classification performance. Future studies should
report visible-fracture and occult-fracture analyses separately.

The timing findings also require careful interpretation. All four MLLMs generated outputs much faster than the
radiologist’s study reading time. This observation is unsurprising given the difference between automated API inference
and human image interpretation. Although shorter output latency may be relevant for triage-oriented workflows, these
measurements do not capture the full complexity of clinical reporting, including worklist prioritization, review of
additional projections or prior imaging, communication with clinical teams, and report finalization. The results, therefore,
support only the narrower conclusion that model inference latency is substantially shorter than expert reader interpretation
time under the controlled conditions of this study.

The exploratory decision-curve and economic analyses should likewise be interpreted conservatively. Decision-
curve analysis suggested higher net benefit for the strongest-performing models across the tested threshold range, and the
exploratory cost scenarios favored GPT-5 and Gemini-2.5. However, both analyses are sensitive to assumptions and case
mix. The present cohort was prevalence-enriched, which limits the clinical transportability of threshold-based utility
estimates, and the economic model relied on simplified assumptions regarding avoided bed-days and costs while not fully
incorporating the downstream consequences of false-positive classifications. These analyses are therefore best viewed as
hypothesis-generating rather than as evidence of real-world economic value.
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Our findings are broadly consistent with the growing literature showing that Al systems can perform well on
targeted fracture-detection tasks (10, 11, 13). They also extend the discussion from conventional task-specific deep
learning systems to more general multimodal foundation models (14). This distinction is relevant because MLLMs may
offer practical advantages in flexibility and interaction, but it also introduces new concerns regarding reproducibility,
model drift, proprietary updating, and limited transparency of internal decision processes. In contrast to fixed locally
deployed algorithms, commercially hosted MLLMs may change over time, making rigorous version control and
independent replication especially important for medical applications (14, 15).

This study has several limitations. First, it was retrospective and single-centre in design, which limits generalisability.
Second, the dataset was intentionally enriched with fracture-positive cases, and therefore does not reflect routine
emergency department prevalence. Third, the comparison involved only one fellowship-trained musculoskeletal
radiologist, without assessment of inter-reader variability. Fourth, the use of binary model outputs constrained the
statistical framework and makes ROC/AUC less informative than it would be for calibrated probabilistic outputs. Fifth,
radiographs were evaluated as exported JPEG images rather than in a full PACS reading environment, and only AP views
were provided. Sixth, the reference standard combined consensus review of visible fractures with follow-up confirmation
of occult fractures, which, although clinically pragmatic, is not equivalent to a single uniform reference procedure. Finally,
no external validation cohort was included, and performance may differ in other institutions, imaging protocols, hardware
environments, and patient populations.

Notwithstanding these limitations, the study has some strengths. It addresses a clinically relevant emergency imaging task,
evaluates multiple contemporary multimodal systems using the same standardized prompt and image set, includes an
expert human comparator, and examines not only classification performance but also timing and exploratory downstream
implications. These features make the work a useful pilot assessment of whether general-purpose multimodal foundation
models merit further study in musculoskeletal radiology.

Future work should focus on prospective multi-reader studies, external validation across centres, and more clinically
realistic workflows incorporating additional radiographic views, clinical metadata, and calibrated probability outputs.
Separate reporting of radiographically visible versus occult fractures will be particularly important. Any serious
evaluation for clinical adoption should also include formal workflow studies and more rigorous health-economic
modelling.

CONCLUSIONS

In this retrospective single-centre pilot study, several multimodal large language models demonstrated promising
performance for detecting proximal femoral fractures on AP hip radiographs when compared with one fellowship-trained
musculoskeletal radiologist under the study conditions. GPT-5 and Gemini-2.5 showed the strongest overall results in this
dataset, with substantially shorter output latency than expert reader interpretation time. However, these findings should
be interpreted cautiously, given the enriched case mix, the use of binary model outputs, the mixed reference standard, and
the absence of external and multi-reader validation. Larger prospective studies with clinically representative populations
and more rigorous workflow-based evaluation are required before any clinical implementation can be considered.
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ABSTRACT

Fungal prosthetic joint infections are rare but challenging complications of total knee arthroplasty, particularly
when caused by Candida glabrata, a species associated with reduced azole susceptibility. We report a case of chronic C.
glabrata prosthetic knee infection following right total knee arthroplasty, complicated by extensive soft-tissue loss and
extensor mechanism failure. Microbiological testing demonstrated low echinocandin minimum inhibitory concentrations
and intermediate susceptibility to fluconazole. Management prioritized definitive source control through serial surgical
debridements and staged fixation, including temporary external fixation and eventual compression knee arthrodesis using
crossed cannulated screws. Antifungal therapy was echinocandin-based and included two cycles of once-weekly
rezafungin to maintain continuous antifungal coverage across staged procedures, followed by oral voriconazole. The
patient also required culture-directed antibacterial therapy for recurrent polymicrobial coinfections, which was
discontinued after definitive hardware removal. At the last follow-up, inflammatory markers had normalized, the surgical
wound was healed, and radiographic imaging confirmed solid fusion without ongoing antimicrobial therapy. This case
highlights the importance of definitive source control in hostile knees and suggests that long-acting echinocandins may
facilitate prolonged, guideline-concordant antifungal therapy during complex, staged management of Candida glabrata
prosthetic joint infection.

KEYWORDS: prosthetic joint infection, knee, knee arthroplasty, Candida glabrata, tissue loss
INTRODUCTION

Periprosthetic joint infection (PJI) is a serious complication after total knee arthroplasty (TKA). Contemporary
cohort and meta-analytic data indicate a prevalence of approximately 1% after primary TKA, with the highest incidence

in the first postoperative months and a substantial clinical and economic burden (1). PJI is a common cause of early
revision TKA and is associated with repeat procedures and worse outcomes relative to aseptic failures (2).
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Fungal PJIs are uncommon, generally ~1% (range 0.6-2%) of all PJIs, but pose outsized diagnostic and
therapeutic challenges; Candida spp. predominate among fungal isolates (3). Outcomes remain variable, and failure rates
are higher than for bacterial PJI, reflecting heterogeneous evidence and the absence of definitive, procedure-specific
guidelines (4). For Candida prosthetic joint infections, recent systematic reviews suggest that implant removal with staged
exchange is the most frequently chosen strategy and is associated with better control than debridement, antibiotics, and
implant retention (DAIR) in most series (5).

Among Candida species, Candida glabrata (recently reclassified to Nakaseomyces glabrata) is notable for
reduced azole susceptibility and a higher propensity for antifungal resistance; echinocandins are preferred first-line
therapy for invasive disease in current global guidance (6). Newer agents such as rezafungin offer once-weekly dosing
with exposure profiles suitable for prolonged courses and outpatient management of invasive candidiasis, potentially
aiding continuity during complex staged reconstructions (7).

Reconstruction after infected TKA is further constrained by bone loss, soft-tissue compromise, and extensor
mechanism deficiency, factors that can preclude reimplantation and prompt the consideration of salvage options (8). In
this context, knee arthrodesis (via intramedullary nailing, external fixation, or compression constructs) is a recognized
limb-salvage strategy, with contemporary series reporting infection eradication and fusion in most patients, albeit with
nontrivial complication rates (9-11)

This report presents an elderly patient with C. glabrata PJI after TKA, complicated by extensor mechanism loss
and soft-tissue failure, managed through sequential salvage culminating in knee arthrodesis, alongside prolonged
antifungal therapy including a long-acting echinocandin. The case illustrates decision-making when reimplantation is
biologically and mechanically unfavorable and highlights how evolving antifungal options can be integrated with staged
orthopedic strategies grounded in source control.

CASE PRESENTATION

A man in his seventies with hypertension and ischemic heart disease [drug-eluting coronary stents in 2011-2012
and after a non-ST-segment elevation myocardial infarction (NSTEMI) in June 2021, with no known drug allergies]
underwent bilateral total knee arthroplasty (TKA) on December 20, 2021 at an outside facility. The left knee recovered
uneventfully; the right knee was complicated by wound dehiscence, loss of extensor mechanism tissue (patellar tendon
involvement), prosthesis exposure, pain, and functional limitation despite early revisions, vacuum-assisted closure (VAC)
therapy, and at least one arthroscopic debridement without explantation. Details of outpatient antibiotics after the index
procedures were unclear.

He was admitted in early February 2022 with an exposed, infected right TKA and soft-tissue loss. Initial labs
included WBC 16.9x10"9/L and CRP 8.1 mg/L. After an antibiotic “washout”, the infected prosthesis was explanted, a
cement spacer and an external fixator were placed, and multiple deep samples were obtained. Empiric daptomycin and
piperacillin-tazobactam were started postoperatively. Synovial fluid culture yielded Candida glabrata; subsequent
susceptibilities showed resistance to amphotericin B and fluconazole. Therapy evolved to an Echinocandin backbone
(Anidulafungin: 200 mg loading then 100 mg IV daily, later escalated to 200 mg IV daily), with adjunct antibacterials
(Daptomycin = Rifampicin; later Levofloxacin). Subsequent debridement remained culture-positive for C. glabrata (3/3
samples). At the end of March, the spacer was removed, extensive debridement performed, and antibiotic-laden calcium
sulfate (Stimulan) beads implanted; 5/5 intraoperative samples again grew C. glabrata (Fluconazole- and Amphotericin-
resistant). Given the need for prolonged therapy and outpatient feasibility, rezafungin 400 mg IV once weekly was
obtained on a compassionate basis from April 2022. He was discharged at the end of April 2022 (Fig 1).
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- |
Fig. 1. Anteroposterior (A) and lateral (B) radiographs of the right knee with a spacer and an external fixation device in
Situ.

For limb salvage, knee arthrodesis with an intramedullary device was undertaken in June 2022. Pending cultures,
Caspofungin 70 mg IV daily was used; Methicillin-resistant Staphylococcus epidermidis (MRSE) isolated from tissue
was deemed a contaminant. Due to femoral stem mobilization, the femoral component was revised and cemented in
August 2022; MRSE again was considered a contaminant. Antimicrobial management included continued long-acting
Echinocandin (Rezafungin re-dosed mid-July) and, as the local/clinical picture stabilized, transition to oral Doxycycline
+ Cotrimoxazole + Voriconazole, with discharge at the beginning of September 2022 (Fig. 2).

Fig. 2. Anteroposterior (4) and lateral (B) radiographs of the right knee following arthrodesis with intramedullary devices.
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Persistent soft tissue compromise and infection risk mandated a staged external fixation approach. In October
2022, the intramedullary nail was removed, and an Ilizarov circular external fixator was applied, with serial debridements
and VAC changes. Early cultures grew Enterococcus faecalis (Kanamycin-resistant only). The patient received
Daptomycin 850 mg IV q24h + Ceftriaxone 2 g IV q24h, then oral Amoxicillin as suppressive therapy in view of the low
likelihood of cure without hardware removal. Plastic-surgery assessment following angio-CT deemed a vascularized flap

unfeasible (Fig. 3).

Fig. 3. Anteroposterior (4) and lateral (B) radiographs of
the right knee after explanting arthrodesis device and

positioning external fixator device.

Fig. 4. Anteroposterior (A) and lateral (B)
radiographs of the right knee after final
arthrodesis with cannulated screw.

In March 2023, a distal tibial osteotomy enabled
the extraction of tibial and then femoral nails, and a
circular external fixator (three complete and two partial
rings with percutaneous K-wires) was applied. Deep
cultures yielded E. faecium (ampicillin-R), E. faecalis
(ampicillin-S), MDR Klebsiella pneumoniae (OXA), and
oxacillin-resistant Staphylococcus epidermidis;
ceftazidime-avibactam 2.5 g q8h (2-3-h infusion) +
daptomycin 8 mg/kg daily were started. The patient
underwent debridement and fistulectomy in April, frame
reinforcement at the end of May, VAC removal at the end
of June, and was discharged at the beginning of July 2023.

For definitive bony fusion, the patient was
readmitted in May 2024 and underwent compression
knee arthrodesis with 7.3 mm cannulated screws.
Postoperative inflammatory markers improved (CRP
64.6 to 0.8 mg/L), and he was discharged in June 2024
(Fig. 4).

As of December 2025, the patient is in good general health,
fully weight-bearing with an aid, with a closed wound and no ongoing
suppressive antimicrobials. Radiographic and CT evidence confirmed
solid fusion of the knee arthrodesis.

DISCUSSION

This case describes a chronic Candida glabrata prosthetic
knee infection following total knee arthroplasty, complicated by severe
soft-tissue compromise, extensor mechanism loss, and recurrent
bacterial coinfections, ultimately managed through staged surgical
salvage and prolonged antifungal therapy. Microbiological assessment
consistently demonstrated low Echinocandin minimum inhibitory
concentrations, Fluconazole intermediate susceptibility (16 mg/L), and
resistance to Amphotericin B, supporting Echinocandin-based
treatment throughout the course. Antifungal management included
prolonged exposure to daily Echinocandins followed by two cycles of
once-weekly Rezafungin without observed adverse events. From a
surgical perspective, definitive infection control and limb salvage were
achieved through staged external fixation and final compression knee
arthrodesis using crossed cannulated screws, resulting in normalized
inflammatory markers, wound healing, and radiographic fusion at last
follow-up.

Periprosthetic joint infection occurs in approximately 1% of
primary total knee arthroplasties and remains a leading cause of
revision surgery, with outcomes inferior to aseptic failures (1, 2).
Fungal PJIs account for a small proportion of these cases, generally
around 0.6-2%, but are associated with higher failure rates and limited
high-quality evidence to guide management (3, 4). Among fungal
pathogens, Candida species predominate, and systematic reviews

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 76-81
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

F. Morlini et al. 80

suggest that implant removal with staged reconstruction provides better infection control than debridement and implant
retention in most cases (5).

Candida glabrata poses additional challenges due to reduced Azole susceptibility and a higher likelihood of
antifungal resistance, making echinocandins the preferred first-line agents for invasive disease (6, 12). The European
Committee on Antimicrobial Susceptibility Testing (EUCAST) guidance highlights limitations in interpreting
Caspofungin MICs and recommends using Anidulafungin or Micafungin as class markers, consistent with the reliance on
Echinocandin therapy in this case (13). Rezafungin, a novel long-acting echinocandin, offers pharmacokinetic advantages
that allow once-weekly dosing and sustained drug exposure, facilitating prolonged therapy in complex clinical scenarios
(7). Although its approved indication is invasive candidiasis rather than prosthetic joint infection, emerging case-based
evidence in osteoarticular infections supports its biological plausibility in deep-seated fungal disease (14).

From an orthopedic standpoint, reconstruction after infected TKA may be precluded by bone loss, soft-tissue
compromise, and extensor mechanism deficiency (8). In such settings, knee arthrodesis is a recognized limb-salvage
option, with systematic reviews and cohort studies demonstrating high rates of infection eradication and fusion using
either intramedullary nailing or external fixation, albeit with substantial complication risks (9-11,15). The staged use of
external fixation during infection eradication followed by definitive compression arthrodesis in this patient aligns with
published strategies for managing hostile local environments. Management of bacterial coinfections with high-dose
Daptomycin for enterococcal infections and Ceftazidime-Avibactam for Carbapenemase-producing Klebsiella
pneumoniae is supported by available evidence in the setting of serious bone and joint infections (16-18).

The prolonged and repeated use of Rezafungin in this case extends beyond current evidence specific to prosthetic
joint infection, which remains limited to case reports and small series. While guideline recommendations support
Echinocandin-first therapy for C. glabrata, the use of a long-acting agent to bridge multiple staged orthopedic procedures
represents an evidence-informed but innovative approach driven by pharmacokinetic considerations and outpatient
feasibility (6,7,19). Additionally, no intraoperative cultures were obtained at the time of definitive arthrodesis, whereas
some centers advocate routine sampling at the time of final reconstruction to confirm microbiological quiescence.

This report describes a single case, limiting external validity and precluding causal attribution to any individual
component of the multimodal strategy. Infection control was achieved through a combination of serial debridement,
prolonged antifungal therapy, management of bacterial coinfections, and definitive surgical source control; the
independent contribution of Rezafungin cannot be isolated. The absence of intraoperative cultures at arthrodesis limits
microbiological confirmation of eradication, antifungal therapeutic drug monitoring was not performed, and interpretation
of Caspofungin MICs is constrained by the lack of EUCAST breakpoints. Finally, follow-up is limited to the time points
available for this manuscript, and very late relapse cannot be excluded.

CONCLUSIONS

This case demonstrates that durable infection control and limb salvage can be achieved in a chronic Candida
glabrata prosthetic knee infection by prioritizing definitive surgical source control. In a biologically and mechanically
hostile knee, a staged strategy culminating in compression arthrodesis led to wound healing, normalization of
inflammatory markers, and solid fusion without ongoing antimicrobial therapy.

The use of a long-acting Echinocandin enabled continuous, guideline-concordant antifungal coverage during
prolonged, complex surgical staging when daily outpatient therapy was impractical. Although evidence in prosthetic joint
infection remains limited, this experience suggests that Rezafungin may represent a pragmatic adjunct to support extended,
staged management of C. glabrata prosthetic joint infection.
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ABSTRACT

The reverse Hill-Sachs lesion is an osteochondral depression involving the anteromedial aspect of the humeral
head, typically resulting from posterior shoulder dislocation or subluxation. Early recognition is essential to prevent
chronic instability and degenerative joint changes. A 28-year-old man presented with an indirect injury to the left shoulder
sustained during extension and internal rotation against resistance. Clinically, he reported deep pain and limited external
rotation, without evident deformity or signs of complete dislocation. MRI demonstrated a mild anteromedial humeral
head impaction consistent with a small reverse Hill-Sachs lesion, associated with post-contusional bone marrow edema
more pronounced at the lesser tuberosity. The rotator cuff was intact, with mild insertional inhomogeneity of the
subscapularis tendon. The long head of the biceps tendon was intact and properly positioned. Mild inhomogeneity of the
posterior glenoid labrum was noted, without joint effusion. The patient was managed conservatively with brief
immobilization in a Desault brace, followed by targeted physiotherapy focused on restoring external rotation and
strengthening the posterior rotator cuff and scapular stabilizers. In cases of minimal bone involvement (<20-25%) and
stable post-reduction alignment, a conservative approach is supported by the literature. Parameters such as defect size and
the gamma angle help guide therapeutic decision-making and predict the risk of engagement with the posterior glenoid
rim. This case demonstrates that a small reverse Hill-Sachs lesion can be effectively treated conservatively, with excellent
short-term clinical and radiological outcomes. Early diagnosis and multidisciplinary collaboration are crucial for
achieving optimal functional recovery and preventing chronic posterior instability.

KEYWORDS: reverse Hill-Sachs, posterior shoulder dislocation, osteochondral defect, gamma angle, shoulder
instability, conservative treatment, McLaughlin procedure, rotational osteotomy, shoulder arthroplasty, magnetic
resonance imaging
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INTRODUCTION

A reverse Hill-Sachs lesion is an osteochondral impaction defect involving the anteromedial portion of the
humeral head, typically resulting from posterior shoulder dislocation or subluxation. This condition is rare compared to
the classical (anterior) Hill-Sachs lesion, accounting for less than 5% of all glenohumeral dislocations. Early recognition
is crucial to prevent recurrent instability and degenerative joint changes.

Posterior shoulder dislocation is among the most frequently missed injuries of the glenohumeral joint, with an
incidence approximately 25 times lower than that of anterior dislocation (1-3). It is most commonly associated with
epileptic seizures, electrical trauma, or indirect mechanisms producing forced internal rotation of the humerus (4-6).

Approximately half of posterior dislocations are accompanied by an anteromedial impaction fracture of the
humeral head, known as a reverse Hill-Sachs lesion. This impact can hinder joint reduction, as the glenoid tends to engage
anteriorly with the impacted area (7). Untreated or neglected posterior dislocations may progress to chronic instability,
osteonecrosis, chondrolysis, or glenohumeral osteoarthritis (8).

Treatment strategies primarily depend on the duration of dislocation and the size of the osseous defect. Lesions
involving less than 25% of the articular surface can generally be managed conservatively, whereas those exceeding 50%
often require reconstructive or prosthetic procedures (9). For intermediate defects (25-50%), several surgical options have
been described, including the McLaughlin and modified McLaughlin procedures, rotational osteotomy, and reconstruction
with autograft or allograft bone (10-12).

More recently, the use of the gamma angle—measured on axial CT scans between the posterior margin of the
defect and the bicipital groove—has been proposed as a parameter to quantify the risk of lesion engagement with the
posterior glenoid rim. A wider angle is associated with a higher likelihood of engagement and recurrent instability (5).
In cases where the joint remains stable following closed reduction and the osseous defect is minimal, conservative
management remains a valid and well-supported therapeutic option in the literature (13).

The objective of the present study is to describe a clinical case of a small reverse Hill-Sachs lesion resulting from
an indirect injury to the left shoulder, and to discuss diagnostic and therapeutic strategies, with a particular focus on
selection criteria for conservative management.

Therapeutic management
The choice of treatment for a reverse Hill-Sachs lesion primarily depends on three key factors:

» the size and depth of the osteochondral defect;

» the degree of joint stability after reduction;

* the duration of the dislocation event (acute vs. chronic).

Accurate clinical and radiological assessment is essential to guide management and determine whether a conservative
or surgical approach is appropriate.

Conservative treatment
Conservative management is indicated in cases of reducible and stable posterior dislocation with a humeral head
defect involving less than 20-25% of the articular surface (13,14). The main goal is to promote functional recovery while
maintaining joint stability and preventing capsular stiffness. The standard protocol typically includes:
*  closed reduction under radiographic or CT guidance;
* immobilization using a Desault brace or positioning in neutral to slight external rotation for 2-3 weeks;
*  progressive physiotherapy focused on restoring external rotation, strengthening posterior rotator cuff muscles,
and improving scapular stabilizer control;
* clinical and MRI follow-up to confirm healing and absence of residual instability.
Several studies have shown that, in selected patients, conservative management can lead to complete recovery of the
range of motion and a low recurrence rate, provided that early diagnosis is achieved and the defect is non-engaging
relative to the glenoid rim (1,14).

Surgical treatment
Surgical intervention is indicated in cases of:
*  bony defects greater than 25-30%; or
*  persistent instability after reduction; or
*  chronic posterior dislocations (>3 weeks); or
* bilateral or recurrent involvement (6-8).
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The main surgical options include:
*  McLaughlin procedure (1952): transfer of the subscapularis tendon into the anteromedial humeral head defect
to fill the impaction and prevent re-engagement (12). This is typically indicated for acute lesions involving 25-
40% of the articular surface.
*  modified McLaughlin procedure: combined transfer of the subscapularis tendon and the lesser tuberosity into
the defect, providing greater articular stability and restoring humeral head sphericity (13).
*  reverse remplissage (arthroscopic): filling of the anteromedial defect through capsulotenodesis or posterior
capsuloplasty, indicated in small-to-medium defects with residual instability.
*  rotational osteotomy (Weber, 1984): controlled external rotation osteotomy of the proximal humerus to move the
defect away from the glenoid rim; used in intermediate defects (30-45%) with preserved bone quality (13).
*  reconstruction with autograft or allograft bone (e.g., femoral head): indicated for defects exceeding 40-50% of
the articular surface to restore congruency and prevent secondary osteoarthritis (14, 16).
*  partial or total shoulder arthroplasty.: reserved for cases with extensive osteochondral damage or chronic
instability with degenerative joint changes (17-20).
The gamma angle parameter (>90°) has been shown to predict post-reduction instability and guide early surgical
decision-making (5).

CASE PRESENTATION

A 28-year-old man, with no significant medical history, presented to our observation following an indirect injury
to the left shoulder sustained on August 12, 2025, during an extension and internal rotation movement performed against
resistance. Immediately after the event, the patient reported deep acute pain and functional limitation, particularly
affecting external rotation, without any visible deformity or signs of complete dislocation.

On physical examination, the shoulder appeared in an antalgic position, with deep tenderness on both anterior
and posterior palpation, but without evidence of palpable instability or associated neurological deficits.

Magnetic resonance imaging (MRI) of the left shoulder demonstrated a mild anteromedial humeral head
depression consistent with a reverse Hill-Sachs lesion, associated with post-contusional bone marrow edema involving
the anterior portion of the humeral head, more pronounced at the lesser tuberosity (Fig. 1-2-3).

No significant abnormalities were observed in the supraspinatus or infraspinatus tendons, while the subscapularis
tendon showed mild insertional-preinsertional inhomogeneity without evidence of discontinuity. The long head of the
biceps tendon was intact and normally positioned.

A mild inhomogeneity of the posterior glenoid labrum was also noted, with no glenohumeral joint effusion or
subacromial-deltoid bursal distension. The acromioclavicular joint and acromial morphology (Bigliani type II) appeared
normal, and muscular trophism was preserved.

Overall, the clinical and imaging findings were consistent with a forced internal rotation injury resulting in a
transient posterior subluxation of the humeral head and minimal anteromedial impaction. The absence of residual
instability and the limited extent of the osteochondral defect supported a conservative management approach, in
accordance with current literature recommendations for small, stable reverse Hill-Sachs lesions.

Fig.1. Sagittal TSE Fat-Sat MRI images (A-B) show a mild anteromedial cortical depression of the humeral head (arrow)
associated with post-contusional bone marrow edema (arrowhead), consistent with a reverse Hill-Sachs lesion. The
involvement extends over approximately 75% of the anteromedial humeral head (C).
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Fig.2. (A-B-C). MRI scan show PSD, reverse Hill-Sachs lesion, impaction involving of the articular surface of the humeral
head (arrows)

Fig.3. (4-B-C-D). Axial T1-weighted turbo spin-echo (T1 TSE AX) (A-B) and coronal T2-TSE MRI image (C-D): reverse
Hill-Sachs lesion, impaction involving of the articular surface of the humeral head (arrows)

DISCUSSION

The reverse Hill-Sachs lesion is a rare but clinically significant finding that results from posterior shoulder
dislocation or subluxation. It consists of an osteochondral impaction defect on the anteromedial aspect of the humeral
head, caused by contact with the posterior glenoid rim during the traumatic event (1-3). Unlike the classic Hill-Sachs
lesion, which is associated with anterior dislocation, the reverse variant accounts for less than 5% of all glenohumeral
dislocations (4).

Early recognition of this condition is essential. Posterior shoulder dislocation remains one of the most commonly
missed injuries of the shoulder girdle, with an incidence approximately 25 times lower than that of anterior dislocations
(2, 5). Diagnosis can be challenging, particularly in cases of subluxation or spontaneous reduction, where clinical findings
are often subtle and standard radiographs may fail to demonstrate the abnormal internal rotation of the humerus (6). In
such scenarios, magnetic resonance imaging (MRI) and computed tomography (CT) with multiplanar reconstructions are
crucial for assessing the extent of the osteochondral defect and the integrity of the capsulolabral complex (7, 8).

The severity of the anteromedial defect largely determines the treatment strategy. It is widely accepted that
defects involving less than 20-25% of the articular surface can be managed conservatively, provided that the joint remains
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stable after reduction and that the lesion is not engaging with the glenoid rim (9,10). Several studies have demonstrated
that nonoperative management, consisting of brief immobilization followed by targeted physiotherapy, can lead to full
functional recovery and a low recurrence rate in selected patients (11, 12).

In the present case, minimal anteromedial impaction and the absence of clinical instability supported a
conservative approach, resulting in favorable evolution and complete restoration of shoulder function within 3 months.

When bone loss involves a larger portion of the humeral head, the risk of secondary instability and re-engagement
with the posterior glenoid rim increases proportionally (5, 13). The gamma angle, introduced by Moroder et al., is a
valuable quantitative parameter to estimate this risk: an angle greater than 90° correlates with a higher probability of
posterior instability and the need for surgical intervention (5).

When the defect exceeds 25-30% of the articular surface, surgical filling or reconstruction procedures are
recommended to restore joint congruency and prevent re-impingement. Among the most established techniques are the
McLaughlin procedure (1952) and its modified version, which involve transferring the subscapularis tendon, alone or
with the lesser tuberosity, into the anteromedial defect (10-12). These methods have proven effective in acute or subacute
cases with defects involving 25-40% of the articular surface, restoring humeral head sphericity and posterior stability.

For intermediate defects (30-45%), rotational osteotomy of the proximal humerus, described by Weber (1984),
is an alternative. This technique reorients the humeral head, moving the defect away from the glenoid arc while preserving
the native bone stock (13).

For extensive bone loss (>40-50%), structural grafting (autograft or allograft, e.g., femoral head) or prosthetic
replacement (partial or total shoulder arthroplasty) is often required to reestablish joint congruence and prevent
degenerative changes (14-20).

The choice of surgical approach should consider not only the defect size but also bone quality, humeral head
viability, and the chronicity of the dislocation. Chronic cases, in particular, present greater technical challenges for
reduction and an increased risk of necrosis or cartilage degeneration (4, 15).

In the present case, the limited osteochondral defect, absence of instability, and preserved muscular trophism
justified a conservative approach, which yielded a favorable clinical and radiological outcome. This confirms that in
young, well-selected patients with minor lesions, nonoperative management is a safe, effective, and evidence-based
therapeutic strategy (13-15).

CONCLUSIONS

The present case highlights the importance of early and accurate recognition of reverse Hill-Sachs lesions, even
when small, to prevent progression toward chronic instability or degenerative changes.

Magnetic resonance imaging (MRI) plays a key role in defining the extent of the defect and distinguishing post-
contusional bone marrow edema from a structured osteochondral lesion, thereby enabling a tailored therapeutic approach.

In patients with minor defects (<25%), conservative management, based on short-term immobilization followed
by progressive rehabilitation, can achieve full functional recovery and long-term joint stability.

For larger or unstable defects, surgical indications should be individualized based on the extent of bone loss,
patient age, and functional demands, with options ranging from the modified McLaughlin procedure and a Weber
rotational osteotomy to bone graft reconstruction or shoulder arthroplasty in advanced cases.

Ultimately, the management of reverse Hill-Sachs lesions requires a multidimensional approach integrating
morphological, biomechanical, and clinical evaluation of the shoulder. Collaboration among radiologists, orthopedic
surgeons, and rehabilitation specialists is essential for early identification of patients suitable for conservative treatment
and for optimizing long-term functional outcomes.
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ABSTRACT

This case report describes the prosthetic rehabilitation of a 78-year-old woman with a horizontally resorbed
anterior maxilla, in which a 3.8 mm-diameter implant was strategically placed in a localized area of sufficient ridge width
to avoid horizontal bone augmentation. The treatment plan combined early implant placement, total conometric retention,
and preservation of natural teeth to deliver a minimally invasive, fixed solution. Three implants were placed and restored
with a screwless, cementless zirconia-ceramic prosthesis. At the nine-month follow-up, clinical and radiographic
outcomes confirmed implant stability, peri-implant tissue health, and functional success without complications. This case
illustrates that, in select patients, the use of a moderately wide implant within native bone can optimize biomechanics
while reducing surgical burden, especially when paired with friction-fit prosthetic protocols.

KEYWORDS: dental implants, dental prosthesis, implant-supported, dental abutments, minimally invasive surgical
procedures, alveolar ridge resorption
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INTRODUCTION

Dental implants have been demonstrated to be an effective and rapid solution for the rehabilitation of missing
teeth (1-3). However, following tooth extraction, rapid and progressive alveolar resorption typically compromises the
volume and contour of the ridge. After a tooth is lost, the alveolar bone shrinks rapidly, reaching a 3.8 mm reduction in
width and a 1.57 mm reduction in height within the following 12 months (4). Even if the specific entity of the process
depends on several factors, it is widely accepted that most of the resorption happens in the first year following the loss
(5) and continues at a slower rate thereafter (0.5-1% per year) (6). In clinical scenarios where residual ridge width is
limited, several management strategies are available. Horizontal bone augmentation is often employed to allow placement
of conventional-diameter implants (> 4.0 mm), but this approach adds surgical complexity, morbidity, and cost (7). As
an alternative, narrow-diameter implants (NDIs) have gained increasing attention, particularly in elderly or medically
compromised patients where invasive procedures are less desirable.

NDIs are commonly classified by diameter: Category 1 (< 2.5 mm), often referred to as "mini-implants";
Category 2 (2.5-3.2 mm); and Category 3 (3.3-3.5 mm) (8). Category 1 NDIs are primarily used for complete overdentures
in highly atrophic jaws but show significantly lower survival rates than standard-diameter implants (SDIs), as mechanical
complications cluster around the smallest cores. Conversely, Category 2 NDIs are most frequently used for single-tooth
restorations in narrow anterior spaces, and Category 3 NDIs have demonstrated promising outcomes in posterior regions,
although long-term survival data remains limited. NDIs (< 3.5 mm) show three-year survival = 97 % and marginal bone
loss = 0.8 mm, equivalent to standard implants (9). On the other hand, they present biomechanical and clinical limitations.

Narrower implants have smaller core volumes and reduced fatigue resistance, especially when supporting
splinted restorations or wide occlusal platforms (10, 11). Additionally, even for narrow implants, current consensus
recommends a minimum of 1.5 mm of bone surrounding the implant circumference, implying that a total bone width of
5.5-6.0 mm is required for a 3.0-3.5 mm implant (12). When neither NDI nor standard implants can be accommodated
within native bone dimensions, guided bone regeneration (GBR) or horizontal expansion techniques are often necessary.
However, these procedures involve longer healing times, higher complication rates, and may not align with patient
preferences, especially among older adults seeking minimally invasive treatment options (13-15). Finally, despite
implants placed, regenerated bone seems to have comparable survival rates to those placed in pristine bone (2, 7), not
everyone comes to such conclusions (16, 17). Furthermore, as oral cancer remains one of the most common types of
tumors, it may be ideal to provide patients with dental implants without regenerative procedures, exploiting the available
bone after surgical radical resection (18-20).

As reported by the authors in previous works (21, 22) and in light of the context discussed above, the use of a
new moderately wide implant, such as 3.8 mm, positioned within a localized area of sufficient ridge width may provide
improved biomechanical performance while avoiding the need for horizontal augmentation. This approach promotes
minimally invasive treatment and enhances cost-effectiveness without survival reduction, particularly when combined
with a total conometric connection concept (23).

Patient information

This case report was created according to the latest CARE guidelines for case reports (24). A 78-year-old woman
presented seeking long-term rehabilitation of her upper jaw, previously treated with a fixed bridge spanning from tooth
#1.5 to tooth #2.2, with decayed pillars in #1.5, #1.4, #1.2, #2.1, and #2.2. The patient reported partial carotid stenosis
and hypothyroidism, medically controlled with acetylsalicylic acid and levothyroxine. She reported no significant
allergies, smoking, or parafunctional habits.

Clinical findings

Clinical and radiographic examination revealed a failing maxillary fixed bridge (from tooth #1.5 to tooth #2.2)
and horizontal bone resorption in the premaxilla. In fact, based on clinical palpation and preliminary radiographic
assessment (OPG), the ridge was suspected to be significantly resorbed. Exact measurements of the residual width were
later confirmed by CBCT to be approximately 5.5 mm in #1.3 and less than 5 mm in #1.2 and #1.4. The latter teeth were
diagnosed as hopeless due to periodontal and structural deterioration. Despite the ridge atrophy, the vertical bone height
and occlusal vertical dimension were preserved, and the patient exhibited a stable Class I occlusion without signs of
parafunction (Table I).
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Table 1. Timeline.

Date Event
May 2023 Initial evaluation.
June 2023 Urgent hopeless teeth extractions (#1.4 and #1.2) and first

provisional delivery

Endodontic and prosthetic treatment of residual teeth (teeth #1.5,

July 2023 #2.1, #2.2) with provisional relining
July 2023 CBCT acquisition and implant planning.
July 2023 Implant placement (sites #1.4? #1.3 and #1.2.) and provisional
relining.
November 2023 Second stage surgery
November 2023 Digital impression and fabrication of final restoration
February 2024 Final restoration delivery

Diagnostic assessment

Following a comprehensive assessment that included initial photos, an intraoral scan, an orthopantomogram
(OPQG), and CBCT imaging prior to implant surgery, the treatment objective was defined as the placement of three
implants to support a four-unit fixed partial denture (#1.1-#1.4), after the extraction of hopeless teeth in position #1.4 and
#1.2 (Fig. 1, 2). On the other hand, teeth in position #1.5, #2.2 and #2.1 were conservatively, endodontically and
prosthetically treated using a single crown for each. Given the compromised horizontal ridge dimensions and the patient’s
preference to avoid additional surgeries, the decision was made to use the available bone by placing a 3.8 mm-diameter
implant in the slightly wider #1.3 site and narrower 3.75 mm-diameter implants in the anterior region. This allowed
optimal use of native bone while avoiding the need for guided bone regeneration (GBR). The plan included delayed
loading to ensure uneventful healing and soft tissue conditioning.

Fig. 1. Patient panel showcasing the initial situation: a) intraoral front view; b) lateral view that allows evalutation of
the overjet; c) front view with relaxed lips that shows a low smile line.
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Fig. 2. Initial OPG.

Therapeutic intervention

Treatment began with a staged surgical approach. Under local anesthesia, atraumatic extraction of hopeless teeth
#1.2 and #1.4 took place. The patient was provided with a provisional restoration supported by the pre-existing pillars. In
the meantime, waiting for post-extraction sites to partially heal, endodontic and restorative treatment of residual natural
pillars was carried out, specifically endodontic retreatment of teeth #2.1 and #2.2 and post and core restoration on teeth
#1.5, #2.1 and #2.2, with relining of the provisional restoration when deemed necessary. According to an early implant
placement (EIP) protocol, a CBCT examination was acquired one month after the extractions and, in the same month,
three implants were placed: a 3.8 mm x 11 mm conometric implant in position #1.3 and two 3.75 mm x 11 mm conometric
implants in positions #1.2 and #1.4. The implants were inserted with adequate primary stability (torque > 35 N/cm).

No GBR or expansion procedures were required. The provisional restoration was relined to avoid interference
with the healing process. After three months of submerged healing, an OPG was acquired, and the implants were
uncovered with a palatalized crestal incision, and healing abutments were placed (Fig 3). Soft tissue healing was
uneventful, and stitches were removed at 20 days post-op. Three weeks after the second-stage surgery, during soft-tissue
healing, a double-digit and analog impression was taken, along with occlusal static and dynamic registrations. After an
aesthetic mock-up was devised and try-ins were confirmed, a screwless, cementless zirconia-ceramic prosthesis was
fabricated using the conometric retention protocol (Fig. 4). Passive fit and occlusal confirmation were achieved. The final
bridge restored teeth #1.1-#1.4, with #1.1 as a cantilevered unit (Fig. 5). Single crowns were delivered on natural pillars.
The patient was provided with hygiene instructions and enrolled in a structured follow-up protocol.

Fig. 3. Follow-up OPG after 3 months of submerged healing.

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 88-95
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

G. Zanotti et al. 92

Fig. 4. Conometric prosthetic bridge.

Fig. 5. Final rehabilitation delivered.
DISCUSSION

Immediate or early implant placement in atrophic ridges poses a challenge when horizontal bone width is below
6 mm. Traditionally, these cases are managed with GBR techniques, but grafting increases morbidity, cost, and treatment
time. Complication rates in horizontal GBR are not negligible, as noted in a systematic review by Tay et al. 10% of sites
experience wound dehiscence, and 7% of patients have donor-site neurosensory disturbances (25). Even minor
complications can compromise graft success and delay treatment. In fact, membrane exposure reduces bone gain, and
complications can prolong treatment time and increase costs. In short, while GBR can create bone volume, it carries a
16% risk of minor patient-level complications and prolongs therapy, motivating interest in graftless approaches (26).

On that matter, narrow-diameter implants (NDIs) < 3.5 mm offer graftless solutions, but mechanical limitations,
especially under lateral or cantilevered loads, may compromise long-term stability (27, 28). NDIs also present a reduced
bone-implant contact area and a higher risk of fatigue-related complications, particularly in posterior restorations (29).
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The same considerations may not hold in the anterior region, but few studies are available (30). In general, narrow-
diameter implants are reported to have a significant risk of body fracture in the posterior jaws (29). In a systematic review
by Yu et al. (29) most fractures (32%) involved NDIs, and nearly all occurred in molar sites, especially when the
restoration was not splinted. Nevertheless, literature shows that implant diameter is a dominant factor in stress distribution
(31). Even small increases in diameter markedly reduce stress concentrations in the cortical bone around the implant neck.
Clinically, a wider implant should spread the load more evenly to the crestal bone, as confirmed by a recent systematic
review by Qiu et al. (11).

Considering these considerations, the presented 3.8 mm-diameter implant is strategically designed to exploit
islands where slightly greater ridge width is available. Selecting the widest possible implant that could be placed without
grafting, the authors optimized force distribution and minimized the risk of cortical overload, particularly relevant given
the mesial cantilever on tooth #1.1.

In authors opinion, a second key element is documented in the presented case report. The total conometric
concept, which involves the use of a conometric friction as both the implant-abutment interface and the abutment-
prosthesis retention mechanism (23, 32). At the implant level, the conometric connection offers a cold-weld friction fit
that minimizes microgaps and micromovement (33). This design has not been associated with bacterial leakage, reducing
the risk of microbial penetration and mechanical instability over time (34). At the prosthetic level, the secondary
conometric retention provides a screwless and cementless restoration, eliminating two major etiologic factors for peri-
implant complications: residual cement and screw loosening (32, 35). Residual cement has been strongly linked with peri-
implantitis (36), but, on the other hand,. screw-retained restorations are associated with technical issues such as screw
loosening, fracture, or esthetic limitations due to occlusal access holes (32). In contrast, friction-fit crowns or bridges
ensure no such downside without compromising retention or introducing foreign materials subgingivally. Recent literature
reports that conometric abutments support healthy peri-implant tissues and maintain stability over time (37). Furthermore,
production costs and times appear to be reduced, and proper hygiene is facilitated (32, 38).

The documented case highlights the placement of a moderately wide implant (3.8 mm) that avoided the need for
horizontal bone augmentation. By selecting the widest implant feasible within native bone, the authors optimized
biomechanical performance while maintaining a graftless, minimally invasive approach. In addition, the strategic decision
to preserve and restore natural teeth alongside implant-supported elements reduced the need for additional surgeries and
enabled prosthetic continuity in sites that were not yet requiring implant placement. The over one-year results showed
stable bone levels, healthy peri-implant tissues, and a fully functional prosthesis without biological or technical
complications.

Patient perspective

The patient expressed high satisfaction with the treatment outcome, noting excellent comfort, chewing function,
and aesthetics. She appreciated the minimal invasiveness of the surgical approach and the rapid transition to a fixed
prosthesis. The conometric retention provided no reported difference in stability. No discomfort or adverse events were
reported.

CONCLUSIONS

This case supports the use of a 3.8 mm implant as a biomechanically robust, graftless alternative in moderately
resorbed ridges. The combined use of a total conometric retention and preservation of adjacent teeth enabled minimally
invasive, functionally stable, and patient-centered rehabilitation. Further long-term studies are needed to validate this
approach in various clinical scenarios.
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ABSTRACT

This paper summarizes the final pronouncement of the Consensus Conference on “Use of Ozone in Regenerative
Medicine” and discusses the integration of ozone therapy (OT) in clinical practice based on current scientific knowledge
and clinical experience. Organized by the Italian Society of Multi-Specialist Regenerative Medicine and Surgery
(SIMCRI), the consensus meeting brought together expert clinicians and researchers to explore OT's mechanisms,
indications, contraindications, clinical protocols, and potential adverse reactions. Key aspects addressed included
evaluating the effectiveness of OT in vulnology and for degenerative joint disorders and its combination with Platelet
Rich Plasma (PRP). Efficacy assessment criteria were based on evidence-based medicine. The consensus concluded that
local or systemic OT is both safe and effective, particularly for challenging ulcers and some degenerative osteoarticular
conditions. Additionally, combining PRP with ozone may enhance reparative processes without adverse effects. Ozone's
ability to improve circulation, reduce oxidative stress and inflammation, and counteract hypoxia complements PRP in
tissue regeneration. However, while these findings are promising, the available literature remains limited and of low
evidence quality. The consensus recommends further multidisciplinary studies to establish OT as a clinical practice,
especially for conditions like diabetic foot, where combined ozone and PRP therapies could provide significant
therapeutic benefits.

KEYWORDS: ozone therapy, regenerative medicine, consensus conference, platelet-rich plasma
INTRODUCTION

This document aims to serve as a comprehensive reference point for professionals engaged in the rapidly
evolving field of Regenerative Medicine and Oxygen-Ozone Therapy (OOT). As this discipline is relatively young, it is
in a constant state of dynamic development (1). Therefore, this text should not be seen as definitive but rather as a clear
snapshot of the current "state of the art". It provides a foundation for further progress, fostering growth and integration
within the broader medical community and its related specialties.

In recent years, Regenerative Medicine, particularly through the use of non-transfusional blood components
(NTBC) and OOT, has seen significant advancement and widespread application across a variety of clinical contexts (2).
Studies have demonstrated that OOT offers a range of benefits, including germicidal, anti-inflammatory, antioxidant,
analgesic, and immunomodulatory properties (3-6). The combination of these two therapies holds great promise, driven
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by two hypothesised physiopathological mechanisms: 1) preparing the microenvironment for the application of
regenerative therapies; 2) stimulating the release of growth factors from platelets (7).

The Consensus Conference (CC) focuses on two primary groups of pathologies: 1) Vulnology (e.g., diabetic
ulcer, chronic ulcers, and difficult wounds); 2) degenerative musculoskeletal conditions (e.g., discogenic lumbago and
gonarthrosis).

It is essential to note that, for all diseases within the scope of regenerative medicine, including those discussed
here, two key physiopathological issues remain unresolved and open for debate: a) the incomplete understanding of the
physiological mechanisms underlying "natural" tissue regeneration, as well as regeneration induced by regenerative
medicine through NTBC or OOT; b) the effects that OOT may have when applied alongside specific regenerative
medicine procedures, such as PRP treatment.

Consequently, this document draws on a thorough review of the existing literature to identify relevant
publications that either support the use of OOT in the clinical conditions under examination or the combined application
of OOT and Regenerative Medicine procedures, such as PRP. The aims of the CC were to establish a structured, evidence-
based approach to integrating OOT with regenerative treatments, ultimately advancing the field in a scientifically rigorous
manner.

MATERIALS AND METHODS

The methodology for developing the recommendations in the context of OOT and regenerative medicine CC
follows the principles of Evidence-Based Medicine (EBM) and aligns with the Italian National System for Guidelines
(INSG) (8). Below is an overview of the process and its rigorous framework:

1) systematic literature reviews: based on the PRISMA guidelines, ensuring methodological rigor;

2) emphasizes the inclusion of systematic reviews, RCTs, and high-quality observational studies;

3) multidisciplinary and institutional discussions: recommendations are evaluated and discussed in multidisciplinary
forums and institutional settings to ensure clinical relevance and broad acceptance;

4) evidence assessment: focuses on the statistical validity, clinical relevance, dissemination, and real-world applicability
of selected studies. Evidence quality and recommendation strength are derived using adapted frameworks like those
of the US Preventive Services Task Force and Centre for Evidence-Based Medicine, Oxford;

5) conflict of interest transparency: all contributors signed declarations of the absence of conflicts of interest, ensuring
unbiased recommendations.

The Levels of evidence and grades of recommendation were then established by the following criteria:

1) level A: strong scientific evidence from systematic reviews with RCTs or homogenous cohort/case-control studies.
Implication: clinical benefits substantially outweigh risks;

2) level B: moderate-quality evidence from individual RCTs or well-conducted observational studies. Implication:
clinical benefits outweigh risks;

3) level C: lower-quality evidence based on expert opinion, case reports, or physiological/laboratory research.
Implication: Clinical benefits and risks are approximately equal;

The recommendations aim to ensure high-quality evidence synthesis, clear grading based on the strength of evidence,
and benefit-risk balance, as well as adherence to international standards (PRISMA, EBM guidelines) and INSG.

This structured approach facilitates the development of actionable, evidence-based recommendations while
maintaining transparency and minimizing bias. The methodology for conducting the CC followed a structured approach
to ensure comprehensive evaluation and decision-making was based on the following points:

1) Establishment of working groups. Two groups were formed, each focused on specific areas: the medical-technical
group on vulnology, addressing the use of OOT and Regenerative Medicine in wound care. the medical-technical
group on orthopaedics focuses on similar applications in orthopaedics. Each group developed preliminary guidelines
and recommendations, which were shared with the jury before the final meeting.

2) Jury composition and coordination: the jury consisted of two representatives from each working group, led by Dr.
Gianfranco Francioni. The jury reviewed documents and prepared for deliberations ahead of the meeting, scheduled
for 20 September 2024 in Rome.

3) Consensus Conference phases. First phase: experts presented evidence related to their fields. All stakeholders,
including the coordination panel, technical-scientific committee, and the jury, participated in discussions. Second
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Phase: The jury formulated recommendations based on a pre-prepared draft document. A writing committee proposed
recommendation texts, which were reviewed, discussed, and voted upon.

4) Voting procedure. Recommendations were divided into two parts for voting: The text of the recommendation and
the strength of the recommendation (weak/strong). Votes were collected anonymously via an online poll, with results
calculated as the percentage of agreement. A recommendation was accepted if at least 75% approval was achieved
for both the text and its strength. The process followed the Delphi method, promoting iterative discussion and
consensus-building.

5) Bibliographic databases consulted: MEDLINE/PubMed, SciELO, LILACS, PAHO, EMBASE, ZOTERO ISCO3,
WHO International Clinical Trials Registry Platform, and NIH. U.S. National Library of Medicine. The documents
reviewed were published between 1980 and 2024, in English, Russian, or Spanish, and included: original articles,
published theses, clinical reports, ongoing clinical trials, and bibliographic reviews. The exclusion criteria were the
lack of free access to complete text due to financial constraints and/or, studies presenting inadequate scientific
evidence.

RESULTS

Evidence on the topic of vulnology - difficult wounds

Ulcers pose a significant challenge to global health, transcending medical concerns to become a societal and
policy issue. Over the past two decades, studies have documented a steady rise in their prevalence, partly due to the aging
population and the increased prevalence of lifestyle-related risk factors such as smoking, obesity, and diabetes (9).

It is estimated that ulcers affect approximately 80 million people worldwide, or about 1% of the global
population. Among individuals aged 60 and older, the incidence rises markedly, approaching 5% (10,11). In Italy, an
estimated 2 million people suffer from ulcers, resulting in a loss of about 450,000 workdays annually. Economically,
chronic varicose ulcers in developed nations accounted for 1% of GDP as early as 2001, with annual costs of 1-3 billion
euros. Current projections suggest that the economic burden of treating chronic ulcers may rise from $18 billion in 2021
to $30 billion by 2030 (12).

A notable characteristic of these wounds is their cyclical nature, with periods of healing followed by recurrence.
This dynamic contributes to high recurrence rates of 18-28% within 12 months of healing (13).

Use of PRP in difficult wounds

Recent investigations into the application of PRP (platelet-rich plasma) for treating challenging wounds,
including systematic reviews, meta-analyses, and randomized controlled trials, highlight significant findings. Studies
consistently show that PRP is associated with a higher rate of complete wound healing and shorter healing times compared
with controls (14-20). However, reductions in ulcer size achieved with PRP have not consistently shown significant
differences compared with conventional treatments. These findings underscore the potential of PRP as an effective
therapy for skin ulcers, particularly diabetic foot ulcers (DFUs), while affirming its safety profile(21).

Given these observations, PRP appears to enhance chronic wound healing without increasing the risk of infection
or adverse events. However, large-scale, standardized, long-term clinical trials are necessary to conclusively confirm its
efficacy and safety. More comprehensive reporting on preparation methods and administered platelet doses is also
essential to ensure the reproducibility of results. In practice, PRP has become a regular component of treatment protocols
for various types of skin ulcers, with its use expanding in both public and private healthcare settings.

Use of ozone in difficult wounds

In managing difficult wounds, OOT is applied in various forms, gas, ozonated water, and ozonated oil, primarily
via local administration. Occasionally, it is combined with systemic approaches. Numerous clinical studies have explored
the effects of OOT on chronic ulcers (22-27), DFUs (2, 28-43), and infected burn ulcers (44-48).

Selected scientific articles categorised by evidence level

Meta-analysis: a comprehensive search of The Cochrane Library, PubMed, Ovid Embase, Web of Science, and
the Chinese Biomedical Literature Database included randomised controlled trials (RCTs) involving patients with chronic
wounds.

Bias risk was assessed using the Cochrane Risk of Bias Tool. Results, grouped by wound type, showed that
OOT, administered through topical methods (e.g., ozone gas bag, ozonated oil, ozonated water washing) or systemic
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methods (auto-blood transfusion, rectal insufflation), significantly accelerated wound area reduction (standardised mean
difference SMD = 66.54%, 95% CI = (46.18-86.90), P < 0.00001) and reduced amputation rates (RR = 0.36, 95% CI =
(0.24-0.54), P < 0.00001) for diabetic foot ulcers, compared with standard therapy. However, no significant difference in
complete healing rates was observed during hospital stays. No adverse events were reported. The efficacy of OOT for
other chronic wound types remains uncertain due to insufficient reliable data. Further large-scale RCTs are required to
confirm its efficacy and safety (48).

Systematic review: of 326 articles reviewed, 17 were selected after applying exclusion criteria. The study aimed
to evaluate OOT’s safety and efficacy in dermatological conditions. Findings suggest OOT is effective in the short term,
particularly for ulcers and scars, but long-term safety requires further investigation (4).

Systematic review: a review of 44 articles identified seven studies on OOTs' role in venous ulcers. The conclusions
indicate that OOT reduces infection, amputation, and hospitalisation rates, thereby promoting quicker healing times.
However, its safety and efficacy need to be validated by high-quality studies (25).

Systematic review: from 12 selected articles, nine met the inclusion criteria. The study examined OOT’s potential
in chronic wound management, concluding that while positive effects were noted, standardisation of application methods
is necessary to optimise dosing (49).

Prospective study: a trial with 54 patients demonstrated that local OOT reduced wound size and pain intensity
in venous ulcers (50).

RCT: a trial with 47 patients showed systemic ozone therapy improved wound healing, oxidative indices, and
reduced hospital stays in DFUs (51).

RCT: a study with 50 participants found that OOT significantly accelerated wound healing and increased
expression of VEGF, TGF, and PDGF, highlighting its role in stimulating growth factor signaling (31).

Prospective observational study: in 162 diabetic foot ulcer patients, topical ozone accelerated granulation tissue
formation, reduced inflammation, improved wound margins, and shortened hospital stays. OOT is increasingly adopted
in chronic wound care, demonstrating efficacy in reducing infection rates and healing times. However, variability in
protocols and lack of long-term data necessitate further research to establish standardised, evidence-based guidelines (52).

Prospective observational comparative cohort study: a study involving 162 patients assessed the safety and
efficacy of topical ozone gas for the management of DFUs. The participants were divided into two groups: 81 patients
received standard treatment (debridement, cleaning, Betadine, and bandaging), while the other 81 received the same
regimen supplemented with topical ozone. The article concluded that topical ozone therapy accelerated exudate clearance,
promoting faster granulation tissue formation and improved wound edge healing. Ozone therapy facilitated the reduction
of microbial colonisation and inflammation. Patients receiving OOT experienced a significant reduction in hospital stay
duration. This study supports the potential of ozone therapy as an adjunctive treatment for DFUs, highlighting its benefits
in promoting healing and reducing treatment time (39).

Use of PRP activated with ozone in difficult wounds

Randomised controlled trial: this study evaluated the effects of autologous PRP activated by either CaCl. or
medical ozone on wound healing in 90 high-risk pregnant women undergoing caesarean section. Participants were divided
into three groups: 1) CaCl. Group: Received autologous PRP and CaClz-activated fibrin gel at the wound site; 2) ozone
Group (O): received autologous PRP and ozone-activated fibrin gel at the wound site; 3) Control Group (P): did not
receive PRP.

Wound healing and complications were assessed on postoperative days 1, 7, and 21 using the VAS (Visual
Analogue Scale) for pain assessment. REEDA Scale: is a 0-15 descriptive scale evaluating redness, oedema, ecchymosis,
discharge, and wound-edge approximation, where lower scores indicate better healing. Vancouver Healing Scale (VSS):
was used for scar healing. Results: pain (VAS): the ozone group reported significantly less pain compared to the control
group on days 7 and 21; healing (REEDA): the ozone group demonstrated significantly lower scores compared to the
CaCl: group on days 1 and 7, and compared to the control group on all days; scar healing (VSS): both the ozone and
CaClz groups showed better results than the control group on all days.

Ozone-activated PRP was more effective than CaCl.-activated PRP and standard care in promoting wound
healing and reducing complications in high-risk patients, potentially preventing infections in caesarean section wounds
(53).

Case Report: A 65-year-old female with chronic venous insufficiency and a phlebostatic ulcer on her lower limb
was treated with ozone-activated PRP-calcium chloride and fibrin membranes. The patient received five applications,
with visible improvements in re-epithelialisation observed after the second session.
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Complete ulcer healing was achieved six weeks post-treatment, with no adverse effects and reductions in pain
and improved limb mobility reported. These findings highlight the therapeutic potential of ozone-activated PRP in
enhancing wound healing in various clinical settings. Further trials are recommended to establish standardised protocols
and confirm long-term benefits (54).

Evidence on the topic joints disorders

The global prevalence of osteoarthritis (OA) has more than doubled over recent decades, rising by 113.25% from
247.51 million cases in 1990 to 527.81 million in 2019, reflecting an average annual increase of 0.12%. Among the
various forms of OA, knee osteoarthritis is the most significant contributor. The prevalence of knee OA increases with
age and is higher in women. This trend has resulted in a growing number of individuals experiencing knee pain and
functional limitations, many of whom are likely candidates for knee replacement surgeries in the future (55).

In Italy, the impact of knee OA is starkly illustrated by the increase in knee replacement procedures, which rose
from 9,632 in 2019 to 27,156 in 2021. Between 2007 and 2021, a total of 255,709 knee prosthesis interventions were
performed (56). The anticipated rise in OA prevalence underscores the urgent need for enhanced primary and secondary
prevention strategies, alongside early interventions such as regenerative medicine. These measures could mitigate the
clinical, social, and economic burdens posed by OA on healthcare systems. Additionally, addressing modifiable risk
factors such as obesity, injury prevention, and excessive joint loading is essential. Educational initiatives should aim to
increase awareness of disease progression, consequences, early treatment options, and rehabilitation strategies (55).

Symptomatic intervertebral disc degeneration affects an estimated 403 million individuals worldwide, equivalent
to approximately 5.5% of the global population. The lifetime risk of experiencing discogenic low back pain (DLBP) is
around 30%. A majority (60-90%) of individuals with DLBP respond positively to non-surgical interventions. However,
for those requiring surgical treatment, the recurrence rate of DLBP is approximately 9.1%, with 38% of these recurrences
occurring within the first-year post-surgery (57, 58).

Evidence of the use of PRP, ozone, and ozone-activated PRP in knee OA and evidence of the use of PRP in knee OA

Meta-analysis: this meta-analysis adhered to Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines for systematic reviews and meta-analyses. The literature search included databases such
as Web of Science, Embase, Cochrane Library, PubMed, and Wanfang, focusing on RCTs evaluating the efficacy of
corticosteroids (CSC), PRP, hyaluronic acid (HA), and combination therapies for managing knee OA. Bias was assessed
using Cochrane tools (v1.0), and the study employed the VAS, Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC), and treatment-related adverse events as primary outcome measures. A network meta-analysis was
conducted using STATA17 and a Bayesian stratified random-effects model.

Results: a total of 35 studies encompassing 3104 participants were analysed. Short-term Outcomes (3 months):
PRP exhibited the best WOMAC scores, followed by PRP + HA, HA, placebo, and CSC. In terms of VAS scores, PRP
+ HA was superior, followed by PRP, CSC, HA, and placebo.

Mid-term Outcomes (6 months): WOMAC scores favoured PRP, CSC, HA, and placebo equally. PRP + HA was
the most effective for VAS scores.

Long-term Outcomes (12 months): PRP had the best WOMAC scores, followed by PRP + HA, HA, placebo,
and CSC. PRP also showed the best VAS scores, with PRP + HA ranking second.

Safety: none of the therapies demonstrated a significant increase in treatment-related adverse events compared
to placebo, confirming their safety profiles. This study highlights the superior efficacy of PRP and PRP + HA in improving
function and alleviating pain at 3, 6, and 12 months of follow-up in OA patients. Furthermore, CSC, HA, PRP, and
combination therapies did not show any notable increase in adverse events compared to placebo, supporting their safety
for clinical use (59).

Evidence of the use of ozone in knee OA

The studies provide a detailed picture of the current understanding of intra-articular OOT in knee OA, with
varying levels of evidence and conclusions.

Meta-analysis: this meta-analysis included six RCTs comparing intra-articular ozone to HA for knee OA. The
primary outcome (VAS for pain) did not show significant differences between groups, although overall WOMAC scores
favoured HA slightly. However, no specific time points showed a meaningful statistical advantage for either therapy. The
study concluded that ozone therapy's effects were similar to those of HA, suggesting it acts more as a placebo than as a
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true disease modifier. Conclusion: Ozone may provide symptomatic relief comparable to HA but lacks long-term evidence
as a disease-modifying agent (60).

Meta-analysis: a systematic review of 10 studies highlighted the effectiveness of OOT for chronic OA pain, with
a pooled SMD of -28.551, indicating significant pain reduction. The study emphasised a statistically significant impact,
with no serious adverse events reported. Conclusion: This study supported the potential of ozone therapy to manage
chronic pain effectively in knee OA, although long-term safety and standardisation remain lacking (61).

Meta-analysis: a smaller analysis of five RCTs with 428 patients showed mixed outcomes. Ozone performed
slightly better than control injections (HA, dextrose, or air) in the short term (first month), but its benefits decreased over
longer follow-up periods (3—6 months), favouring controls. Adverse events were similar between groups. Conclusion:
While ozone can be effective for short-term management, its long-term efficacy is lower than that of other interventional
treatments (62).

Systematic review: this review of 10 studies involving 400 patients treated with ozone concluded that intra-
articular ozone provided more effective short-term pain relief than placebo and was comparable to other interventions.
However, many studies were at high risk of bias, highlighting the need for higher-quality research. Conclusion: Ozone
appears effective for short-term symptom relief, but its long-term efficacy and methodological robustness need
confirmation (63).

Non-RCT study: an observational study at Ankara University that enrolled 94 patients receiving intra-articular
ozone injections. Significant reductions in pain scores and analgesic use were noted over three months, with high patient
satisfaction (70.2%). No side effects were reported. Conclusion: Ozone injections significantly reduced pain in stage 2—
3 knee OA over 3 months, but uncertainties remain regarding dosing, session frequency, and long-term effects (64).

Key takeaways across studies: ozone therapy provides effective short-term symptom relief in knee OA,
particularly for pain reduction; comparative outcomes: its efficacy is comparable to HA and other interventions in the
short term but may decrease over longer follow-up periods; safety profile: consistent across studies, OOT is associated
with minimal adverse effects, highlighting its safety; research gaps: Long-term efficacy, standardisation of treatment
protocols, and better-quality RCTs are needed to establish its role in managing OA.

These findings suggest that intra-articular OOT can be considered a safe and effective short-term treatment
option for mild to moderate knee OA, though its role as a long-term therapeutic modality remains uncertain.

Evidence of the use of PRP plus ozone in knee OA

Randomised Controlled Trial. This study retrospectively analysed data from patients who received either PRP
alone (n = 45) or a combined PRP and ozone treatment (n = 35). Patients were evaluated using VAS for pain and the
WOMALC to assess physical function and joint health. Both treatment groups demonstrated significant reductions in post-
treatment VAS and WOMAC scores at months 1, 3, and 6 when compared to pre-treatment levels (p < 0.001).

Notably, the combined PRP + ozone group exhibited significantly lower VAS scores and total WOMAC scores
at month 3 post-treatment compared to the PRP-only group. Additionally, the PRP + ozone group experienced reduced
pain at day 10 and lower hyperinflammation at the injection site compared with the PRP-alone group.

The combined treatment of PRP and ozone showed overall efficacy comparable to that of PRP alone in managing
OA symptoms. However, the addition of ozone appeared to enhance recovery rates and minimise post-injection pain,
suggesting potential advantages for certain patient groups (65).

Randomised Controlled Trial. This study included 102 patients diagnosed with knee OA based on the American
College of Rheumatology criteria. Participants were randomised into three groups, each containing 34 patients: 1) Ozone
Group: Treated with intra-articular ozone injections (10 pg/mL, 5 mL), administered twice weekly for six weeks (12
injections). 2) Combination Group (PRP + Ozone): Received intra-articular injections of PRP with ozone (10 ug/mL, 5
mL) once weekly for three weeks (3 injections). 3) PRP Group: Treated with PRP injections alone, once weekly for three
weeks (3 injections).

VAS scores were recorded to assess pain levels, and participants were included only if baseline scores were 5 or
higher. The Clinical Global Impression Scale was used to evaluate the overall strength of improvement. The combination
of PRP + ozone yielded superior outcomes compared to PRP or ozone monotherapy. The combined treatment group
demonstrated the greatest improvements in pain reduction and overall clinical outcomes, suggesting synergistic effects of
the two interventions. This approach may provide a more effective option for patients requiring greater pain relief and
functional improvement (66).

Evidence of the use of PRP, ozone, and ozone-activated PRP in DLBP pain, evidence of the use of PRP in DLBP pain
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Meta-Analysis: this meta-analysis included 6 studies (3 RCTs, 3 prospective single-arm studies) investigating
PRP for DLBP. Pain scores and functional outcomes were measured up to 6 months post-treatment. Findings: pain scores
decreased significantly at 1, 2, and 6 months (SMD: -1.04 to -1.42, P <.05), and Oswestry Disability Index (ODI) scores
improved by >30% and >50% in significant portions of patients at 2 and 6 months. No adverse reactions were reported.
Conclusion: PRP intradiscal injections are effective and safe for DLBP, providing sustained pain relief and functional
improvements for at least 6 months. However, more high-quality studies are needed to strengthen these findings (67).

Meta-Analysis: this meta-analysis pooled data from 3 RCTs involving 131 patients with DLBP treated with PRP.
Findings: PRP significantly reduced pain (mean difference: —1.47, P < 0.0001) and increased the proportion of patients
experiencing >50% pain relief at 3 months (RR: 4.14, P < 0.00001). Patient satisfaction was notably higher, with no
reported increase in adverse events (P = 0.07). Conclusion: PRP demonstrated significant pain reduction and improved
patient satisfaction compared to controls, without increased risks (68).

Systematic Review: A total of 37 studies were reviewed, and 12 met the inclusion criteria, focusing on PRP and
other intradiscal biologic agents. Findings: PRP success rates were 54.8% (CI: 40%-70%), but the evidence quality was
very low due to methodological flaws in many studies. Conclusion: While PRP showed potential in DLBP management,
the current evidence is of low quality, and robust RCTs are necessary for definitive conclusions (69).

Summary of evidence and recommendations: PRP shows moderate effectiveness (grade B evidence) in managing
pain and disability in DLBP, with improvements sustained over several months. The current data indicate PRP is safe,
with no significant adverse events reported across studies. Despite positive results, the quality of evidence remains
inconsistent, necessitating larger, well-designed RCTs to confirm efficacy and standardise protocols for DLBP treatment.

Evidence of the use of OOT in DLBP

Meta-Analysis: reviewed 45 studies on percutaneous O,/Oj3 injections (image-guided and non-image-guided) for
DLBP and sciatica from 1980-2020. The O,/O3; mixture (1040 pg/mL) was administered alone or combined with other
treatments (e.g., steroids, anti-inflammatory drugs). Image guidance (fluoroscopy or CT) was used in 99% of cases.
Findings: Image-guided O,/O3 injections were more effective for pain reduction (effect size: 4.48, p < 0.0001) compared
to non-image-guided procedures (effect size: 3.17, p < 0.0001). Conclusion: OOT is a minimally invasive and cost-
effective option for DLBP resistant to conservative treatments. Image-guided procedures show better results but require
further validation in high-quality studies (70).

Meta-Analysis: included 6 RCTs comparing OOT with other interventions for DLBP. Findings: OOT provided
superior pain relief at six months (RR = 2.2, p < 0.00001) compared to steroids or placebo. However, biases in study
designs limit the reliability of these results. Conclusion: While OOT appears effective for sustained pain relief, additional
well-designed RCTs are necessary (71).

Systematic Review: reviewed 15 studies (2,597 patients) on OOT for DLBP and herniated disc. Findings: OOT
was generally more effective than control treatments, including steroids, placebo, and even surgery (microdiscectomy).
Despite these positive outcomes, most studies were of low quality and showed significant bias. Conclusion: OOT is a safe
alternative with promising results for short- and medium-term outcomes. High-quality studies are required to determine
long-term efficacy and safety (72).

Systematic Review: analyzed 7 studies comparing OOT with other treatments (e.g., steroids, microdiscectomy)
for DLBP. Findings: OOT showed similar or better pain and functional outcomes. Adverse effects were rare and generally
minor. Conclusion: despite limited and poor-quality studies, OOT demonstrates potential for DLBP and herniated disc.
Improved research designs are essential for more robust conclusions (73).

Meta-Analysis: Pooled 12 studies with over 8,000 patients. Findings: OOT demonstrated similar efficacy to
surgical discectomy for pain and functional improvement but with lower complication rates (0.064%) and faster recovery.
Conclusion: OOT is effective and extremely safe, with a significantly better safety profile than surgical alternatives (74).

Summary and Recommendations: Efficacy: OOT consistently shows pain relief and functional improvement in
DLBP and herniated disc across studies. Image-guided procedures appear to enhance therapeutic outcomes compared to
non-image-guided methods. Safety: adverse effects are rare and minor, supporting OOT as a safe alternative to invasive
procedures like surgery. Limitations: most studies suffer from methodological flaws, high bias risk, or poor quality.
Standardized protocols and rigorous research are essential to establish definitive conclusions. Clinical implication: OOT
is a viable option for patients unresponsive to conservative treatments, with evidence supporting its use for short- to
medium-term outcomes. However, its role relative to surgery and other minimally invasive methods requires further
exploration.
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Evidence of the use of PRP plus OOT in DLBP

Prospective Non-Randomized Study: 60 patients (ages 35-82) with severe lumbosciatica (VAS: 7-8) underwent
foraminal and facet injections of ozone (10 pg/mL, 10 mL) combined with Concentrated Growth Factors (CGF), 2 mL
and sacro-hiatal injections of ozone (15 pg/mL, 15 mL) plus CGF (1 mL). Outcomes were assessed using clinical
monitoring, VAS scores, and MRI imaging. Results: Efficacy: 90% of patients achieved complete pain resolution (VAS:
0-2) by 4-6 months. MRI findings indicated disc rehydration and herniation resolution. Adverse Effects: Mild, transient
headache (3.3%) and one case of pneumocephalus (1.7%) resolved within 48 h. Conclusion: Demonstrates the
effectiveness and safety of combined therapy for severe lumbosciatica, with improvements in both pain relief and imaging
outcomes (75).

Case Reports: analysis of 50 clinical cases using PRP activated with ozone (PRP-O3) on lumbar and cervical
spine. Findings: regenerative potential: the technique enhanced early analgesia and posterior joint regeneration,
combining the biological effects of PPP and the antiseptic properties of ozone. Safety and efficacy: outpatient, minimally
invasive procedure yielded satisfactory results in 85% of cases. The therapy also allowed for repeat treatments or
additional therapeutic options if needed. Conclusion: PRP-O3 is a promising, low-risk intervention with regenerative and
analgesic effects, offering a viable option for lumbar and cervical spine pathologies (76).

Summary and clinical Implications, both ozone combined with PRP and ozone-activated PRP demonstrate
potential for synergistic effects, including enhanced regenerative capacity, pain relief, and imaging-based disc recovery.
Safety profile: adverse events were rare and minor, reinforcing the minimally invasive nature and safety of these therapies.
Efficacy: both studies reported high success rates, with up to 90% improvement in pain scores and MRI-based recovery
indicators. These findings highlight the need for larger-scale RCTs to validate these preliminary outcomes and establish
standard treatment protocols. These therapies represent innovative approaches in regenerative medicine, offering less
invasive alternatives to traditional surgical interventions for spine-related pathologies.

DISCUSSION

Critical appraisal of the evidence for PRP and ozone therapies in difficult wounds

Evidence for the use of PRP (grade of evidence: grade B). Recent meta-analyses and systematic reviews suggest
that PRP can enhance the healing of chronic wounds, especially DFUs, compared to conventional therapies. Benefits
include improved rates of complete ulcer healing and the absence of treatment-related adverse events. Limitations: to
strengthen the evidence base, the following are needed: Large-scale, standardised, long-term clinical studies and unified,
standardised PRP preparation protocols to minimise variability across studies.

Evidence for OOT (grade of evidence: grade B). Systematic reviews and meta-analyses report that OOT offers
significant benefits: reduced amputation rates, faster reduction in wound size, and decreased infection rates and
hospitalisation times. Limitations: Current evidence requires further validation through high-quality RCTs. No adverse
events associated with OOT have been reported, but further research is needed to confirm its safety profile.

Evidence for ozone-activated PRP (grade of evidence: grade C). The data supporting the combined use of PRP
activated with ozone for difficult wounds remains limited, though it presents a promising therapeutic avenue. Preliminary
findings suggest that the Safety of the PRP activation method using ozone is acceptable and has the potential to enhance
wound healing. Limitations: current studies are too scarce to establish efficacy conclusively. Additional high-quality
RCTs are essential to validate the approach (Table I).

Table 1. Summary of the grade of evidence.

Area Condition QOzone PRP Ozone + PRP

Vulnology Chronic wounds B B C
DFU B B C

Joint disorders Gonanhr95i§ B B ¢
Lumbosciatica B B C

For the grade of evidence criterium see Materials and Methods. DFU: diabetic food ulcer; PRP: Platelet Rich Plasma.
Percentage of agreement according to the jury vote: partially Against 6 %, favorable 31%, very favorable 63%. The
strength of the recommendation was considered weak at 6% or strong at 94%.
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Critical appraisal of the evidence for PRP and OOT in knee OA and DLBP

Recent meta-analyses and systematic reviews indicate that PRP has grade B evidence for the management of
gonarthrosis. Studies demonstrate PRP's efficacy in improving joint function and alleviating pain at 3-, 6-, and 12-month
post-treatment. PRP is generally well tolerated, with no significant increase in adverse events compared with controls.
However, these promising outcomes require validation through larger, standardised, and long-term clinical trials to
confirm their durability and cost-effectiveness.

For herniated disc-associated lumbosciatica, the evidence also supports a grade B level, showing PRP's
significant role in pain relief and enhanced patient satisfaction. PRP has demonstrated safety, with no increased adverse
events reported in existing trials. The mechanism likely involves its regenerative and anti-inflammatory effects on nerve
root irritation and disc pathology. As with gonarthrosis, more rigorous, standardised research is needed to establish PRP
as a mainstream therapeutic option.

Combined therapy in gonarthrosis and lumbosciatica: The current literature on PRP combined with OOT for
these conditions is limited (grade C). Preliminary findings suggest this approach could be a promising therapeutic avenue,
particularly in leveraging the regenerative properties of PRP and the anti-inflammatory and oxygenating effects of OOT.
Available data indicate no adverse events, supporting the safety of ozone-activated PRP.

However, the evidence is insufficient to recommend this combination as a standard treatment due to the lack of
high-quality RCTs. Future research should focus on assessing the efficacy and exploring the mechanistic synergy between
PRP and OOT in large, diverse patient populations.

Both PRP alone and in combination with OOT hold significant potential in managing gonarthrosis and
lumbosciatica. While PRP shows consistent grade B evidence, combined therapy remains an intriguing hypothesis that
warrants further robust investigation.

Recommendations and research gaps, clinical integration of OOT for DFUs

Recommendation: Incorporate OOT as an integrative therapy for neuroinfected diabetic foot via local and
systemic applications. Obtain patient consent prior to initiating therapy.

Implementation: Adhere to international (ISCO3) (77) and national (Nuova FIO, AIRO, CIO3) guidelines. Use
certified ozone generators and recognized protocols. Train medical personnel in safe and effective application methods.
Foster clinical studies and encourage result dissemination in scientific journals.

Research and application of ozone-activated PRP for difficult ulcers. Recommendation: Expand laboratory and
clinical studies on ozone-activated PRP for the management of difficult ulcers. Prioritize high-quality, double-blind
RCTs. Treatments should require explicit patient consent as they remain experimental.

Research on PRP-ozone for lumbosciatica and gonarthrosis. Recommendation: Promote research into PRP
activated with ozone for lumbosciatica and gonarthrosis. Conduct double-blind RCTs to strengthen evidence. Ensure
patient consent for experimental treatments.

Continuous training in OOT and regenerative medicine. Recommendation: Develop training programs through
master’s courses offered by scientific associations and universities. Focus on the latest efficacy data and correct
administration techniques.

International Collaboration and Evidence Review. Recommendation: SIMCRI should collaborate with
international scientific associations to refine protocols. Conduct a reassessment of the scientific evidence in 5 years.

These recommendations emphasize OOT's potential as a minimally invasive, cost-effective, and safe approach
for managing chronic and refractory conditions like DFUs, herniated disc-induced sciatica, and gonarthrosis. They also
stress the importance of standardized protocols, rigorous clinical trials, and ongoing education for healthcare providers to
optimize patient outcomes and foster global collaboration in regenerative medicine.

CONCLUSIONS
Local or systemic administration of OOT is a safe and effective treatment for difficult ulcers and some

degenerative osteoarticular conditions. Combining PRP activated with OOT shows promising synergy, enhancing tissue
repair by improving local circulation and oxygenation. This complements PRP's growth factor delivery without reported
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adverse effects. Multidisciplinary studies are encouraged to incorporate OOT as an integrative therapy, particularly for
conditions like DFUs, using both local and systemic techniques.

While preliminary findings are promising, the literature remains limited and of low evidence quality. Further
high-quality RCTs are essential. SIMCRI aims to promote and support clinical trials on OOT, adhering to national and
international protocols, including advanced therapeutic protocols such as OOT for Peripheral Artery Disease (PAD).

In gonarthrosis and lumbosciatica due to a herniated disc, OOT combined with PRP demonstrates significant
pain reduction and improved outcomes compared to PRP or ozone alone. Despite existing evidence (Level C) supporting
the separate efficacy of OOT and PRP, further studies are needed to clarify the mechanisms and optimise combined
protocols.

Research Recommendations: Evaluate whether OOT-activated PRP is more effective than standalone treatments.
Define optimal protocols, including dosages and administration methods. Investigate molecular synergies, including
ozone’s role in platelet degranulation and growth factor release. Explore gene expression and protein synthesis changes
after OOT-PRP combination therapy.

These findings highlight the need for further exploration to standardise and validate the combined use of OOT and PRP
in clinical settings.

Author Contributions: Conceptualization; methodology; formal analysis; investigation; writing—original draft
preparation, M.A.F, GM.S., A.A.,, C.G,RM, FJ.T.H, G.T., MM, M.V.B,,R.T.,D.A,,F.G.,V.D.D, S.D.B., CAM.P.,
G.F,M.D., RM, F.SM.AM., R.C,N.D,RS,, FA.G,JUCA,LRG,R VF,MB,EF.,FM,GM,CT, Al,
AB.,MM.C.,, MM., A.T.,, G.V, CL.G, and E.L.L; supervision; writing, review, and editing, M.A.F, G.M.S., E.L.I. All
authors have read and agreed to the published version of the manuscript.”

Funding: This research received no external funding.

Institutional Review Board Statement: All scientific data supporting this document have been sourced from materials
deemed reliable and reflect the specific knowledge and expertise currently available to members of the SIMCRI Society
and other experts as of this date. All members of the jury panel have disclosed any potential conflicts of interest. The
financial, organisational, and human resources required for this conference were provided by SIMCRI.

Informed Consent Statement: Not applicable.

Data Availability Statement: Research data are available in public databases: MEDLINE/PubMed, SciELO, LILACS,
PAHO, EMBASE, ZOTERO ISCO3, WHO International Clinical Trials Registry Platform, and NIH. U.S. National
Library of Medicine.

Acknowledgments: The authors express their gratitude to Paolo D'Oria Colonna of Quality Congress s.r.l. for organising
the Consensus Conference, which was held in Rome on 24 September 2024.

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

REFERENCES
1. Martinez-Sanchez, G. Ozone Therapy for Prevention and Treatment of COVID-19. J Explor Res Pharmacol 2022,
7, 189-194, doi:10.14218/ JERP.2022.00015.
2. Farina, M.A.; Cardoso, C.; Dall’Aglio, R. Guidelines for a better management of all forms of topical ozonetherapy

in diabetic foot ulcer (abstract). Journal of Ozone Therapy 2019, 3,
doi:doi:http://dx.doi.org/10.7203/j03t.3.4.2019.15419.

3. Liu, L.; Zeng, L.; Gao, L.; Zeng, J.; Lu, J. Ozone therapy for skin diseases: Cellular and molecular mechanisms.
Int Wound J 2023, 20, 2376-2385, doi:10.1111/iwj.14060.

4. Oliveira Modena, D.A.; de Castro Ferreira, R.; Froes, P.M.; Rocha, K.C. Ozone Therapy for Dermatological
Conditions: A Systematic Review. J Clin Aesthet Dermatol 2022, 15, 65-73.

5. Hidalgo-Tallon, F.J.; Torres-Morera, L.M.; Baeza-Noci, J.; Carrillo-Izquierdo, M.D.; Pinto-Bonilla, R. Updated

Review on Ozone Therapy in Pain Medicine. Front Physiol 2022, 13, 840623, doi:10.3389/fphys.2022.840623.

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 96-110
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

M.A. Farina et al.

107

10.
11.
12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Jeyaraman, M.; Jeyaraman, N.; Ramasubramanian, S.; Balaji, S.; Nallakumarasamy, A.; Patro, B.P.; Migliorini, F.
Ozone therapy in musculoskeletal medicine: a comprehensive review. Eur J Med Res 2024, 29, 398,
doi:10.1186/s40001-024-01976-4.

Inguscio, C.R.; Cisterna, B.; Lacavalla, M.A.; Donati, F.; Angelini, O.; Tabaracci, G.; Malatesta, M. Ozone and
procaine increase secretion of platelet-derived factors in platelet-rich plasma. Eur J Histochem 2023, 67,
doi:10.4081/ejh.2023.3839.

Candiani, G.; Colombo, C.; Daghini, R. Manuale metodologico: come organizzare una conferenza di consenso.
Istituto Superiore di Sanita, S.N.L.G.S,, Ed. Roma.
https://www.socialesalute.it/res/download/maggio2012/consensus_conference.pdf (Rev. 08/02/2024), 2013.

Sen, C.K. Human Wound and Its Burden: Updated 2020 Compendium of Estimates. Adv Wound Care (New
Rochelle) 2021, 10, 281-292, doi:10.1089/wound.2021.0026.

Maheshwari, G. Chronic wounds: a rising public health concern. WOUNDS APAC 2024, 7, 6-11.

Falanga, V.; Isseroff, R.R.; Soulika, A.M.; Romanelli, M.; Margolis, D.; Kapp, S.; Granick, M.; Harding, K.
Chronic wounds. Nat Rev Dis Primers 2022, 8, 50, doi:10.1038/s41572-022-00377-3.

Kolluri, R.; Lugli, M.; Villalba, L.; Varcoe, R.; Maleti, O.; Gallardo, F.; Black, S.; Forgues, F.; Lichtenberg, M.;
Hinahara, J., et al. An estimate of the economic burden of venous leg ulcers associated with deep venous disease.
Vasc Med 2022, 27, 63-72, doi:10.1177/1358863X211028298.

Ashby, R.L.; Gabe, R.; Ali, S.; Adderley, U.; Bland, J.M.; Cullum, N.A.; Dumville, J.C.; Iglesias, C.P.; Kang'ombe,
A.R.; Soares, M.O., et al. Clinical and cost-effectiveness of compression hosiery versus compression bandages in
treatment of venous leg ulcers (Venous leg Ulcer Study IV, VenUS 1V): a randomised controlled trial. Lancet 2014,
383, 871-879, doi:10.1016/S0140-6736(13)62368-5.

Yammine, K.; Ghanimeh, J.; Jil Agopian, S.; Assi, C.; Hayek, F. PRP Versus Standard of Care for Venous leg
Ulcers: A Systematic Review and Meta-Analysis of Prospective Comparative Studies. Int J Low Extrem Wounds
2025, 24, 260-272, doi:10.1177/15347346221094424.

Bolton, L. Platelet-Rich Plasma: Optimal Use in Surgical Wounds. Wounds 2021, 33, 219-221.

Martinez-Zapata, M.J.; Marti-Carvajal, A.J.; Sola, I.; Exposito, J.A.; Bolibar, I.; Rodriguez, L.; Garcia, J.; Zaror,
C. Autologous platelet-rich plasma for treating chronic wounds. Cochrane Database Syst Rev 2016, 2016,
CD006899, doi:10.1002/14651858.CD006899.pub3.

Qu, S.; Hu, Z.; Zhang, Y.; Wang, P.; Li, S.; Huang, S.; Dong, Y.; Xu, H.; Rong, Y.; Zhu, W., et al. Clinical Studies
on Platelet-Rich Plasma Therapy for Chronic Cutaneous Ulcers: A Systematic Review and Meta-Analysis of
Randomized Controlled Trials. Adv Wound Care (New Rochelle) 2022, 11, 56-69, doi:10.1089/wound.2020.1186.
Anitua, E.; Pino, A.; Alkhraisat, M.H. Efficacy of plasma rich in growth factors for healing chronic skin ulcers: a
systematic review of randomized controlled trials with meta-analysis. Wounds 2024, 36, 189-200,
doi:10.25270/wnds/23122.

Qu, W.; Wang, Z.; Hunt, C.; Morrow, A.S.; Urtecho, M.; Amin, M.; Shah, S.; Hasan, B.; Abd-Rabu, R.; Ashmore,
Z., et al. The Effectiveness and Safety of Platelet-Rich Plasma for Chronic Wounds: A Systematic Review and
Meta-analysis. Mayo Clin Proc 2021, 96, 2407-2417, doi:10.1016/j.mayocp.2021.01.030.

Li, Y.; Wang, X.; Li, Y.; Li, D.; Li, S.; Shen, C. Efficacy and safety of allogeneic platelet-rich plasma in chronic
wound treatment: a meta-analysis of randomized controlled trials. Sci Rep 2024, 14, 25209, doi:10.1038/s41598-
024-75090-0.

Zhao, P.; Zhou, G.; Jiang, J.; Li, H.; Xiang, X. Platelet-rich Plasma (PRP) in the Treatment of Diabetic Foot Ulcers
and its Regulation of Autophagy. [Int J Low Extrem Wounds 2025, 24, 1103-1113,
doi:10.1177/15347346221144937.

Izadi, M.; Bozorgi, M.; Hosseine, M.S.; Khalili, N.; Jonaidi-Jafari, N. Health-related quality of life in patients with
chronic wounds before and after treatment with medical ozone. Medicine (Baltimore) 2018, 97, 12505,
doi:10.1097/MD.0000000000012505.

Cassino, R.; Ippolito, A.M.; Cuffaro, P.; Corsi, A.; Forma, O. Evaluation of the effectiveness of a hyperoxidized
oil-based medication in the treatment of skin lesions: observational study. Minerva Chir 2015, 70, 23-31.

Pasek, J.; Stanek, A.; Szyluk, K.; Cieslar, G. Ozone Therapy in the Comprehensive Treatment of Leg Ulcers: Case
Report. Adv Skin Wound Care 2022, 35, 1-5, d0i:10.1097/01.ASW.0000874176.25479.2c.

Bomfim, T.L.; Gomes, l.A.; Meneses, D.V.C.; Araujo, A.A.S. Effectiveness of Ozone Therapy as an Adjunct
Treatment for Lower-Limb Ulcers: A Systematic Review. Adv Skin Wound Care 2021, 34, 1-9,
doi:10.1097/01.ASW.0000789064.09407.30.

Wen, Q.; Liu, D.; Wang, X.; Zhang, Y.; Fang, S.; Qiu, X.; Chen, Q. Effects of ozone for treating chronically
refractory wounds and ulcers: A protocol for systematic review and meta-analysis of randomized clinical trials.
Medicine (Baltimore) 2020, 99, ¢20457, doi:10.1097/MD.0000000000020457.

Masiello, G.; Franzini, M.; Richelmi, T.; Tirelli, U.; Valdenassi, L.; Chirumbolo, S. Ozone therapy addresses
neuropathic pain in ulcerous wounds. Med Gas Res 2025, 15, 448-449, doi:10.4103/mgr.MEDGASRES-D-24-
00145.

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 96-110
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

M.A. Farina et al.

108

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Faraji, N.; Goli, R.; Choobianzali, B.; Bahrami, S.; Sadeghian, A.; Sepehrnia, N.; Ghalandari, M. Ozone therapy as
an alternative method for the treatment of diabetic foot ulcer: a case report. J Med Case Rep 2021, 15, 234,
doi:10.1186/s13256-021-02829-y.

Elshenawie, H.A.; Shalan, W.E.A.; Abdelaziz, A.E. Effect of Ozone Olive Oil Ointment Dressing Technique on
the Healing of Superficial and Deep Diabeti Foot Ulcers. Journal of American Science 2013, 9, 235-250.
Wainstein, J.; Feldbrin, Z.e.; Boaz, M.; Harman-Boehm, 1. Efficacy of Ozone-Oxygen Therapy for the Treatment
of Diabetic Foot Ulcers. Diabetes Technology & Therapeutics 2011, 10.1089/dia.2011.0018,
doi:10.1089/dia.2011.0018.

Zhang, J.; Guan, M.; Xie, C.; Luo, X.; Zhang, Q.; Xue, Y. Increased growth factors play a role in wound healing
promoted by noninvasive oxygen-ozone therapy in diabetic patients with foot ulcers. Oxidative Medicine and
Cellular Longevity 2014, 2014, 273475, doi:10.1155/2014/273475.

Ali, E]M. Ozone application for preventing fungal infection in diabetic foot ulcers. Diabetologia Croatica 2013,
42,3-22.

Ahmed M., F.; Mohamed N., M.; Renate, V.-H. Ozone Therapy in Diabetic Foot and Chronic, Nonhealing Wounds.
Ozone: Science & Engineering 2012, 34, 438-450.

Hassan, A.S.; Zakarya, O.; Sheimy, W.M.A.; Eldin, N.E. Therapeutic effecacy of ozone and low level laser in
treatment of diabetic foot ulcers. Zagazig Medical Journal 2011, 17, 109-122.

Martinez-Sanchez, G.; Al-Dalain, S.M.; Menendez, S.; Re, L.; Giuliani, A.; Candelario-Jalil, E.; Alvarez, H.;
Fernandez-Montequin, J.I.; Leon, O.S. Therapeutic efficacy of ozone in patients with diabetic foot. Eur J
Pharmacol 2005, 523, 151-161, doi:S0014-2999(05)00787-9 (pii) 10.1016/j.ejphar.2005.08.020.

Kulikov, A.G.; Turova, E.A.; Shcherbina, T.M.; Kisileva, O.M. (Efficacy of different methods of ozone therapy in
vascular complications of diabetes mellitus). Vopr Kurortol Fizioter Lech Fiz Kult 2002, 17-20.

Izadi, M.; Kheirjou, R.; Mohammadpour, R.; Aliyoldashi, M.H.; Moghadam, S.J.; Khorvash, F.; Jafari, N.J.;
Shirvani, S.; Khalili, N. Efficacy of comprehensive ozone therapy in diabetic foot ulcer healing. Diabetes Metab
Syndr 2019, 13, 822-825, doi:10.1016/j.dsx.2018.11.060.

Izadi, M.; Jafari, N.J.; Hosseini, M.S.; Saafaat, O. Therapeutic effects of ozone in patients with diabetic foot ulcers:
review of the literature. Biomedical Research 2017, 28, 7846-7850.

Dhamnaskar, S.; Gobbur, N.; Koranne, M.; Vasa, D. Prospective Comparative Observational Study of Safety and
Efficacy of Topical Ozone Gas Therapy in Healing of Diabetic Foot Ulcers versus Only Conventional Wound
Management. Surg J (N Y) 2021, 7, €226-¢236, doi:10.1055/s-0041-1731447.

Kadir, K.; Syam, Y.; Yusuf, S.; Zainuddin, M. Ozone Therapy on Reduction of Bacterial Colonies and Acceleration
of Diabetic Foot Ulcer Healing. Home Healthc Now 2020, 38, 215-220, doi:10.1097/NHH.0000000000000889.
Wen, Q.; Chen, Q. An Overview of Ozone Therapy for Treating Foot Ulcers in Patients With Diabetes. Am J Med
Sci 2020, 360, 112-119, doi:10.1016/j.amjms.2020.05.012.

Ramirez-Acuna, J.M.; Cardenas-Cadena, S.A.; Marquez-Salas, P.A.; Garza-Veloz, 1.; Perez-Favila, A.; Cid-Baez,
M.A.; Flores-Morales, V.; Martinez-Fierro, M.L. Diabetic Foot Ulcers: Current Advances in Antimicrobial
Therapies and Emerging Treatments. Antibiotics (Basel) 2019, 8, doi:10.3390/antibiotics8040193.

Bialomyzy, A.; Kotrych, K.; Bogacz, A.; Podralska, M.; Gorska, A.; Bialecki, J.; Uzar, 1.; Czerny, B.; Kaminski,
A. Ozone Therapy and Negative Pressure Wound Therapy in the Treatment of Difficult-to-Heal Wounds in Diabetic
Foot Syndrome and Charcot Neuroarthropathy. J Clin Med 2025, 14, d0i:10.3390/jcm14124017.

Yasti, A.C.; Kabalak, A.A.; Koc, O. Efficacy of ozonized olive oil in the treatment of infected burn wounds
(Abstract). World Journal of Surgery 2011, 35, S431.

Roth, A.; Elkashif, A.; Selvamani, V.; Stucky, R.A.; Seleem, M.N.; Ziaie, B.; Rahimi, R. Wearable and Flexible
Ozone Generating System for Treatment of Infected Dermal Wounds. Front Bioeng Biotechnol 2020, 8, 458,
doi:10.3389/fbi0e.2020.00458.

Roth, A.; Krishnakumar, A.; Rahimi, R. Ozone as a Topical Treatment for Infected Dermal Wounds. Front Biosci
(Elite Ed) 2023, 15,9, doi:10.31083/j.tbe1502009.

El-Tobgy, K. Ozone therapy in burns: our experience in Egypt (abstract). Journal of Ozone Therapy 2019, 3, 12,
doi:doi:http://dx.doi.org/10.7203/j03t.3.4.2019.15417.

Wen, Q.; Liu, D.; Wang, X.; Zhang, Y.; Fang, S.; Qiu, X.; Chen, Q. A systematic review of ozone therapy for
treating chronically refractory wounds and ulcers. Int Wound J 2022, 19, 853-870, doi:10.1111/iwj.13687.
Fitzpatrick, E.; Holland, O.J.; Vanderlelie, J.J. Ozone therapy for the treatment of chronic wounds: A systematic
review. International Wound Journal 2018, 10.1111/iwj.12907, doi:10.1111/iwj.12907.

Pasek, J.; Szajkowski, S.; Cieslar, G. Local Ozone Therapy in Complex Treatment of Venous Leg Ulcers: Ozone
therapy for venous leg ulcers. Int J Low Extrem Wounds 2022, 10.1177/15347346221104611, 15347346221104611,
doi:10.1177/15347346221104611.

Rosul, M.V_; Patskan, B.M. Ozone therapy effectiveness in patients with ulcerous lesions due to diabetes mellitus.
Wiadomosci Lekarskie (Warsaw, Poland: 1960) 2016, 69, 7-9.

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 96-110
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

M.A. Farina et al. 109

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Karatieieva, S.Y.; Muzyka, N.Y.; Yakovets, K.I.; Bakun, O.V_; Slobodian, K.V. The Study of Action the Ozone in
the Surgical Treatment of Inflammatory Processes by Diabetes Mellitus. Wiad Lek 2021, 74, 884-886.

Wanas, M.; Khalaf, W.; Elmanhood, M. Effect of Autologous Fibrin Gel and Platelet Rich Plasma Activated by
Ozone Versus Those Activated by Calcium Chloride on Wound Healing and Prevention of Infection in High Risk
Cesarean Sections: Randomized Controlled Study. Egyptian Journal of Hospital Medicine 2017, 68, 1155-1161.
Rabeiro-Martinez, C.L.; Hernandez-Gonzélez-Abreu, M.C.; Gil-del-Valle, L.; Acosta-Suarez, M.A. Treatment of
Phlebostatic Ulcer in The Lower Limb With Platelet-Rich Plasma Activated with Ozone Calcium Chloride and
Fibrin Membrane. Case Reports 2023, 9, doi:https://doi.org/10.15446/cr.v9n1.93890.

Long, H.; Liu, Q.; Yin, H.; Wang, K.; Diao, N.; Zhang, Y.; Lin, J.; Guo, A. Prevalence Trends of Site-Specific
Osteoarthritis From 1990 to 2019: Findings From the Global Burden of Disease Study 2019. Arthritis Rheumatol
2022, 74, 1172-1183, doi:10.1002/art.42089.

RIAP. Italian Arthroprosthetics Registry Annual Report. Data 2007-2021; Roma, 2023.

Pojskic, M.; Bisson, E.; Oertel, J.; Takami, T.; Zygourakis, C.; Costa, F. Lumbar disc herniation: Epidemiology,
clinical and radiologic diagnosis WENS spine committee recommendations. World Neurosurg X 2024, 22, 100279,
doi:10.1016/j.wnsx.2024.100279.

Ilyas, H.; Udo-Inyang, 1., Jr.; Savage, J. Lumbar Spinal Stenosis and Degenerative Spondylolisthesis: A Review of
the SPORT Literature. Clin Spine Surg 2019, 32, 272-278, doi:10.1097/BSD.0000000000000841.

Qiao, X.; Yan, L.; Feng, Y.; Li, X.; Zhang, K.; Lv, Z.; Xu, C.; Zhao, S.; Liu, F.; Yang, X., et al. Efficacy and safety
of corticosteroids, hyaluronic acid, and PRP and combination therapy for knee osteoarthritis: a systematic review
and network meta-analysis. BMC Musculoskelet Disord 2023, 24, 926, doi:10.1186/s12891-023-06925-6.

Javadi Hedayatabad, J.; Kachooei, A.R.; Taher Chaharjouy, N.; Vaziri, N.; Mehrad-Majd, H.; Emadzadeh, M.;
Abolghasemian, M.; Ebrahimzadeh, M.H. The Effect of Ozone (O(3)) versus Hyaluronic Acid on Pain and Function
in Patients with Knee Osteoarthritis: A Systematic Review and Meta-Analysis. Arch Bone Jt Surg 2020, 8, 343-
354, doi:10.22038/abjs.2020.46925.2292.

Noori-Zadeh, A.; Bakhtiyari, S.; Khooz, R.; Haghani, K.; Darabi, S. Intra-articular ozone therapy efficiently
attenuates pain in knee osteoarthritic subjects: A systematic review and meta-analysis. Complement Ther Med 2019,
42,240-247, doi:10.1016/j.ctim.2018.11.023.

Raeissadat, S.A.; Tabibian, E.; Rayegani, S.M.; Rahimi-Dehgolan, S.; Babaei-Ghazani, A. An investigation into
the efficacy of intra-articular ozone (O(2)-O(3)) injection in patients with knee osteoarthritis: a systematic review
and meta-analysis. J Pain Res 2018, 11, 2537-2550, doi:10.2147/JPR.S175441.

Arias-Vazquez, P.1.; Tovilla-Zarate, C.A.; Bermudez-Ocana, D.Y.; Legorreta-Ramirez, B.G.; Lopez-Narvaez, M.L.
(Efficacy of Ozone Infiltrations in the Treatment of Knee Osteoarthritis Vs Other Interventional Treatments: A
Systematic Review of Clinical Trials). Rehabilitacion (Madr) 2019, 53, 43-55, d0i:10.1016/j.rh.2018.11.001.
Aliyev, D.; Akkemik, U.; Asik, 1. Efficacy of an Intra-articular Ozone Injection for Chronic Knee Pain Due to
Osteoarthritis. Altern Ther Health Med 2023, 29, 24-28.

Dernek, B.; Kesiktas, F.N. Efficacy of combined ozone and platelet-rich-plasma treatment versus platelet-rich-
plasma treatment alone in early stage knee osteoarthritis. J Back Musculoskelet Rehabil 2019, 32, 305-311,
doi:10.3233/BMR-181301.

Ellialtioglu, A.; Yeprem, L. The efficacy of intraarticular PRP, ozone and PRP + ozone injections in patients with
osteoarthritis. In Proceedings of Proceedings of The World Conference on Ozone Therapy in Medicine, Dentistry
and Veterinary, Ancona, Italy, 2019; pp. 79-83.

Peng, B.; Xu, B.; Wu, W.; Du, L.; Zhang, T.; Zhang, J. Efficacy of intradiscal injection of platelet-rich plasma in
the treatment of discogenic low back pain: A single-arm meta-analysis. Medicine (Baltimore) 2023, 102, ¢33112,
doi:10.1097/MD.0000000000033112.

Xuan, Z.; Yu, W.; Dou, Y.; Wang, T. Efficacy of Platelet-rich Plasma for Low Back Pain: A Systematic Review
and Meta-analysis. J Neurol Surg A Cent Eur Neurosurg 2020, 81, 529-534, doi:10.1055/s-0040-1709170.
Schneider, B.J.; Hunt, C.; Conger, A.; Qu, W.; Maus, T.P.; Vorobeychik, Y.; Cheng, J.; Duszynski, B.; McCormick,
Z.L. The effectiveness of intradiscal biologic treatments for discogenic low back pain: a systematic review. Spine
J 2022, 22,226-237, doi:10.1016/j.spinee.2021.07.015.

Rimeika, G.; Saba, L.; Arthimulam, G.; Della Gatta, L.; Davidovic, K.; Bonetti, M.; Franco, D.; Russo, C.; Muto,
M. Metanalysis on the effectiveness of low back pain treatment with oxygen-ozone mixture: Comparison between
image-guided and non-image-guided injection techniques. Eur J Radiol Open 2021, &8, 100389,
doi:10.1016/j.jr0.2021.100389.

Andrade, R.R.; Oliveira-Neto, O.B.; Barbosa, L.T.; Santos, 1.O.; Sousa-Rodrigues, C.F.; Barbosa, F.T.
(Effectiveness of ozone therapy compared to other therapies for low back pain: a systematic review with meta-
analysis of randomized clinical trials). Braz J Anesthesiol 2019, 69, 493-501, doi:10.1016/j.bjan.2019.06.007.
Sconza, C.; Leonardi, G.; Kon, E.; Respizzi, S.; Massazza, G.; Marcacci, M.; Di Matteo, B. Oxygen-ozone therapy
for the treatment of low back pain: a systematic review of randomized controlled trials. Eur Rev Med Pharmacol
Sci 2021, 25, 6034-6046, doi:10.26355/eurrev_202110 26881.

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 96-110
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

M.A. Farina et al. 110

73.

74.

75.

76.

77.

Costa, T.; Linhares, D.; Ribeiro da Silva, M.; Neves, N. Ozone therapy for low back pain. A systematic review.
Acta Reumatologica Portuguesa 2018.

De Oliveira Magalhaes, F.N.; Dotta, L.; Sasse, A.; Teixera, M.J.; Fonoff, E.T. Ozone Therapy as a Treatment for
Low Back Pain Secondary to Herniated Disc: A Systematic Review and Meta-analysis of Randomized Controlled
Trials. Pain Physician 2012, 15, E115-129.

Schwartz Tapia, A. Ozone and Ozonated Growth Factors in the Treatment of Disc Herniation and Discartrosis of
Lumbar Spine. Rev Esp Ozonoterapia 2016, 7, 62.

Kirchner, F. Tratamiento de las patologias discales y degenerativas de la columna vertebral con Plasma Rico en
Factores de Crecimiento Plaquetario Ozonizados. Rev Esp. De Ozonoterapia 2012, 2, 91-106.

ISCO3. Madrid Declaration on Ozone Therapy.ISBN: 978-84-09-72146-7, 4 ed.; Madrid, G.S.L., Ed. ISCO3:
Madrid, Spain, 2025; pp. 103.

European Journal of Musculoskeletal Diseases 2026 May-August 15(2): 96-110
www.labpublishers.com/ ISSN 2038-4106 (print) ISSN: 2975-044X (online)



http://www.labpublishers.com/

VB¢,
Q)Q \

"\ European Journal
)of Musculoskeletal

S

=z
S(®=@) %

RESEARCH IN SCIENCE

Narrative Review

IMPLICATIONS OF PELVIC TILT IN KNEE ARTHROPLASTY: A
NARRATIVE REVIEW

P. Cimatti!, M. Corzani', A. Gasbarrini>?, F. Vommaro?, S. Caravelli*, M. Mosca*, M. Morri®, G. Placella® and D. Dallari!

'Reconstructive Orthopaedic Surgery Innovative Techniques - Musculoskeletal Tissue Bank, IRCCS Istituto Ortopedico
Rizzoli, Bologna, Italy;

2Spine Surgery Unit, IRCSS Orthopedic Institute Rizzoli, Bologna, Italy;

3Department of Biomedical and Neuromotor Sciences, University of Bologna, Bologna, Italy;

“Bentivoglio Orthopaedic Unit, IRCCS Orthopedic Institute Rizzoli, Bologna, Italy;

SNursing, Technical and Rehabilitation Assistance Service, IRCCS Orthopedic Institute Rizzoli, Bologna, Italy;

*JRCCS San Raffaele Hospital, Milano, Italy.

Correspondence to:

Pietro Cimatti, MD

Reconstructive Orthopaedic Surgery Innovative Techniques,
Musculoskeletal Tissue Bank,

IRCCS Orthopedic Institute Rizzoli,

Bologna, Italy

e-mail: pietro.cimatti@ior.it

ABSTRACT

Pelvic tilt (PT), defined as the orientation of the pelvis relative to the sagittal and frontal planes, plays a
significant role in the biomechanics of the lower limb and thus impacts the outcomes of knee arthroplasty. This expert
review explores the clinical and biomechanical effects of anterior, posterior, and lateral PT, examining how these postural
deviations influence prosthetic joint balancing, alignment, and postoperative recovery. We also discuss current limitations
in evaluating and managing pelvic tilt during knee replacement surgery, highlighting the need for an integrated
multidisciplinary approach to optimize clinical outcomes.

KEYWORDS: pelvic tilt, knee arthroplasty, joint balancing, biomechanics, alignment
INTRODUCTION

The long-term success of knee arthroplasty heavily depends on the precise alignment and balancing of prosthetic
components, a principle well established in orthopedic surgery (1). However, in recent years, growing attention has been
directed toward the pelvis and its spatial orientation, known as pelvic tilt, which has emerged as a key factor influencing
lower limb kinematics and ultimately affecting prosthetic outcomes (2). PT corresponds to the angle between the line
connecting the midpoint of the sacral plate to the midpoint between two femoral head centers (bi-coxo-femoral axis), and
the line going through the vertical axis, and it is not a singular entity but rather manifests in various forms, anterior,
posterior, and lateral, each exerting distinct biomechanical and clinical consequences (2).
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Alignment of the knee components is critical in ensuring patient satisfaction and functional ability after total
knee arthroplasty (TKA) (3). A poor postoperative range of motion (ROM) can lead to restriction in daily activities and,
consequently, also to patient dissatisfaction (3). Therefore, consideration must also be given to those factors outside the
sole knee anatomy, such as spine—pelvis—lower limb sagittal alignment, regarded as a global sagittal balance, that could
lead to improper positioning of the prosthetic components (4).

Within the spine-pelvic-lower extremity system - comprising the spine, hip, knee, and ankle - the integrity of
one joint is reflected in the functioning of the others. Depending on the etiology and the compensation mechanism put in
place, malalignment in the sagittal plane can result from each of these joints (5). Data suggests that knee flexion as a
compensatory mechanism of a spine’s deformity in the sagittal plane predisposes to persisting stiffness of the knee even
after TKA (6). In this regard, some studies suggest that patients who are candidates for TKA should undergo a spinopelvic
assessment before surgery to identify risk factors for postoperative stiffness, thereby aiming to minimize the need for
prosthetic revision or manipulation under anesthesia due to functional limitations (7). A significant reduction in lumbar
lordosis has been reported in patients with knee extension limitation (8).

Severe knee osteoarthritis (KOA) - and even knee replacement surgery - can have a major impact on pelvis and
spine alignment (5). With the term ‘Knee-spine syndrome’ we describe the low back pain (LBP) caused indirectly by
gonarthrosis, as degenerative modifications in the knee could have a role in the development of changes in the lumbar
spine, such as loss of lordosis (8). There are multiple studies analyzing the effect of correction of the flexion knee
contracture on the pelvic and spinal alignment after TKA, showing that these symptoms improve after knee replacement
surgery (9, 10). Conversely, alignment of the spine and pelvis - which is influenced by congenital, degenerative, or
iatrogenic factors - can alter the lower limb axis, and thus the optimal positioning of TKA components (11).

This expert review aims to synthesize current evidence regarding the influence of PT on knee arthroplasty, with
particular emphasis on its role in joint balancing, prosthetic positioning, and functional rehabilitation.

Anterior pelvic tilt and its biomechanical implications in knee arthroplasty

Anterior PT is characterized by the downward displacement
of the Anterior Superior Iliac Spine (ASIS) relative to the Posterior
Superior Iliac Spine (PSIS), resulting in a forward rotation of the pelvis
(2). This altered pelvic posture induces a complex chain of
biomechanical adaptations that extend to the hip and knee joints.
Specifically, the anterior-inferior rotation of the acetabulum causes
functional anteversion and external rotation of the femoral neck, a
mechanism aimed at preserving joint congruency and mitigating shear
forces acting on the acetabulum during weight-bearing activities (12).
Concurrently, there is an increase in dynamic hip flexion largely
driven by tension within the rectus femoris and iliopsoas muscles,
which exert anterior traction on the femur, promoting both flexion and
internal rotation (7). Additionally, the muscle tension balance shifts
with decreased gluteal muscle activity and a reactive increase in
hamstring tension, influencing rotational control and overall joint
stability (13) (Fig. 1).

These biomechanical changes have profound implications at

the knee level. For instance, the external rotation of the femur

Fig. 1. Sagittal schematic representation of the
pelvis showing the main spinopelvic parameters:
pelvic incidence (PI), pelvic tilt (PT), and sacral
slope (SS). Pl is defined as the angle between the
perpendicular to the sacral plate and the line
connecting the femoral head center to the midpoint
of the sacral endplate; PT is the angle between the
vertical and the line connecting the femoral head
center to the midpoint of the sacral endplate; SS is
the angle between the sacral endplate and the
horizontal. These parameters are fundamental for
assessing  sagittal balance and spinopelvic
relationships.

contributes to lateral patellar maltracking, as the quadriceps tension
increases, and a dynamic patella baja may develop (7). Furthermore,
the knee often assumes a fixed flexed posture, which shifts load
posteriorly, increasing joint stress and meniscal pressure, potentially
leading to ligamentous contractures, particularly of the posterior
cruciate ligament and posterior capsule (14).

Importantly, these postural deviations can confuse
intraoperative assessments. When the patient is supine, PT tends to
normalize, potentially masking posterior soft tissue tension. This can
result in overestimating the flexion gap while underestimating the
extension gap during surgery, which has important implications for
prosthetic balancing and component sizing (6). Moreover, muscular
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compensations, such as reduced eccentric quadriceps strength and increased knee flexion during the stance phase, add
another layer of complexity, requiring more nuanced soft-tissue balancing (7). Changes in the functional tibial slope
angle, often underestimated when assessed in the standing position, may also influence prosthesis sagittal stability (14).
In addition, consideration must be given to the fact that anterior PT is often associated with a larger Q-angle: the
consequent excessive retroversion of the acetabulum determines increased medial torsion of the femur, displacing the
patella medially and the tibial tuberosity laterally, potentially leading to lateral patellar maltracking after TKA (15).
Furthermore, a Pelvic Incidence-Lumbar Lordosis mismatch (PI-LL mismatch) influences the PT. The
relationship between PI-LL and PT is complex, but, generally speaking, a higher PI-LL mismatch is linked to anterior
PT, especially if the mismatch is severe, as the body may compensate by tilting the pelvis anteriorly to improve overall
alignment (10). In this regard, Oshimo et al. showed in their research that, among patients who underwent TKA surgery,
a spinal deformity, quantified as a PI-LL mismatch >10°, was more frequently associated with a knee flexion contracture

(15) (Fig. 2).

Neutral Anterior tilt Posterior tilt

External
oblique
muscle

slujwopge snyooy

Gluteus
maximus

NN
K
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Hamstring
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Fig. 2. AnterCor Pelvic Tilt: the pelvis is tilted forward from the spine. This, in effect, pulls the lumbar spine into lordosis,
elongating the gluteal and weakening the anterior core. It can occur due to inactivity, muscular imbalances, or poor
neural control of posture. The hip flexor muscles become exhausted and lose flexibility, while the rear muscles supporting
the pelvis. Posterior pelvic tilt, on the other hand, is often associated with a contracture of the anterior core muscles as

well as a tightness of hamstrings and gluteus maximus.

Lateral pelvic tilt: causes, consequences, and clinical relevance in knee arthroplasty

Lateral PT, or pelvic obliquity, is frequently linked to limb length discrepancies and can arise from a variety of
structural causes, including bony deformities, scoliosis, neuromuscular disorders, or sequelae of previous surgeries, as
well as from functional factors such as muscular imbalances, asymmetric foot loading, and adaptive postural strategies
(16). This type of PT leads to an uneven distribution of mechanical load across the lower limbs, which tends to overload
one compartment of the knee joint and predispose to asymmetric wear of prosthetic components (15). As a compensation,
the body often adopts biomechanical strategies such as relative hip abduction on the side of the elevated pelvis,
accompanied by a compensatory varus alignment of the knee, while the contralateral hip may adduct, resulting in a valgus

knee deformity (16) (Fig. 3).
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These alterations disrupt the mechanical axis of
the lower limb, complicating intraoperative soft-tissue
balancing and the proper positioning of prosthetic
components (6). Surgeons may face challenges due to
asymmetric ligament tensions, which increase the risk of
joint instability or early implant loosening (17).
Furthermore, residual limb length discrepancies after
surgery remain a concern if the underlying cause of
pelvic obliquity is not adequately addressed (16).
Clinically, this translates into a potentially prolonged and
less symmetrical recovery process, necessitating
customized rehabilitation programs to restore gait
symmetry and optimize function (6).

Knee-spine syndrome
Abnormal spinal balance may lead to knee
contracture, and, conversely, knee contracture may

Fig. 3. Anteroposterior pelvic radiograph illustrating lateral affect spinal balance. KOA is a common cause of knee
pelvic tilt. The inclination of the iliac crests relative to the
horizontal reference l inef (white) highlights an obliq.u ily in If‘he degenerative changes, and inflammatory reaction of the
coronal plane (red), indicative of asymmetric load distribution ) A ) ) .
and potential compensatory mechanisms at the lumbar spine, surrounding tissues (18). Patients with knee flexion
hip, or knee level. Assessment of lateral pelvic tilt is essential ~contractures have been found to have significantly
for evaluating coronal balance and lower limb alignment. reduced LL, and a causative correlation has been found
between KOA and LBP, a phenomenon described as the
“knee—spine syndrome” (8). Knee flexion leads to

decreased LL and increased hip flexion in healthy young

flexion contracture due to a combination of pain,

adults without a significant change in pelvic alignment (19).

There is a sophisticated relationship between the knee, hip, and spine. The more the femoropelvic angle
increases, the larger the loss of LL and the more anterior the sagittal balance becomes. This anatomic relationship was
first described by Murata et al, who, in their study, compared plain radiographs to joint range of motion and found that
patients with a knee flexion contracture of more than 5 degrees had significantly reduced spinal lordosis (8).

The limitation of knee extension was significantly greater in patients with an LL of 30 degrees or less; on the
other hand, the LL was significantly reduced in patients with a limitation of knee extension greater than 5 degrees.

Their study indicates that lumbar spine symptoms may be caused by degenerative changes in the knee, as these
often limit extension. In particular, this last one was significantly greater in patients with an LL of 30° or less, and the
duration of knee pain was also significantly longer. There was a correlation between knee angle and LL, suggesting that
loss of lordosis is associated with degenerative changes in the knee. It is difficult to determine whether the deformity of
the lumbar spine or that of the knee is the primary factor (18) (Fig. 4).
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Fig. 4. Lateral view illustrations demonstrating the sequential postural adaptations associated with knee-spine syndrome.
From left to right: (1) normal sagittal alignment with balanced spinopelvic parameters; (2) early compensatory decrease
in lumbar lordosis and slight anterior translation of the center of mass to accommodate knee flexion; (3) progressive
forward trunk inclination with increased knee flexion, representing advanced compensatory mechanisms; (4) end-stage
compensation with marked knee flexion, pronounced lumbar lordosis, and notable anterior shift of the body’s center of
mass, highlighting the interdependence between knee and spinal alignment.

Total hip arthroplasty (THA) and TKA can significantly impact patient posture by modifying global sagittal
alignment. Moreover, degenerative changes of the spine, particularly reduced LL and sagittal malalignment, may
contribute to the progression of osteoarthritis (OA) in the lower limbs. Existing evidence indicates a frequent association
between KOA and decreased LL, which often leads to pelvic retroversion surpassing the pelvis’s compensatory capacity.
This mechanism exacerbates sagittal imbalance and results in increased knee flexion contractures (9).

A high PI has been identified as a predisposing factor for both spondylolisthesis and KOA. In sagittal-plane
deformities, spinal kyphosis triggers compensatory responses, including increased pelvic retroversion, hip extension, knee
flexion, and ankle dorsiflexion. The limitation of knee extension tends to worsen as LL decreases. Additionally, a close
relationship between KOA-related pain and disability and the presence of LPB has been documented (11).

Notably, patients undergoing TKA with prior lumbar spinal fusion demonstrate significant postoperative
alterations in PT and sacral slope, whereas those without fusion history typically do not exhibit considerable changes in
spinopelvic parameters after surgery (20). The “knee—hip—spine syndrome” describes the adaptive mechanism whereby
posterior PT combined with hip extension compensates for diminished LL, resulting in subsequent knee flexion and ankle
dorsiflexion to preserve upright posture (15).

Following the “proximal-to-distal” approach, now the standard in clinical practice, Shichman et al. found that
TKA can substantially modify sagittal pelvic alignment in patients with prior spinal fixation. Consequently, in selected
cases, prioritizing knee surgery and reassessing spinopelvic alignment postoperatively may optimize outcomes of
subsequent hip arthroplasty. Specifically, for patients with spinal fusion undergoing both hip and knee replacements,
performing TKA prior to THA may be advantageous. Furthermore, individuals with advanced KOA often present with a
more anterior PT (19-21).

TKA can lead to meaningful changes in spinopelvic alignment in patients with prior lumbar fusion compared to
those without it. Patients with spinal fusion who are candidates for both hip and knee replacements should consider
undergoing TKA first, since changes in spinopelvic sagittal alignment can increase the risk of future complications (21).

Spinal inclination angle (SPA) was defined as the angle between a plumb line and a straight line from the first
thoracic vertebra to the first sacral vertebra. A greater spinal inclination angle reflected a forward, stooped posture, which
gives poor sagittal balance. An increase in the SPA is associated with a higher risk of KOA; likewise, a decrease in LL
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and lumbar ROM is associated with an increase in the SPA. The results of Tsuji et al suggest that the loss of LL may be
associated with LBP (22).

The patella is pulled by thigh muscles: the rectus femoris, vastus lateralis, vastus intermedius, and vastus
medialis. These muscles are very strong and originate in the iliac bone. Therefore, the patella is pulled superiorly, while
dorsal sacral tilting and the knee flexion position increase the pressure on the patellofemoral joint, considering that the
patella comes in contact with the femur when knee flexion exceeds 10°. The presence of patellofemoral pain syndrome
was well correlated with sacral inclination and knee flexion position, as well as with changes in lumbar kyphosis. In their
study, Tauchi et al. ruled out definite OA of the femorotibial joint, correlating this phenomenon with changing of lumbar
alignment. They created a new pathological concept, as they called this significant correlation between lumbar kyphosis
and knee flexion position “the knee’spine syndrome” (32).

Similarly, OA of the hip and hip flexion contracture have also been shown to affect global sagittal balance.
Flexion contracture of the hip leads to a change in pelvic alignment, with retroversion of the pelvis and decreased lordosis
of the spine as a compensation mechanism (8).

Total knee replacement can decrease knee flexion contracture with subsequent normalization of spinal balance
(15). Correction of the flexion contracture by knee surgery, such as TKA, might decrease the femoral patellar angle and
therefore prevent the loss of LL and anterior sagittal imbalance.

If the standing posture does not change despite the correction by TKA, there might be compensatory mechanisms
to anterior sagittal balance caused by a rigid spinal deformity, in which case the primary pathology may then be considered
the loss of LL (23).

If both spine and knee deformities are present, it is unclear whether it is better to address the spine or the knee
first. It is generally accepted that if there is severe deformity or windswept coronal deformity from valgus knee arthritis,
the knee should be corrected first (23). These patients are especially challenging, and a better prognosis is expected with
the associated spine’s deformity correction (19, 24).

Spinal flexibility is an important factor for improvement in spinal and knee alignment after total knee arthroplasty
(24), and the knee replacement prognosis has been found to be poorer when both spine and knee pathologic conditions
are present (6).

Posture varies with age due to global degenerative changes. The loss of LL results in spinal kyphosis, pelvic
retroversion, hip extension, knee flexion, and ankle dorsiflexion. These mechanisms are referred to as the hip—spine and
knee—spine syndromes. In 1994, Dubousset put forth the concept of “the cone of economy,” which refers to the upright
body posture maintained by the skeletal muscle strength of the body trunk and lower extremities, and the alignment of
the skeletal structures, including the head, spine, pelvis, and lower extremities. The body sways to maintain balance while
standing in a cone shape, and the body posture remains stable with minimal energy expenditure when the cone is narrow.
In contrast, the body becomes unstable and energy expenditure increases when the cone is large, as the body trunk is
positioned peripherally within the cone. Thus, when the trunk extends beyond the cone, supportive devices, such as a
cane or a crutch, are necessary to prevent falls (25).

Sagittal vertical axis (SVA), defined as the horizontal distance from the postero-superior corner of S1 to the
plumb line dropped from the center of the body at C7, is one of the indices of the sagittal body balance. A positive SVA
indicates a plumb line passing anteriorly to the front of the sacrum, while a negative SVA indicates a plumb line passing
through or behind the sacrum. SVA is an index of a stable standing posture, in which the femur is fixed, and the gluteus
maximus is contracted such that the pelvis is tilted posteriorly (19). Reduced LL and excessive spinal kyphosis are
associated with increased intradiscal pressure, which may cause LBP (26). Approximately 60% of the older individuals
are considered to present with adult spinal deformity. Moreover, sagittal alignment is characterized through 3 modifiers:
1) the difference between the angle of the PI and LL,;

2) the PT;
3) SVA.

When LL increases, the pelvis tilts anteriorly, and thoracic kyphosis decreases in a reciprocal manner. In contrast,
when LL decreases, the pelvis tilts posteriorly, thoracic kyphosis increases, and the knee flexes.

Coxitis of the knee is defined as secondary KOA caused by hip OA. Originally, coxitis of the knee was believed
to be related to hip disease. However, adduction contracture of the hip and discrepancies of leg length have been regarded
as the main etiologies of coxitis of the knee (20, 27, 28). Of note, although an important symptom of hip and KOA, coxitis
knee affects the coronal alignment of the body posture to a greater extent rather than the sagittal alignment for the body
posture (18).
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In the sagittal alignment, spinal kyphosis induces pelvic retroversion, hip extension, knee flexion, and ankle
dorsiflexion as compensation mechanisms (27-31). These mechanisms increase the load on the knee joint and lead the
progression of KOA. Sagittal balance was not compensated by the lumbar spine only in severe KOA; the hip was flexed
and the pelvis was anteverted with significant forward spinal inclination, resulting in an unbalanced status (15).

Tsuji et al. described a correlation between sacral inclination and patellofemoral pain, which is related to
changing of lumbar alignment as the knee—spine syndrome (22). Murata et al. also evaluated the correlation between the
restriction of knee extension and loss of LL (8). Moreover, Tauchi et al. demonstrated the relationship between increased
spinal inclination and KOA as the knee—spine syndrome (32).

TKA and the alignment

Muscle weakness of the lower extremities and restriction of knee extension in KOA have been considered to be
associated with loss of LL and abnormal posture (8).

Lumbar sagittal malalignment deformity, characterized by an imbalance between LL and pelvic parameters,
especially PIL, negatively influences TKA outcomes. An increased PI-LL mismatch correlates with poorer functional
outcomes following knee replacement. Proper sagittal alignment of the spine, pelvis, and lower extremities is essential
for maintaining stable posture and an efficient gait. Misalignment in any of these components prompts compensatory
adaptations elsewhere, with knee flexion being a prominent response, particularly in severe KOA (24).

Spinopelvic parameters, including PI, PT, sacral slope, LL, and SVA, generally remain stable after TKA in
advanced KOA. However, preoperative pelvic retroversion is often more pronounced in patients slated for TKA compared
to those with isolated KOA. Thus, TKA may be considered a preliminary intervention in patients presenting with
significant sagittal spinopelvic abnormalities alongside degenerative lumbar spine disease (23).

Lower limb realignment through TKA primarily influences pelvic parameters, while spinal alignment shows
minimal change. Patients with anterior stooping or lumbar flat back deformities frequently exhibit discrepancies between
passive knee extension and extension during standing. Therefore, comprehensive preoperative evaluation of spinopelvic
alignment is crucial, enabling better prediction of postoperative postural adjustments and enhancing surgical outcomes
(7).

Furthermore, lumbar flexibility emerges as a critical factor influencing lower limb alignment post-TKA. Reduced
lumbar mobility can lead to discordance between passive and functional knee extension during weight-bearing. Some
patients maintain slight knee flexion in standing despite resolution of clinical contractures, predominantly due to limited
lumbar flexibility. In contrast, deformities affecting the cervical or thoracic spine exert minimal influence on lower limb
mechanics (20, 31, 32).

Limitations and perspectives

Despite the recognized importance of PT in knee arthroplasty, several challenges remain. The pelvis is a complex
structure whose postural and biomechanical characteristics span multiple planes and involve multiple muscle groups,
making isolated assessments insufficient. Moreover, scientific evidence linking specific PT values to functional outcomes
and joint biomechanics is still limited. The integration of neuromuscular and postural evaluations into surgical planning
and postoperative care is often inadequate.

To overcome these limitations, there is a pressing need for standardized guidelines and protocols for preoperative
assessment and intraoperative adaptation in prosthetic surgery. A multidisciplinary approach that includes
physiotherapists specializing in pelvic muscle evaluation and rebalancing is crucial both before and after surgery to
optimize patient outcomes.

CONCLUSIONS

The spine, hip, and knee are anatomically connected, and all these structures undergo degenerative changes with
age. Clinically, low back, hip, and knee pain and discomfort often co-occur, a phenomenon referred to as the knee—hip—
spine syndrome. Treatments for pathologic entities of the spine, hip, and knee are separated and specialized; however,
physicians often carefully examine patients, considering the knee-hip-spine syndrome as a differential diagnosis.
Musculoskeletal structures are interconnected.

PT represents a fundamental factor to consider in the planning and execution of knee arthroplasty. Its influence
extends beyond simple joint alignment, affecting soft tissue balance and the mechanical loading environment of the
implant. A thorough preoperative evaluation, combined with attentive intraoperative management of pelvic orientation,
can enhance prosthetic alignment, stability, and longevity, while facilitating a better functional recovery for patients. The
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current literature emphasizes the need for further research to standardize assessment methods and integrate PT
management effectively into the therapeutic pathway for knee replacement surgery.
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ABSTRACT

Pediatric obstructive sleep apnea (OSA) is frequently associated with craniofacial abnormalities, including
mandibular retrusion. Mandibular advancement appliances (MAAs) have emerged as a non-surgical therapeutic option,
although their clinical effectiveness remains debated. This review critically synthesizes and discusses current evidence
on the effects of mandibular advancement appliances on respiratory outcomes, airway morphology, craniofacial changes,
and clinical symptoms in children with obstructive sleep apnea.

KEYWORDS: sleep apnea, obstructive, mandibular advancement, orthodontic appliances

INTRODUCTION

Pediatric obstructive sleep apnea (OSA) is frequently associated with craniofacial abnormalities, including
mandibular retrusion. Mandibular advancement appliances (MAAs) have emerged as a non-surgical therapeutic option,
although their clinical effectiveness remains debated. This review critically synthesizes and discusses current evidence
on the effects of mandibular advancement appliances on respiratory outcomes, airway morphology, craniofacial changes,
and clinical symptoms in children with obstructive sleep apnea.

Obstructive sleep apnea (OSA) is a sleep-associated respiratory disorder characterized by repeated episodes of
partial or complete collapse of the upper airway despite continued respiratory effort (1). These events result in abnormal
breathing, reduced ventilation, and fragmentation of normal sleep architecture (1, 2). OSA encompasses a broad clinical
continuum, ranging from habitual snoring to more severe conditions, including upper airway resistance syndrome and
clinically defined obstructive sleep apnea syndrome (1). It may affect adults or children, with different causes but similar
effects (3). Pediatric obstructive sleep apnea was first recognized in 1976 (4), and in 1981, Guilleminault et al. reported
on a series of 50 pediatric cases, highlighting that the clinical features of OSA in children differ significantly from those
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observed in adults. They noted that affected children more commonly exhibited disrupted nocturnal sleep rather than
pronounced daytime sleepiness and frequently presented with behavioral disturbances. These included school-related
difficulties such as impaired attention, poor academic performance, and hyperactivity, symptoms consistent with
attention-deficit/hyperactivity disorder. Additional manifestations included nocturnal enuresis, sleep terrors,
sleepwalking, confusional arousals-grouped under non-REM parasomnias-as well as depression, insomnia, and other
psychiatric concerns (5).

In children, OSA most commonly arises from adenotonsillar enlargement, craniofacial structural abnormalities,
or reduced neuromuscular tone (1). It has also been reported that missing teeth, whether due to syndromic or non-
syndromic causes, may influence oral development and favor upper airway collapse during sleep (6, 7). Several
preliminary investigations have suggested that orthodontic correction of maxillary and mandibular abnormalities may be
an effective therapeutic approach in pediatric patients with OSA (8). Orthodontists have a key role in the early detection
and management of pediatric OSA. Growth-modifying interventions can help improve compromised airway dimensions
and contribute to favorable long-term therapeutic outcomes (9,10). Orthopedic mandibular advancement appliances
function by positioning the mandible in a forward direction, thereby advancing the associated soft tissue structures. This
forward displacement increases the volume of the posterior pharyngeal airway and reduces the propensity for airway
collapse during sleep.

In children with OSA who are still in an active growth phase, this mechanism has been shown not only to improve
apnea-hypopnea index (AHI) values but also to stimulate growth at the condylar region, resulting in an additional increase
in overall mandibular length. Short-term use of these appliances has demonstrated improvements in AHI; however, the
available evidence remains limited. Further studies are required to determine the effectiveness of this approach in the
management of pediatric OSA (11).

MATERIALS AND METHODS

An electronic literature search was conducted in MEDLINE (via PubMed) to identify studies published between
1 January 2015 and 1 January 2026. The search strategy combined controlled vocabulary (MeSH) and free-text terms
related to obstructive sleep apnea (OSA), the pediatric population, and mandibular advancement functional orthodontic
appliances. The full search string was: ("Sleep Apnea, Obstructive"(Mesh) OR "Sleep Apnea Syndromes"(Mesh) OR
"sleep-disordered breathing” OR "obstructive sleep apnea" or "sleep apnea*") AND ("Child"(Mesh) OR
"Adolescent"(Mesh) OR child* OR pediatric* OR paediatric*) AND ("Orthodontic Appliances, Functional"(Mesh) OR
"functional appliance*" OR "mandibular advancement” OR "twin block” OR herbst).

The search yielded 240 records. Records were managed and screened in a stepwise selection process. Titles and
abstracts were screened for relevance. Records not meeting the scope of the review were excluded. The remaining articles
underwent full-text retrieval; studies were excluded when the full text was unavailable or eligibility criteria were not met.
Full-text articles were then assessed in detail. At the end, 28 studies were included in the final review. Eligibility criteria
were defined a priori using a PCC framework:

e  Population (P): children and adolescents under 16 years of age diagnosed with a sleep-disordered breathing and
treated with mandibular advancement functional orthopedic appliances; no restrictions by sex;
e  Concept (C): use of mandibular advancement functional orthopedic appliances in the management of pediatric

OSA, specifically in combination with maxillary expansion;

e Context (C): orthodontic and functional orthopedic treatment delivered in clinical settings for pediatric patients,
with outcomes relevant to OSA.

RESULTS

This narrative review synthesizes current evidence on the role of mandibular advancement appliances (MAAs)
and related functional orthopedic devices in the management of pediatric obstructive sleep apnea (OSA), whereas the role
of maxillary expanders has already been reported and vastly discussed in the literature (12, 13). Overall, the literature
suggests that mandibular advancement is associated with clinically meaningful improvements in respiratory parameters,
airway morphology, and patient-reported outcomes in selected pediatric populations, although the strength and
consistency of the evidence are limited by substantial heterogeneity and variable methodological quality across studies
(11, 14-20).
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Effects on respiratory outcomes

Across multiple systematic reviews, meta-analyses, and controlled studies, MAAs were generally associated
with reductions in the apnea-hypopnea index (AHI), with reported mean decreases ranging from modest (approximately
1.7-2.2 events/h) to marked reductions exceeding 50% in selected cohorts (8, 14, 18, 19, 21-23). Notably, one large meta-
analysis reported an 89% reduction in AHI accompanied by a substantial improvement in lowest oxygen saturation
(LSAT), highlighting the potential magnitude of treatment effect under optimal conditions (24). Similar findings were
reported in pooled analyses focusing on Twin-block therapy and modified monoblock appliances, which demonstrated
significant reductions in AHI despite considerable interstudy heterogeneity (16, 21, 25). However, several meta-analyses
failed to demonstrate statistically significant overall reductions in AHI, despite favorable mean differences, underscoring
the variability in treatment response (11, 17).

Heterogeneity was consistently attributed to differences in appliance design, treatment duration, baseline OSA
severity, diagnostic modality, and study design. Importantly, studies employing full polysomnography tended to report
more pronounced and reliable reductions in AHI than those using portable sleep monitoring (8, 16, 17), underscoring the
importance of standardized outcome assessment. Improvements in oxygenation parameters appeared more consistent than
AHI reductions across the literature. Significant increases in mean and minimum oxygen saturation, as well as reductions
in oxygen desaturation indices and snoring time, were reported in multiple studies and meta-analyses (14, 18, 22, 24-26).
Nevertheless, subgroup analyses suggested that these effects varied by appliance type, with silicon-based or modified
monoblock devices demonstrating greater oxygenation benefits than traditional Twin-block appliances in some reports
(16, 17).

Airway morphology and craniofacial effects

Cephalometric and imaging studies consistently demonstrated enlargement of the upper airway following
mandibular advancement therapy, particularly at the oropharyngeal and hypopharyngeal levels (27-34). Reported changes
included increases in airway volume, minimum cross-sectional area, and anteroposterior and lateral airway dimensions,
often accompanied by favorable modifications in tongue posture and hyoid bone position (27, 30, 33). These
morphological adaptations provide a plausible anatomical basis for the observed improvements in respiratory function.

Skeletal effects were also frequently reported in growing patients, including increases in SNB angle, reductions
in ANB, mandibular lengthening, and marked decreases in overjet (27, 30-33). In some studies, these changes were
accompanied by reductions in adenoid thickness, tonsillar size, and Mallampati score, suggesting that mandibular
advancement may influence multiple anatomical contributors to airway obstruction (27, 31, 33). Nevertheless, the long-
term stability of these skeletal and airway changes remains uncertain, as post-treatment assessments were often performed
with the appliance in situ, making it difficult to distinguish between transient mandibular repositioning and permanent
growth-related adaptations (11, 15, 20, 35).

Treatment duration, timing, and patient selection

Treatment duration and timing relative to craniofacial growth emerged as key determinants of efficacy. Several
reviews and subgroup analyses indicated that longer treatment durations (>6 months) were associated with greater and
more stable reductions in AHI and more pronounced airway changes (18-21). Initiation of therapy before or during the
pubertal growth phase appeared particularly advantageous, especially in patients with skeletal Class IT malocclusion and
mandibular retrusion (11, 18, 28, 36). Subgroup analyses further suggested that children with more severe OSA or greater
craniofacial imbalance may experience larger treatment effects, while age alone did not consistently modify outcomes
(14, 18, 21). Despite these trends, there remains no consensus regarding optimal advancement protocols, titration
strategies, daily wear time, or total treatment duration. Moreover, compliance, although generally reported as good, was
rarely assessed objectively, limiting interpretation of dose-response relationships and long-term effectiveness (11, 22, 23,
37).

Clinical outcomes, tolerability, and safety
Beyond polysomnographic outcomes, several studies reported improvements in sleep quality, daytime and nighttime
symptoms, behavior, cognition, and quality of life, as measured by validated instruments such as the OSA-18, PSQ, ESS,
and Sleep Disturbance Scale for Children (14, 18, 22, 26, 31). These patient-centered outcomes are particularly relevant
in pediatric OSA, given its well-documented neurobehavioral sequelae.

MAAs were generally well tolerated, with low dropout rates and predominantly mild, transient adverse effects,
such as initial discomfort or excessive salivation (22, 26, 33). Dental and occlusal changes were the most commonly
reported long-term concerns, while temporomandibular joint symptoms were infrequent and usually reversible (11, 20,
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35). However, the limited follow-up duration in most studies precludes definitive conclusions regarding long-term safety,
relapse risk, and effects on temporomandibular joint health or sleep architecture (20, 38).

Limitations of the current evidence and future directions

Despite the overall favorable trend, the available evidence is constrained by small sample sizes, heterogeneous
study designs, inconsistent reporting of outcomes, and a predominance of low- to moderate-quality studies (11, 17-20,
37). Asymmetry in funnel plots and selective reporting raise concerns about publication bias in several meta-analyses (17,
24). Furthermore, substantial overlap among primary studies included in multiple systematic and umbrella reviews
highlights redundancy in the literature and underscores the need for new, high-quality primary research (19, 20). Future
investigations should prioritize well-designed randomized controlled trials with standardized diagnostic criteria, uniform
outcome measures, objective compliance monitoring, and long-term follow-up. Particular emphasis should be placed on
distinguishing temporary appliance-dependent effects from stable skeletal and airway adaptations, as well as on
evaluating MAAs within a multidisciplinary treatment framework that includes adenotonsillectomy, rapid maxillary
expansion, and myofunctional therapy (11, 18, 20, 39).

DISCUSSION

This narrative review highlights the potential role of mandibular advancement appliances (MAAs) as a non-
invasive therapeutic option for pediatric obstructive sleep apnea (OSA), particularly in children with craniofacial
abnormalities, such as mandibular retrusion. Overall, the available evidence suggests that MAAs are associated with
short-term improvements in key polysomnographic parameters, including reductions in the apnea-hypopnea index (AHI)
and improvements in oxygenation, although results vary across studies (14, 16-21, 24, 25). Imaging and cephalometric
studies consistently demonstrate enlargement of the upper airway following mandibular advancement, particularly at the
oropharyngeal and hypopharyngeal levels, accompanied by favorable changes in tongue posture, hyoid bone position,
and mandibular skeletal relationships (27-34). These anatomical adaptations provide a plausible mechanistic explanation
for the observed improvements in respiratory outcomes. In addition, several studies report clinically relevant benefits in
sleep quality, daytime and nighttime symptoms, behavior, and quality of life, further supporting the potential therapeutic
value of MAAs in pediatric OSA (14, 18, 22, 26, 31).

Despite these encouraging findings, the overall strength of the evidence remains limited. Substantial
heterogeneity in study design, appliance type, diagnostic methodology, and treatment duration has been consistently
reported and limits the comparability of results (11, 16, 17, 20, 37). Moreover, many studies have small sample sizes and
low to moderate methodological quality. Importantly, uncertainty persists regarding the long-term stability of treatment
effects and the extent to which observed improvements reflect temporary appliance-dependent mandibular repositioning
rather than permanent growth-related adaptations (11, 15, 20, 35).

CONCLUSIONS

Mandibular advancement appliances represent a promising non-surgical therapeutic option for pediatric OSA,
particularly in children with craniofacial abnormalities, mandibular retrusion, or residual disease following first-line
interventions. While short-term improvements in respiratory outcomes, airway morphology, and quality of life are well
supported (16, 18, 21, 22, 24, 31), uncertainties persist regarding long-term stability, optimal treatment protocols, and
patient selection. Until higher-quality longitudinal evidence becomes available, MA As should be considered as part of an
individualized, multidisciplinary approach rather than a definitive standalone treatment for pediatric OSA.
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