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Abstract
Purposeof Review The etiology of atypical femoral fracture (AFF) is likely multifactorial. In this review, we examined the recent
literature investigating the role of lower-limb geometry in the pathophysiology of AFF.
Recent Findings Increased femoral bowing was associated with prevalent AFF and a greater likelihood of a diaphyseal versus a
subtrochanteric AFF location. Femoral neck geometry or hip alignment may also be related to AFF, but findings remain
equivocal. Differences in femoral geometry may, in part, be responsible for the high rate of AFF in Asian compared with
Caucasian populations. Finally, simulation studies suggest that lower-limb geometry influences AFF risk via its effects on
mechanical strain of the lateral femoral cortex.
Summary Femoral geometry, and bowing in particular, is related to prevalent AFF, but more prospective investigation is needed
to determine whether measurements of geometry can be used for clinical risk stratification.
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Introduction

Atypical femoral fracture (AFF) is categorized as a low-
energy fracture of the femoral shaft or subtrochanteric region.
As detailed in the second report of the American Society of
Bone and Mineral Research (ASBMR) task force [1], AFF is
defined by a complete or incomplete fracture with a charac-
teristic transverse fracture line extending from the lateral

cortex (Table 1). Complete AFF is further characterized by
minimal comminution and a fracture line extending across
both cortices that may become obliquely oriented towards
the medial cortex, often displaying a medial spike (Fig. 1).
Localized periosteal or endosteal thickening is also frequently
observed along the lateral cortex of the fracture location [2–6].
The clinical presentation of AFF frequently includes prodro-
mal thigh or groin pain with weight-bearing [2, 6, 7], and
complete AFF often occurs with minimal trauma (i.e., a fall
from standing height or lower). These detailed features of AFF
suggest that they are coincident with a brittle-like failure as
well as a mechanical fatigue phenomenon associated with
cumulative loading.

The rate of femoral shaft and subtrochanteric fractures
displaying radiographic features of atypia is reported to be 5
to 9 per 100,000 person-years [8, 9•]. In terms of absolute risk,
this is considerably less than the 224 to 1050 per 100,000
person-years of osteoporotic hip fractures for women
[10–12]. However, concerns have been raised surrounding
growing evidence that prolonged use of antiresorptive agents
without drug holiday increases the risk of AFF. Indeed,
prolonged bisphosphonate (BP) use has been associated with
relative AFF risks of 47.3 to 67 [10, 13] and odds ratios of
25.9 to 33.2 [10, 13, 14••]. It has been hypothesized that the
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elevated risk of AFF amongst prolonged BP users is due to
drug-related suppression of bone remodeling [3, 15, 16],
which may lead to reduced collagen quality [17–19], greater
mineral heterogeneity [19, 20], and microdamage accumula-
tion [21, 22]—changes that may reduce the toughening and
energy-absorption capacity of bone tissue [23, 24]. On the
other hand, it is important to note that the exact mechanism
underlying the association between AFF and BP use has yet to
be determined and is likely multifactorial. Because
antiresorptive agents represent an important mainstay in mod-
ern osteoporosis treatment, it is important that we identify the
causal mechanisms of this phenomenon.

Additional factors associated with AFF, particularly those
amongst BP users, include characteristic lower-limb geome-
try, specifically that of the hip and femoral shaft [9•, 14••,
25–29, 30••, 31–35, 36••, 37, 38••, 39, 40•, 41]. Assuming
that the pathophysiology of AFF is related to a mechanical
fatigue phenomenon, the increased risk associated with abnor-
mal lower-limb geometry may be explained in part by elevat-
ed stress within the lateral cortex of the femoral shaft and
subtrochanteric region during activities of daily living [35,
36••, 42•]. Since the identification of the potential role of
lower-limb geometry in the pathophysiology of AFF by the
ASBMR task force [1], a number of studies have verified this
relationship through retrospective case-control observations
[9•, 14••, 25–27, 34, 35, 36••, 37, 38••, 40•, 41] and various
descriptive analyses [28, 29, 30••, 31, 32, 39]. Some recent
studies have also explored the relationship between lower-
limb geometry amongst individuals with AFF and the femoral

stresses experienced during posture and locomotion [35,
36••].

The purpose of this review is to summarize the recent lit-
erature examining the role of lower-limb geometry in the path-
ophysiology of AFF. A thorough review of the work that has
examined the relationship between lower-limb geometry and
AFF will first be discussed. The strong relationship between
lower-limb geometry and AFF location along with the in-
creased risk of AFF in Asian populations, relative to other
races, will then be addressed. Finally, mechanistic investiga-
tions looking to explain the relationship between lower-limb
geometry and AFF risk via elevated stress in the lateral fem-
oral cortex will be examined. A better understanding of the
relationship between lower-limb geometry and the pathophys-
iology of AFF may ultimately help identify individuals at
increased risk for AFF and provide vital information for opti-
mizing surgical planning and management for patients with
AFF.

Fig. 1 Radiographs of AFF. Patients often present with localized
periosteal thickening (red arrows; left) prior to fracture of the
subtrochanteric or diaphyseal region (right)

Table 1 Major and minor features of AFF identified by the second
report of the ASBMR task force [1]

Major features

The facture is associated with minimal or no trauma, as in a fall from
standing height or less

The fracture line originates at the lateral cortex and is substantially
transverse in its orientation, although it may become oblique as it
progresses medially across the femur

Complete fractures extend through both cortices and may be associated
with a medial spike; incomplete fractures involve only the lateral
cortex

The fracture is noncomminuted or minimally comminuted

Localized periosteal or endosteal thickening of the lateral cortex is
present at the fracture site (“beaking” or “flaring”)

Minor features

Generalized increase in cortical thickness of the femoral diaphyses

Unilateral or bilateral prodromal symptoms such as dull or aching pain
in the groin or thigh

Bilateral incomplete or complete diaphysis fractures

Delayed fracture healing
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Lower-Limb Geometry and AFF Risk

The association between lower extremity geometry and AFF
risk has, to date, been limited to descriptive and case-control
studies of relatively small sample sizes, presumably because
of the rarity of this clinical problem. Lower extremity geom-
etry has been studied using radiographic assessments, which
include measurements such as femoral shaft curvature, femo-
ral neck geometry, and lower extremity alignment.

Femoral Shaft Curvature

Femoral curvature, or bowing, is typically defined as
the angle between two lines along the proximal and
distal portions of the femoral shaft, or alternatively by
the radius of curvature formed by a center path through
the intramedullary canal (Fig. 2; top left). These mea-
surements are traditionally performed on frontal and
sagittal plane radiographs, allowing for the quantifica-
tion of both lateral and anterior bowing angles or radius
of curvature. Sasaki et al. [37] examined the femoral
curvature of 12 femurs from nine Japanese women with
AFF (all BP users, mean exposure 3.6 years) and com-
pared them with age- and sex-matched, non-fractured

controls (no BP exposure). The anterior and lateral bow-
ing angles of individuals with AFF were approximately
8° greater than controls. Jang et al. [38••] recently re-
ported similar findings in a study of 42 femurs from
twenty-nine Korean women with AFF (all BP users,
mean exposure 7.3 years) that illustrated greater anterior
(~ 5°) and lateral (~ 8.5°) bowing angles relative to age-
and sex-matched patients with typical femoral fracture
(BP exposure not reported). A typical femoral fracture
(TFF) was defined as a fracture of the femoral shaft or
subtrochanteric region not meeting the revised case def-
inition of AFF from the second report of the ASBMR
task force. A descriptive study by Oh et al. [39] exam-
ined the femoral curvature of thirteen Japanese women
with AFF (7 BP users, mean exposure 3.9 years) and
defined excessive femoral curvature as an apparent mis-
match between the fractured femur’s radius of curvature
in the frontal plane and the intramedullary rod used for
fixation. The authors noted that 12 of 13 cases were
characterized as having excessive femoral curvature ac-
cording to this criterion. In the largest case-control
study to date on the topic, Lim et al. [14••] reported
that 196 Korean women with AFF (148 BP users, mean
exposure 5.2 years) illustrated greater anterior (~ 2.5°)

Fig. 2 Typical measurements of
femoral geometry
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and lateral (~ 1.8°) bowing angles than 94 women with
TFF (10 BP users, exposure not reported). Morin et al.
[40•] quantified femoral curvature using three-
dimensional reconstructions from a low-dose bi-planar
X-ray system (EOS™ imaging technology). The lateral
bowing angles of 16 Caucasian women with AFF (all
BP users, mean exposure 12.4 years) were approximate-
ly 2.4° greater than age-, sex-, and BP exposure-
matched non-fractured controls. Univariate regression
analysis indicated that each degree increase in lateral
bowing from 0° increased the risk of AFF by 46%.

Femoral Neck Geometry

Femoral neck geometry measurements in patients with
AFF have included the femoral neck-shaft angle, femo-
ral offset, hip axis length, and center-edge angle in the
frontal plane (Fig. 2; bottom). Taormina et al. [41] com-
pared the femoral neck geometry from 53 radiographs
of patients with AFF (51 females, all BP users, mean
exposure 7.9 years) to 64 patients with typical
subtrochanteric fractures (50 females, no BP exposure)
and 43 non-fractured controls (39 females, all BP users,
mean exposure 7.7 years). Patients with AFF illustrated
a more acute, or varus, femoral neck-shaft angle, a
shorter hip axis length, and a smaller center-edge angle.
Similarly, Mahjoub et al. [9•] compared 56 patients with
AFF (94% BP users, mean exposure 7.4 years) against
112 controls with traumatic or fragility hip fractures
(32% BP users, mean exposure duration unknown),
and found that AFF patients had more varus femoral
neck-shaft angles and smaller femoral offset, as well
as smaller femoral head and neck diameter. Hagen
et al. [25] examined the femoral neck-shaft angle of
111 women with AFF (all BP users, mean exposure
7.4 years) and compared them with 33 sex-matched,
non-fractured controls (all BP users, mean exposure
5 years). The mean neck-shaft angles of patients with
AFF were approximately 4° less than the control group,
equating to a more varus angulation. Chou et al. [26]
reported no differences in femoral neck-shaft angle
amongst Chinese women with AFF (n = 31; all BP
users, mean exposure 4.8 years), TFF (n = 49; no BP
users), and non-fractured controls (n = 31, all BP users,
mean exposure 7 years). Buitendijk et al. [34] also re-
ported no differences in femoral neck-shaft angle be-
tween 23 patients with AFF (all BP users, mean expo-
sure 9.8 years) compared with 141 non-fractured con-
trols (all BP users, mean exposure 6.0 years). Similarly,
no differences in femoral neck-shaft angle were ob-
served in the case-control studies of Lim et al. [14••]
and Morin et al. [40•].

Lower Extremity Alignment

Two measures have been used to examine lower extremity
alignment in AFF patients. The femoral-tibial angle has been
defined as the angle between the anatomical axes of the tibia
and femur. This was computed from landmarks identified on
frontal plane radiographs, although somewhat different femo-
ral landmarks may be used in different studies [43, 44].
Alternatively, the hip-knee-shaft angle has been defined as
the angle between the mechanical and anatomical femoral
axes (Fig. 2; top right). Saita et al. [27] examined the
femoral-tibial angles of 14 femurs from ten Japanese women
with AFF (9 BP users, mean exposure 4.9 years) and com-
pared themwith 14 patients with TFF (12 females, 4 BP users,
mean exposure not reported). The femoral-tibial angles of
those with diaphyseal AFF, but not subtrochanteric AFF, were
greater than those with TFF. Those with diaphyseal AFF also
displayed greater femoral-tibial angles than the 95% confi-
dence interval of a Japanese population (n = 5860; older than
40 years) [45]. Interestingly, those with subtrochanteric AFF
displayed smaller femoral-tibial angles than the 95% confi-
dence interval of a Japanese population. It is worth noting that
all patients with subtrochanteric AFF (n = 5) had long-term
use of glucocorticoids (mean exposure 22 years) for autoim-
mune disorders such as lupus and myositis. Morin et al. [40•]
observed no differences in the hip-knee-shaft angle between
AFF patients and controls using EOS™ imaging technology.

Summary of Lower-Limb Geometry and AFF Risk

Numerous studies have reported that increased femoral
bowing in the lateral and/or anterior direction is associ-
ated with increased AFF risk [14••, 37, 38••, 39, 40•].
While the effects of age, sex, and race have been typ-
ically well controlled, several studies compared cases
and controls with different (or unknown) histories of
BP exposure [37, 38••]. However, Morin et al. [40•]
found that the association between femoral curvature
and prevalent AFF was still present when comparing
groups with similar BP exposure. Similarly, Lim et al.
[14••] performed multivariate regression, and found that
geometry was associated with increased AFF odds ratio,
even after adjusting for BP use. Together, these studies
suggest that elevated femoral bowing may increase the
risk of AFF independent of BP exposure. Geometric
parameters related to femoral neck geometry [9•, 14••,
25, 26, 40•, 41] and lower-limb alignment [27, 40•]
have also been explored, but their relationship with
AFF remains equivocal. It is possible that these param-
eters are not directly related to AFF but that they are
weakly or moderately correlated with more impactful
parameters like femoral bowing. Indeed, more data are
needed to verify this assumption.

Curr Osteoporos Rep (2019) 17:281–290284



Femoral Geometry and AFF Location

According to the criteria identified by the second report of the
ASBMR task force, AFF can occur anywhere along the fem-
oral shaft, i.e., just below the lesser trochanter to just proximal
to the supracondylar flare [1]. However, the likelihood of AFF
is not uniform across the femoral shaft but rather concentrated
towards the subtrochanteric region or near the femoral
midshaft [46]. Although reasons for this dichotomy are not
fully understood, a number of recent case-control studies sug-
gest that differences in femoral geometry may be related to
AFF fracture location.

Comparisons of Subtrochanteric Versus Diaphyseal
AFF

In the case-control study of Morin et al. [40•], women who
sustained subtrochanteric AFF (n = 5) tended to illustrate low-
er femoral neck-shaft angles (5.7°; p = 0.07) and lateral bow-
ing angles (3.3°; p = 0.07) than women with diaphyseal AFF
(n = 11). Women with subtrochanteric AFF also tended to be
heavier (7.4 kg; p = 0.07) than those with diaphyseal AFF.
Hyodo et al. [28] examined 38 Japanese AFF patients (33
females, 31 BP users, mean exposure 5.1 years) and defined
lateral bowing as a line from the tip of the greater trochanter
through the center of the distal femoral condyles that fell out-
side of the medullary canal. Nineteen of 25 patients with AFF
at the mid-diaphysis illustrated lateral bowing according to
this definition, whereas no patients with AFF at the proximal
third of the diaphysis illustrated lateral bowing. Those with
mid-diaphyseal AFF were also older (9.9 years; p = 0.014),
shorter (6.9 cm; p = 0.012), and lighter (12.9 kg; p = 0.036)
than those with proximal diaphyseal AFF. Similar to Saita
et al. [27], those with more proximal AFF were also more
likely to have a history of glucocorticoid therapy when com-
pared to those with mid-diaphyseal AFF. Yoo et al. [29] re-
ported that 30 women with diaphyseal AFF (20 BP users,
mean exposure 4.5 years) illustrated greater lateral bowing
angles (6.8°) than 15 patients with subtrochanteric AFF (14
females, 9 BP users, mean exposure 4.7 years). Logistic re-
gression suggested that diaphyseal AFF were more likely if
the lateral bowing angle was greater than 5.3°. The diaphyseal
AFF patients were also older (6.5 years; p = 0.032) and tended
to weigh less (4.8 kg; p = 0.07) than subtrochanteric AFF pa-
tients. In a larger study, Kim et al. [30••] reported similar
findings when comparing the femoral curvature of 52
Korean women with subtrochanteric AFF (38 BP users, mean
duration 4.2 years) to 95 Korean women with diaphyseal AFF
(73 BP users, mean duration 4.6 years). Patients with diaphy-
seal AFF illustrated greater anterior (2.9°) and lateral (6.2°)
bowing angles than patients with subtrochanteric AFF. Again,
diaphyseal AFF patients were also older (7.5 years; p < 0.001)

and weighed less (4.6 kg; p = 0.002) than subtrochanteric AFF
patients.

Correlations Between Lower-Limb Geometry and AFF
Location

Chen et al. [31] examined the correlation between lateral bow-
ing angle and the location of incomplete AFF in 17 femurs
from eleven Chinese women (8 BP users, mean exposure
4.5 years). The lateral bowing angle explained 55% of the
variance in AFF location (r = 0.741; p < 0.001) with a slope
of 1.79, i.e., every degree increase in lateral bowing angle
moved normalized AFF location 1.79% more proximal.
After separating the patients into two groups according to
the median lateral bowing angle (i.e., greater than and less
than 7°), 100% of the patients with lateral bowing angle > 7°
illustrated diaphyseal AFF, as opposed to only 36.4% of the
patients with lateral bowing angle ≤ 7° (i.e., 63.6%
subtrochanteric AFF). Patients with lateral bowing angles >
7° also tended to be older (4.5 years; p = 0.08) and weigh less
(3 kg; p = 0.07) than patients with lateral bowing angles ≤ 7°.
Soh et al. [32] examined the correlation between anterior and
lateral bowing angles and the location of AFF in 21 Chinese
women (All BP users, mean exposure 4.9 years). Anterior and
lateral bowing angles explained 63% (r = 0.794; p = 0.002)
and 68% (r = 0.827; p < 0.001) of the variance in AFF loca-
tion, respectively. In addition to femoral curvature, Saita et al.
[27] reported that the femoral-tibial angle explained 67% of
the variance in AFF location (r = 0.82; p < 0.001) with greater
angles being associated with a more distal AFF location. On
the other hand, Saita et al. observed no relationship between
the femoral-tibial angle and patients with TFF.

Summary of Femoral Geometry and AFF Location

A number of studies have identified an association between
femoral curvature and fracture location. Whether looking at
fracture location as a continuous variable (vertical distance
from a datum) or as a categorical variable (midshaft vs.
subtrochanteric), results consistently indicate that elevated
femoral bowing is associated with a more distal fracture loca-
tion. Interestingly, there is some evidence to suggest that in-
dividuals with diaphyseal AFF tend to be older and weigh less
than those with subtrochanteric AFF [28, 29, 30••, 31, 46, 47].

Association Between AFF and Race

The majority of the research reviewed thus far, and therefore,
much of what we know regarding the relationship between
lower-limb geometry and AFF is based on participants of
Asian descent. This research was likely prompted by the sec-
ond report of the ASBMR task force [1], which noted that the
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Asian race was associated with increased AFF risk. Indeed, an
association between Asian race and AFF risk is well docu-
mented in the literature. A retrospective examination of 79
women with diaphyseal and subtrochanteric fractures from a
large integrated healthcare delivery system in northern
California reported that women with AFF were more likely
to be on BP therapy (97% vs 42%), and more likely to be of
Asian than Caucasian descent (50% vs 2.4%) when compared
to women with TFF [2]. A more recent review of 68 women
with AFF by the same group suggested that Asian women
have an 8.5-fold increased risk of AFF when compared with
Caucasian women, which remained 6.6-fold after controlling
for BP exposure [48•]. In a review of 142 AFF cases from a
large integrated healthcare delivery system in southern
California, 49% were Asian and 42% were Caucasian [49].
This may appear as a small disparity, but given that the overall
percentage of Asians in California at the time was 13 to 15%
[50], this suggests an increased risk of AFF. Marcano et al.
[51] investigated 54 patients with AFF (51 females, all BP
users, mean exposure 8.7 years) and compared them with
one-hundred nineteen non-fractured controls (112 females,
all BP users, mean exposure 7.9 years). Patients with AFF
were more likely to be Asian than those without AFF (17%
vs 3%; p = 0.004).

It remains unclear if the increased risk of AFF in Asians
reported in the previous studies was due to race-related differ-
ences in femoral geometry, as studies did not, or were unable
to, provide comparisons of lower-limb geometry. However, it
is known that variations in hip and femoral geometry do exist
between Asians and different races and that these specific
differences are likely associated with AFF risk. For example,
Japanese women tend to have shorter femoral necks and a
more varus femoral neck-shaft angle, which has been argued
to explain their lower incidence of osteoporotic hip fracture
[52]. Of course, this may expose them to an increased risk of
subtrochanteric and diaphyseal fractures [41]. In a large report
of 3922 femurs from individuals of difference races, femurs
from Asians demonstrated a smaller lateral and anterior radius
of curvature, i.e., greater femoral bowing, than femurs from
Caucasian and African Americans [53]. A similar conclusion
was reached after assessing the femoral curvature of 132 fe-
murs from Japanese individuals and comparing these mea-
surements with those reported in the literature [54].

It should be noted, however, that the relationship between
AFF risk and race is not unequivocally supported in the liter-
ature. Specifically, Schilcher et al. [47] recently compared
AFF patients in Singapore (89% BP users, duration of use
not reported) with those in Sweden (81% BP users, duration
of use not reported). Given the relationships amongst femoral
curvature, race, and AFF location, the authors anticipated
more diaphyseal AFFs in patients from Singapore and more
subtrochanteric AFFs in patients from Sweden. In contrast,
patients from Singapore had a much larger proportion of

subtrochanteric fractures than those from Sweden, with 48%
and 17% of all AFFs reported as subtrochanteric in the two
populations, respectively. The reason for this discrepancy is
not entirely clear, but an earlier study of AFF in a Swedish
population [46] reported that patients with subtrochanteric
AFF were approximately 10 years younger than those with
diaphyseal AFF. This same interesting discrepancy in age
existed between the Swedish and Singapore patients within
the Schilcher et al. [47] study. That is, patients from
Singapore were approximately 10 years younger than patients
from Sweden, and previous research in Asian populations
suggested that patients with diaphyseal AFF tended to be
older than those with subtrochanteric AFF [28, 29, 30••].
Importantly, Schilcher et al. [47] reported that patients with
diaphyseal AFF in both populations (i.e., Singapore and
Sweden) illustrated increased femoral bowing, thereby further
supporting the relationship between femoral geometry and
AFF risk.

Summary of Association Between AFF and Race

A number of studies have found that individuals of Asian
descent are at greater risk of AFF [2, 48•, 49, 51]. However,
the reasons for this association are not fully understood. It is
likely that some of the increased risk of AFF in Asians is due
to race-related differences in femoral geometry, as studies
have found that Asian descent is associated with elevated
femoral bowing [53, 54] and more varus femoral neck geom-
etry [52]. As noted in previous sections, both of these factors
may be related to AFF risk. However, it is noteworthy that a
commensurate increase in TFF risk has not been reported in
the Asian population, suggesting that the increase in risk is
due to the unique etiology of AFF rather than race-related
differences in overall bone fragility.

Mechanistic Studies of Lateral Femoral Stress
and Strain

The body of work described above suggests a relationship
between femoral geometry and AFF risk, as well as AFF
location. However, these studies do not elucidate a causal
mechanism linking femoral geometry to AFF. In this section,
we discuss recent findings suggesting that geometry influ-
ences AFF risk via its effects on femoral stress and strain
during activities of daily living.

The major and minor features of AFF, such as the absence
of significant trauma, focal periosteal thickening resembling a
stress fracture callus, and prodromal pain before fracture [1],
suggest that AFFs are the result of a mechanical fatigue phe-
nomenon. This phenomenon has been well studied through
ex vivo material-level testing, illustrating that the mechanical
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response of bone (i.e., stress or strain) is strongly related to
fatigue life, or the number of cycles to failure [55, 56].

Patterns in the location of AFF further suggest the importance
of mechanical strain in this clinical problem. If failure was due to
systemic biological changes alone, we would expect AFF to be
equally likely throughout all cortical bones in the femoral shaft,
or all long bones for that matter. This is not the case, as AFFs are
known to initiate at the lateral femoral cortex only [1, 4].
Analytical models [57, 58], experimental studies [59], and mod-
ern finite element (FE) simulation studies [42•, 60, 61] all dem-
onstrate that this region is under tensile loading, in contrast to the
medial shaft which is loaded in compression. Bone is more sus-
ceptible to tensile rather than compressive failure [62], and this
suggests that a sufficient tensile loading environment is necessary
for the development of AFF. It is also noteworthy that up to 50%
of individuals with AFF experience bilateral femoral focal peri-
osteal thickening or fracture [4, 27, 30••, 63, 64]. Given likely
symmetries between the loadings of contralateral limbs, this fur-
ther suggests that themechanical environment plays an important
role in this injury.

A number of recent FE simulation studies suggest that AFF
risk is associated with the stress/strain environment of the
femur and that this environment is more deleterious for
high-risk geometries. Oh et al. [35] compared four patients
with bowing deformity and AFF against 14 individuals with
thigh pain but no radiographic evidence of AFF, and found
that AFF patients had elevated femoral strains compared with
controls. A more recent study [36••] compared 12 patients
with diaphyseal AFF, 10 with subtrochanteric AFF, and 11
with thigh pain but radiographic evidence of AFF. The study
demonstrated statistically significant differences in peak
strains amongst the three groups, with fracture location corre-
sponding to the location of peak stress. This study also report-
ed a linear relationship between femoral bowing and the mag-
nitude of peak strain. Inspired by these findings, our group
recently used FE simulation and parametric mesh morphing
to further quantify the relationship between geometry and
femoral strain [65]. We observed that bowing angles had the
greatest influence on peak femoral shaft strain. The study also
revealed that the increased bowing angle caused a distal shift
in the location of peak strain, which agrees with clinical ob-
servations that elevated femoral curvature is related to a more
distal fracture location [27–29, 30••, 31, 32, 40•] and supports
the notion that femoral geometry is linked to AFF risk via its
influence on femoral stress and strain. An important limitation
to this body of work, however, is that none of these simulation
studies applied subject-specific gait or postural loading sce-
narios. Differences in patient characteristics can influence gait
mechanics and forces during walking [66] which would, in
turn, influence FE predictions of strain. To our knowledge, no
previous studies have explored this phenomenon in the con-
text of AFF. Although it is challenging to measure gait me-
chanics in individuals after AFF, it may be possible to do so in

individuals illustrating early risk factors, i.e., Asian race, focal
periosteal thickening of the shaft, or prodromal pain.

Summary of Mechanistic Studies of Lateral Femoral
Stress and Strain

FE simulation suggests that elevated bowing is associated
with greater magnitudes of stress/strain [35, 42•] and peak
strain locations closer to the midshaft [36••, 42•]. These find-
ings are consistent with the cross-sectional observations
discussed in previous sections, which observed that elevated
bowing was associated with increased AFF prevalence and a
greater likelihood of midshaft fracture. Together, the current
body of literature suggests that femoral geometry influences
AFF prevalence via its effect on mechanical strain. It is un-
clear, however, whether current simulation techniques are suf-
ficient to distinguish between AFF and non-AFF individuals.
Although one study identified differences in stress measures
between patients with midshaft AFF and controls, differences
in stress measures between patients with subtrochanteric AFF
and controls were not reported [36••]. It may be that more
subject-specific information is needed within FE simulations,
as previous models did not account for differences in activity
volume, or subject-specific gait or postural loading scenarios.

Conclusions

While the etiology of AFF is not fully understood, there is a
preponderance of evidence that suggests femoral geometry,
and increased femoral bowing in particular is associated with
increased AFF risk. Studies in the literature have been either
retrospective case-control or descriptive in their design.
Therefore, more prospective investigation including gait anal-
ysis, weight-bearing imaging, and a better understanding of
the progression of femoral bowing over time is required to
determine whether measurements of femoral geometry can
help assess individual risk of AFF. More data is also needed
to determine if and how femoral geometry interacts with BP
exposure to influence AFF risk. A better understanding of
how femoral geometry is linked to AFF may allow for clinical
risk stratification for patients with osteoporosis, who would
benefit from BP use for fragility fracture prevention, but may
have an increased risk for AFF given their abnormal femoral
geometry. Lastly, femoral geometry quantification in this pop-
ulation may also assist with intramedullary nail implant devel-
opment for patients with increased femoral bowing.
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