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Abstract

Sideways falls impose high stress on the thin superolateral cortical bone of the femoral neck, the
region regarded as a fracture-prone region of the hip. Exercise training is a natural mode of
mechanical loading to make bone more robust. Exercise-induced adaptation of cortical bone along the
femoral neck has been previously demonstrated. However, it is unknown whether this adaption
modulates hip fracture behavior. The purpose of this study was to investigate the influence of specific
exercise loading history on fall-induced hip fracture behavior by estimating fracture load and location
with proximal femur finite element (FE) models created from magnetic resonance images (MRI) of
111 women with distinct exercise histories: 91 athletes (aged 24.7 £ 6.1 years, >8 years competitive
career) and 20 women as controls (aged 23.7 + 3.8 years). The athletes were divided into five groups
based on typical loading patterns of their sports: high-impact (H-L: 9 triple-jumpers and 10 high
jumpers), odd-impact (O-1: 9 soccer and 10 squash players), high-magnitude (H-M: 17 power-lifters),
repetitive-impact (R-I: 18 endurance runners), and repetitive non-impact (R-NI: 18 swimmers).
Compared to the controls, the H-I, O-I, and R-I groups had significantly higher (11 to 26 %, p < 0.05)
fracture loads. Also, the fracture location in the H-I and O-I groups was significantly more proximal
(7 to 10%) compared to the controls. These results suggest that an exercise loading history of high
impacts, impacts from unusual directions, or repetitive impacts increases the fracture load and may

lower the risk of fall-induced hip fracture.
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1. Introduction

Cortical bone at the inferomedial side of the human femoral neck is thicker than at the
superolateral side because of asymmetric loading in bipedal locomotion, which imposes higher
compressive and smaller tensile stress at the inferomedial and superolateral cortices, respectively
(Lotz et al., 1995; Mayhew et al., 2005). With aging, the amount of vigorous physical activity (PA)
decreases, and PA mainly consists of less intensive walking (Husu et al., 2016). Decreased skeletal
loading may accentuate thinning of the femoral neck cortex, and it has been observed that the cortical
thickness at the posterior side of the superolateral region decreases fivefold from the age of 25 years
to the age of 85 years (Poole et al., 2010). This site-specific cortical thinning is likely to contribute to

hip fragility (Mayhew et al., 2005).

More than 90 % of the hip fractures are caused by falls (Grisso et al., 1991; Parkkari et al., 1999;
Yang et al., 2016). The superolateral cortex of the femoral neck is considered particularly vulnerable
during a sideways fall, which imposes high impact force on the greater trochanter and unusually high
compressive stress at the superolateral region (de Bakker et al., 2009; Verhulp et al., 2008). Peak
magnitude of this fall-induced stress can be four times greater than during normal gait (Lotz et al.,
1995). Consistent evidence indicates that hip fractures mostly initiate in this region (Carpenter et al.,

2005; de Bakker et al., 2009).

General PA'and specific exercise training are natural modes of mechanical loading of bones.
Since bone structure adapts to habitual mechanical loading (Frost, 2003; Ruff et al., 2006), effective
loading modes can make bone stronger. Previously, we showed that the femoral neck cortical bone in
female athletes with a history of high impact loading and/or impact loading from unusual directions
was thicker also in the superolateral region (Nikander et al., 2009). Moreover, finite element (FE)
models created from the same proximal femur data (Abe et al., 2016) indicated that the history of not
only aforementioned impact exercises but also repetitive impacts generated by endurance running
were associated with lower fall-induced stress at the superolateral cortex. However, whether this

apparent structural adaptation translates into a reduced hip fracture risk is not yet known, as stress
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alone is not sufficient to infer the risk. Evaluating fracture loads, as suggested by numerous studies, is
essential for evaluating fracture risk (Bessho et al., 2009; Dragomir-Daescu et al., 2011; Keyak et al.,
1998; Koivumiki et al., 2012; Schileo et al., 2014). Therefore, the objective of the present study was
to elaborate whether specific long-term exercise loading history can modulate fracture load and

location that may eventually lower hip fracture risk.

2. Materials and Methods

2.1. Participants

Proximal femur magnetic resonance images (MRI) of 91 adult female athletes (aged 24.7 + 6.1
years), competing actively at national or international level, and 20 habitually active female control
participants (aged 23.7 £ 3.8 years) were obtained from our previous study (Nikander et al., 2009).
According to our standard exercise classification scheme (Nikander et al., 2006, 2005), the athletes
were divided into five different groups based on the typical loading patterns of their sports: high-
impact (H-I) (9 triple- and 10 high-jumpers); odd-impact (O-I) (9 soccer and 10 squash players); high-
magnitude (H-M) (17 power-lifters); repetitive-impact (R-I) (18 endurance runners); and the repetitive,
non-impact group (R-NI) (18 swimmers). The control participants did recreational exercise 2—3 times
a week, but had never taken part in any sports at the competitive level. The study protocol was
approved by the Ethics Committee of the Pirkanmaa Hospital District, and written informed consent

was obtained from each participant.

Body height and weight (BW) of the participants were measured in light indoor clothing without
shoes with standard methods. Questionnaires were completed by all participants in order to obtain
their training history including weekly sport-specific training hours and the number of training

sessions during at least the five preceding years (Nikander et al., 2009).

2.2. MRI scanning procedure

Participants’ hip regions were scanned using a 1.5-T MRI system (Avanto Syngo MR B15,

Siemens, Erlangen, Germany). The imaging sequence was a standardized axial T1-weighted gradient
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echo volumetric interpolated breath-hold (VIBE)-examination with the following parameters: FOV
35%26 cm, TR 15.3 ms, TE 3.32 ms, slice thickness 1 mm without gaps, echo train length = 1, flip
angle =10°, matrix 384x288, the in-plane resolution (pixel size) 0.9 mmx0.9 mm. Sagittal, axial, and
coronal images of the hip region of the dominant side were scanned with two half-Fourier acquisition
single-shot turbo spin-echo localization series. The scanned body volume covered the proximal femur
from the top of the femoral head to the subtrochanteric level of the femoral diaphysis. The
reconstructed imaging plane was adjusted so that the cross-sectional plane of the femoral neck was

perpendicular to the femoral neck axis (Nikander et al., 2009).

2.3. FE model construction

The proximal femur FE models from the MRI data of all 111 participants were created previously
(Abe et al., 2016). In short, the MRI data were first manually segmented by delineating the periosteal
and endocortical boundaries of cortical bone along the proximal femur with in vivo precision of about
1% (Sievinen et al., 2007b). Then, the obtained femur geometries were converted into a volume mesh
and its surface was smoothed using a method by Taubin (1995) prior to the generation of 3D solid
bodies in SolidWorks (SolidWorks Corp., Waltham, MA, USA). The resulting proximal femur
geometry consisted of individually segmented cortical and trabecular bone volumes, the latter
denoting the volume within the endocortical bone boundary. Trabecular bone is a nonhomogeneous
porous structure, but in this study, it was modeled as a non-porous homogeneous material because
pertinent information could not be obtained from the present MRI data. Therefore, the present study
exclusively assessed the influence of the cortical geometry on the hip fracture behavior, whereas the
potential influence of inhomogeneous trabecular bone distribution was not addressed. The individual
3D solid body geometries of the proximal femur were then imported into ANSYS (ANSYS Inc.,

Houston, PA, USA) for the FE meshing and analysis.

To simulate a sideways fall, the femoral shaft was tilted at 10° with respect to the ground and the
femoral neck was internally rotated by 15° (Fig. 1) (Courtney et al., 1994). Similar boundary

conditions (BC) used in previous studies (Helgason et al., 2014; Schileo et al., 2014) were adopted in
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the present models (Fig. 1). The loading force and restraining BCs were applied through the femoral
head- and trochanter-protecting PMMA caps, and an aluminum distal pot. The force was applied to
the femoral head through the cap at a defined angle. The trochanter PMMA cap was restrained in the
direction of the force while a hinge-type restraining BC was applied to the distal side of the aluminum
pot. A 10-noded tetrahedral finite element was used to mesh all components. For the entire proximal
femur, the PMMA caps, and the boundary between the distal end of the modeled proximal femur bone
and the distal pot, 1 mm element size was used while 4 mm element size was set for the rest of the
distal pot. On average, each bone model comprised approximately 1,600,000 elements and 2,300,000
nodes. The bone tissue was modeled as a homogeneous isotropic, linear elastic material, cortical and
trabecular bone separately. Young’s moduli (E) of 17 GPa (Duda et al., 1998; Lengsfeld et al., 1996;
Polgar et al., 2003), 1500 MPa (Duda et al., 1998; Polgar et al., 2003), 70 GPa (Schileo et al., 2014),
and 2 GPa (Schileo et al., 2014) were applied for the cortical bone, trabecular bone, the aluminum
distal pot, and the protecting PMMA caps, respectively. Poisson’s ratio was assumed as 0.33 for all

materials (Duda et al., 1998; Lengsfeld et al., 1996; Polgar et al., 2003).

2.4. Fracture load

For estimating the fracture load of each proximal femur, a simple maximum principal strain
criterion (Schileo et al., 2014, 2008b) was adopted. First, surface nodal strains of the whole proximal
femur and their nodal coordinates were obtained from the FE models. Each nodal strain was averaged
with its neighboring nodal strains within a circle of 3 mm radius to remove local effects and to ensure
the hypothesis of continuum media (Schileo et al., 2014; Verhulp et al., 2008). Then, principal strains
were calculated for each node from the average nodal strain tensor. The fracture load was defined as
the load when either one nodal maximum principal strain was greater than tensile yield limit (0.73%)
or the absolute value of the minimum principal strain was greater than compressive yield limit
(1.04%) (Bayraktar et al., 2004). Using the linearity of the model, the magnitude of load was
increased until one nodal principal strain value exceeded the elastic limit. In addition, the fracture

mode (by tension or compression) was also determined for each femur. Due to the use of linear FE
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models, the predicted fracture load in this study denotes the load at the onset of fracture similar to the

previous studies (Nishiyama et al., 2013; Schileo et al., 2014; Verhulp et al., 2008).

2.5. Fracture location

Surface nodal coordinates obtained from the fracture load estimation were utilized to determine
the fracture location. The fracture location was determined in two ways: 1) as a polar angle (in °) and
2) as a relative axial location (in %) (Fig. 2). The polar angle was defined as how far the fracture node
was, in clockwise direction, from the most superior point (0°) of the femoral neck cross-section (Fig. 2
B). Furthermore, this polar angular location was presented as octant-wise categories within 45° octant
regions each representing the following anatomic segments of the given femoral neck cross-section:
superior (S), superoposterior (SP), posterior (P), inferoposterior(IP), inferior (I), inferoanterior (IA),

anterior (A), and superoanterior (SA) octants (Fig. 2 C).

The relative axial location was defined as the relative location (in %) from the most proximal
cross-section of the femoral neck along its axis to the distal cross-section where femoral neck meets
the greater trochanter (Fig. 2 D). The relative axial location was also categorized into either 1)
cervical fracture if the fracture location was between the proximal (0%) and the distal (100%) cross-
sections otherwise it was categorized as 2) trochanteric fracture (>100%). Furthermore, the cervical
fracture was divided into three equally long macro-regions: subcapital (between 0 % and 33.3 %),
transcervical (between 33.4 % and 66.6 %) and basicervical (between 66.7 % and 100%) regions
similarly to the previous study (Schileo et al., 2014) (Fig. 2 D). MATLAB (MathWorks, Inc., Natick,

MA, USA) was used to estimate the fracture load and location.

2.6. Statistical Analysis

Statistical analyses were performed with SPSS 24.0 (IBM Corp., Armonk, NY, USA). Mean and
SD of fracture load and locations were given as descriptive statistics. Differences in fracture load
between each exercise group and the control group was estimated by analysis of variance (ANOVA)
and analysis of covariance (ANCOVA) using body weight as a covariate. Logarithmic

transformations of the fracture load was performed prior to both ANOVA and ANCOVA to control



Page 8

for the skewness of the data. Percentage differences of the fracture load between each exercise
loading group and control group were calculated by taking anti-log of unadjusted and BW-adjusted
mean fracture loads. Since fracture locations (the polar angular and relative axial locations) were not
normally distributed, between-group differences were estimated by non-parametric Mann-Whitney U
test. Exercise groups were not compared to each other. A p value of less than 0.05 was considered

statistically significant.

3. Results

3.1. Descriptive data of participants

Age, body height, BW, sport-specific training hours/week, training sessions/week, and duration
of competitive career of loading groups are shown in Table 1. Compared with control participants,
athletes had more training hours and training sessions per week, besides their long history of
competing career. Also, majority of athletes in the present study started their sport-specific training in

adolescence or early adulthood (Table 1).

3.2. Fracture load

Table 2 shows unadjusted mean (SD) of the fracture load, and unadjusted and BW-adjusted mean
percentage differences (95% CI) in the fracture loads between each exercise group and the control
group. Fracture loads ranged from 2.1 kN to 4.4 kN. Fracture loads in the H-1, O-1, and R-I groups
were significantly (p < 0.05) higher compared to the control group. Unadjusted mean differences of
H-1, O-L, and R-I compared with the control group were 15%, 12%, and 14% respectively. Similarly,
BW-adjusted mean differences of H-I, O-1, and R-I were 14%, 11%, and 26% respectively.

Compression was the failure mode in all 111 cases.

3.3. Fracture location

Table 3 shows means (SD), and ranges of the polar angular and the relative axial fracture
locations. Table 4 shows their anatomical regional locations. Fracture locations were also mapped in

each group (Fig. 3). In general, the mean polar angular location among the loading groups ranged
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from 30 to 41° (Table 3). This angular span was in the superoposterior octant where the majority of
simulated fractures (75 out of 111, 68%) were located (Table 4). There was no significant difference
in the polar angular location observed between any of exercise and the control group. The mean
relative axial location ranged from 87 to 98% (Table 3) corresponding to basicervical region (Table
4). Majority of simulated fractures (90 out of 111, 81%) were located in this region (Table 4). The
relative axial locations in the H-I and O-I were significantly (p < 0.05) different (7% and 10% more

proximal respectively) compared to the control group.

4. Discussion

Fracture loads and locations at the proximal femur were estimated in this study using proximal
femur FE models of 111 young adult women to evaluate whether the specific long-term exercise
history modulated the fall-induced fracture behavior. In general, the magnitudes of observed fracture
loads (2.1 kN to 4.4 kN) were within the range reported by Schileo et al. (2014). The present results
also showed that the fracture initiated mostly at the superolateral region of the femoral neck,
especially at the superoposterior octant of the basicervical region (Table 4 and Fig. 3). This was in
close agreement with previous experimental and modeling studies (Carpenter et al., 2005; de Bakker
et al., 2009; Dragomir-Daescu et al., 2011; Lotz et al., 1995; Nawathe et al., 2015; Schileo et al.,
2014; Verhulp et al., 2008). A particularly important finding in the present study was that the mean
fracture loads in the H-I, O-I, and R-I groups were significantly higher (11 to 26%) compared to the
control group. This indicates that exercise loading history comprising high vertical impacts, impacts
from unusual directions, or a great number of repetitive impacts during adolescence and early

adulthood may contribute to the reduced hip fracture risk.

The present observations in the H-1, O-I, and R-I groups are most likely attributed to the exercise-
induced adaptation of the femoral neck cortical bone: through regional cortical thickening in the H-I
and O-I groups, and different femoral neck geometry in the R-I group. Regional cortical thickening
was evident at the inferior, anterior, and posterior quadrants of the femoral neck in the H-I group; and

at the anterior, posterior, and superior quadrants in the O-I group (Nikander et al., 2009). In contrast,
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such a regional cortical thickening was not found in the R-I group (Nikander et al, 2009) whereas the
geometric shape of the femoral neck cross-section was more circular in this group (Narra et al., 2013).
A round shape of the femoral neck cross-section is an important geometric factor contributing to its
strength (Bryan et al., 2009). Compared to an oval-shaped bone, a circular bone is mechanically more
robust regardless of the loading direction. Moreover, a circular femoral neck cross-section, typically
observed among physically more active medieval people, were estimated to experience 1.3-1.5 times
less fall-induced stress compared to a more oval-shaped cross-section typical in present-day,
habitually more sedentary people (Sievénen et al., 2007a). The BW-adjusted 26% benefit in fracture

load observed in the present R-1 group is fully consistent with this estimation.

Another notable finding was that the relative axial fracture locations in the H-I and O-I groups
were slightly but significantly more proximal (along the neck axis) compared to the control group
while the R-I group did not differ from the controls. This shift may be due to the regionally thicker
cortical bone in the typical fracture-prone region which may transfer the peak bending stresses
towards the narrower femoral neck (mid neck). This further indicates that higher fracture load results
in the H-I and O-I groups might be due to the regional cortical thickening while the finding in the R-I

group was due to the more circular femoral neck cross-section.

Based on the bone remodeling theory (Huiskes et al., 1987), new bone formation occurs when the
loading induced strain energy exceeds certain homeostatic values by 75% (Kerner et al., 1999). The
distribution of strain energy on the femoral neck during 15 different exercise types (long jump,
vertical jump, walking, stair walking, squat with and without weight, and more) have been evaluated
using both FE and musculoskeletal modeling (Ktodowski et al., 2011; Martelli et al., 2014). Martelli
and colleagues (2014) reported that the H-I exercise (one-legged long jump) caused substantially high
strain energy at femoral neck exceeding homeostatic value by about 500%. Elaborating the loading
characteristics of the five distinct exercise types assessed in this study may explain why no beneficial
results were observed in the H-M and R-NI groups despite high loading magnitudes or volume of
training. Combination of moderate-to-high peak reaction forces and high rate of loading rate due to

the ground impacts seems essential for the beneficial structural adaptation of the femoral neck cortical
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bone. The peak reaction forces and the estimated impact rates (BW s™ ') are 12-20 times BW and
400-480 BW s~ ! in the H-I loading (Heinonen et al., 2001; Ramey and Williams, 1985), and 2-3.5
times BW and 20—180 BW s~ ' in the O-I and R-I loading (Ball, 2013; Dayakidis and Boudolos, 2006;
Kluitenberg et al., 2012; Logan et al., 2010; Munro et al., 1987; Smith et al., 2004). In swimming,
some impact loading may occur at the push-off phase of turning, but the peak reaction force and
loading rate are considerably smaller (< 1.5 times BW, and <10 BW s~ ' respectively) (Blanksby et al.,
1996; Lyttle et al., 1999). While the peak reaction forces in the H-M are comparable (2-3 times BW)
to the O-I and R-I exercises, the loading rate remains essentially smaller (5-6 BW s~ ') (Swinton et al.,
2012). Altogether, moderate-to-high reaction force alone seems inadequate but it needs to be
delivered at high loading rate to attain beneficial structural adaption within the femoral neck cortical

bone.

There are limitations in the present study. First, the pixel size (0.9 mm) of the original MRI data
was almost twice larger compared to previous QCT-based FE modeling studies (Bessho et al., 2009;
Dragomir-Daescu et al., 2011; Koivumiki et al., 2012; Nishiyama et al., 2013; Schileo et al., 2014).
However, while the QCT provides higher resolution and data on bone apparent density (proxy of
material property), MRI has been found adequately valid for cortical geometry (Gomberg et al., 2005;
Sievinen et al., 2007b). Besides, exposing fertile young adult women to ionizing radiation from QCT

for non-diagnostic purposes would have been ethically unacceptable.

Second, due to-inability to measure bone apparent density data with MRI, it was not possible to
assign inhomogeneous material properties in the present study. It is known that the proximal femur is
almost completely filled with porous structure of the trabecular bone, which is usually modeled as an
inhomogeneous density-based material in the FE model. Obviously, the use of inhomogeneous
material properties for the trabecular bone may have enhanced the model accuracy to some extent.
However, it has been found previously that a homogeneous FE-model resulted in only marginally less
accurate stress predictions compared to the actual experimental stress than the inhomogeneous model
(R*=0.89 and 0.91 respectively) (Taddei et al., 2006). Also, Koivumiki et al. (2010) reported 85%

agreement between the homogeneous models with the experimental fracture location. On the other
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hand, the comparison by Taddei et al. (2006) was based only on a single femur model and in the
physiological conditions including walking and single leg stance, but not in the sideways falling
situation. Thus, this calls for further investigation on the validity of applying homogeneous material
properties in the sideways falling situation with a larger sample size. Because we employed fixed
Young’s moduli for cortical (17GPa) and trabecular (1500 MPa) bone compartments and treated them
as the homogeneous material, the present study was limited to evaluate only the influence of the
cortical geometry on the fracture load during a fall. The sensitivity of our models to the variation of
cortical and trabecular E values were also evaluated in the present study (Details of this sensitivity
analysis and results are available in the Supplementary material). According to this sensitivity
analysis, the error in between-group differences of unadjusted mean fracture load induced by the
substantial variation of cortical and trabecular moduli was within 3%, which was clearly smaller than
observed in the H-I, O-I and R-I groups (11 % to 14%, Table 2). Therefore, our choice to employ
homogeneous material properties can be considered adequate in terms of evaluating the influence of

the cortical geometry on fracture load.

Third, the present FE models created from proximal femur MRI were not validated against
mechanical testing unlike previous QCT-based FE modeling studies of cadaver bones (Bessho et al.,
2009; Koivumaiki et al., 2012; Schileo et al., 2014). Due to these aforementioned limitations, and to
comply with validated QCT-based proximal femur FE modeling studies, we adopted similar BCs and
loading conditions (Helgason et al., 2014; Schileo et al., 2014). Importantly, despite the MRI-related
limitations, the range of fracture loads in the present study was completely in line with the previously
reported values of QCT-based FEM study (Schileo et al., 2014). However, proximal femora in their
study were obtained from older people aged from 62 to 84 years, which casts some doubt on the
fracture load range found in the present young physically active population where higher fracture
loads could have been expected. Nicks et al. (Nicks et al., 2013) reported the femoral neck trabecular
volumetric bone mineral density (VBMD) from 20-29 years old female was 0.268 g/cm’. By
converting this vVBMD value to the Young’s modulus using equations found in literature (Morgan et

al., 2003; Schileo et al., 2014, 2008a), a Young’s modulus of about 2600 MPa is yielded, which is
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much higher than 1500 MPa used in the present study. Thus, the present fracture load values in the
young athletic population was likely underestimated. It was shown that the mean fracture load was
increased by approximately 15% by changing the trabecular E value from 1500 MPa to 3000 MPa
(Fig. Al in Supplementary material). The effect of the variation of cortical and trabecular E values on
the magnitude of fracture load was also evaluated in the sensitivity analysis (Details are availablein
Supplementary material). However, it is noted that the main focus of the present study was to evaluate
the relative fracture load of the proximal femur between each exercise group and the control group.
Considering the apparent fact that the athletic groups have higher bone density at the proximal femur
than their nonathletic peers (Nikander et al, 2009), it is likely that between-group difference in

fracture load could have been higher.

In conclusion, the present simulation study based on a large sample study of the proximal femora
indicates that long-term exercise loading history of high vertical impacts, impacts from unusual
directions, or a great number of repetitive impacts led to higher fracture load and altered fracture
location, which may translate into lower risk to sustain a hip fracture as a result of a fall. As a clinical
prospect, it can be speculated that the impact exercises provide natural mechanical loading to femoral

neck for increasing or maintaining its strength against fall-induced impacts.
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Fig. 1. Loading/falling angles (A & B) and boundary conditions of the FE model (C). The femoral
shaft was tilted at 10° with respect to the ground (A) and the femoral neck was internally rotated by
15° (B). Force was applied to the whole upper face of the head-protecting PMMA cap, at a described
angle, while the trochanter PMMA cap was restrained in the direction of the force (Schileo et al.,
2014). A 200 mm long aluminum pot was placed at 15-20 mm below the most projected part of the
lesser trochanter of each proximal femur. A hinge-type restraining BC was applied to the distal side of
the aluminum pot. This allowed nodes at the hinge-axis to freely rotate in the quasi-frontal plane,

while all other degrees of freedom were constrained (C). This figure was adopted from Abe et al.

(2016).
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Fig. 2. Fracture location in the polar angle and in the relative axial location, and their categorizations.
A) An example of the fracture node (*) which principal strain value exceeds the elastic yield limit. B)
This describes the fracture location in the polar angle on the cross-section of the femoral neck. C)
This shows the division of the femoral neck cross-section into equal 45° octant regions. The example
(40° in B) corresponds to SP octant in C. D) This shows the relative axial fracture location and their
categorization. The relative axial location was defined as the relative location (in %) to the femoral
neck region defined by the proximal and distal planes perpendicular to the femoral neck axis. The
proximal plane was defined as the plane at which the rate of change in cross-sectional area at junction
from femoral head to femoral neck was the greatest while the distal plane was defined at which
superior side of the femoral neck merges with the greater trochanter above the trochanteric fossa

shown as a dashed-line ellipse in (D).

B 0°Superior C

Fracture node

S
400 SA SP
5 S A P
= 9]
(0] -—
- 2]
< &
1A IP
I
e e Inferior e
) basicervical _(66.7% to 100%) Trochanteric
Cervical : . .
fract transcervical (33.4% to 66.6%) fracture
racture subcapital (0% to 33.3%) ¢—4

Proximal plane Distal plane

Femoral neck
length

> |
0% 80%100%
A
Relative axial
fracture location



Page 23

Fig. 3. Fracture location map. A) This describes corresponding regions in the octants and in the axial
location either cervical (subcapital, transcervical, and basicervical) and trochanteric region. B) All 111
proximal femurs’ fracture locations were mapped with *s. Different colors indicate proportion of the
number of fracture in a region to the total number of fractures. C, D, E, F, G, and H are mapped

fracture locations in H-I, O-1, H-M, R-I, R-NI, and control groups, respectively.

A) Category Trochanteric region B) All 11
\ : 100% Bones

H)

i
v
Y




Page 24

Tables

Table 1. Descriptive group characteristics (mean (SD))

Group N Age Height Weight Sport-specific Training Competing
(years) (cm) kg) training hours /  sessions / career

week week (years)

H-1 19 223 174 (6) 60.2(5.4) 11.5Q2.3) 6.7 (1.4) 10.1 (3.4)
4.1)

O-1 19 253 165 (8) 60.8 (8.3) 9.3(2.7) 5.7 (1.4) 9.6 (4.8)
6.7)

H-M 17 275 158 (3) 63.3(13.2) 9.1 2.7) 5.8 (2.0) 8.0 4.7)
(6.3)

R-I 18 289 168 (5) 53.73.4) 109 (3.4) 8.7 (2.1) 12.4:(6.7)
(5.6)

R-NI 18 19.7 173 (5) 65.1(5.6) 199 4.5) 11.4 (2.0) 9.1 (2.6)
2.4)

Control 20 23.7 164 (5) 60.0 (7.4) 2.8(0.9) 2.8 (1.0) -
(3.8)

Table 2. Mean (SD) estimated fracture load, and unadjusted and BW-adjusted mean percentage

differences (95% CI) in the fracture load between the exercise loading group and the control group.

Group  Mean (SD) Unadjusted Weight-adjusted

inN % diff p % diff p
H-I 3228 (408) 14.6 (6.2 to 23.6) 0.014 14.3 (6.7 to 22.5) 0.008
O-1 3164 (447) 12.0 (3.5t0 21.3) 0.045 11.4 (3.2 t0 20.3) 0.049
H-M 2960 (584) 39(-5.6t014.4) 0.553 0.2 (-7.5t0 8.8) 0.948
R-1 3231 (538) 14.0 (4.4t0 24.4) 0.034 26.2 (16.2 t0 36.9) <0.001
R-NI 3068 (500) 8.3 (-0.5to 18.0) 0.177 2.1 (-6.0 to 10.6) 0.741
Control 2849 (551) - - -

Statistically significant p values (p <0.05) based on ANOVA and ANCOVA are shown in bold.

Table 3. Mean (SD) and ranges of the fracture location in the polar angle and the relative axial

location, and p-values for the difference between the exercise loading group and the control group.

Polar angle (°) Relative axial location (%)
Group Mean (SD) Range p Mean (SD) Range )4
H-I 30.1 (14.0) 13.3° to 59.5° 0.214 | 90.1 (16.9) 65.6% to 130.0%  0.038
O-1 30.7 (15.3) 10.9° to 74.8° 0.224 86.8 (9.9) 50% to 96.2% <0.001
H-M 41.0 (24.0) 14.8° to 86.4° 0.821 97.0(5.5) 85.7%t0104.5%  0.798
R-I 36.5 (19.8) 7.0° to 81.4° 0.828 | 98.0(10.8) 77.8%to119.0% 0.919
R-NI 35.4 (13.0) 17.7° to 68.5° 0.965 | 92.7(14.2) 692%to116.7%  0.317
Control ~ 35.6 (13.7) 15.6° to 72.3° - 97.0 (8.3)  84.0% to 122.7% -

Statistically significant p values (p < 0.05) based on Mann-Whitney U tests are shown in bold.



Table 4: Anatomical regional fracture location in different groups
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Polar angular location

Relative axial location

Group N  Superior Supero- Posterior Cervical Trochanteric
posterior Sub- Trans- Basi-
capital  cervical cervical
H-1 19 6 13 0 0 1 15 3
O-1 19 6 12 1 0 1 18 0
H-M 17 4 9 4 0 0 14 3
R-I 18 4 12 2 0 0 13 5
R-NI 18 4 13 1 0 0 13 5
Control 20 3 16 1 0 0 17 3




