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ABSTRACT
In this study, we aimed to clarify proximal femur and acetabular structural risk factors associated
with low-energy acetabular fractures in the elderly using three-dimensional (3D) computed
tomography (CT). Pelvic bones and femurs were segmented and modeled in 3D from
abdominopelvic CT images of 121 acetabular fracture patients (mean age 72±12 years, range 50-98

PT

years, 31 females and 90 males) and 121 age-gender matched controls with no fracture. A set of

RI

geometric parameters of the proximal femur and the acetabulum was measured. An independent-

SC

samples t-test or a Mann-Whitney U-test was used for statistical analyses. The fractured side was
used for proximal femur geometry, while the contralateral side was used for acetabular geometry.

NU

The neck shaft angle (NSA) was significantly smaller (mean 122.1° [95% CI 121.1°–123.2°] vs.
124.6° [123.6°–125.6°], p = 0.001) and the femoral neck axis length (FNALb) was significantly

MA

longer (78.1 mm [77.0–79.2 mm] vs. 76.0 mm [74.8–77.2 mm], p = 0.026) in the fracture group
than in the controls when genders were combined. The NSA was significantly smaller both for

D

females (120.2° [117.8°–122.6°] vs. 124.7° [122.5°–127.0°], p = 0.007) and for males (122.7°

PT
E

[121.5°–123.8°] vs. 124.6° [123.4°–125.7°], p = 0.006) in the fracture group. However, only males
showed a significantly longer FNALb (80.0 mm [78.9–81.1 mm] vs. 77.8 mm [76.6–79.0 mm], p =

CE

0.025). No statistically significant associations of acetabular geometry with fractures were found.
However, the mean values of the acetabular angle of Sharp (34°), the lateral center-edge angle

AC

(40°), the anterior center-edge angle (62°), and the posterior center-edge angle (105°) indicated
possible over-coverage. In conclusion, our findings suggest that proximal femur geometry is
associated with low-energy acetabular fractures. Especially elderly subjects with an NSA smaller
than normal have an increased risk of acetabular fractures.

KEY WORDS: acetabular fracture; three-dimensional computed tomography; structural risk
factors; proximal femur geometry; acetabular geometry
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1. Introduction
Falls from standing height are the primary injury mechanisms for low-energy acetabular fractures in
the elderly [1–3]. A 2.4-fold increase in the incidence of low-energy pelvic and acetabular fractures
in the elderly over the last three decades has been reported both in Finland and in the United States
of America [4,5]. The most common fracture patterns resulting from sideways falls are anterior

PT

column and anterior column-posterior hemi-transverse fracture patterns [1,2]. The contributing

RI

factors for specific fracture patterns are the mechanics of injury, bone density, and the orientation of

SC

the pelvis and femur during a fall [2,5,6]. The mechanics of injury refers to the sideways impacts,
which transmit forces through the greater trochanter to realign the femur anteromedially with the

NU

anterior column of the acetabulum [1–3].

MA

Pelvic geometry can be measured in two-dimensions (2D) from, e.g., anterior-posterior (a.p) plain
radiography or computed tomography (CT) slices or in three-dimensions (3D) from CT

D

reconstruction models. Measurement of pelvic geometry using traditional 2D methods is somewhat

PT
E

challenging due to the complex anatomy of the pelvis. In 2D studies, the orientation of subjects
during scanning needs to be carefully controlled in order to minimize the effects of tilting and

CE

rotation of the femur and pelvis. Especially images collected from clinical databases in which
patient positioning may not have been appropriately standardized can have oblique pelvic tilting

AC

and femur head rotation. Instead, 3D methods can overcome these challenges by generating models
from CT slices that can be freely rotated and reoriented.

Usually, proximal femur geometry (PFG) is defined by the neck shaft angle (NSA), femoral neck
axis length (FNAL), hip axis length (HAL), femoral head diameter (FHD), and neck shaft width
(NSW). Standardized normal values of PFG variables have clinical significance in, e.g., preoperative planning and identifying or predicting risk factors for hip fractures [7–9]. However, 2D
3
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methods give only projected values, and femur rotation, e.g., cannot easily be determined from
these values. Consequently, Boese et al. found significant differences in NSAs taken from a.p CT
slices compared with coronal reconstruction slices rotated on the femoral neck planes [10]. Further,
Anastopoulos et al. also compared 3D true and projected values of NSAs from 3D CT models and
found a difference between the two methods [7]. It is worth noting that the average rotated NSA

PT

reported by Boese et al. was greater than the true 3D mean values reported by Anastopoulos et al

RI

[7,10].

SC

Acetabular geometry (AG) describes the orientation of the acetabulum on the pelvis and its

NU

relationship to the femur. Acetabular coverage and support of the femur head provide
biomechanical and diagnostic information about the hip joint. In clinical practice, a.p plain

MA

radiography and CT are commonly used to diagnose different joint conditions. However, AG 2D
methods are prone to several challenges such as identifying clear landmarks and pelvic tilting and

D

rotation [11–14]. Discrepancies in acetabular coverage variables with bony-edge vs. sourcil-edge

PT
E

measurements as landmarks are instances in which landmark variations occur [11–13]. Moreover,
central beam offset variations, pelvic tilting and rotation may impede the accuracy of 2D methods

CE

[15,16]. On the contrary, with 3D methods, the pelvis can be freely rotated to a redefined alignment
position, and a new 3D coordinate system can be created using the anatomical landmarks. With 3D

AC

methods, annotation of anatomical landmarks is less challenging than with 2D methods. Most
commonly, bilateral anterior superior iliac spines (ASISs) and pubic tubercles (PTs) are used to
define an anterior pelvic plane (APP), from which the remaining two orthogonal planes, the midsagittal plane (MSP) and the trans-pelvic plane (TPP), are drawn [17–19]. Once the pelvic 3D
coordinate system is created, it can be reoriented and aligned with a global coordinate system to
standardize all measurements.

4
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Previously, PFG variables, mainly the NSA and the FNAL, have been shown to be significantly
different for proximal femur fractures when compared with controls [9,20]. Similarly, AG variables
are commonly used to identify hip abnormalities such as hip dysplasia and over-coverage, which
can lead to hip osteoarthritis (OA) [21–24]. However, there are no 3D studies that give insight into
the association of these variables with low-energy acetabular fractures. Therefore, our aim was to

PT

identify PFG and AG variables that contribute to the risk of acetabular fractures, using clinical 3D

RI

CT images of elderly subjects who had sustained acetabular fractures and those of their age-gender

SC

matched controls.

NU

2. Materials and Methods
2.1. Study Subjects

MA

The data consisted of abdominopelvic CT images of subjects with acetabular fractures (n = 121)
and their age-gender matched controls (n = 121). The images were obtained from the picture

D

archiving and communication system (PACS) of Oulu University Hospital, Oulu, Finland. The

PT
E

images were taken from patients admitted between January 2008 and October 2017. A research
permit (number 220/2017) was obtained from the Northern Ostrobothnia Hospital District. Written

CE

informed consent was not required due to the register-based study design. The exclusion criteria
were age (minimum age 50 years), type of trauma, femur fractures, or previous pelvic diseases.

AC

The data comprised a total of 242 subjects (age range 50-98 years) of which 26% were females (n =
62) and 74% were males (n = 180) (Figure 1). PFG and AG were defined for the same subjects. For
comparison of mean differences, PFG was measured on the fracture side and AG on the
contralateral side in the fracture cases, and on the matching sides for the controls. In addition, the
contralateral side in the fracture cases was used for PFG in the correlation analyses. Subjects
containing two-sided acetabular fractures were excluded from the AG analysis (n = 22). However,
5
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they were included in the PFG analysis. Images with insufficient quality (e.g., artifacts, structures
only partly visible in the image) were also excluded from the PFG (n = 12) and AG analyses (n =
4). Thus, the final dataset contained 230 subjects (n = 55 females: mean age (standard deviation, or
SD): 77.0 (13.0) years; n = 175 males: 70.5 (11.9) years) for the PFG analysis, and 216 subjects (n

PT

= 57 females: 77.6 (13.4) years; n = 159 males; 71.2 (10.8) years) for the AG analysis.

2.2. 3D modeling

RI

Thresholding, segmentation, and 3D modeling of the CT data were done using Mimics (Materialise,

SC

Leuven BE, Belgium) software. CT slice thicknesses varied from 0.5 to 10.0 mm and pixel sizes

NU

(isotropic) from 0.3 to 1.1 mm. Bone and soft tissue boundaries were first segmented using
thresholding mask windows based on Hounsfield units (HU). A predefined window in the Mimics,

MA

starting at a lower boundary of 200 HU, was used to exclude soft tissues and to segment bone
tissue. These masks were applied to each slice and then separated into pelvic and femur masks.

D

Each slice was visually examined for segmentation and any overlap of masks. Discontinuous edges

PT
E

and gaps in the masks were corrected with dilation morphological operations to create uniform
masks with well-defined edges. Finally, each mask was optimally reconstructed into a 3D model,

CE

which was exported into 3-Matic (Materialise, Leuven BE, Belgium) for geometry measurement.
Postprocessing, such as meshing, smoothing, and wrapping, was not performed on the models so as

AC

not to affect the dimensions.

2.3. Proximal femur geometry (PFG) analysis
PFG variables consisted of the NSA, FNALa, FNALb, NSW, and FHD, as shown in Figure 2. The
NSA was defined as the angle between the medial axes of the femur shaft and neck. To measure the
true 3D NSA, the femur shaft axis was created through the middle of the proximal canal [7]. The
neck shaft axis was created through the neck’s narrowest midsection passing through the femur
6
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head center. The femoral neck length was measured using two different methods, i.e., FNALa and
FNALb [9,25,26]. In both methods, the starting point was the intersection point of the neck axis
below the greater trochanter. The FNALa was measured up to the anterior point where the neck axis
exits the femur head, and the FNALb was measured up to the center [9]. The NSW was the
diameter of the femoral neck at its narrowest midsection. The fitting function in 3-Matic was used

PT

to calculate the axes lines and to approximate a sphere around the femur head and the circle that fits

RI

the midsection of the neck.

SC

2.4. Acetabular geometry (AG) analysis

NU

Before acetabular geometry was measured, the pelvis was realigned in order to correct the pelvic
rotation introduced at the time of scanning and to standardize measurements across the data set, as

MA

shown in Figure 3b. The resulting coordinate system consisted of three orthogonal planes: the
anterior pelvic plane (APP), mid-sagittal plane (MSP), and trans-pelvic plane (TPP), as shown in

D

Figure 3a. Four anatomical landmarks, i.e., right and left bilateral anterior superior iliac spines

PT
E

(ASIS) and pubic tubercles (PT), were used to create the APP [17,18]. Landmarks were located
using the extrema analysis function in 3-Matic, which calculates extrema points along an axis. In

CE

this case, the y-axis of the global coordinate system was used as the analysis direction. The APP
together with the 3D model was then aligned to the frontal plane (XZ-plane) of the global

AC

coordinate system. The remaining two planes, the MSP and the TPP, were placed perpendicular to
the APP to form the new coordinate system. Following realignment and reorientation of the 3D
model, acetabular orientation, coverage, and support were measured as follows.

2.4.1. Acetabular orientation
Acetabular orientation was defined by acetabular inclination (AI) and anteversion (AceAV). First, a
plane and a perpendicular line to that plane were fitted to the acetabular rim using marking and
7
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plane fitting functions in 3-Matic. The plane is the acetabular rim plane, and the perpendicular line
is known as the acetabular axis [27]. According to the definitions set by Murray [27], radiographic
orientation was used to measure AceAV and AI on the APP and on the longitudinal axis of the
MSP, respectively, as shown in Figure 3a [17,18,27].

PT

2.4.2. Acetabular coverage
Acetabular coverage was defined by four variables: the acetabular angle of Sharp (AA), lateral

RI

center-edge angle (LCEA), anterior center-edge angle (ACEA), and posterior center-edge angle

SC

(PCEA) (Figure 4). The AA and the LCEA were measured on the APP (Figure 4a). The AA has its

NU

vertex on the bony ridges of the acetabular fossa and is subtended by a horizontal line and a line
tangential to the lateral edge of the acetabular roof [28]. The LCEA is the angle between a vertical

MA

line and a line from the center of the femoral head to the lateral margin of the acetabulum [11]. The
ACEA and the PCEA are measured on the MSP. Two lines are formed between the center of the

D

femoral head to the anterior and posterior acetabular margins, respectively. The ACEA is the angle

PT
E

between a vertical line through the center of a femoral head and the anterior margin line. The PCEA
is the angle between a vertical line through the center of a femoral head and the posterior margin

CE

line (Figure 4c) [18].

AC

2.4.3. Acetabular Support

Acetabular support information was provided by the anterior sector angle (ASA) and the posterior
sector angle (PSA), and they were measured on the TPP. The ASA is the angle between a vertical
line and a line through the center of a femoral head to the anterior acetabular margin. The PSA is
the angle between a vertical line and a line through the center of a femoral head to the posterior
acetabular margin (Figure 4b). An equatorial plane that passes through both femoral head centers
was not possible because of the misalignment of the heads caused by the fractures. Anda et al. have
8

ACCEPTED MANUSCRIPT
used a similar procedure for subjects that had oblique right-left femur positions [14]. Consequently,
since patient positioning was not controlled, we applied a standard procedure of measuring through
just one femoral head center in the entire data set.

2.5. Statistical Analysis

PT

A Shapiro-Wilk test was performed to determine the distribution of each variable prior to statistical
analyses. For normality, the null hypothesis was rejected at p < 0.05. Following the normality test, a

RI

statistical analysis was conducted using an independent-samples t-test or a Mann-Whitney U-test

SC

for normally and not normally distributed data, respectively. Statistical analysis for proximal femur

NU

geometry was done on the fractured side, while for acetabular geometry the analysis was conducted
on the contralateral side of the fracture. A bivariate Pearson’s linear correlation analysis was

MA

performed to investigate the association between PFG and AG as well as between variables within
each geometry. Because AG was measured on the contralateral side of a fracture, the correlation

D

and mean differences between the right and left sides of PFG and AG variables were checked on a

PT
E

randomly selected subset of control subjects (n = 19, 5 females and 14 males) to assess the relation
between right and left sides. The IBM SPSS (version 24.0.0.1, Armonk, CINY: IBM Corp, USA)

CE

statistics program was used for the statistical analyses.

AC

2.6. Interrater reliability and intrarater repeatability
In order to check the repeatability and reliability of the methods used, a two-way mixed intraclass
correlation coefficient (ICC) was calculated for randomly selected cases (n = 20, 10 fractures and
10 controls). The intrarater repeatability was checked using values analyzed three times by one rater
(RG), with measurements taken one week apart; the interrater reliability was a single-measure test
between two raters (RG, JH).

9

ACCEPTED MANUSCRIPT
3. Results
3.1. Intrarater reliability and intrarater repeatability
Strong intrarater repeatability and interrater reliability of the PFG and AG measurements were
found. The ICCs (intrarater, interrater) for the different PFG and AG variables ranged from (0.84 to

PT

0.96, 0.89 to 0.97) and (0.96 to 0.98, 0.97 to 0.99), respectively (Table 1).

3.2. Fractures vs Controls

RI

Among the fracture and control groups without gender classification, the NSA was significantly

SC

smaller in the fracture group than in the control group (mean [95% CI]: 122.1° [121.1° – 123.2°] vs.

NU

124.6° [123.6° – 125.6°], p = 0.001). The FNALb was significantly longer in the fracture group
than in the control group (78.1 mm [77.0 mm – 79.2 mm] vs. 76.0 mm [74.8 mm – 77.2 mm], p =

MA

0.026) (Table 2).

The NSA was significantly smaller in the fracture group than in the control group, both in females

D

(120.2° [117.8° – 122.6°] vs. 124.7° [122.5° – 127.0°], p = 0.007) and in males (122.7° [121.5° –

PT
E

123.8°] vs. 124.6° [123.4° – 125.7°], p = 0.006). However, only males showed significantly longer
FNALbs in the fracture group than in the control group (80.0 mm [78.9 mm – 81.1 mm] vs. 77.8

CE

mm [76.6 mm – 79.0 mm], p = 0.025).

AC

3.3. Associations between geometrical variables
In the assessment of the relationships between the different PFG variables, the FNALa and FNALb
were found to be very strongly correlated (R = 0.96, p < 0.01). Except for the NSA, the remaining
PFG variables were positively and statistically significantly correlated with each other (Table 3).

In the assessment of the relationships between the different AG variables, AceAV was found to be
negatively correlated with the ASA (R = -0.58, p < 0.01) and the ACEA (R = -0.62, p < 0.01) and
10
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positively correlated with the PSA (R = 0.63, p < 0.01) and the PCEA (R = 0.62, p < 0.01). The
LCEA was positively correlated with the ASA (R = 0.51, p < 0.01) and the ACEA (R = 0.49, p <
0.01). The ACEA was strongly correlated with the ASA (R = 0.71, p < 0.01), and the PCEA was
strongly correlated with the PSA (R = 0.83, p < 0.01) (Table 3).

PT

Only weak correlations were found between the PFG and AG variables (Table 3).

RI

3.4. Right vs Left

SC

In the assessment of the associations between the PFG and AG variables of the right and left sides,
all variables were found to show a strong correlation (R > 0.8, p < 0.01) except for the NSA (R =

NU

0.53, p < 0.01). There were no statistically significant differences in PFG and AG variables

AC

CE

PT
E

D

MA

between the right and left sides except for the NSA (Table 4).

11
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4. Discussion
Acetabular and femur geometry have previously been studied using plain radiography and 2D CT
methods in relation to hip fractures, hip dysplasia, and osteoarthritis [21–23,29,30]. However, there
are no 3D CT studies on the etiology of low-energy acetabular fractures in the elderly. In the
present study, we for the first time measured acetabular and proximal femur geometry in 3D to find

PT

variables associated with acetabular fractures. Our findings suggest that a smaller neck shaft angle

RI

is indicative of acetabular fractures in both genders. Previously, it has been reported that subjects

SC

with femoral neck fractures have larger NSAs compared with trochanteric fractures or controls
[9,20]. This suggests that a Varus hip (NSA < 120°) may transfer the impact load via the femoral

NU

head to the acetabulum, which may lead to an acetabular fracture. The mean NSA for nonfracture
and contralateral sides was 125°, which is smaller than the 2D CT NSA (129°) measured by Boese

MA

et al. but closer to the 3D NSA (123°) reported by Anastopoulos et al [7,10].

D

We also found that a longer femoral neck axis length (FNALb) is indicative of acetabular fractures

PT
E

in males but not in females. Furthermore, there was a trend that the other femoral neck axis
variable, FNALa, was longer in male fracture cases than in controls. These findings might be

CE

related to impact mechanics. Both the FNALa and the FNALb represent the length of the femoral
neck axis, with the FNALb measured up to the femoral head center and the FNALa defined to reach

AC

the anterior site where the neck axis exits on the surface of the femoral head close to the acetabular
wall. Consequently, the proximity of the FNALa to the impact site with the acetabular wall might
have caused a slight shortening/or compressing of the femoral neck.

In this study, none of the acetabular geometry variables was found to be associated with fractures in
either gender. With regards to acetabular orientation, mean acetabular inclination (AI) and
anteversion (AceAV) were 51° and 14° respectively. These results closely match previous findings
12
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reported by Higgins et al. [17], Wang et al. [31], and Zhang et al. [19] as normal values for AI and
AceAV (54°, 19°), (49°, 14°), and (52°, 16°) respectively. In addition, AceAV was positively
correlated with posterior coverage (PCEA) and support (PSA) variables but negatively correlated
with anterior coverage (ACEA) and support (ASA) variables. This correlation pattern matches very
closely the data by Anda et al., who made 2D CT measurements of acetabular anteversion and

PT

sector angles [14].

RI

Direct measurement of AG on the fractured side was not possible due to dislocation gaps between

SC

fragments of the fractured acetabula. Hence, we measured AG on the contralateral side in the

NU

fracture cases, assuming symmetric acetabular geometry. To assess this, we checked correlation and
mean differences in PFG and AG variables between right and left sides in a subset of control

MA

subjects, as shown in Table 4. Both AG and PFG variables had a strong side correlation, except for
a side difference found in the NSA. Furthermore, a correlation analysis was performed between the

D

PFG and AG variables taken from the contralateral side, as shown in Table 3. We found that the

PT
E

NSA and the FNALb were not strongly correlated with either the PFG or the AG variables. This
suggests that the FNALb in males and the NSA in both genders are independent risk factors for an

CE

acetabular fracture.

Acetabular coverage of the femoral head was defined by the AA, LCEA, ACEA, and PCEA. These

AC

variables have been extensively studied using plain radiography, and their normal values are well
defined for diagnosing acetabular over-coverage and hip dysplasia [22,32–34]. However, 2D CTbased methods have not been standardized, and the literature is limited for 3D studies [34,35]. We
found the AA, LCEA, ACEA, and PCEA to be 35°, 40°, 62°, and 105°, respectively, which
according to known normal radiographic values indicate over-coverage [22,32–34]. Furthermore,

13
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these values are consistent with the sex- and age-specific study by Miyasaka et al., in which
subjects aged ≥ 50 years showed over-coverage [33].

Acetabular support of the femur head is mainly provided by the sector angles ASA and PSA, which
are used to diagnose hip dysplasia [14,23,33]. Our values matched previously reported values,

PT

except for the PSA in males, where there was a slight discrepancy [14,23]. The PSA was slightly
lower (96°) than previously reported by Anda et al. (102°) and Tallroth et al. (103°), who did their

RI

measurements on 2D CT axial slices [14,23]. However, a similar discrepancy was observed by

SC

Suzuki et al. (98°), who conducted a 3D geometry study of acetabular orientation [18]. A possible

NU

explanation for variations in mean PSA values might be the differences in methodologies used.
Nevertheless, both the ASA and the PSA values were in the normal range, as defined for 2D CT

MA

methods, and did not indicate hip dysplasia [14,33].

The PFG variables taken from the fractured sides gave us an insight into the role of femur geometry

D

in acetabular fracture risk. From a biomechanical point of view, the proximal femur anatomical

PT
E

orientation might affect the joint stress/strain distribution, resulting in fracture patterns within the
acetabulum. We found smaller NSAs in both genders and longer FNALbs in males as the main

CE

structural risk factors for acetabular fractures. Although we found no statistically significant
association of acetabular morphology with fracture cases, we did observe some over-coverage.

AC

Here, AG was measured on the contralateral side, and determination of side-specific AG properties
on the fractured side was not possible. Thus, whether over-coverage, hip dysplasia, hip OA, or other
abnormalities contribute to acetabular fractures remains still unclear.

There were three major limitations of this study. First, different injury mechanisms and the
relationship between acetabular fracture sub-types and geometry variables were not considered. The
main injury mechanisms were low-energy fractures; however, there might have been some high14
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energy fractures mixed in the same group. Acetabular fractures are commonly classified into five
elementary and five associated fracture types based on the method coined by Judet and Letournel
[36]. Here, due to the limited sample of fracture subtype, all fracture cases were classified as one
group. Previously, it has been shown that fracture patterns in the elderly are unique, but we did not
test that observation in our study. Second, AG measurements were taken from the contralateral side,

PT

and obtaining side-specific information about acetabular geometry on the fracture side was not

RI

possible. The high correlation between right and left sides suggested that the contralateral side can

SC

be used for AG measurements. Lastly, a lack of standardized AG 3D values prevented us from
making definite conclusions about the biomechanical role of acetabular orientation, coverage, and

NU

support in the incidence of acetabular fractures.

MA

In conclusion, we applied CT-based measures to identify structural variables of the proximal femur
and the acetabulum that are associated with low-energy acetabular fractures. The technique used

D

enabled a true morphometric analysis in 3D. Our analyses had excellent repeatability for all

PT
E

variables analyzed. We found that elderly subjects with NSA values that are smaller than normal are
prone to low-energy acetabular fractures. Although we found no statistically significant association

CE

of acetabular morphology with fracture cases, we did observe some over-coverage. Further work is

AC

needed to fully understand the etiology of low-energy acetabular fractures in the elderly.
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Figure Legends
Figure 1. Flowchart of the study showing final study datasets after elimination processes for
acetabular and proximal femur geometry measurements. CT images of femurs and acetabula of
insufficient quality were eliminated from both geometry studies. Two-sided acetabular fractures
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were eliminated from acetabular geometry analysis only.
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Figure 2. Geometrical measurements of the proximal femur shown in an isometric view. (O) is the
center of the sphere fitted around the femoral head, (C-D) is femoral head diameter (FHD), (A-B) is
femoral neck axis length-a (FNALa), (O-B) is femoral neck axis length-b (FNALb), and (l) is
femoral shaft axis. Neck shaft angle (NSA) is the angle between (l) and (A-B). (E-F) is neck shaft
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width (NSW).
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Figure 3. Re-orientation of the 3D model into a new coordinate system. (a) Isometric view of the
3D model. Points A and B are right and left bilateral anterior superior iliac spines (ASIS), and
points C and D are right and left pubic tubercles (PT). (b) Top view of the 3D model before (light
green) and after (turquoise) alignment. APP-1 (solid line) is the original position of the anterior
pelvic plane (APP) (dotted line) before alignment. TPP indicates the trans-pelvic plane and MSP the
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mid-sagittal plane. AI is acetabular inclination and AceAV is acetabular anteversion.
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Figure 4. Acetabular geometry measurements. (a) Acetabular angle of Sharp (AA) and lateral
center edge angle (LCEA), (b) Anterior and posterior sector angles (ASA and PSA), (c) Anterior
and posterior center edge angles (ACEA and PCEA). (O) is the center of the femoral head, (A) is
lateral edge of the acetabular roof, (B) is bony ridges of the acetabular fossa, (C) and (D) are
anterior and posterior margins on TPP respectively, and (E) and (F) are anterior and posterior

PT

margins on MSP respectively. AA was measured between a horizontal line through (B) and a line

RI

connecting (A) and (B). LCEA was measured between a line connecting (A) and (O) and a vertical

SC

line. ASA, PSA, ACEA and PCEA were measured between a vertical line through (O) and a line
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from (O) to acetabular margins (C), (D), (E) and (F) respectively.
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Tables
Table 1. Intrarater repeatability and interrater reliability of proximal femur and acetabular geometry
measurements. Intraclass correlations coefficients (ICC) at 95% CI for randomly selected cases

PT

(N=20, 10 fractures and 10 controls).

Intrarater

Interrater

Variables
95% CI

ICC

95% CI

RI

ICC

0.840 0.668 – 0.931 0.885 0.775 – 0.949

FNALb

0.919 0.831 – 0.965 0.900 0.804 – 0.956

FNALa

0.935 0.863 – 0.972 0.913

NSW

0.916 0.824 – 0.964 0.947 0.892 – 0.977

FHD

0.958 0.882 – 0.984 0.974 0.929 – 0.990

AceAV

0.986 0.969 – 0.994 0.991 0.982 – 0.996

AI

0.959 0.913 – 0.983 0.978 0.955 – 0.990

NU

MA

D

0.967 0.921 – 0.986 0.979 0.956 – 0.991
0.978 0.938 – 0.991 0.985 0.965 – 0.994

CE

LCEA

0.830 –0.962

PT
E

AA

SC

NSA

0.982 0.951 – 0.993 0.988 0.969 – 0.995

PSA

0.970 0.916 – 0.989 0.981 0.954 – 0.992

ASA

0.979 0.941 – 0.992 0.986 0.964 – 0.994

PCEA

0.981 0.957 – 0.992 0.989 0.971 – 0.994

AC

ACEA
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Table 2. A summary of proximal femur and acetabular geometry variables. Mean (SD) and P-values in the fracture and control groups of entire
data and gender specific values are shown.
Fractures (n=116, n1=99)
Variables

Females
All

Controls (n=114, n1=117)

Males

T
P

Females

(n=28, n1=28)

(n=88, n1=71)

All

P-values
Males

All

Females

Males

124.6 (5.6)

0.001*

0.007*

0.006*†

77.8 (5.8)

0.026*†

0.463

0.025*†

93.2 (6.0)

103.6 (6.9)

0.073

0.367

0.076

32.9 (1.9)

37.4 (2.7)

0.890

0.830

0.929

48.2 (2.3)

51.8 (2.5)

0.679

0.226

0.817

I
R

(n=27, n1=29)

(n=87, n1=88)

NSA (°)

122.1 (5.8)

120.2 (6.3)

122.7 (5.5)

124.6 (5.6)

124.7 (5.7)

FNALb (mm)

78.1 (6.0)

72.1 (3.9)

80.0 (5.2)

76.0 (6.4)

70.4 (4.9)

FNALa (mm)

103.0 (7.1)

94.9 (4.1)

105.6 (5.8)

101.1 (8.1)

NSW (mm)

36.4 (3.0)

32.9 (1.9)

37.4 (2.4)

36.3 (3.2)

FHD (mm)

50.8 (2.1)

46.7 (1.5)

52.1 (1.8)

51.0 (2.6)

AceAV (°)

13.8 (5.6)

17.0 (5.7)

12.6 (5.1)

14.1 (5.9)

16.9 (6.0)

13.1 (5.6)

0.768

0.960

0.528

AI (°)

50.7 (4.0)

51.7 (3.9)

50.0 (4.0)

50.6 (4.4)

50.1 (5.1)

50.8 (4.2)

0.744

0.193

0.612

AA (°)

34.1 (3.5)

33.3 (3.7)

34.5 (3.4)

34.8 (3.9)

34.8 (4.7)

34.8 (3.6)

0.208

0.175

0.610

LCEA (°)

40.7 (5.6)

41.3 (6.6)

40.0 (5.0)

40.1 (6.7)

43.9 (7.4)

38.9 (6.0)

0.473

0.409

0.173

ACEA (°)

62.5 (8.4)

62.2 (9.5)

62.6 (8.0)

62.0 (11.3)

62.8 (11.1)

61.7 (11.4)

0.240

0.806

0.109

PCEA (°)

105.3 (14.6)

115.2 (15.9)

101.4 (11.9)

103.7 (15.6)

115.4 (11.1)

99.9 (15.0)

0.446

0.632

0.494

PSA (°)

100.5 (10.6)

97.9 (8.0)

98.6 (11.1)

106.6 (9.6)

96.0 (10.3)

0.425

0.587

0.261

ASA (°)

66.5 (9.2)

66.5 (8.9)

64.6 (11.2)

64.9 (13.3)

64.5 (10.5)

0.097

0.677

0.110

1

D
E

C
C

T
P
E

A

106.9 (13.4)
66.2 (10.1)

*

SC

A
M

U
N

*†

n = number of femurs, n = number of acetabula, Parametric Independent Samples t-test (p<0.05), Nonparametric Mann-Whitney test (p<0.05).
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Table 3. Bivariate Pearson’s linear correlation coefficients between proximal femur and acetabular geometry variables

Variables

AceAV

AI

AA

LCEA

ACEA

PCEA

PSA

ASA

FHD

0.100

0.066

0.045

-0.209**

-0.086

-0.116

-0.115

-0.252**

0.032

FNALb

-0.290**

-0.061

-0.045

-0.019

0.089

-0.216** -0.215**

FNALa

-0.300**

-0.041

-0.008

-0.008

0.061

-0.263** -0.260**

NSW

-0.229

**

0.094

**

FHD

-0.188**

0.039

ASA

NSA

**

-0.059

-0.299

-0.001

-0.283**

-0.127

-0.357** -0.343**

-0.049

-0.578** -0.258** -0.164**

0.513**

0.708**

PSA

0.629**

0.244**

0.098

0.299**

PCEA

0.634**

0.341**

0.173**

ACEA

-0.619** -0.391** -0.245**

PT

0.099

-0.301

E
C

0.274**

D
E
0.160**

**

C
S
U
**

0.195

**

0.162*

-0.296

N
A

M

-0.062

T
P

I
R

0.185**

NSW
-0.006

0.466** 0.525**

FNALa FNALb
0.070

0.032

0.962**

0.657** 0.660**
0.778**

-0.195**

0.833**

-0.237**

0.492**

C
A

Correlation is significant at p<0.01 level (2-tailed).
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Table 4. Bivariate Pearson’s linear correlation coefficients R between right and left sides of proximal femur and acetabular geometry variables
and their mean value differences (P-values). Analysis was done on a randomly selected subset of 19 (5 female, 14 male) control subjects.

Variables
R
P-value§

NSA

FNALb FNALa

0.532** 0.965**
0.05

NSW

FHD

AceAV

AI

AA

LCEA

T
P

ACEA

I
R

PCEA

PSA

ASA

0.774

0.919** 0.905** 0.946** 0.884** 0.842** 0.814** 0.797** 0.845** 0.851** 0.825** 0.888**
0.860

0.978

0.773

0.437

0.711

SC

0.751

0.733

0.396

0.757

0.851

0.432

U
N

**

Correlation is significant at p<0.01 level (2-tailed). § Mean value differences calculated for each variable after checking normality distribution.
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A
M

T
P
E

C
C

A
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Highlights
 Our aim was to identify proximal femur and acetabular geometry structural risk factors of lowenergy acetabular fractures in elderly subjects.
 Geometry measurements using clinical two-dimensional radiography can be difficult and prone
to errors.

PT

 Three-dimensional computed tomography provides a more reliable measurement tool.
 We compared fracture cases to their age and gender matched controls.
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 Proximal femur geometry was found to be associated with low-energy acetabular fractures.
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