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Abstract 

INTRODUCTION: Radiographs may underestimate displacement in proximal humeral fractures (PHFs). 
OBJECTIVES: To develop a CT framework integrating fracture morphology, bone quality, and imaging features associated 
with humeral-head ischemic risk. 
METHODS: Eighty PHF CT scans were retrospectively assessed using standardized multiplanar reconstruction. Tuberosity 
displacement, neck–shaft angle, calcar length, medial hinge displacement, deltoid tuberosity index (DTI), Hounsfield units 
(HU), and Hertel criteria were evaluated. 
RESULTS: The mean age was 53.7 ± 16.2 years; 67.5% were women and 61.3% had two-part fractures. Mean DTI was 
1.75 ± 0.32 and HU 125.1 ± 6.3; 20% had DTI<1.44. In surgical-neck fractures, calcar length was 6.58 ± 2.47 mm, hinge 
displacement 1.66 ± 2.17 mm, and 81.6% met ≥2 predefined Hertel-related ischemic-risk features. Complexity was 
associated with direct trauma (p<0.01), but not age, sex, low DTI status, or HU. 
CONCLUSION: CT morphometry quantifies PHF morphology and bone quality and may support computer-aided tools. 
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1. Introduction

Proximal humeral fractures (PHFs) account for 
approximately 4–5% of all fractures and occur predominantly 
in older adults, particularly women with osteoporosis [1,2]. 
In younger patients, PHFs are more commonly associated 
with high-energy trauma, whereas low-energy falls  

predominate in the elderly. Court-Brown et al. [3] reported 
that most PHFs in patients aged ≥65 years resulted from low-
energy falls. 

Accurate characterization of fracture morphology is 
important for classification and treatment planning. The Neer 
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and AO/OTA systems are widely used to describe fracture 
patterns, while Hertel criteria incorporate specific 
morphological features associated with humeral-head 
ischemic risk [4]. However, conventional radiographs may 
incompletely characterize fragment displacement, articular 
involvement, and complex fracture configurations. Computed 
tomography (CT), particularly multiplanar reconstruction 
(MPR) and three-dimensional (3D) reconstruction, provides 
more detailed visualization of fracture morphology and may 
improve fracture characterization and classification [5–7]. 

Beyond conventional classification, quantitative CT 
assessment can provide objective measurements of fracture 
morphology and bone quality. Parameters such as tuberosity 
displacement, neck–shaft angle, medial calcar length, medial 
hinge displacement, and head-split displacement may 
characterize fracture configuration and features associated 
with humeral-head ischemic risk. In addition, CT-derived 
indices such as the deltoid tuberosity index (DTI) and 
Hounsfield units (HU) may provide information on local 
bone quality. Integrating these measurements within a 
standardized MPR-based assessment may therefore provide a 
more structured description of PHFs than categorical 
classification alone. 

Despite increasing use of CT for PHF assessment, 
quantitative CT-based morphometric data remain limited, 
particularly in Vietnamese populations. Moreover, fracture 
morphology, ischemic-risk features, and CT-based bone-
quality indices are often evaluated separately rather than 
within a unified quantitative framework. Therefore, this study 
aimed to characterize the CT-based morphometric features of 
PHFs and to develop a quantitative framework integrating 
fracture morphology, bone-quality indices, and imaging 
features associated with humeral-head ischemic risk. 

2. Materials and methods

2.1 Study Design and Dataset 

This retrospective descriptive study analyzed non-contrast 
computed tomography (CT) scans of patients with proximal 
humeral fractures (PHFs) performed at the Department of 
Radiology, Hospital for Traumatology and Orthopaedics, Ho 
Chi Minh City, between January 2024 and April 2025. All CT 
datasets were retrieved from the Picture Archiving and 
Communication System (PACS) and de-identified before 
analysis. 

For the quantitative morphometric analysis, the CT-
derived dataset was formally represented as: 

𝐷𝐷 = {𝑥𝑥_𝑖𝑖 }_(𝑖𝑖 = 1)^𝑁𝑁  (1) 

where 𝑥𝑥_𝑖𝑖denotes the CT-derived morphometric feature 
vector for case 𝑖𝑖. The feature vector was defined as: 

𝑥𝑥𝑖𝑖 = �𝐹𝐹𝑖𝑖, 𝑑𝑑𝐺𝐺𝐺𝐺,𝑖𝑖, 𝑑𝑑𝐿𝐿𝐿𝐿,𝑖𝑖, 𝑁𝑁𝑁𝑁𝐴𝐴𝑖𝑖, 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖, 𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖, 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 , 𝐷𝐷𝐷𝐷𝐼𝐼𝑖𝑖, (𝐻𝐻𝐻𝐻)𝚤𝚤�������� � 
(2) 

where the individual parameters are defined in Table 1. 

2.2 Eligibility Criteria 

Patients aged 18–85 years with a clearly identifiable PHF on 
non-contrast CT acquired at a slice thickness of 0.625 mm 
were eligible for inclusion. Cases with pathological fractures, 
bone tumors, pre-existing implants interfering with CT 
assessment, or associated injuries precluding reliable 
morphometric evaluation were excluded. 

2.3 Sample Size Estimation 

The minimum sample size was estimated using: 

𝑛𝑛 = (𝑍𝑍^2 𝑝𝑝(1 − 𝑝𝑝))/𝑑𝑑^2  (3) 

where 𝑍𝑍 = 1.96 for a 95% confidence level, 𝑝𝑝 = 0.757, 
based on the proportion reported by Iglesias-Rodríguez et al. 
[8], and 𝑑𝑑 = 0.10. The calculated minimum sample size was 
71 cases. A total of 80 eligible PHFs were ultimately included 
in the analysis. 

2.4 CT Processing and Morphometric 
Measurements 

CT datasets were evaluated using RadiAnt DICOM Viewer 
(version 2023.1) in the bone window. Multiplanar 
reconstruction (MPR) planes—axial (Π_𝑎𝑎𝑎𝑎 ), coronal 
(Π_𝑐𝑐𝑐𝑐𝑐𝑐 ), and sagittal (Π_𝑠𝑠𝑠𝑠𝑠𝑠 )—were realigned to the 
humeral shaft axis before measurements were obtained 
(Figures 1–2). Linear measurements were recorded in 
millimeters and angular measurements in degrees. 

The assessed morphometric parameters included fragment 
count (𝐹𝐹_𝑖𝑖 ), greater tuberosity displacement (𝑑𝑑_𝐺𝐺𝐺𝐺 ), lesser 
tuberosity displacement (𝑑𝑑_𝐿𝐿𝐿𝐿 ), neck–shaft angle (𝑁𝑁𝑁𝑁𝑁𝑁), 
intact medial calcar length (𝐿𝐿_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ), medial hinge 
displacement (𝑑𝑑_ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ), and head-split displacement 
(𝑑𝑑_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ). 

The neck–shaft angle was represented as: 

𝑁𝑁𝑁𝑁𝑁𝑁_𝑖𝑖 = ∠(𝒖𝒖_(ℎ𝑒𝑒𝑒𝑒𝑒𝑒, 𝑖𝑖)ⓜ, 𝒖𝒖_(𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎, 𝑖𝑖) )  (4) 

where 𝒖𝒖_(ℎ𝑒𝑒𝑒𝑒𝑒𝑒, 𝑖𝑖)and 𝒖𝒖_(𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎, 𝑖𝑖)represent the humeral-
head and shaft axes, respectively. 

The deltoid tuberosity index (DTI) was calculated 
immediately proximal to the deltoid tuberosity, at the level 
where the outer cortical borders became approximately 
parallel, as the ratio of the outer cortical diameter to the inner 
endosteal diameter: 

𝐷𝐷𝐷𝐷𝐼𝐼𝑖𝑖 = Douter,i
Dinner,i

(5) 
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CT attenuation was assessed in Hounsfield units (HU) 
using three regions of interest (ROIs). After selecting the 
corresponding axial CT plane, three circular ROIs were 
placed within the humeral head at predefined locations, 
avoiding cortical bone and fracture lines. The final HU value 
for each case was calculated as the mean of the three 
measurements: 

‾𝐻𝐻𝐻𝐻_𝑖𝑖 = (𝐻𝐻𝐻𝐻_(1, 𝑖𝑖) + 𝐻𝐻𝐻𝐻_(2, 𝑖𝑖) + 𝐻𝐻𝐻𝐻_(3, 𝑖𝑖))/3.   (6) 

Algorithmic Representation of the Measurement 
Workflow 

To formalize the morphometric workflow and facilitate its 
potential future implementation in computer-aided image 
analysis, the measurement procedure was represented 
conceptually as follows: 

for each case i in D: 

align_to_shaft_axis(i) 

F_i        = count_fragments(i) 

d_GT_i     = measure_GT_displacement(i) 

d_LT_i     = measure_LT_displacement(i) 

NSA_i      = angle(u_head_i, u_shaft_i) 

L_calcar_i = measure_intact_calcar(i) 

d_hinge_i  = measure_medial_hinge(i) 

d_split_i  = measure_head_split(i) 

DTI_i      = calculate_DTI(i) 

HU_mean_i  = mean(HU_ROI1_i, HU_ROI2_i, 
HU_ROI3_i) 

x_i = [F_i, d_GT_i, d_LT_i, NSA_i, L_calcar_i, 
d_hinge_i, d_split_i, DTI_i, HU_mean_i] 

This representation describes the analytical workflow used 
to structure the CT-derived features and does not constitute 
an independently validated automated algorithm. 

All CT measurements were performed by a single 
investigator according to the predefined measurement 
protocol. Inter-observer reliability was therefore not 
assessable, and repeated measurements for intra-observer 
reliability analysis were not available. 

Table 1. Definitions of CT-derived morphometric variables 

Variable Formula / Symbol Unit Description 

Fragment count F_i count Number of distinct fragments (Figure 3) 

GT displacement d_GT mm Greater tuberosity offset (Figure 4) 

LT displacement d_LT mm Lesser tuberosity offset (Figure 5) 

Neck–shaft angle NSA = ∠(u_head,u_shaft) ° Head–shaft axis angle (Figure 6) 

Calcar length L_calcar mm Intact medial cortical length (Figure 7) 

Medial hinge d_hinge mm Distance of medial cortical hinge 
displacement (Figure 8) 

Head-split gap d_split mm Displacement across articular surface 
(Figure 9) 
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Deltoid Index DTI = D_outer/D_inner – CT-derived index of local bone quality
(Figure 10)

Bone density HŪ = (HU1+HU2+HU3)/3 HU Mean of 3 ROIs (Figure 11–12)

2.5 Fracture Classification and Ischemic-Risk 
Features 

Figure 1. Default three windows in 3D Multiplanar 
Reconstruction mode 

A fracture part was considered displaced according to the 
Neer criteria when displacement exceeded 10 mm or 
angulation exceeded 45°. 

Morphological features associated with humeral-head 
ischemic risk were assessed using Hertel-related parameters, 
including medial calcar extension < 8 mm, medial hinge 
displacement >2 mm, angular displacement >45°, and the 
presence of a head-split component. 

For the present analysis, cases meeting at least two 
predefined ischemic-risk features were categorized as having 
a higher-risk imaging profile. 

2.6 Statistical Analysis 

Continuous variables were summarized as mean ± standard 
deviation (SD) or median [interquartile range (IQR)], as 
appropriate, and categorical variables as frequencies and 
percentages. Between-group comparisons were performed 
using the independent-samples t-test or Mann–Whitney U test 
for continuous variables and the chi-square test or Fisher's 
exact test for categorical variables, as appropriate. 
Associations between continuous variables were assessed 
using Pearson's correlation coefficient. All statistical tests 
were two-sided, and p<0.05 was considered statistically 
significant. Statistical analyses were performed using IBM  

SPSS Statistics, version 26.0 (IBM Corp., Armonk, NY, 
USA). 

Figure 2. Determination of imaging planes 

2.7 Ethical Approval 

Approved by the Institutional Ethics Committee (Approval 
No. 16/GGT-ĐHYD-SĐH). All CT data were anonymized 
and used solely for research purposes. 

3. Results

Figure 3. 3D reconstruction for visualization of fracture 
fragments 

3.1 General Characteristics 

From January 2024 to April 2025, a total of 80 proximal 
humeral fractures (PHFs) meeting inclusion criteria were 
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analyzed. The mean age was 53.7 ± 16.2 years (range 18–84), 
with the highest prevalence in the 50–59-year group (31.3%). 

Figure 4. Measurement of displacement and 
angulation of greater tuberosity fragment 

Females accounted for 67.5% of all cases, giving a female-
to-male ratio of approximately 2:1. The left side was slightly 
more affected (52.5%) than the right (47.5%). The 
demographic characteristics of the study population are 
summarized in Table 2. 

3.2 Fracture Classification 

According to the Neer classification, Type II fractures 
predominated (62.5%), followed by Type III (12.5%) and 
Type I (10%). Two-part fractures were the most frequent 
pattern (61.3%), consistent with Neer Type II, while 3-part 
fractures accounted for 16.3%, and 4-part fractures for 10%. 

3.3 Morphological Characteristics by 
Fragment Type 

Figure 5. Measurement of displacement and 
angulation of lesser tuberosity fragment 

Greater tuberosity fractures occurred in 67.5% of cases, with 
a mean displacement 10.43 ± 7.62 mm and angulation 15.67 
± 18.49°. Lesser tuberosity fractures were found in 20% of 
cases (displacement 12.85 ± 6.29 mm; angulation 29.01 ± 
25.36°). Surgical neck fractures (61.3%) showed mean neck–
shaft angle 122.2 ± 21.8°, calcar length 6.58 ± 2.47 mm, and 
medial hinge displacement 1.66 ± 2.17 mm. Detailed 
morphometric parameters of surgical neck fractures are 
presented in Table 3. Among surgical neck fractures, 81.6% 
met ≥2 predefined Hertel-related ischemic-risk features. 
Anatomical neck fractures (17.5%) had the largest 
displacement (14.63 ± 9.58 mm) and angulation (37.48 ± 
34.93°). 

Table 2. Baseline characteristics of the study 
population (n = 80) 

Parameter n (%) or Mean ± SD Range 

Age (years) 53.7 ± 16.2 18–84 

Female 54 (67.5%) — 

Indirect fall 68 (85.0%) — 

Direct trauma 12 (15.0%) — 

Left side 42 (52.5%) — 

Right side 38 (47.5%) — 

EAI Endorsed Transactions on 
Pervasive Health and Technology 

| Volume 11 | 2025 |



T. Gia Anh Le et al.

6 

Table 3. Morphometric parameters of surgical neck fractures (n = 49) 

Parameter Mean ± SD Range n (%) meeting criteria 

Neck–shaft angle (°) 122.2 ± 21.8 66.4–164.1 — 

Calcar length (mm) 6.58 ± 2.47 1.2–11.4 — 

Medial hinge displacement (mm) 1.66 ± 2.17 0.31–15 — 

Varus type — — 28 (57.1%) 

Higher-risk imaging profile 
(≥2 predefined Hertel-related features) — — 40 (81.6%) 

3.4. Bone Quality Indicators 

The mean Deltoid Tuberosity Index (DTI) was 1.75 ± 0.32. 
A DTI <1.44, a threshold associated with low bone quality, 

was observed in 20% of cases. Mean Hounsfield Unit (HU) 
was 125.1 ± 6.3 HU, with males showing significantly higher 
HU than females (127.3 ± 6.6 vs. 124.0 ± 5.8 HU, p = 0.028). 
Bone quality indicators stratified by age and sex are 
summarized in Table 4.

Table 4. Bone quality indicators by age and sex 

Parameter Mean ± SD p-value

DTI overall 1.75 ± 0.32 — 

DTI <1.44 (low bone quality) 16 (20%) — 

HU – Male 127.3 ± 6.6 0.028* 

HU – Female 124.0 ± 5.8 — 

HU <50 years 126.6 ± 6.0 0.14 

HU ≥70 years 122.4 ± 7.1 — 
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Figure 6. Determination of the neck–shaft angle and 
fracture pattern 

3.5 Association Analyses 

Fracture complexity (simple I–II vs. complex III–V) showed 
no significant association with age (p=0.12), sex (p=0.58), 
low DTI status (p=0.758), or HU (p=0.91). However, direct 
trauma was significantly associated with complex fractures 
(p<0.01). This association between direct trauma and 
complex fracture configuration highlights the mechanical 
effect of high-energy impact. The associations between 
clinical and morphometric factors and fracture complexity are 
shown in Table 5 

.

Table 5. Associations between clinical and morphometric factors and fracture complexity 

Variable Simple (I–II) (n = 58) Complex (III–V) (n=22) p-value

Age: <50 / 50–69 / ≥70 years 21 / 29 / 8 3 / 14 / 5 0.12 

Sex (Male / Female) 19 / 39 7 / 15 0.58 

Mechanism (Direct / Indirect) 1 / 57 11 / 11 <0.01 

Low DTI (<1.44), n (%) 11 (19.0%) 5 (22.7%) 0.758† 

HU, mean ± SD 125.1 ± 6.1 125.0 ± 6.7 0.91 

3.5.1 Summary of Key Findings 

• Female predominance (2:1) and indirect trauma were the
main patterns.

• Neer Type II and two-part fractures were most common.
• Surgical neck fractures showed a high prevalence of

varus deformity, with 81.6% meeting ≥2 predefined
Hertel-related ischemic-risk features.

• A DTI <1.44, indicating low bone quality, was found in
20% of cases.

• Bone density (HU) decreased with age but was not
statistically significant; only sex differences were
significant.

• Fracture complexity was associated with trauma
mechanism but not with bone quality.

Figure 7. Measurement of the calcar fracture margin 
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4. Discussion

This study provides a comprehensive CT-based 
morphometric assessment of proximal humeral fractures 
(PHFs) in a Vietnamese population. The results highlight 
important epidemiologic, morphologic, and bone-quality 
patterns comparable to international data while revealing 
several distinctive regional characteristics. 

4.1 Demographic Characteristics 

The present series had a mean patient age of 53.7 ± 16.2 years, 
notably younger than that reported in Western populations 
[9], likely reflecting a more active, labor-related trauma 
profile. The peak incidence occurred in the fifth decade, 
comparable to the distribution reported by Alzobi et al. [10], 
whereas Lind et al. [11] observed an elderly-dominant pattern 
in Scandinavian cohorts. 

Figure 8. Measurement of medial hinge displacement 

A female predominance (67.5%) was observed, in 
agreement with previous reports attributing higher fracture 
risk to postmenopausal osteoporosis [11]. Indirect low-
energy falls were the main mechanism (85%), matching 
reports from Iglesias-Rodríguez et al. [8]. 

4.2 Fracture Pattern and Neer Classification 

In our series, Type II fractures were most frequent (62.5%), 
corresponding to the predominance of two-part fractures 
(61.3%). Although the study population was relatively young, 
fracture complexity was significantly associated with trauma 
mechanism: direct trauma was more frequent among complex 
fractures than simple fractures (11/22 vs. 1/58, p < 0.01). 
These findings suggest that trauma mechanism, particularly 
direct trauma, was more closely associated with fracture 
complexity in our cohort than age alone. 

Figure 9. Measurement of displacement and 
angulation of anatomical neck fracture fragment 

Previous studies have reported that CT, particularly with 
3D reconstructions, may improve the inter-observer 
reliability of proximal humeral fracture classification 
compared with plain radiographs, as reported by Stoddart et 
al. [12] and Brunner et al. [5]. While CT does not yet 
uniformly achieve κ >0.8, its enhanced visualization of 
fragment displacement and treatment-relevant morphology 
supports its increasing use in proximal humerus fracture 
assessment. 

4.3 Greater Tuberosity Fractures 

In our study, greater tuberosity involvement was observed in 
67.5% of cases, with a mean displacement of 10.4 mm. 

Figure 10. Measurement of the Deltoid Tuberosity 
Index 

Based on the displacement threshold applied, the 
proportion of cases meeting surgical indication varied 
markedly—35.2% when using the traditional 10 mm Neer 
criterion, and 79.6% when adopting a 5 mm cutoff. These 
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findings are in line with recent literature [13], which has 
questioned whether the classical 10 mm threshold may 
underestimate the functional impact of displaced greater 
tuberosity fractures. Biomechanical models by Bono et al. 
[14] demonstrated that superior displacement of the greater
tuberosity by 5 mm increased the deltoid force required for
abduction by 16%, supporting concern regarding even
relatively small residual displacement. Consistent with Boksh 
et al. [15], who reported surgical fixation for displacements >
5 mm and conservative management for < 5 mm, our findings
support further evaluation of displacement thresholds in
relation to patients’ functional demands and activity levels.

Figure 11. Selection of the corresponding axial slice 
and definition of three circular regions of interest 

(ROIs) for Hounsfield unit measurement 

4.4 Lesser Tuberosity Fractures 

Lesser tuberosity fractures accounted for 20% of cases and 
were associated with posterior shoulder dislocation in 37.5% 
of cases in our series. This finding is consistent with the 
known association between lesser tuberosity fractures and 
subscapularis injury [16]. Our CT-based analysis showed a 
mean displacement of 12.9 mm and an angular deviation of 
29°, comparable to Ripoll et al. [17], who reported 44% of 
cases with displacement ≥10 mm on 3D mapping. These 
results emphasize the necessity of CT evaluation, as 2D 
radiographs tend to underestimate displacement by 
approximately 2 mm [17]. 

4.5 Surgical Neck and Hertel Parameters 

Surgical-neck fractures (61.3%) exhibited a mean neck-shaft 
angle of 122°, with 57% showing varus deformity. Only 
30.6% met three of the four predefined Hertel-related 
ischemic-risk features, whereas 81.6% met ≥2 of these 

features. Previous studies have associated these 
morphological features, particularly medial calcar extension 
<8 mm and medial hinge disruption >2 mm, with impaired 
humeral-head perfusion and subsequent AVN [18,19]. In the 
present study, these parameters were used as imaging features 
associated with humeral-head ischemic risk; however, their 
association with subsequent AVN was not evaluated. 
Although Neer displacement thresholds (>10 mm, >45°) 
remain descriptive, Hertel-related parameters may provide 
complementary information for fracture characterization and 
treatment planning. 

4.6 Anatomical Neck and Head-Split 
Fractures 

In our series, anatomical-neck fractures were uncommon 
(17.5%) but demonstrated the greatest displacement (14.6 
mm) and angulation (37°). These injuries typically result
from high-energy mechanisms and are associated with a high
risk of avascular necrosis (AVN) [20]. Cai et al. [20] reported
AVN rates up to 43.8% and greater operative complexity for
anatomical-neck fractures compared with surgical-neck
fractures. No isolated head-split fractures were identified,
consistent with their rarity in previous literature.

Figure 12. Measurement of Hounsfield unit values in 
the three corresponding circular regions (P), (Q), and 

(L) 

4.7 Bone-Quality Indicators (DTI and HU) 

In our cohort, the mean DTI (1.75 ± 0.32) and HU (125 ± 6.3) 
indicated generally preserved bone quality. A DTI <1.44, 
indicating low bone quality, was observed in 20% of patients. 
The relatively narrow dispersion of HU values (125.1 ± 6.3 
HU) may reflect the characteristics of this study population 
and the standardized ROI-based measurement approach; 
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however, this finding should be interpreted cautiously given 
the single-center sample. These values exceed those reported 
by Kim et al. [21], likely due to our younger population. HU 
values declined slightly with age and were significantly 
higher in males (p = 0.028), consistent with Liu et al. [22]. No 
significant association between bone-quality indicators (low 
DTI status or HU) and fracture complexity was identified, 
consistent with Liu et al. [22], who found no significant 
difference in HU values between simple and complex 
proximal humeral fractures. 

4.8 Clinical Implications 

Our data indicate that CT-based morphometry provides 
quantitative evaluation of fragment displacement, calcar 
integrity, and ischemic-risk features. Integration of 
quantitative indices such as DTI and HU into CT assessment 
may provide additional information on local bone quality and 
may contribute to future risk-stratification approaches. The 
clinical relevance of alternative displacement thresholds for 
the greater tuberosity warrants further prospective evaluation 
in light of existing biomechanical and functional evidence. 

Recent studies have demonstrated the potential of deep-
learning approaches for the detection and classification of 
proximal humeral and shoulder fractures on radiographs [23–
25]. These findings support the potential value of structured 
quantitative imaging variables for future computer-aided 
image-analysis applications. However, no artificial 
intelligence or machine-learning model was developed or 
validated in the present study. 

4.9 Limitations 

This was a single-center study with a limited sample size (n 
= 80), lacking postoperative outcomes and formal intra- and 
inter-observer reliability assessment. HU and DTI were 
measured on fractured humeri rather than the contralateral 
side, possibly affecting accuracy. Future multicenter studies 
combining CT morphometry with clinical outcomes and 
DEXA-validated bone density are warranted. 

5. Conclusion

This study proposed a quantitative and algorithmic 
framework for the morphometric evaluation of proximal 
humeral fractures (PHFs) based on computed tomography 
(CT). The structured quantitative variables and conceptual 
algorithmic workflow may provide a basis for future 
computer-aided image-analysis applications. However, no 
automated classification, machine-learning model, or clinical 
decision-support system was developed or validated in the 
present study. Future studies should evaluate observer 
reliability, correlate CT-derived parameters with clinical 
outcomes, and prospectively validate their potential 
integration into automated image-analysis systems. 
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