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Abstract

Purpose of review—Physical activity improves proximal femoral bone health; however, it
remains unclear whether changes translate into a reduction in fracture risk. To enhance any
fracture-protective effects of physical activity, fracture prone regions within the proximal femur
need to be targeted.

Recent findings—The proximal femur is designed to withstand forces in the weight bearing
direction, but less so forces associated with falls in a sideways direction. Sideways falls heighten
femoral neck fracture risk by loading the relatively weak superolateral region of femoral neck.
Recent studies exploring regional adaptation of the femoral neck to physical activity have
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identified heterogeneous adaptation, with adaptation principally occurring within inferomedial
weight bearing regions and little to no adaptation occurring in the superolateral femoral neck.

Summary—There is a need to develop novel physical activities that better target and strengthen
the superolateral femoral neck within the proximal femur. Design of these activities may be guided
by subject-specific musculoskeletal modeling and finite element modeling approaches.
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bone density; bone mass; bone structure; exercise; femoral neck; osteoporosis

Introduction

Low bone mass and low-trauma (i.e. osteoporaotic) fractures during aging remain a cause for
concern. Over 50% of the U.S. adult population aged 50 years and older had low bone mass
at either the lumbar spine or femoral neck in 2010 [1] and there were an estimated 2 million
osteoporosis-related fractures in the U.S. in 2005 [2]. These values are expected to increase
as a result of progressive aging of the population, with the number of osteoporosis-related
fractures in the U.S. forecasted to exceed 3 million per year by 2025 [2].

Hip fractures represent a minority (<20%) of osteoporotic fractures, but are the most
devastating in terms of morbidity and mortality [3]. More than half of individuals who
sustain a hip fracture do not regain mobility within the first year following fracture [4], and
1-in-5 women and 1-in-3 men die during the same period as a consequence of complications
[5]. Some osteoporotic hip fractures can be prevented using pharmacological approaches,
with various anti-catabolic and anabolic agents shown to improve bone mass and reduce
osteoporatic hip fracture risk [6, 7]. However, pharmacological approaches are typically
limited to older individuals who are already at moderate-to-high risk of fracture [8]. There
continues to be a need to explore non-pharmacological interventions as preventative
approaches for optimizing and maintaining hip bone health prior to the increase in
osteoporotic fracture risk associated with aging.

Mechanical loading associated with physical activity (of which exercise is a subcategory)
has long been proposed as a means of optimizing hip bone health. The skeleton is inherently
mechanosensitive, and responds and adapts to its prevailing mechanical environment [9, 10].
The extreme osteogenic potential of physical activity was recently demonstrated in
professional baseball players, who exhibited a near doubling of the estimated strength of the
humeral diaphysis in their throwing arm as a result of chronic exposure to repetitive, high-
magnitude loading [11]. Although the magnitude of mechanoadaptation observed in the
upper extremity of baseball players is not likely achievable within the general population, it
highlights the potential skeletal benefits of physical activity when loading conditions are
favorable.

A relatively large body of evidence, including data from randomized controlled trials, has
convincingly demonstrated the benefit of weight-bearing physical activity on hip bone
health. Physical activity during growth enhances bone mineral accrual and induces
geometric adaptation at the femoral neck [12-14], whereas physical activity during aging
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appears to primarily reduce subperiosteal bone loss to preserve proximal femoral bone mass
[15, 16]. The question remains as to whether the observed benefits of physical activity on
proximal femoral bone health reduce fracture risk.

The execution of a randomized controlled study to establish a reduction in proximal femur
fracture risk due to physical activity-induced bone adaptation appears unachievable and, thus
other levels on the research evidence hierarchy need to be considered. In order to maximize
any hip fracture protective benefits of physical activity, a starting point may be to
demonstrate that physical activity targets and strengthens fracture prone regions within the
proximal femur.

The current paper discusses the fracture prone regions within the proximal femur, the spatial
heterogeneity in proximal femur adaptation to physical activity, and how musculoskeletal
modeling approaches may be used to prescribe activities that better strengthen fracture prone
regions within the proximal femur.

Fracture prone regions within the proximal femur

Any region of the proximal femur can fracture under the right loading conditions; however,
fractures of the femoral neck are of most concern. Femoral neck fractures account for
approximately half of all proximal femur fractures [17] and are concerning because of their
potential to disrupt blood flow to the femoral head which heightens risk for complications
(such as non-union and avascular necrosis).

The femoral neck has a highly heterogeneous structure whose design is thought to reflect
adaptation to stereotypical locomotor-related forces [18]. Models have revealed that forces
during the single leg stance phase of normal walking induce maximum compressive stresses
and strains inferomedially and smaller tensile stresses and strains superolaterally (Fig. 1A)
[19-23]. To accommodate the habitual asymmetrical loading, the femoral neck possesses an
inferomedial cortex that is much thicker than its superolateral cortex, and an associated
trabecular network positioned to resist and transmit weight-bearing directed loads. The
structural design provides the proximal femur with a safety factor (i.e. ratio between the
maximum load that can be supported and usual loads) of approximately 5 during weight-
bearing activities (i.e. level walking and stair climbing) [25]. This safety factor is relatively
preserved during aging [25] as a result of preservation of inferomedial femoral neck cortical
and trabecular structures [26-30].

The proximal femur is well-adapted to withstand loads in the habitual weight-bearing
direction and, thus, spontaneous fractures during gait or stance are rare even during aging. In
contrast, femoral neck fractures in the elderly typically occur as a result of falls with impact
on the greater trochanter and in a direction broadly classified as “sideways” [31]. The
proximal femur is 3-5 times more likely to fracture during a sideways fall compared to falls
categorized as forward, backward or straight down, and over 30-times more likely to fracture
if the sideways fall impacts the greater trochanter [32—35]. Even within the category of
sideways falls, the risk of fracture varies with the precise fall direction because both the
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applied force and the force to fracture the proximal femur depend on fall direction [23, 36—
38].

The sensitivity of fracture force to force direction is a reflection of proximal femur anatomy,
with cadaveric studies demonstrating that the proximal femur can withstand forces two-to-
four times greater in the single-limb stance direction than forces in a posterolateral fall
direction [39, 40]. During a sideways fall onto the greater trochanter, the stress pattern
within the femoral neck is reversed from that experienced during weight-bearing. Greatest
compressive stresses and strains now occur in or about the region of the thin superolateral
femoral neck while the thick inferomedial femoral neck is exposed to lower tensile stresses
and strains (Fig. 1B) [20, 21, 23, 24, 41]. The net result is the exposure of the superolateral
cortex and bone nearby to potentially injurious stress and strain, with high-speed video
recordings revealing that fracture initiation during an /n vitro simulated side-ways fall occurs
within the superolateral cortex [42, 43].

In contrast to the relative maintenance of inferomedial loading-bearing structures within the
femoral neck during aging, there is sharp and progressive thinning of the superolateral
cortex [26, 27, 29, 30]. Clinical studies have confirmed that low cortical and trabecular bone
mass and density within the superolateral femoral neck and a thinner superolateral cortex are
associated with femoral neck hip fracture [26, 44].

Spatial heterogeneity of proximal femur responses to physical activity

The heightened susceptibility of the superolateral femoral neck to fracture during a sideways
fall makes this a principal region of interest with regards to fracture prevention strategies. As
such, it begs the question of whether the osteogenic benefits of physical activity on the
proximal femur occur within the superolateral femoral neck.

Physical activity introduces a highly site-specific mechanical stimulus that induces
adaptation in specific sub-volumes of bone where mechanical demands are greatest. The net
result is the generation of large increases in bone strength via the addition of small amounts
of mass [45, 46], which has the evolutionary advantage of creating the strong, yet
lightweight skeleton required by humans for endurance tasks [47]. Previous work has
demonstrated the benefits of physical activity on proximal femur bone mass, with some
studies using hip structural analysis (HSA) techniques to also suggest structural adaptation
[48, 49]. However, the work is limited in assessing whether physical activity adapts the
superolateral cortex of the femoral neck as it used dual-energy x-ray absorptiometry (DXA)
as the primary outcome.

DXA remains the clinical standard for assessing bone health, but has limitations in assessing
mechanical loading-induced bone adaptation associated with physical activity as it uses a
projectional radiological technique that averages large volumes of bone over a projected area
[50]. The consequence can be the generation of bone size-related artifacts which have the
potential to obscure important spatially heterogeneous adaptations to physical activity. The
later limitation was recently highlighted in studies exploring the lasting skeletal benefits of
physical activity [11ee, 51-53]. Physical activity completed when young had lifelong
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benefits on bone size and strength, but not mass. DXA was unable to reveal this important
observation as a bigger bone for the same mass provides a lower projected (areal) bone
mineral density.

The HSA technique has provided a means of obtaining bone structural outcomes from DXA
data. It uses the DXA bone mass image and employs the principle that a line of pixel values
across the bone axis corresponds to a cut plane traversing the bone at that location. The
approach provides useful additional information obtainable from DXA assessments;
however, the structural outcomes remain hampered by the projectional nature of DXA. In
order to estimate cortical dimensions, the HSA approach assumes cortical bone accounts for
60% of bone mass at the femoral neck and that the femoral neck is a circle with uniform
cortical thickness [54]. These assumptions misrepresent the irregular cylinder structure of
the femoral neck and the non-normal disruption of its cortical thickness. Cortical thickness
within the femoral neck is heavily skewed toward smaller thicknesses such that mean
cortical thickness overestimates thickness in 81% of regions along the femoral neck [41].
Also, the HSA approach does not allow any site-specific effects of physical activity to be
established at the superolateral femoral neck.

To address the limitations of two-dimensional DXA in assessing regional benefits of
physical activity within the proximal femur, preliminary work has begun to use three-
dimensional (3D) imaging approaches. Nikander and colleagues [55] used magnetic
resonance (MR) imaging of the femoral neck to evaluate the impact of physical activity on
3D cortical bone geometry. MR has the advantage over radiological techniques of not using
ionizing radiation, but is limited by longer acquisition times potentiating motion artifacts,
the non-assessment of mineral properties, and bone appearing with background signal
intensity that can offer reduced contrast with surrounding connective tissues. Using a cross-
sectional study design, Nikander and colleagues [55] observed young (mean age = 24.7

+ 3.8 years) female athletes competing in high impact (triple or high jump) or odd impact
(soccer or squash) sports had approximately 15-30% greater mean cortical area at the
femoral neck than a non-competitive, habitually active control group [55]. However, there
were no group differences for cortical thickness within the critical superolateral cortex, with
the greater mean cortical area in the athlete groups resulting from greater cortical thickness
within the anterior, posterior and inferomedial regions of the femoral neck [55].

Abe and colleagues [56¢] subsequently applied a finite element (FE) modeling approach to
the MR images from the same set of subjects to predict the performance of the proximal
femur during a simulated sideways fall. Athletes competing in odd impact sports had
reduced von Mises stresses within 7-out-of-8 octants at the mid-femoral neck during the
simulated fall. Importantly, reduced stresses were modeled within the superoanterior,
superior and superoposterior octants (Fig. 2). Athletes competing in high impact sports had
reduced von Mises stresses within 6-out-of-8 octants of the mid-femoral neck, but these did
not include the superior and superoanterior octants.

The cumulative observations from Nikander and colleagues [55] and Abe and colleagues
[56¢] suggest that athletes participating in high and odd impact athletic endeavors have
cortical bone adaptation principally within habitual weight-bearing regions, with some signs
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of adaptation in the superolateral femoral neck which may provide fracture resistance during
a sideways fall. However, evaluating stress alone is insufficient for determining whether
fracture resistance is improved. Reductions in von Mises stress in vulnerable regions can
occur if the density and, therefore, elastic modulus and local material strength, decrease,
which would instead decrease resistance to fracture. Changes in bone density and geometry
can also change the fracture location which would make changes in von Mises stress at the
original fracture location irrelevant. For these reasons, a valid failure theory should be
implemented in this type of structural analysis to compare the local stress-strain state at each
point in the bone with the local bone material properties (e.g. yield strength or yield strain)
to determine whether failure will occur locally. Unfortunately, MR imaging does not provide
assessment of mineral properties necessitating FE models using MR data to make a number
of assumptions regarding bone apparent density which may or may not be accurate.
Additional assumptions would be required to apply a failure theory and to estimate
additional material properties. Also, the cross-sectional study design wherein proximal
femur bone properties were compared between different individuals does not adequately
control for selection bias. It is possible that the enhanced proximal femur properties in the
athlete groups resulted from influences beyond loading history, such as genetic and other
environmental factors.

Two groups have longitudinally mapped proximal femur adaptation to physical activity by
applying ‘computational anatomy’ approaches to computed tomography acquired data [57ee,
58+]. Computational anatomy is a set of imaging analysis techniques that model anatomical
structures in images as curves, surfaces, maps, and volumes with the objective of combining
them across subjects to create statistical feature maps [59]. The approach has the potential to
identify sub-volumes of tissue at the resolution of a few millimeters impacted by physical
activity, and encompasses techniques known as voxel-based morphometry (VBM) for
mapping 3D density values, tensor-based morphometry (TBM) for mapping regional shape
differences, and cortical bone mapping (CBM) for mapping 3D cortical density, mass and
thickness.

Lang et al. [58¢] used VBM and CT scan-based FE models to longitudinally explore
adaptation within the proximal femur to two different lower-body resistance training
regimes. Healthy, adult participants completed a 16-week resistance exercise program
consisting of either open-kinetic chain hip abduction and adduction exercises or closed-
kinetic chain (i.e. weight bearing) squats and deadlifts, or a combination of both. The
general hypothesis was that hip abduction/adduction exercises would have a spatially
distinct and larger osteogenic effect than squats/deadlifts as the forces during abduction/
adduction were predicted to be in a direction that occurred along axes in which the hip is not
typically loaded. This hypothesis is somewhat simplistic considering the hip abductors are
important during the single-leg stance phase of gait and, thus the proximal femur is
habitually exposed to hip abductor forces.

Nevertheless, there were some spatial differences in regional adaptation between the
exercise groups, with the abduction/adduction and squats/deadlifts exercise groups showing
changes primarily in the regions of the greater trochanter and inferomedial femoral neck,
respectively (Fig. 3), causing FE-computed fracture load in single-leg stance loading to
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increase by 9% in the squats/deadlifts group, but no change in the abduction/adduction
group. Neither exercise group appeared to exhibit adaptation in the fracture critical
superolateral femoral neck, which is consistent with the lack of change in FE-computed
fracture load in both groups during loading simulating a fall onto the greater trochanter. Also
of note is the short duration of the exercise intervention performed in a heterogeneous small
sample (7-8 participants per group containing a mix of males and females aged 25-55
years), which may have influenced power to detect group differences in the fracture relevant
superolateral femoral neck.

The latest study to use a 3D imaging approach to explore adaptation of the proximal femur
to physical activity was performed by Allison and colleagues [57¢¢, 60]. Performing a
randomized, within-subject controlled study, they had 32 older men (mean age = 69.9 + 4.0
years) complete a 12 month high-impact unilateral exercise intervention which increased to
50 multidirectional hops, 7 days a week on one randomly allocated leg. The contralateral leg
served as an internal control site and was not exercised. Using CBM to regionally map
adaptation, increases in cortical mass surface density and endocortical trabecular density
were observed in the inferoanterior femoral neck and greater trochanter, with some
adaptation also observed in the superolateral femoral neck (Fig. 4) [57¢°]. These data
suggest that hopping-type physical activities may have some benefit on the superolateral
femoral neck; however, changes in regional bone properties over time in the exercised leg
were not statistically compared to changes over time in the contralateral control leg. As a
consequence, it remains unclear whether the exercise intervention significantly induced
changes beyond normal maturation over time. Also, the study was unable to identify any
regional differences in proximal femur cortical thickness or cortical density.

Designing better activities for strengthening fracture prone regions within

the proximal femur

The few studies exploring regional adaptation of the proximal femur to physical activity
have been heterogeneous in terms of subjects investigated, physical activities performed and
methodology used to localize adaptation. However, the cumulative findings suggest that
adaptation was primarily induced in inferomedial femoral neck regions and muscle insertion
sites of the greater trochanter, with little to no adaptation in fracture-relevant superolateral
femoral neck regions.

The patterns of adaptation induced in the previous studies are not overly surprising
considering the physical activity modes studied generally loaded the proximal femur in
habitual loading directions. Lang et al. [58¢] and Sievénen and colleagues [55, 56¢]
endeavored to explore adaptation to less habitual loading; however, based on the limited
adaptation observed at the superolateral femoral neck and aforementioned limitations
associated with each study, it remains unclear whether the physical activity modes were able
to impact fracture risk during a fall onto the greater trochanter. In particular, Lang et al. [58¢]
was unable to demonstrate a benefit of physical activity on estimated strength of the
proximal femur during a posterolateral fall using a validated FE model. Based on the relative
null findings of the preliminary studies exploring regional adaptation of the proximal femur
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to physical activity, there appears a need to design novel activities that load the proximal
femur in non-habitual directions so as to induce adaptation in the vicinity of the
superolateral, anterior and posterior femoral neck.

The ability of different tasks to load fracture prone regions of the femoral neck may be
revealed by mapping the distribution of stresses and strains within the proximal femur. As
invasive measurement of stress and strain distributions within the femoral neck is not an
option, non-invasive methods are required. Computational modeling is the most viable
method for estimating stress and strain fields within the proximal femur as it is non-invasive
and potentially enables subject-specific identification of physical activities to enhance stress/
strain in specific regions of the femoral neck. The subject-specific nature of the modeling
potentially enables a precision medicine approach for the prescription of physical activities
to strengthen the femoral neck of individual patients.

Computational modeling involves the use of mathematics, physics and computer science to
simulate complex systems. With regards to the proximal femur, the most extensive use of
computational modeling has been in the form of FE models based on computed tomography
scans to obtain subject-specific estimates of femoral neck strain [61, 62] and fracture load
[63-70] during simulated tasks. The FE models have been informative in terms of
illustrating loading of the proximal femur to a set of loading conditions; however, they have
possessed the limitation of not taking into account subject-specific muscle and joint function
features.

Musculoskeletal models are an idealized mathematical representation of the body, and have
recently been developed to calculate subject-specific loading of the proximal femur [71-73].
The models involve: 1) taking accurate measures of the forces being applied to the body,
typically via the measurement of ground reaction forces using force platforms; 2) taking
accurate measurements of body-segmental motion, typically obtained using video-based
motion capture techniques, and; 3) having an accurate knowledge of muscle and joint
contact loading [72]. The latter involves using a combination of data from /in vivo studies,
such as electromyography to establish muscle activity patterns during an activity and
imaging to calculate muscle size and structure, and ex vivo studies, such as cadaver
dissections to determine musculotendinous mechanical properties and muscle insertions and
angles of pull.

Subject-specific force, motion and musculoskeletal anatomy data can be combined in a
musculoskeletal model to predict forces acting about the hip of an individual during different
physical activities (Fig. 5A). These predicted muscle and joint forces can then be applied to
an FE model of the proximal femur developed from CT imaging data of that individual to
map the distribution of stresses and strains at the femoral neck in a subject-specific and
physical activity-specific manner (Fig. 5B). Via this approach, it is possible to develop an
individualized or personalized medicine approach to physical activity prescription for
strengthening the proximal femur.

Martelli and colleagues [74] performed the first and, to date, only quantitative assessment of
femoral neck loading during differing activities using computational methods. Using a
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lower-limb musculoskeletal model, they reported on the distribution of strain energy and
peak tensile strain within the femoral neck during 15 different activities in a single
individual. Data suggested that one-legged long jump and maximum isokinetic hip extension
induced the highest changes in strain energy, while maximal hip extension and knee flexion
exercises maximally loaded the thinnest region of the superolateral femoral neck. Also of
note, they observed that activities of relatively similar ground reaction forces were capable
of producing contrasting levels and distributions of femoral neck strain and strain energy
[74]. The latter observation was likely due to the recruitment of different muscles with
different geometric arrangements, and suggests that the measurement of ground reaction
forces to design and prescribe proximal femur loading programs may be imprecise.

The data reported by Mantelli and colleagues [74] are limited with regards to the study of a
single individual and the application of musculoskeletal loads calculated from a young
volunteer to an FE model of the proximal femur from an older individual. However, the
contribution highlights the potential of computational musculoskeletal modeling in
designing activities that may better strengthen fracture prone regions within the femoral
neck. Moving forward, there is a need to model femoral neck loading in a broader
population to better identify specific activities that load the proximal femur in non-habitual
directions so as to optimize adaptation of the fracture relevant superolateral femoral neck.

Conclusions

By combining musculoskeletal modeling approaches with 3D imaging techniques it may be
possible to design and assess the benefits of specific physical activities targeting fracture
prone regions within the proximal femur, such as the superolateral femoral neck. Whether
regionally-observed changes in proximal femur bone mass and/or morphometry correspond
with a reduction in osteoporotic fracture risk will remain open to debate without supportive
evidence from controlled trials. Also, the techniques involved remain in their infancy and are
associated with limitations, including radiation concerns associated with imaging for FE
model development and partial volume effects due to a trade-off between radiation dose and
image resolution. Despite these concerns, the assessment of the regional skeletal benefits of
physical activities designed with the assistance of subject-specific musculoskeletal modeling
opens the potential for a personalized medicine approach to the prescription of activities that
better strengthen fracture prone regions within the proximal femur.

References

Papers of particular interest, published recently, have been highlighted as:
* Of importance
¢ Of major importance

1. Wright NC, Looker AC, Saag KG, et al. The recent prevalence of osteoporosis and low bone mass in
the United States based on bone mineral density at the femoral neck or lumbar spine. J Bone Miner
Res. 2014; 29:2520-2526. [PubMed: 24771492]

2. Burge R, Dawson-Hughes B, Solomon DH, Wong JB, King A, Tosteson A. Incidence and economic
burden of osteoporosis-related fractures in the United States, 2005-2025. J Bone Miner Res. 2007;
22:465-475. [PubMed: 17144789]

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuchs et al.

11.

12.

13.

15.

Page 10

. Delmas PD, Marin F, Marcus R, Misurski DA, Mitlak BH. Beyond hip: importance of other

nonspinal fractures. Am J Med. 2007; 120:381-387. [PubMed: 17466644]

. Vochteloo AJ, Moerman S, Tuinebreijer WE, et al. More than half of hip fracture patients do not

regain mobility in the first postoperative year. Geriatr Gerontol Int. 2013; 13:334-341. [PubMed:
22726959]

. Brauer CA, Coca-Perraillon M, Cutler DM, Rosen AB. Incidence and mortality of hip fractures in

the United States. JAMA. 2009; 302:1573-1579. [PubMed: 19826027]

. Freemantle N, Cooper C, Diez-Perez A, et al. Results of indirect and mixed treatment comparison of

fracture efficacy for osteoporosis treatments: a meta-analysis. Osteoporos Int. 2013; 24:209-217.
[PubMed: 22832638]

. Murad MH, Drake MT, Mullan RJ, et al. Clinical review. Comparative effectiveness of drug

treatments to prevent fragility fractures: a systematic review and network meta-analysis. J Clin
Endocrinol Metab. 2012; 97:1871-1880. [PubMed: 22466336]

. Rossini M, Adami G, Adami S, Viapiana O, Gatti D. Safety issues and adverse reactions with

osteoporosis management. Expert Opin Drug Saf. 2016; 15:321-332. [PubMed: 26699669]

. Thompson WR, Rubin CT, Rubin J. Mechanical regulation of signaling pathways in bone. Gene.

2012; 503:179-193. [PubMed: 22575727]

10. Thompson WR, Scott A, Loghmani MT, Ward SR, Warden SJ. Understanding mechanobiology:

physical therapists as a force in mechanotherapy and musculoskeletal regenerative rehabilitation.
Phys Ther. 2016; 96:560-569. [PubMed: 26637643]

Warden SJ, Mantila Roosa SM, Kersh ME, et al. Physical activity when young provides lifelong
benefits to cortical bone size and strength in men. Proc Natl Acad Sci U S A. 2014; 111:5337-
5342. [PubMed: 24706816] Series of studies demonstrating: 1) the osteogenic potential of physical
activity, 2) that physical activity completed when young has lifelong benefits on cortical bone size
and estimated strength, but not mass, and, 3) physical activity continued during aging has benefits
on hone mass and estimated strength.

Fuchs RK, Bauer JJ, Snow CM. Jumping improves hip and lumbar spine bone mass in
prepubescent children: a randomized controlled trial. J Bone Miner Res. 2001; 16:148-156.
[PubMed: 11149479]

Mackelvie KJ, McKay HA, Khan KM, Crocker PR. A school-based exercise intervention augments
bone mineral accrual in early pubertal girls. J Pediatr. 2001; 139:501-508. [PubMed: 11598595]

14. Petit MA, McKay HA, MacKelvie KJ, Heinonen A, Khan KM, Beck TJ. A randomized school-

based jumping intervention confers site and maturity-specific benefits on bone structural properties
in girls: a hip structural analysis study. J Bone Miner Res. 2002; 17:363-372. [PubMed:
11874228]

Beck TJ, Oreskovic TL, Stone KL, Ruff CB, Ensrud K, Nevitt MC, et al. Structural adaptation to
changing skeletal load in the progression toward hip fragility: the study of osteoporotic fractures. J
Bone Miner Res. 2001; 16:1108-1119. [PubMed: 11393788]

16. Kemmler W, von Stengel S, Engelke K, Haberle L, Kalender WA. Exercise effects on bone mineral

density, falls, coronary risk factors, and health care costs in older women: the randomized
controlled senior fitness and prevention (SEFIP) study. Arch Intern Med. 2010; 170:179-185.
[PubMed: 20101013]

17. Tanner DA, Kloseck M, Crilly RG, Chesworth B, Gilliland J. Hip fracture types in men and women

change differently with age. BMC Geriatr. 2010; 10:12. [PubMed: 20214771]

18. Cristofolini L. In vitro evidence of the structural optimization of the human skeletal bones. J

Biomech. 2015; 48:787-796. [PubMed: 25596628]

19. Cristofolini L, Juszczyk M, Taddei F, Viceconti M. Strain distribution in the proximal human

femoral metaphysis. Proc Inst Mech Eng H. 2009; 223:273-288. [PubMed: 19405434]

20. Lotz JC, Cheal EJ, Hayes WC. Stress distributions within the proximal femur during gait and falls:

implications for osteoporaotic fracture. Osteoporos Int. 1995; 5:252-261. [PubMed: 7492864]

21. Nawathe S, Nguyen BP, Barzanian N, Akhlaghpour H, Bouxsein ML, Keaveny TM. Cortical and

trabecular load sharing in the human femoral neck. J Biomech. 2015; 48:816-822. [PubMed:
25582355]

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuchs et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11

Van Rietbergen B, Huiskes R, Eckstein F, Ruegsegger P. Trabecular bone tissue strains in the
healthy and osteoporotic human femur. J Bone Miner Res. 2003; 18:1781-1788. [PubMed:
14584888]

Zani L, Erani P, Grassi L, Taddei F, Cristofolini L. Strain distribution in the proximal human femur
during in vitro simulated sideways fall. J Biomech. 2015; 48:2130-2143. [PubMed: 25843261]

Verhulp E, van Rietbergen B, Huiskes R. Load distribution in the healthy and osteoporotic human
proximal femur during a fall to the side. Bone. 2008; 42:30-35. [PubMed: 17977813]

Taddei F, Palmadori I, Taylor WR, et al. European Society of Biomechanics S.M. Perren Award
2014: Safety factor of the proximal femur during gait: a population-based finite element study. J
Biomech. 2014; 47:3433-3440. [PubMed: 25280759]

Carballido-Gamio J, Harnish R, Saeed I, et al. Proximal femoral density distribution and structure
in relation to age and hip fracture risk in women. J Bone Miner Res. 2013; 28:537-546. [PubMed:
23109068]

Johannesdottir F, Poole KE, Reeve J, et al. Distribution of cortical bone in the femoral neck and hip
fracture: a prospective case-control analysis of 143 incident hip fractures; the AGES-REYKJAVIK
Study. Bone. 2011; 48:1268-1276. [PubMed: 21473947]

Mayhew PM, Thomas CD, Clement JG, et al. Relation between age, femoral neck cortical stability,
and hip fracture risk. Lancet. 2005; 366:129-135. [PubMed: 16005335]

Poole KE, Mayhew PM, Rose CM, et al. Changing structure of the femoral neck across the adult
female lifespan. J Bone Miner Res. 2010; 25:482-491. [PubMed: 19594320]

Thomas CD, Mayhew PM, Power J, et al. Femoral neck trabecular bone: loss with aging and role
in preventing fracture. J Bone Miner Res. 2009; 24:1808-1818. [PubMed: 19419312]

Parkkari J, Kannus P, Palvanen M, et al. Majority of hip fractures occur as a result of a fall and
impact on the greater trochanter of the femur: a prospective controlled hip fracture study with 206
consecutive patients. Calcif Tissue Int. 1999; 65:183-187. [PubMed: 10441647]

Nevitt MC, Cummings SR. Type of fall and risk of hip and wrist fractures: the study of
osteoporotic fractures. The Study of Osteoporotic Fractures Research Group. J Am Geriatr Soc.
1993; 41:1226-1234. [PubMed: 8227898]

Greenspan SL, Myers ER, Kiel DP, Parker RA, Hayes WC, Resnick NM. Fall direction, bone
mineral density, and function: risk factors for hip fracture in frail nursing home elderly. Am J Med.
1998; 104:539-545. [PubMed: 9674716]

Greenspan SL, Myers ER, Maitland LA, Resnick NM, Hayes WC. Fall severity and bone mineral
density as risk factors for hip fracture in ambulatory elderly. JAMA. 1994; 271:128-133.
[PubMed: 8264067]

Schwartz AV, Kelsey JL, Sidney S, Grisso JA. Characteristics of falls and risk of hip fracture in
elderly men. Osteoporos Int. 1998; 8:240-246. [PubMed: 9797908]

Ford CM, Keaveny TM, Hayes WC. The effect of impact direction on the structural capacity of the
proximal femur during falls. J Bone Miner Res. 1996; 11:377-383. [PubMed: 8852948]

Keyak JH, Skinner HB, Fleming JA. Effect of force direction on femoral fracture load for two
types of loading conditions. J Orthop Res. 2001; 19:539-544. [PubMed: 11518258]

Pinilla TP, Boardman KC, Bouxsein ML, Myers ER, Hayes WC. Impact direction from a fall
influences the failure load of the proximal femur as much as age-related bone loss. Calcif Tissue
Int. 1996; 58:231-235. [PubMed: 8661953]

Keyak JH. Relationships between femoral fracture loads for two load configurations. J Biomech.
2000; 33:499-502. [PubMed: 10768400]

Pottecher P, Engelke K, Duchemin L, et al. Prediction of hip failure load: in vitro study of 80
femurs using three imaging methods and finite element models-The European Fracture Study
(EFFECT). Radiology. 2016 142796.

Kersh ME, Pandy MG, Bui QM, et al. The heterogeneity in femoral neck structure and strength. J
Bone Miner Res. 2013; 28:1022-1028. [PubMed: 23197364]

de Bakker PM, Manske SL, Ebacher V, Oxland TR, Cripton PA, Guy P. During sideways falls
proximal femur fractures initiate in the superolateral cortex: evidence from high-speed video of
simulated fractures. J Biomech. 2009; 42:1917-1925. [PubMed: 19524929]

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuchs et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 12

Juszczyk MM, Cristofolini L, Salva M, Zani L, Schileo E, Viceconti M. Accurate in vitro
identification of fracture onset in bones: failure mechanism of the proximal human femur. J
Biomech. 2013; 46:158-164. [PubMed: 23218142]

Treece GM, Gee AH, Tonkin C, et al. Predicting hip fracture type with cortical bone mapping
(CBM) in the Osteoporotic Fractures in Men (MrOS) Study. J Bone Miner Res. 2015; 30:2067—
2077. [PubMed: 25982802]

Robling AG, Hinant FM, Burr DB, Turner CH. Improved bone structure and strength after long-
term mechanical loading is greatest if loading is separated into short bouts. J Bone Miner Res.
2002; 17:1545-1554. [PubMed: 12162508]

Warden SJ, Hurst JA, Sanders MS, Turner CH, Burr DB, Li J. Bone adaptation to a mechanical
loading program significantly increases skeletal fatigue resistance. J Bone Miner Res. 2005;
20:809-816. [PubMed: 15824854]

Bramble DM, Lieberman DE. Endurance running and the evolution of Homo. Nature. 2004;
432:345-352. [PubMed: 15549097]

Nikander R, Sievanen H, Heinonen A, Daly RM, Uusi-Rasi K, Kannus P. Targeted exercise against
osteoporosis: A systematic review and meta-analysis for optimising bone strength throughout life.
BMC Med. 2010; 8:47. [PubMed: 20663158]

Tan VP, Macdonald HM, Kim S, et al. Influence of physical activity on bone strength in children
and adolescents: a systematic review and narrative synthesis. J Bone Miner Res. 2014; 29:2161-
2181. [PubMed: 24737388]

Jarvinen TLN, Kannus P, Sievanen H. Have the DXA-based exercise studies seriously
underestimated the effects of mechanical loading on bone? J Bone Miner Res. 1999; 14:1634—
1635. [PubMed: 10469294]

Warden SJ, Fuchs RK, Castillo AB, Nelson IR, Turner CH. Exercise when young provides lifelong
benefits to bone structure and strength. J Bone Miner Res. 2007; 22:251-259. [PubMed:
17129172]

Warden SJ, Galley MR, Hurd AL, et al. Cortical and trabecular bone benefits of mechanical
loading are maintained long-term in mice independent of ovariectomy. J Bone Miner Res. 2014;
29:1131-1140. [PubMed: 24436083]

Warden SJ, Mantila Roosa SM. Physical activity completed when young has residual bone benefits
at 94 years of age: a within-subject controlled case study. J Musculoskelet Neuronal Interact. 2014;
14:239-243. [PubMed: 24879028]

Beck TJ, Broy SB. Measurement of hip geometry-technical background. J Clin Densitom. 2015;
18:331-337. [PubMed: 26277850]

Nikander R, Kannus P, Dastidar P, et al. Targeted exercises against hip fragility. Osteoporos Int.
2009; 20:1321-1328. [PubMed: 19002370]

Abe S, Narra N, Nikander R, Hyttinen J, Kouhia R, Sievanen H. Exercise loading history and
femoral neck strength in a sideways fall: a three-dimensional finite element modeling study. Bone.
2016; 92:9-17. [PubMed: 27477004] Cross-sectional study exploring the spatial distribution of
stress within the proximal femur during a simulated sideways fall in athletes competing in a range
of different sports.

Allison SJ, Poole KE, Treece GM, et al. The influence of high-impact exercise on cortical and
trabecular bone mineral content and 3D distribution across the proximal femur in older men: a
randomized controlled unilateral intervention. J Bone Miner Res. 2015; 30:1709-1716. [PubMed:
25753495] Randomized, within-subject controlled study revealing the spatial distribution of
benefits at the proximal femur of a high-impact unilateral exercise intervention.

Lang TF, Saeed IH, Streeper T, et al. Spatial heterogeneity in the response of the proximal femur to
two lower-body resistance exercise regimens. J Bone Miner Res. 2013 Preliminary longitudinal
study utilizing voxel-based morphometry and finite element models to reveal potential spatial
hetergenous effects on the proximal femur of two different exercise programs.

Carballido-Gamio J, Nicolella DP. Computational anatomy in the study of bone structure. Curr
Osteoporos Rep. 2013; 11:237-245. [PubMed: 23722733]

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuchs et al.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 13

Allison SJ, Folland JP, Rennie WJ, Summers GD, Brooke-Wavell K. High impact exercise
increased femoral neck bone mineral density in older men: a randomised unilateral intervention.
Bone. 2013; 53:321-328. [PubMed: 23291565]

Keyak JH, Fourkas MG, Meagher JM, Skinner HB. Validation of an automated method of three-
dimensional finite element modelling of bone. J Biomed Eng. 1993; 15:505-509. [PubMed:
8277756]

Schileo E, Taddei F, Malandrino A, Cristofolini L, Viceconti M. Subject-specific finite element
models can accurately predict strain levels in long bones. J Biomech. 2007; 40:2982-2989.
[PubMed: 17434172]

Dall'Ara E, Luisier B, Schmidt R, Kainberger F, Zysset P, Pahr D. A nonlinear QCT-based finite
element model validation study for the human femur tested in two configurations in vitro. Bone.
2013; 52:27-38. [PubMed: 22985891]

Keyak JH. Improved prediction of proximal femoral fracture load using nonlinear finite element
models. Med Eng Phys. 2001; 23:165-173. [PubMed: 11410381]

Keyak JH, Kaneko TS, Tehranzadeh J, Skinner HB. Predicting proximal femoral strength using
structural engineering models. Clin Orthop Relat Res. 2005:219-228.

Keyak JH, Koyama AK, LeBlanc A, Lu Y, Lang TF. Reduction in proximal femoral strength due to
long-duration spaceflight. Bone. 2009; 44:449-453. [PubMed: 19100348]

Keyak JH, Rossi SA, Jones KA, Skinner HB. Prediction of femoral fracture load using automated
finite element modeling. J Biomech. 1998; 31:125-133. [PubMed: 9593205]

Keyak JH, Sigurdsson S, Karlsdottir G, Oskarsdottir D, Sigmarsdottir A, Zhao S, et al. Male-
female differences in the association between incident hip fracture and proximal femoral strength:
a finite element analysis study. Bone. 2011; 48:1239-1245. [PubMed: 21419886]

Lang TF, Sigurdsson S, Karlsdottir G, et al. Age-related loss of proximal femoral strength in
elderly men and women: the Age Gene/Environment Susceptibility Study--Reykjavik. Bone. 2012;
50:743-748. [PubMed: 22178403]

Schileo E, Taddei F, Cristofolini L, Viceconti M. Subject-specific finite element models
implementing a maximum principal strain criterion are able to estimate failure risk and fracture
location on human femurs tested in vitro. J Biomech. 2008; 41:356-367. [PubMed: 18022179]
Correa TA, Crossley KM, Kim HJ, Pandy MG. Contributions of individual muscles to hip joint
contact force in normal walking. J Biomech. 2010; 43:1618-1622. [PubMed: 20176362]

Pandy MG. Computer modeling and simulation of human movement. Annu Rev Biomed Eng.
2001; 3:245-273. [PubMed: 11447064]

Wesseling M, De Groote F, Meyer C, et al. Subject-specific musculoskeletal modelling in patients
before and after total hip arthroplasty. Comput Methods Biomech Biomed Engin. 2016; 19:1683—
1691. [PubMed: 27123960]

Martelli S, Kersh ME, Schache AG, Pandy MG. Strain energy in the femoral neck during exercise.
J Biomech. 2014; 47:1784-1791. [PubMed: 24746018]

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Fuchs et al.

Page 14

pstrain pstrain

Tension Ll

Superior E S ‘

Lateral ?’

Figure 1.
Distribution of strain within an osteoporotic proximal femur during: A) the stance-phase of

normal walking and B) a simulated sideways fall onto the greater trochanter. Maximum
compressive strains are modelled to occur inferomedially (*) and smaller tensile strains
superolaterally during walking. The strain distribution pattern is reversed during a sideways
fall, with maximum compressive strains now occurring in the thin superolateral femoral
neck (#) while the thick inferomedial femoral neck is exposed to lower tensile strains. Panel
A reproduced from Van Rietbergen et al. [22] with permission from John Wiley & Sons, Inc.
Panel B reproduced from Verhulp et al. [24] with permission from Elsevier.
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Figure 2.
Posterior views of the proximal femur showing example typical von Mises stress

distributions in the: A) control and B) odd impact sports groups. Note the reduced stresses in
the superoposterior region of the odd impact sports group (*). Reproduced from Abe et al.
[56] with permission from Elsevier.
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Figure 3.
Clusters of voxels identified as being significantly different following 16 weeks of: A) hip

abduction and adduction strengthening exercises and B) squat and deadlift exercises. The
abduction/adduction and squats/deadlifts exercise group showed changes primarily in the
regions of the greater trochanter (*) and inferomedial femoral neck (#), respectively. Neither
group appeared to exhibit adaptation at the superolateral femoral neck (). Reproduced from
Lang et al [58] with permission from John Wiley & Sons, Inc.
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Figure 4.
Anterior views of the percentage change in: (A) cortical surface mass density and (B)

endocortical trabecular density in the control and exercise legs following 12 months of
unilateral hopping exercise. The exercise leg appeared to have larger regions of cortical
surface mass (*) and endocortical trabecular (#) density change in the inferomedial femoral
neck than observed in the control leg, with the region of endocortical trabecular density
change in the greater trochanter also appearing larger than in the control leg. There was
some extension of the region change towards of the superolateral femoral neck within the
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exercised leg (). Reproduced from Allison et al [57] with permission from John Wiley &
Sons, Inc.
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Figureb5.
(A) Overview of the integrated musculoskeletal and finite-element modeling process used to

determine subject-specific stresses and strains at the femoral neck. (B) Distribution of tensile
strain within the femoral neck during hip extension, long jump and knee flexion exercises.
Reproduced from Martinelli et al [74] with permission from Elsevier.
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