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Abstract
Purpose

Proximal humeral fracture (PHF) assessment focuses on fracture pattern, bone quality, and patient
factors, whereas glenoid morphology—central to biomechanics in glenohumeral arthritis and instability—
is overlooked. We hypothesized that pre-existing Walch type B posterior decentring is independently
associated with complex, tuberculum-involving PHFs.

Methods

This single-centre, retrospective cohort study analysed 919 patients with a PHF and shoulder computed
tomography (CT). Two blinded shoulder-subspecialized orthopedic trauma surgeons independently
classified all cases; agreement was quantified with Cohen's k. Fractures were classified by the Neer and
AO/OTA systems and glenoid morphology by the Walch classification. The primary outcome—
tuberculum involvement (Neer IV/V)—was analysed by multivariable logistic regression adjusted for age
at trauma, sex, and osteoarthritis.

Results

The cohort comprised 919 patients (72.6% female; median age at trauma 69 years). The Walch
distribution was type A 42.7%, B 54.4%, C 2.7%, and D 0.2%; osteoarthritis was present in 59.5%. Walch
agreement was moderate (k = 0.53), with disagreement concentrated at the A1-B1 decentring boundary
(p<0.001). Walch type B was independently associated with tuberculum involvement (adjusted OR 2.07,
95% Cl 1.56-2.74, p < 0.001) and with greater AO/OTA fracture complexity (adjusted ordinal OR 1.60, p <
0.001). Female sex was independently associated with the outcome (OR 1.44, p = 0.023); age and
osteoarthritis were not significant.

Conclusion

Walch type B glenoid morphology is independently associated with complex, tuberculum-involving
proximal humeral fractures. Pre-existing glenoid morphology should be considered during preoperative
CT and fracture-pattern assessment.

Level of Evidence

Level Il Retrospective Cohort Study Prognostic Study.

1. Introduction
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Proximal humeral fractures (PHFs) are among the most common fractures of the upper extremity and
rank as the third most frequent fragility fracture in the elderly, with an incidence that continues to rise as
populations age [1, 2]. Nationwide registry data document both an increasing fracture incidence and a
marked shift toward operative treatment, including a disproportionate growth in shoulder arthroplasty for
geriatric fractures [3, 4]. Management remains contentious and must be individualized: non-operative
treatment and osteosynthesis by locking-plate or intramedullary fixation are generally preferred in
younger patients, whereas reverse total shoulder arthroplasty has become the treatment of choice in
elderly patients with poor bone stock or complex fracture patterns [3, 5, 6, 7]. Clinical decision-making
relies on the Neer and AO/OTA classifications, which categorize fractures by fragment number,
displacement, articular involvement, and dislocation [8, 9]. These systems provide a common descriptive
language, but their interobserver reliability is only fair to moderate and varies widely across studies (k =
0.21-0.67), and the 2018 AO/OTA revision did not consistently improve agreement; their value for
guiding treatment selection or predicting outcome remains limited [10, 11, 12, 13, 14, 15, 16]. This
indicates that determinants of fracture behavior extend beyond the descriptive parameters these
systems capture.

In glenohumeral osteoarthritis and instability, glenoid morphology is a recognized determinant of joint
biomechanics, surgical strategy, and clinical outcome [17, 18, 19, 20]. The Walch classification,
developed for the osteoarthritic shoulder, describes glenoid wear and version; type B morphology
denotes posterior decentring of the humeral head with posterior glenoid erosion and increased
retroversion, progressing from posterior subluxation (B1) to a biconcave glenoid (B2) [19, 20, 21, 22].
Even in the absence of established arthritis, a pre-osteoarthritic, posteriorly subluxated configuration
(B0) can be identified, indicating that posterior decentring is a structural trait rather than merely an end-
stage degenerative finding [23]. Biomechanically, posterior glenoid bone loss and retroversion displace
the humeral head posteriorly and concentrate load eccentrically across the posterior glenoid, thereby
altering force transmission across the glenohumeral joint [18, 24]. These altered loading patterns
underlie the posterior instability and component-loosening risks associated with type B glenoids [18].

Despite this established role in degenerative and unstable shoulders, glenoid morphology is absent from
every contemporary PHF classification, each of which is constructed exclusively from the humeral
segments and their displacement [8, 9, 10]. This omission is potentially relevant, because the
morphology of the glenoid shapes the vector and distribution of force transmitted to the proximal
humerus during a fall, and local load distribution—alongside bone quality—is known to influence where
and how the proximal humerus fails [24, 25, 26]. The evidence that bone properties govern fracture
pattern is itself mixed: lower local bone quality has been associated with more complex fracture
configurations in some cohorts but not in others, suggesting that fracture morphology is multifactorial
and may be shaped by loading patterns rather than by bone density alone [27, 28]. To date, only two
surgically treated cohorts have related pre-existing glenohumeral pathomorphology—advanced
osteoarthritis and cuff-tear arthropathy—to PHF morphology [29, 30]; whether pre-existing Walch glenoid
morphology is associated with the resulting fracture pattern in unselected fractures has, to our
knowledge, not been examined.
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The Neer system organizes fractures into six categories (types I-VI) defined by anatomical location,
displacement, and associated dislocation; these categories are descriptive and do not constitute a
strictly ordinal severity scale [9, 10]. Within this scheme, Neer types IV and V denote patterns involving
the greater and/or lesser tuberculum, which carry distinct clinical importance: the tuberosities are the
osseous footprints of the rotator cuff, and their fracture and displacement disrupt the cuff force couple,
complicate anatomical reduction and stable fixation, and adversely affect functional outcome [31, 32].
We therefore defined tuberculum involvement (Neer type IV or V) as a single, clinically anchored binary
outcome and examined its association with glenoid morphology using multivariable binary logistic
regression, complemented by a secondary multinomial analysis across the full Neer spectrum to verify
the category-specific nature of the association and by a separate ordinal analysis of AO/OTA fracture
type to characterise overall fracture complexity as a distinct construct.

The aim of this retrospective cohort study was to determine whether pre-existing Walch glenoid
morphology is associated with tuberculum involvement in acute proximal humeral fractures. We
hypothesized that posteriorly decentred Walch type B morphology is independently associated with
tuberculum involvement (Neer IV/V) after adjustment for age at trauma, sex, and osteoarthritis status.

2. Materials and methods

2.1 Study design and setting

This was a single-centre, retrospective cohort study conducted at a university-affiliated level-l trauma
centre. The study was designed and reported in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement [33]. The analytic plan—including the a priori
designation of the primary hypothesis, the primary exposure and outcome, and the confounder set—was
fixed before the inferential analyses were performed. The study was approved by the Hannover Medical
School Research Ethics Committee (protocol code 10801_BO_K_2023; approval date 9 March 2023) and
was conducted in accordance with the Declaration of Helsinki.

2.2 Data source and study population

Consecutive patients presenting with a proximal humeral fracture and available shoulder computed
tomography (CT) with three-dimensional reconstructions were identified from the institutional records
for the period between October 2016 and February 2023. DICOM files were uploaded to the Visage
imaging workstation (Visage® 7.1 Enterprise Imaging Platform, Visage Imaging, Inc.). For each case,
date of birth, sex, date of trauma, and age at the time of trauma (derived from the interval between date
of birth and date of trauma) were recorded. The patient selection process is summarized in Fig. 1.

The dataset provided for analysis comprised 919 cases. Data integrity was verified prior to analysis:
there were no missing values in any variable, no duplicate patient identifiers, no implausible age values,
and no cases in which the trauma date preceded the date of birth. All classification codes were valid for
both raters. Consequently, no cases were excluded at the analysis stage, and the full sample of 919
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cases entered all analyses. Because the dataset was complete, no imputation of missing data was
performed.

2.3 Classification systems and image assessment

Three established classification systems were applied to each case: the Walch classification of glenoid
morphology (subtypes A1, A2, B1, B2, B3, C, D) [19, 21]; the Neer classification of proximal humeral
fractures (types I-VI) [9]; and the AO/QOTA classification of proximal humeral fractures (groups A1-C3)
[8]. In addition, the presence of glenohumeral osteoarthritis was recorded as a binary variable (present
versus absent), based on established radiographic criteria, with a Kellgren-Lawrence grade of > 2 defined
as 'present’ and a grade of < 2 defined as 'absent'. [34]. Representative axial CT images of each Walch
subtype are shown in Fig. 2.

All 919 cases were independently classified by two orthopedic trauma surgeons with subspecialty
expertise in shoulder surgery, who were blinded to one another's assessments. No consensus reading
was performed. To preserve a single, internally consistent analytic dataset, the classifications of Rater 1,
a senior attending shoulder surgeon, served as the basis for all descriptive, univariate, and multivariable
analyses, whereas the classifications of Rater 2 were used exclusively to quantify interrater reliability and
to provide an independent cross-rater replication of the primary model.

2.4 Variable definitions

All analysis variables were derived and fixed prior to any statistical testing.

Primary outcome. Tuberculum involvement was defined as a binary variable, coded 1 for Neer types IV
or V and 0 for all remaining Neer types (I, II, Ill, VI).

Primary exposure. Walch B morphology (posterior decentring) was defined as a binary variable, coded 1
for Walch subtypes B1, B2, or B3 and 0 for the remaining subtypes (A1, A2, C, D).

Secondary morphological grouping. The Walch classification was additionally aggregated into the four
principal classes A, B, C, and D for subtype-resolved analyses.

Fracture complexity. The AO/OTA classification was operationalized in two ways: (i) as a nine-level
ordinal severity rank (A1 =1 through C3 =9, with increasing rank reflecting increasing fracture
complexity), used for non-parametric group comparisons; and (ii) as the three-level ordinal AO type (A<B
< C), used for ordinal regression.

Covariates. Age at trauma (continuous), sex (female versus male), and osteoarthritis (present versus
absent) were considered as potential confounders.

2.5 Statistical analysis

All analyses were performed in Python 3.12 (Python Software Foundation, Wilmington, DE, USA) using
the pandas, NumPy, SciPy, statsmodels, and scikit-learn libraries. Two-sided p values < 0.05 were
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considered statistically significant.

Distributional assessment. The distribution of the continuous variables (age, age at trauma) was
assessed using the Shapiro—Wilk test and visually inspected by Q—Q plots. Both age (W =0.970, p <
0.001) and age at trauma (W =0.966, p < 0.001) departed significantly from normality; continuous
variables are therefore summarized as median and interquartile range (IQR) and were compared using
non-parametric methods.

Descriptive statistics. Continuous variables are reported as median (IQR); categorical variables are
reported as absolute and relative frequencies.

Interrater reliability. Agreement between the two raters was quantified using Cohen's k for the nominal
Walch and Neer classifications and weighted Cohen's k with quadratic weights for the ordinal AO
classification. Reliability was additionally computed for the dichotomized exposure (Walch B) and
outcome (tuberculum involvement). Ninety-five percent confidence intervals (CI) for k were obtained by
bootstrap resampling (1000 iterations). k values were interpreted according to the benchmarks of Landis
and Koch [35]. To test the a priori hypothesis that interrater disagreement is concentrated at the A1<B1
boundary—where posterior decentring is most difficult to adjudicate in the fractured shoulder—all
discordant Walch cases were dichotomized into A1—B1 disagreements versus all other disagreements,
and the observed proportion was tested against the null expectation of an equal contribution from each
of the 21 possible disagreement pairs (p = 1/21) using an exact one-sided binomial test.

Univariate analysis. The primary univariate association between Walch B morphology and tuberculum
involvement was assessed using the x? test, with the crude odds ratio (OR) and its 95% CI derived from
the 2x2 table; the minimum expected cell frequency was verified to justify the x2 approximation. The
distribution of Walch subtypes across Neer types was examined using the x2 test on the full 7x6
contingency table, with standardized residuals used to identify cells contributing disproportionately to
the association; because several cells had low expected frequencies, this global test was interpreted
descriptively. The association between Walch B morphology and AO complexity (ordinal rank) was
tested using the Mann—Whitney U test, with the rank-biserial effect size r reported; differences in AO
complexity across the four principal Walch classes were tested using the Kruskal—-Wallis test with Dunn's
post-hoc comparisons under Bonferroni correction.

Confounder selection. Each candidate covariate was screened for its association with both the outcome
and the exposure. Variables associated with both at a liberal threshold of p < 0.20 were retained as
confounders in the multivariable model, consistent with established epidemiological practice for
confounder identification.

Multivariable analysis. The primary model was a multivariable binary logistic regression of tuberculum
involvement on Walch B morphology, adjusted for the retained confounders (age at trauma, sex,
osteoarthritis). Prior to fitting, multicollinearity was assessed using the variance inflation factor (VIF),
with VIF < 5 considered acceptable. Adjusted odds ratios (aOR) with 95% Cl are reported for all model
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terms. Model performance was evaluated using the Hosmer—Lemeshow goodness-of-fit test, McFadden,
Cox—Snell, and Nagelkerke pseudo-R?, the likelihood-ratio test against the null model, and the area under
the receiver operating characteristic curve (AUC).

Secondary analyses. Three pre-specified secondary models were fitted. First, the primary logistic model
was repeated with the full Walch subtype as a categorical predictor (reference A1) to determine whether
the effect was specific to the B subtypes. Second, a multinomial logistic regression of the complete Neer
classification (I-VI; reference Neer |) was fitted to confirm that the effect was not an artefact of the
binary outcome definition. Third, an ordinal logistic regression was fitted to assess whether Walch B
morphology was associated with a general fracture-severity gradient; because the nine-level AO model
failed to converge owing to sparse cells, the three-level AO type (A/B/C) was used, and the proportional-
odds assumption was examined by comparing coefficients across threshold-specific binary logistic
models.

Sensitivity analyses. The robustness of the primary estimate was examined through a series of pre-
specified subgroup exclusions, each targeting a specific potential source of bias. First, Neer VI fracture-
dislocations were excluded to address a potential circularity between exposure and outcome: because
Walch type B is defined by posterior humeral head decentring and Neer VI denotes fracture-dislocation,
an acute traumatic dislocation could in principle be misclassified on post-traumatic CT as pre-existing
posterior subluxation, spuriously inflating the association. Second, the rare Walch D subtype was
excluded to confirm that the estimate was not distorted by unstable coefficients arising from its very
small cell count, and both exclusions were additionally applied in combination. Third, the analysis was
restricted to patients without osteoarthritis to test whether the association held independently of
degenerative change (the osteoarthritis term, being constant in this subgroup, was removed from the
model). Finally, the primary model was re-estimated using the fully independent classifications of Rater 2
(cross-rater replication) to verify that the finding was not driven by the assessments of a single observer.

Multiplicity. The primary hypothesis test was not adjusted for multiplicity, having been specified a priori
as the single primary comparison. All secondary and exploratory p values were corrected for multiple
comparisons using the Benjamini—Hochberg false discovery rate (FDR) procedure.

Use of artificial intelligence tools. During the preparation of this study, the large language model Claude
(Anthropic, 2025) was used in a supportive capacity for two methodological tasks: (i) assistance with
the development, debugging, and verification of the Python code used for the statistical analyses
described above, and (ii) assistance with the generation and formatting of data visualisations. In all
cases, the authors independently verified the correctness of the generated code, the plausibility of the
statistical output, and the accuracy of the visual representations against the source data. The final
analytic decisions, the interpretation of all results, and the scientific conclusions remain entirely the
responsibility of the authors.

3. Results
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3.1 Study population

The cohort comprised 919 patients. The median age at trauma was 69 years (IQR 58—80; range 19-97);
the median age at data collection was 79 years (IQR 66—88). The cohort was predominantly female
(667/919, 72.6%; male 252/919, 27.4%). Glenohumeral osteoarthritis was present in 547 patients
(59.5%) (Table 1). The age distribution of the cohort is shown in Fig. 3.

Table 1
Baseline characteristics of the study population (n =919)
Characteristic Value
Age at trauma, years — median (IQR) 69 (58-80)

Age at data collection, years — median (IQR) 79 (66-88)

Female sex — n (%) 667 (72.6)
Male sex — n (%) 252 (27.4)
Osteoarthritis present — n (%) 547 (59.5)

Tuberculum involvement, Neer IV/V — n (%) 586 (63.8)
3.2 Distribution of fracture and glenoid classifications

The distribution of Walch glenoid morphology, AO/OTA fracture type, and Neer fracture type for the
primary rater is summarized in Table 2. Walch B morphology was present in 500 of 919 cases (54.4%).
The most frequent Neer type was type IV (440/919, 47.9%); tuberculum involvement (Neer IV or V) was
present in 586 cases (63.8%). The most frequent AO type was type B (455/919, 49.5%).
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Table 2
Distribution of glenoid and fracture classifications (Rater 1;

n=919)
Classification Category n %
Walch AT 238 259
A2 154 16.8
B1 243 264
B2 216  23.5
B3 41 4.5
C 25 2.7
D 2 0.2
Walch (dichotomised) B (B1-B3) 500 54.4
Non-B 419 456
AO/OTA AT 142 155
A2 97 10.6
A3 46 5.0
B1 350 38.1
B2 92 10.0
B3 13 1.4
C1 104 11.3
C2 39 4.2
C3 36 3.9
AO/QTA (type) A 285 31.0
B 455 495
C 179 195
Neer I 104 11.3
I 68 7.4
11 100 10.9
v 440 479
\Y 146 159
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Classification Category n %
VI 61 6.6
Tuberculum involvement  Present (IV/V) 586 63.8
Absent 333 36.2

3.3 Interrater reliability

Interrater agreement was moderate for the nominal Walch (k =0.53, 95% Cl 0.49-0.57) and Neer (k =
0.59, 95% CI 0.55-0.63) classifications, and almost perfect for the ordinal AO classification using
quadratic-weighted k (k,, = 0.81,95% Cl 0.77-0.85). Dichotomisation improved the reliability of the
clinically decisive variables: agreement on tuberculum involvement was substantial (k =0.67, 95% Cl
0.62-0.72), whereas agreement on the dichotomized Walch B exposure remained moderate (k = 0.52,
95% Cl 0.46—-0.57) (Table 3).

Table 3

Interrater reliability between Rater 1 and Rater 2 (n =919)
Classification K 95% CI Interpretation
Walch (7 categories) 0.53 0.49-0.57 Moderate
Neer (6 categories) 0.59 0.55-0.63 Moderate
AO/QOTA (quadratic-weighted k) 0.81 0.77-0.85 Almost perfect
Walch B (dichotomous) 0.52 0.46-0.57 Moderate
Tuberculum involvement (dichotomous) 0.67 0.62-0.72  Substantial

Of 336 cases in which the two raters disagreed on the Walch classification, 71 (21.1%) were A1~B1
disagreements, a proportion substantially exceeding the 4.8% expected under a uniform distribution
across all possible disagreement pairs (exact binomial test, p < 0.001). This confirms the a priori
expectation that the principal source of interrater disagreement is the adjudication of posterior
decentring in the fractured shoulder.

3.4 Univariate association between Walch B morphology
and tuberculum involvement

Tuberculum involvement occurred in 360 of 500 Walch B cases (72.0%) versus 226 of 419 non-B cases
(53.9%). The association was highly significant (x2 = 31.41, df =1, p < 0.007; minimum expected cell
count 151.8), corresponding to a crude OR of 2.20 (95% CI 1.67-2.89).

The distribution of Walch subtypes across Neer types differed significantly (x? = 135.83, df =30, p <
0.001); because several cells had low expected frequencies (minimum 0.13), this global test is
interpreted descriptively. Analysis of standardized residuals showed that Walch A1 was strongly
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overrepresented among Neer | fractures (standardized residual + 6.18) and that Walch B2 was markedly
underrepresented among Neer | (- 4.14) and overrepresented among Neer V fractures (+2.17),
consistent with a shift towards tuberculum-involving patterns in the presence of posterior decentring
(Fig. 4). Among Neer VI fracture-dislocations, the proportion of Walch B cases (30/61, 49.2%) did not
differ materially from the overall Walch B rate (54.4%), arguing against a systematic distortion of the
morphology assessment by the dislocation pattern.

Walch B morphology was associated with greater AO fracture complexity (Mann—Whitney U test, p <
0.001), although the effect size was small (r = 0.15); the shift was driven by a higher proportion of AO
type B fractures in the Walch B group (56.4% vs. 41.3%) at the expense of type A fractures (23.0% vs.
40.6%). Across the four principal Walch classes, AO complexity differed significantly (Kruskal-Wallis H =
22.03, p < 0.001); in post-hoc testing, only the comparison between classes A and B reached significance
after Bonferroni correction (p < 0.001), with all other pairwise comparisons non-significant.

3.5 Multivariable analysis

All three candidate covariates satisfied the confounder criterion (association with both exposure and
outcome at p < 0.20) and were retained: age at trauma (p = 0.004 with outcome; p < 0.001 with exposure),
sex (p =0.002; p = 0.014), and osteoarthritis (p = 0.020; p < 0.001). Multicollinearity was negligible (all VIF
<1.7).

In the primary multivariable logistic regression, Walch B morphology remained independently associated
with tuberculum involvement after adjustment for age at trauma, sex, and osteoarthritis (aOR 2.07, 95%
Cl 1.56-2.74, p < 0.001). Female sex was modestly associated with the outcome (aOR 1.44, 95% Cl
1.05-1.97, p =0.023), whereas age at trauma (aOR 1.01, 95% CI 0.99-1.02, p = 0.262) and osteoarthritis
(aOR 1.01,95% C1 0.71-1.44, p = 0.951) were not (Table 4). Notably, the univariate association of
osteoarthritis with the outcome did not persist after adjustment, indicating that the effect of glenoid
morphology on tuberculum involvement is not explained by coexisting osteoarthritis.

Table 4
Primary multivariable logistic regression for tuberculum involvement
(n=919)
Variable aOR 95% ClI p
Walch B (vs. non-B) 2.07 1.56-2.74 <0.001
Age at trauma (per year) 1.01 0.99-1.02 0.262
Sex (female vs. male) 1.44 1.05-1.97 0.023
Osteoarthritis (present vs. absent) 1.01 0.71-1.44 0.951

The model fitted the data adequately (Hosmer—Lemeshow x? = 9.20, p = 0.326) and was significant
against the null model (likelihood-ratio x? = 41.71, df =4, p < 0.001), with pseudo-R? values of 0.035
(McFadden), 0.044 (Cox-Snell), and 0.061 (Nagelkerke) and an AUC of 0.62.
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3.6 Secondary analyses

Subtype-resolved model. When the full Walch subtype was entered as a categorical predictor (reference
A1), the association was confined to the decentring subtypes B1 (aOR 1.98,95% Cl 1.33-2.93, p < 0.001)
and B2 (aOR 2.40,95% Cl 1.57-3.67, p < 0.001). Subtypes A2 (aOR 1.07,p=0.777),B3 (aOR 1.18,p =
0.649), and C (aOR 0.54, p = 0.156) were not significantly associated with the outcome; the estimate for
the rare Walch D subtype was uninterpretable owing to quasi-complete separation (n = 2, both
tuberculum-positive). The absence of a significant effect for B3 is most plausibly attributable to its small
sample size (n = 41) rather than to a true null association.

Multinomial model. In the multinomial regression of the full Neer classification (reference Neer 1), Walch
B morphology was associated with significantly increased odds of Neer Il (OR 4.07,95% Cl 2.17-7.66),
Neer IV (OR 3.97,95% Cl 2.37-6.65), Neer V (OR 5.15, 95% Cl 2.84-9.32; all p < 0.001), and Neer VI (OR
2.48,95% Cl 1.22-5.01, p = 0.012), but not of Neer Il (OR 1.53,95% CI 0.77-3.08, p = 0.228). This
confirms that the effect is not an artefact of the binary outcome definition and indicates that posterior
decentring is specifically associated with more complex, tuberculum-involving fracture patterns rather
than with simple two-part fractures (Fig. 5).

Ordinal model. In the ordinal regression of AO type, Walch B morphology was associated with greater
overall fracture severity (OR 1.60,95% Cl 1.24-2.07, p < 0.001). However, the proportional-odds
assumption was not satisfied for the Walch B term (nor for sex or osteoarthritis), so this estimate is
reported as a descriptive summary measure rather than as a structurally interpretable parameter. The
smaller magnitude of this association relative to the primary model is consistent with the effect being
specific to tuberculum involvement rather than to global fracture complexity.

3.7 Sensitivity analyses

The primary estimate was robust across all sensitivity analyses (Table 5; Fig. 6). Excluding Neer VI
fracture-dislocations (aOR 2.15), excluding the rare Walch D subtype (aOR 2.09), restricting to cases
without osteoarthritis (aOR 2.51, with the constant osteoarthritis term removed), and excluding both
Neer VI and Walch D (aOR 2.18) all yielded estimates consistent with the primary model, with all
confidence intervals excluding unity and all p < 0.001.

Cross-rater replication using the fully independent classifications of Rater 2 reproduced the association
(aOR 1.87,95% Cl 1.39-2.51, p < 0.001); the difference between the rater-specific point estimates was
small (AOR =0.20), indicating that the finding is not driven by the classifications of a single observer,
notwithstanding the moderate reliability of the Walch classification.
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Table 5
Sensitivity analyses for the Walch B—tuberculum involvement association

Analysis n aOR (WalchB) 95% CI p

Primary model (all cases) 919 2.07 1.56-2.74 <0.001
Excluding Neer VI 858 2.15 1.59-2.91 <0.001
Excluding Walch D 917 2.09 1.58-2.77 <0.001
Without osteoarthritis? 372 2.5 1.60-3.92  <0.001
Excluding Neer VI + Walch D 856 2.18 1.61-2.95 <0.001
Cross-rater replication (Rater2) 919 1.87 1.39-2.51 <0.001

4 Osteoarthritis was omitted from this model as it was constant within the subgroup.

After Benjamini—Hochberg correction for multiple comparisons, all principal secondary findings—
including the subtype effects for B1 and B2, the multinomial associations for Neer IlI-VI, the Walch-
subtype x Neer distribution, and the AO complexity comparisons—remained statistically significant; the
non-significant subtype terms (A2, B3, C, D) likewise remained non-significant after correction.

4. Discussion

4.1 Principal findings

This study demonstrates a robust, independent association between pre-existing Walch type B glenoid
morphology and tuberculum involvement (Neer types IV and V) in proximal humeral fractures. After
adjustment for age at trauma, sex, and osteoarthritis, Walch type B morphology was associated with a
near-doubling of the odds of tuberculum involvement (adjusted OR 2.07,95% Cl 1.56-2.74, p < 0.001).
The association persisted across every sensitivity analysis and was reproduced when the fully
independent classifications of the second rater were substituted (adjusted OR 1.87, 95% Cl 1.39-2.51,
AOR 0.20). A secondary multinomial analysis localized the effect to the complex, tuberculum-involving
fracture patterns: relative to minimally displaced fractures (Neer I), Walch B was associated with
significantly increased odds of Neer types Ill, IV, V, and VI, but not of the two-part Neer type Il pattern,
confirming a category-specific rather than a uniform effect. In a separate ordinal analysis, Walch B was
additionally associated with a higher AO/OTA fracture type (adjusted OR 1.60,95% Cl 1.24-2.07, p <
0.001); because the proportional-odds assumption was not satisfied, this estimate is interpreted
descriptively and represents overall fracture complexity as a construct distinct from the primary
tuberculum-involvement outcome [29, 30].

Within the adjusted model, female sex was independently associated with tuberculum involvement (OR

1.44,95% Cl 1.05-1.97, p = 0.023), whereas age at trauma (OR 1.01, p = 0.262) and osteoarthritis (OR

1.01, p =0.951) were not. Age, which was associated with the outcome in unadjusted screening, lost
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significance after adjustment, consistent with confounding by correlated factors rather than an
independent effect of chronological age. Notably, osteoarthritis—although strongly associated with
Walch B morphology at the group level—was not independently associated with tuberculum involvement
once glenoid morphology was modelled. This dissociation suggests that the influence of glenohumeral
degeneration on fracture pattern operates primarily through altered glenoid geometry—increased
retroversion, biconcave or posteriorly eroded B-type glenoids, and posterior humeral head decentring—
rather than through generalized changes in bone quality, an interpretation that is consistent with the
conflicting evidence on whether bone density itself determines fracture complexity [21, 22, 27, 28, 29,
30].

The absence of a significant effect for Walch types C and D most plausibly reflects limited statistical
power. For Walch type C (n = 25), a non-significant trend toward lower odds of tuberculum involvement
was observed (OR 0.54,95% Cl 0.23-1.27, p = 0.156), which is hypothesis-generating and warrants
verification in adequately powered cohorts. For Walch type D (n = 2), quasi-complete separation rendered
the estimate uninterpretable, precluding any conclusion regarding this rare morphology.

4.2 Pre-existing morphology versus acute trauma

A legitimate concern is whether posterior humeral head decentring on post-traumatic CT reflects a pre-
existing chronic glenoid abnormality or an acute, trauma-induced dislocation—an ambiguity that could
introduce circularity, given that Walch type B is defined by posterior subluxation and Neer type VI
denotes fracture-dislocation. Two findings argue against such an artefact. First, Walch B was not
overrepresented among Neer VI fracture-dislocations: its prevalence in this subgroup (49.2%, 30/61) did
not exceed the cohort-wide rate (54.4%) and did not differ from that in Neer -V fractures (54.8%; x? =
0.51, p = 0.474). Second, excluding all Neer VI cases left the association essentially unchanged (adjusted
OR 2.15,95% CI 1.59-2.91, p < 0.001). Together, these results indicate that the Walch B-tuberculum
involvement association is not an artefact of misclassifying acute dislocation as pre-existing posterior
subluxation.

4.3 Mechanistic and biomechanical interpretation

Walch type B glenoids are characterized by posterior humeral head decentring with eccentric posterior
wear and retroversion [17, 19, 20]. Beyond established osteoarthritic B patterns, a pre-osteoarthritic,
posteriorly subluxated configuration (B0) has been described, attributed to asymmetric posterior
glenohumeral contact forces and increased retroversion, supporting the concept that chronic posterior
decentring alters local load transfer across the glenoid [23]. Three-dimensional imaging studies
delineate a spectrum from minor posterior erosion (B1) to biconcave posterior deficiency with marked
retroversion (B2/B3) [17, 19]. Mechanically, posteriorly eccentric glenoids impose asymmetric load
across the posterior rim and shift rotator cuff and capsuloligamentous force vectors [17, 18, 19, 20, 24];
cadaveric data show that even modest posterior bone loss produces measurable posterior humeral head
translation and altered joint contact, with significant translation arising from as little as five degrees of
posterior resection in certain arm positions [24]. Although these alterations have been characterized
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chiefly in the contexts of instability and arthroplasty [24], their contribution to acute fracture mechanics
is unestablished. The present association is therefore best interpreted as evidence that chronic
alterations in glenohumeral geometry may influence the fracture pattern produced by an external load—
by analogy with bone-mechanics observations at other anatomical sites, where pre-existing deformity
alters local stress distribution and failure mode [25, 26]—and does not establish causation. Prospective
biomechanical work, using finite-element or cadaveric fracture modelling, would be required to test the
proposed pathway linking retroversion, altered joint mechanics, and fracture pattern.

4.4 Risk factors for proximal humeral fractures

Risk-factor models for proximal humeral fractures have centred on osteoporosis, advanced age, and fall
mechanism, but the type and energy of trauma and the patient's musculoskeletal history may also shape
fracture occurrence and pattern [36, 37]. A systematic review identified moderate evidence for several
shoulder-injury risk factors in overhead sport, including rotational strength deficits and scapular
dyskinesia [36]; although focused on overuse injury rather than fracture, such chronic adaptations could
alter glenohumeral biomechanics in ways that become relevant when acute trauma is superimposed.
Sport-specific adaptations in overhead athletes, including altered humeral retroversion and capsular
laxity, have likewise been described [37]. In the present study, prior sporting and occupational activity
were unmeasured and could plausibly influence both glenoid morphology and fracture pattern; future
work should capture trauma mechanism, activity history, and previous shoulder injury to disentangle
these interrelated factors.

4.5 Imaging, measurement, and classification implications

Plain radiographs remain the initial triage tool, but reliable identification of glenoid subtype and
quantification of posterior wear require computed tomography with three-dimensional reconstruction, on
which glenoid version and morphology can be quantified reproducibly [38]. Three-dimensional analysis,
validated for arthroplasty planning [39, 40] and applied to fracture assessment [29, 41], permits
reproducible measurement of fragment translation and rotation that two-dimensional radiographs
systematically underestimate [41]. Conventional systems such as the Neer classification address only
the humeral side, were developed for radiographs, show only modest interobserver reliability, and do not
encode premorbid joint morphology [10]. Reporting a fracture pattern without a standardized glenoid
descriptor therefore omits a potentially relevant prognostic variable and a possible confounder for
outcome studies. For operative planning, three-dimensional CT defines the configuration in all planes,
allows adjudication of Walch subtype despite post-injury distortion, and quantifies features—tuberosity
rotation and articular comminution—that alter fixation strategy and are frequently occult on radiographs
[17, 41]. Representative examples of a centred (Walch A) and a posteriorly decentred (Walch B) glenoid
in the setting of an acute proximal humeral fracture are shown in Fig. 2.

4.6 Clinical translation: fixation versus arthroplasty

The morphological association identified here has planning relevance. Posterior glenoid wear
complicates glenoid preparation and guidewire positioning when arthroplasty is selected; the
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arthroplasty literature shows that posterior wear increases version error, component malposition, and
subsequent loosening with standard techniques [18, 42], and that glenoids with posterior wear exhibit
greater version error and malposition for reverse arthroplasty when planned placement is reproduced
without navigation or patient-specific guides [43]. In a borderline decision between internal fixation and
arthroplasty in an elderly patient, a B2 or B3 glenoid is therefore relevant to the risk calculus, because
reverse total shoulder arthroplasty is mechanically less dependent on a congruent native glenoid and
intact cuff than hemiarthroplasty or internal fixation [44, 45], and meta-analytic data report more
consistent function and lower reoperation rates for reverse arthroplasty than for hemiarthroplasty in
elderly fractures [44]. Morphology alone should not mandate arthroplasty: a sound algorithm integrates
patient factors, bone density, rotator cuff status, and anticipated functional demand. Where posterior
bone loss and retroversion must be addressed, options include augmented glenoid components [17],
corrective eccentric reaming (generally limited to retroversion < 15-20°) [42, 46], structural bone grafting
[45], and computer-assisted navigation or patient-specific instrumentation to improve version correction
[43].

4.7 Evidence gap and classification implications

Current proximal humeral fracture practice and research largely overlook the glenoid. These data
indicate that a simple glenoid-morphology modifier, recorded from standardized preoperative CT using
validated three-dimensional criteria, could refine prognostic models and stratify clinical trials.
Incorporating a Walch-based modifier—including the Bercik three-dimensional modification—into
prospective PHF registries [17, 19] would allow testing of whether posterior glenoid wear independently
predicts fixation failure, instability, post-traumatic arthropathy, revision surgery, or inferior patient-
reported outcomes.

4.8 Limitations

Several limitations apply. The retrospective, observational design precludes causal inference, and the
temporal sequence between glenoid morphology and fracture cannot be established without
pretraumatic imaging, which is not practically obtainable. Statistical power was limited for the rare
Walch types C (n =25) and D (n = 2), whose estimates are correspondingly unstable. Important variables
were unavailable—trauma mechanism and energy, prior sporting and occupational activity, and previous
shoulder injury—any of which could confound or modify the observed associations [36, 37]. Inclusion
required CT, which may introduce selection bias if patients with minor, non-operatively managed
fractures less frequently underwent CT, potentially enriching the cohort for more complex fracture
patterns.

Classification reliability is a further consideration. All cases were classified independently by two blinded
raters; interobserver agreement was moderate for the Walch (k = 0.53) and Neer (k = 0.59) systems and
almost perfect for the AO/OTA system (quadratic-weighted k = 0.81), values consistent with the fair-to-
moderate ranges reported for these classifications [11, 12, 14, 15]. Agreement improved for the clinically
decisive dichotomies (tuberculum involvement k = 0.67; dichotomized Walch B k = 0.52). The residual
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Walch disagreement was concentrated at the A1—B1 boundary—the distinction of pure posterior
decentring from a centred glenoid—which accounted for a disproportionate share of all discordant cases
(21.1%; p < 0.001), whereas structurally evident osseous defects were more readily adjudicated [47, 48].
Such morphological ambiguity introduces predominantly non-differential classification variability that
would, if anything, attenuate rather than inflate the measured association; that the effect nonetheless
persisted under cross-rater replication (OR 1.87, p < 0.001) argues against a spurious finding. Because
each rater assessed exposure and outcome on the same images, observer-expectation bias cannot be
entirely excluded, although the concordance of the two independent raters' adjusted estimates makes a
substantial contribution from this source unlikely.

5. Conclusion

Pre-existing Walch type B glenoid morphology is independently associated with tuberculum-involving
(Neer IV/V) and, secondarily, with more complex proximal humeral fractures, and this association is
robust to extensive sensitivity testing and to independent cross-rater replication. Glenoid morphology—
currently absent from all proximal humeral fracture classifications—therefore represents a pre-existing
anatomical factor that merits systematic consideration during preoperative CT assessment and fracture-
pattern evaluation. Prospective studies incorporating a standardised glenoid-morphology descriptor,
together with dedicated biomechanical work, are needed to confirm these associations and to test their
prognostic and therapeutic relevance.

Declarations

Author contributions

Conceptualization, H.0. and J.-D.C.; methodology, H.0., J.-D.C. and J.M.; validation, M.W., S.S. and J.-D.C;
formal analysis, H.O. and G.A_; investigation, H.0., J.M. and J.-D.C.; resources, S.0. and S.S; data
curation, H.0., J.M., A.G. and G.A.; writing—original draft preparation, H.0.; writing—review and editing,
H.0., J.M., G.A., A.G., S.0. and J.-D.C.; visualization, H.0.; supervision, S.S., M.W. and J.-D.C. All authors
have read and agreed to the published version of the manuscript.

Acknowledgements

During the preparation of this manuscript, the authors used Claude (Anthropic, 2025) for translation and
language refinement. The methodological use of this tool is documented in the Methods section. The
authors have reviewed and edited all output and take full responsibility for the content of this
publication.

Funding. This research received no external funding.

Conflict of interest. The authors declare no conflicts of interest.

Page 17/26



Ethics approval. This study was conducted in accordance with the Declaration of Helsinki and approved
by the Hannover Medical School Research Ethics Committee (protocol code 10801_BO_K_2023;
approval date: 9 March 2023).

Consent to participate. Patient consent was waived due to the retrospective nature of the study.

Consent to publish. Not applicable. The figures contain only non-identifiable computed tomography
images from which no individual participant can be identified.

Data availability. The datasets generated and/or analyzed during the current study are not publicly
available due to patient privacy considerations but are available from the corresponding author on
reasonable request.

References

1.

Bell JE, Leung BC, Spratt KF, Koval KJ, Weinstein JD, Goodman DC, Tosteson ANA. Trends and
variation in incidence, surgical treatment, and repeat surgery of proximal humeral fractures in the
elderly. J Bone Joint Surg Am. 2011;93(2):121-31. https://doi.org/10.2106/JBJS.1.01505.

. Launonen AP, Lepola V, Saranko A, Flinkkila T, Laitinen M, Mattila VM. Epidemiology of proximal

humerus fractures. Arch Osteoporos. 2015;10:209. https://doi.org/10.1007/s11657-015-0209-4.

. Shi BY, Upfill-Brown A, Kelley BV, Brodke DJ, Mayer EN, Devana SK, Kremen TJ, Lee C. Increasing rate

of shoulder arthroplasty for geriatric proximal humerus fractures in the United States, 2010-2019. J
Shoulder Elb Arthroplast. 2022;6:24715492221137186.
https://doi.org/10.1177/24715492221137186.

. Klug A, Gramlich Y, Wincheringer D, Schmidt-Horlohé K, Hoffmann R. Trends in surgical management

of proximal humeral fractures in adults: a nationwide study of records in Germany from 2007 to
2016. Arch Orthop Trauma Surg. 2019;139(12):1713-21. https://doi.org/10.1007/s00402-019-
03252-1.

. Handoll HHG, Brorson S. Interventions for treating proximal humeral fractures in adults. Cochrane

Database Syst Rev. 2015;2015(11):CD000434. https://doi.org/10.1002/14651858.CD000434.pub4.

. Siebenbiirger G, Van Delden D, Helfen T, Haasters F, Bocker W, Ockert B. Timing of surgery for open

reduction and internal fixation of displaced proximal humeral fractures. Injury. 2015;46(Suppl
4):S58-62. https://doi.org/10.1016/S0020-1383(15)30019-5.

. Sidkamp N, Bayer J, Hepp P, Voigt C, Oestern H, Kdab M, Luo C, Plecko M, Wendt K, Kdstler W,

Konrad G. Open reduction and internal fixation of proximal humeral fractures with use of the locking
proximal humerus plate. J Bone Joint Surg Am. 2009;91(6):1320-8.
https://doi.org/10.2106/JBJS.H.00006.

. Meinberg EG, Agel J, Roberts CS, Karam MD, Kellam JF. Fracture and Dislocation Classification

Compendium—2018. J Orthop Trauma. 2018;32(Suppl 1):S1-170.
https://doi.org/10.1097/BOT.0000000000001063.

Page 18/26



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Neer CS. Displaced proximal humeral fractures. |. Classification and evaluation. J Bone Joint Surg

Am. 1970;52(6):1077-89.

Carofino BC, Leopold SS. Classifications in Brief: the Neer classification for proximal humerus
fractures. Clin Orthop Relat Res. 2013;471(1):39-43. https://doi.org/10.1007/s11999-012-2454-9.

Sidor ML, Zuckerman JD, Lyon T, Koval K, Cuomo F, Schoenberg N. The Neer classification system
for proximal humeral fractures. An assessment of interobserver reliability and intraobserver
reproducibility. J Bone Joint Surg Am. 1993;75(12):1745-50. https://doi.org/10.2106/00004623-
199312000-00002.

Kristiansen B, Andersen UL, Olsen CA, Varmarken JE. The Neer classification of fractures of the
proximal humerus. An assessment of interobserver variation. Skeletal Radiol. 1988;17(6):420-2.
https://doi.org/10.1007/BF00361661.

Stoddart M, Pearce O, Smith J, McCann P, Sheridan B, Al-Hourani K. Proximal humerus fractures:
reliability of Neer versus AO classification on plain radiographs and computed tomography. Cureus.
2020;12(6):€8520. https://doi.org/10.7759/cureus.8520.

Papakonstantinou MK, Hart MJ, Farrugia R, Gabbe BJ, Kamali Moaveni A, van Bavel D, Page RS,
Richardson MD. Interobserver agreement of Neer and AO classifications for proximal humeral
fractures. ANZ J Surg. 2016;86(4):280—4. https://doi.org/10.1111/ans.13451.

Marongiu G, Leinardi L, Congia S, Frigau L, Mola F, Capone A. Reliability and reproducibility of the
new AO/OTA 2018 classification system for proximal humeral fractures: a comparison of three
different classification systems. J Orthop Traumatol. 2020;21(1):4. https://doi.org/10.1186/s10195-
020-0543-1.

Majed A, Macleod I, Bull AMJ, Zyto K, Resch H, Hertel R, Reilly P, Emery RJH. Proximal humeral
fracture classification systems revisited. J Shoulder Elb Surg. 2011;20(7):1125-32.
https://doi.org/10.1016/j.jse.2011.01.020.

Bercik MJ, Kruse K, Yalizis M, Gauci M-O, Chaoui J, Walch G. A modification to the Walch
classification of the glenoid in primary glenohumeral osteoarthritis using three-dimensional
imaging. J Shoulder Elb Surg. 2016;25(10):1601-6. https://doi.org/10.1016/j.jse.2016.03.010.
Farron A, Terrier A, Blichler P. Risks of loosening of a prosthetic glenoid implanted in retroversion. J
Shoulder Elb Surg. 2006;15(4):521-6. https://doi.org/10.1016/j.jse.2005.10.003.

Vo KV, Hackett DJ, Gee AOQ, Hsu JE. Classifications in Brief: Walch classification of primary
glenohumeral osteoarthritis. Clin Orthop Relat Res. 2017;475(9):2335-40.
https://doi.org/10.1007/s11999-017-5317-6.

Walch G, Ascani C, Boulahia A, Nové-Josserand L, Edwards TB. Static posterior subluxation of the
humeral head: an unrecognized entity responsible for glenohumeral osteoarthritis in the young
adult. J Shoulder Elb Surg. 2002;11(4):309-14. https://doi.org/10.1067/mse.2002.124547.

Walch G, Badet R, Boulahia A, Khoury A. Morphologic study of the glenoid in primary glenohumeral
osteoarthritis. J Arthroplasty. 1999;14(6):756-60. https://doi.org/10.1016/S0883-5403(99)90232-2.

Page 19/26



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zimmer ZR, Carducci MP, Mahendraraj KA, Jawa A. Evolution of the Walch classification and its
importance on the B2 glenoid. J Shoulder Elb Arthroplast. 2020;4:2471549220903815.
https://doi.org/10.1177/2471549220903815.

Domos P, Checchia CS, Walch G. Walch B0 glenoid: pre-osteoarthritic posterior subluxation of the
humeral head. J Shoulder Elb Surg. 2018;27(1):181-8. https://doi.org/10.1016/j.jse.2017.08.014.

Bryce CD, Davison AC, Okita N, Lewis GS, Sharkey NA, Armstrong AD. A biomechanical study of
posterior glenoid bone loss and humeral head translation. J Shoulder Elb Surg. 2010;19(7):994-
1002. https://doi.org/10.1016/j.jse.2010.04.010.

Helgason B, Perilli E, Schileo E, Taddei F, Brynjolfsson S, Viceconti M. Mathematical relationships
between bone density and mechanical properties: a literature review. Clin Biomech. 2008;23(2):135-
46. https://doi.org/10.1016/j.clinbiomech.2007.08.024.

Keyak JH, Rossi SA, Jones KA, Skinner HB. Prediction of femoral fracture load using automated
finite element modeling. J Biomech. 1998;31(2):125-33. https://doi.org/10.1016/S0021-
9290(97)00123-1.

Mazzucchelli RA, Jenny K, Zdravkovic V, Erhardt JB, Jost B, Spross C. The influence of local bone
quality on fracture pattern in proximal humerus fractures. Injury. 2018;49(2):359-63.
https://doi.org/10.1016/j.injury.2017.12.020.

den Teuling JWAM, Pauwels BS, Janssen L, Wyers CE, Janzing HMJ, van den Bergh JPW, Morrenhof
JW. The influence of bone mineral density and cortical index on the complexity of fractures of the
proximal humerus. Bone Joint Res. 2017;6(10):584-9. https://doi.org/10.1302/2046-3758.610.BJR-
2017-0080.

Schmalzl J, Jessen M, Gilbert F, Gerhardt C, Lehmann LJ. Proximal humeral fracture morphology in
patients with advanced osteoarthritis. J Orthop Surg (Hong Kong). 2020;28(2):2309499020944114.
https://doi.org/10.1177/2309499020944114.

Schmalzl J, Jessen M, Gilbert F, Gerhardt C, Lehmann L. Proximal humeral fracture morphology in
patients with advanced cuff tear arthropathy: an observational study in a surgically treated cohort.
Eur J Orthop Surg Traumatol. 2021;31(3):517-24. https://doi.org/10.1007/s00590-020-02801-4.

George MS. Fractures of the greater tuberosity of the humerus. J Am Acad Orthop Surg.
2007;15(10):607-13. https://doi.org/10.5435/00124635-200710000-00005.

Rouleau DM, Laflamme G-Y, Mutch J. Fractures of the greater tuberosity of the humerus: a study of
associated rotator cuff injury and atrophy. Shoulder Elb. 2016;8(4):242-9.
https://doi.org/10.1177/1758573216647896.

von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Vandenbroucke JP. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting
observational studies. Lancet. 2007;370(9596):1453-7. https://doi.org/10.1016/S0140-
6736(07)61602-X.

Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Ann Rheum Dis.
1957;16(4):494-502. https://doi.org/10.1136/ard.16.4.494.

Page 20/26



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics.
1977;33(1):159-74. https://doi.org/10.2307/2529310.

Hoppe MW, Brochhagen J, Tischer T, Beitzel K, Seil R, Grim C. Risk factors and prevention strategies
for shoulder injuries in overhead sports: an updated systematic review. J Exp Orthop. 2022;9(1):78.
https://doi.org/10.1186/s40634-022-00493-9.

Chiaramonte R, Testa G, Russo A, Buccheri E, Milana M, Prezioso R, Pavone V, Vecchio M. Damage
for gain: the useful damage of the pitcher's paradox. Heliyon. 2024;10(3):e25401.
https://doi.org/10.1016/j.heliyon.2024.e25401.

Friedman RJ, Hawthorne KB, Genez BM. The use of computerized tomography in the measurement
of glenoid version. J Bone Joint Surg Am. 1992;74(7):1032-7. https://doi.org/10.2106/00004623-
199274070-00009.

Budge MD, Lewis GS, Schaefer E, Coquia S, Flemming DJ, Armstrong AD. Comparison of standard
two-dimensional and three-dimensional corrected glenoid version measurements. J Shoulder Elb
Surg. 2011;20(4):577-83. https://doi.org/10.1016/j.jse.2010.11.003.

Kwon YW, Powell KA, Yum JK, Brems JJ, lannotti JP. Use of three-dimensional computed
tomography for the analysis of the glenoid anatomy. J Shoulder Elb Surg. 2005;14(1):85-90.
https://doi.org/10.1016/j.jse.2004.04.011.

Ripoll T, Chelli M, Johnston T. Three-dimensional measurement of proximal humerus fractures
displacement. J Clin Med. 2023;12(12):4085. https://doi.org/10.3390/jcm12124085.

lannotti JP, Greeson C, Downing D, Sabesan V, Bryan JA. Effect of glenoid deformity on glenoid
component placement in primary shoulder arthroplasty. J Shoulder Elb Surg. 2012;21(1):48-55.
https://doi.org/10.1016/j.jse.2011.02.011.

Hao KA, Sutton CD, Wright TW, Schoch BS, Wright JO, Struk AM, Haupt ET, King JJ. Influence of
glenoid wear pattern on glenoid component placement accuracy in shoulder arthroplasty. JSES Int.
2022;6(2):200-8. https://doi.org/10.1016/j.jseint.2021.11.021.

Vall M, Natera L, Witney-Lagen C, Imam MA, Narvani AA, Sforcada-Calvo P, Consigliere P, Ortega-
Andreu M, Atoun E, Levy O. Reverse shoulder replacement versus hemiarthroplasty for proximal
humeral fracture in elderly patients: a systematic review. Musculoskelet Surg. 2022;106(4):357-67.
https://doi.org/10.1007/s12306-022-00761-y.

Klein SM, Dunning P, Mulieri P, Pupello D, Downes K, Frankle MA. Effects of acquired glenoid bone
defects on surgical technique and clinical outcomes in reverse shoulder arthroplasty. J Bone Joint
Surg Am. 2010;92(5):1144-54. https://doi.org/10.2106/JBJS.1.00778.

Gillespie R, Lyons R, Lazarus M. Eccentric reaming in total shoulder arthroplasty: a cadaveric study.
Orthopedics. 2009;32(1):21. https://doi.org/10.3928/01477447-20090101-07.

Nowak DD, Gardner TR, Bigliani LU, Levine WN, Ahmad CS. Interobserver and intraobserver reliability
of the Walch classification in primary glenohumeral arthritis. J Shoulder Elb Surg. 2010;19(2):180-3.
https://doi.org/10.1016/j.jse.2009.08.003.

Page 21/26



48. Scalise JJ, Codsi MJ, Brems JJ, lannotti JP. Inter-rater reliability of an arthritic glenoid morphology
classification system. J Shoulder Elb Surg. 2008;17(4):575-7.
https://doi.org/10.1016/j.jse.2007.12.006.

Figures
Identified patients
Patients with proximal humeral fractures
n = 1,410
{ Excluded: no CT imaging (n = 359) J
v
CT imaging available
= 1,051 (< =)
Excluded: clinical criteria (n = 129)
* Humeral shaft fractures (n = 51)
> * Age<l8years (n = 42)
v ¢ Glenoid fractures (n = 9)
¢ Duplicate records (n = 9)
Clinical eligibility assessed SR oS lasions (=)
Clintcellyieligible * Distal humeral fractures (n = 5)
n =922 » Existing RTSA implant (n = 4)
* No fracture on imaging (n = 2)
X J
> B
v Excluded: incomplete classification (n = 3)
= N 3y Cases with incomplete Neer/AO/Walch
Classification review classification not attributable to
n=919 individual patient records
- J
Final analytic cohort
n =919
All with conventional radiographs
and 3D-CT recenstructions
Figure 1

Page 22/26



Flow diagram illustrating the patient recruitment and selection process. A total of 1410 patients initially
identified with proximal humeral fractures were screened for eligibility. Patients were sequentially
excluded based on the absence of requisite computed tomography (CT) imaging (n = 359) and
predefined clinical criteria (n= 129), including concomitant shaft or distal humeral fractures, age under
18 years, pre-existing reverse total shoulder arthroplasty (RTSA), and pathological lesions. Following the
exclusion of three further cases owing to incomplete classification data, the final analytic cohort
comprised 919 patients, all with complete imaging datasets comprising both conventional radiographs
and 3D-CT reconstructions suitable for comprehensive Neer, AO/OTA, and Walch classification

Figure 2

Representative axial computed tomography (CT) images illustrating the modified Walch classification
(subtypes A1-D) in the setting of acute proximal humeral fractures
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Figure 3

Age distribution of the study cohort. Histograms depicting (A) the distribution of chronological age
(median: 79 years) and (B) the distribution of age at time of trauma (median: 69 years). Dashed red lines
indicate median values
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Figure 4
Distribution of Neer fracture types within the Walch B and non-B groups, expressed as the proportion (%)

within each glenoid group. Posterior decentring (Walch B) is associated with a shift towards the
tuberculum-involving patterns Neer IV and V
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Figure 5

Multinomial logistic regression: adjusted odds ratios for Walch B morphology across Neer fracture types
relative to Neer | (reference). Filled markers indicate p < 0.05. The effect is significant for the complex
patterns Neer llI-VI but not for the two-part Neer Il pattern. Horizontal bars denote 95% confidence
intervals; the dashed line marks an odds ratio of 1.0

Primary model (all, n=919) E @ 2.07 [1.56-2.74]
Excluding Neer VI (n=858) E @ 2.15 [1:59-2.91]
Excluding Walch D (n=917) A E @ 2.09 [1.58-2.77]
Without osteoarthritis (n=372) - E O 2.51[1.60-3.92]
Excluding Neer VI + Walch D (n=856) - E & 2.18[1.61-2.95]
Cross-rater replication (Rater 2, n=919) - E @ 187 [1.39-2.:51]
1.0 1.5 20 3.0 40 6x10°

Adjusted odds ratio (Walch B vs. non-B)

Figure 6
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Forest plot of the adjusted odds ratio for Walch B morphology in the primary model, in each sensitivity
analysis, and in the independent cross-rater replication. All estimates exclude an odds ratio of 1.0
(dashed line); horizontal bars denote 95% confidence intervals
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