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Abstract

The objective of this study was to characterize femur morphology in healthy infants
and young children. Anterior-posterior (AP) radiographs of the femur from children
age 0-3 years with no history of bone disease were obtained from two children's
hospitals and one medical examiner's office. Femur morphological measures (bone
length, minimum diaphysis diameter, growth plate width, and femur radius of curva-
ture) and sectional structural measures were determined. Measures were described
and compared based on subject age and mass. Relationships between measures and
age and mass were evaluated. The 169 AP femur radiographs were obtained from
99 children (59.6% males, median age = 12.0 months, IQR = 0-27.5 months, median
body weight = 10.0 kg, IQR = 4.4-15.6 kg). Femur length (rs = 0.97, p < 0.001;
re = 0.89, p < 0.001), trochanter width (r, = 0.86, p < 0.001; r, = 0.85, p < 0.001),
minimum diaphysis diameter (r; = 0.91, p < 0.001; r, = 0.87, p < 0.001), and growth
plate width (rs = 0.91, p < 0.001; r, = 0.84, p < 0.001) increased with age and weight,
respectively. Cross-sectional area (rs = 0.87; r, = 0.86; p < 0.01), polar moment of
inertia (r; = 0.91; r, = 0.87; p < 0.001), moment of inertia (r, = 0.91; r, = 0.87;
p < 0.001), polar modulus (r; = 0.91; r, = 0.87; p < 0.001) and medullary canal diame-
ter (s, =0.83, p <0.001; ry =0.73, p <0.001) at the minimum diaphysis also
increased with age and weight, respectively. Changes during rapid bone growth are
important to understanding fracture risk in infants and young children as they transi-
tion to independent walking. Femur length, trochanter width, minimum diaphysis
diameter and growth plate width increased with age and weight. Structural properties

associated with fracture resistance also increased with age and weight.
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strength needed to resist fracture (Biewener & Betram, 1993;

Ruff, 2003a). Poor bone health can result in increased fracture risk in

Healthy bone development is dependent upon multiple factors,
including diet, hormones, genetics, and mechanical loading
(Biewener & Betram, 1993; Dimeglio, 2001; Ruff, 2003a; Swan
et al.,, 2020). Physiological loading and associated stresses and strains

applied to bone are critical in the development of bone structure and

Gina Bertocci and Nathan P. Brown are co-first authors.

children exposed to even routine physiological loading conditions
encountered in daily activities (Fortin et al, 2020; Morgan
et al., 2018). Compromised bone health due to connective tissue dis-
orders, metabolic conditions, neuromuscular disorders and severe
chronic diseases often lead to an increased likelihood of fracture
(Fortin et al., 2020; Morgan et al., 2018). Bone quality and morphol-
ogy (geometry and structure) play an important role in bone resistance
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to fracture (Li et al., 2015; Ruff, 2003a). Although bone quality
(i.e., density) has previously been described in young children
(Crabtree et al., 2014), there has been little focus on bone morphology
in this population. Not only can morphological measures provide
insight into resistance to fracture, but they may differ in healthy
vs. unhealthy bone, providing a potential means to objectively differ-
entiate between them and aid in diagnosis of unhealthy bone. Cur-
rently, radiologists typically distinguish between healthy and
unhealthy bone using subjective assessment of bone morphology and
quality from radiographs (Mulugeta et al., 2011).

Femur morphology rapidly changes during the first years of life (Li
et al., 2015) but has not been sufficiently described in the developing
child. In one study, mid-diaphysis diameter and femur length, defined as
the distance between the proximal and distal ossification centers, were
reported for children age 0-3 years (Li et al., 2015). Some studies have
reported femoral characteristics in older children ranging in age from
2 months to 21.5 years (Ruff, 2003a) and 3.8-15.6 years old (Craig
et al., 2004). Schlegl et al. described femoral characteristics including
femur length, femoral head diameter, and femoral mechanical axis-
femoral shaft angle for seven children <3 years of age, but of those six
had idiopathic scoliosis, and one had an unknown diagnosis (Schlegl
et al., 2017). Femoral growth plate morphology and surface area were
measured in children and adolescents (3.8-15.6 years of age) using mag-
netic resonance imaging (MRI) (Craig et al., 2004), and healthy femur
morphology has been described in detail for adult cadavers using com-
puted tomography (CT) (Cho et al., 2015; Schmutz et al., 2017). How-
ever, femur morphology of young children differs substantially from
adults. At birth, only the diaphysis is ossified, while the distal and proxi-
mal epiphyses gradually ossify from birth to toddlerhood (Li et al., 2015).
Children typically cruise (ambulate with support) between 6 and
14 months of age and ambulate independently by 18 months of age
(Sugar et al., 1999). During these developmental milestones, the biome-
chanical function of the femur transitions to accommodate increased
loading through rapid bone deposition and structural development that
accompanies a growth spurt and increase in femoral strength in late
infancy (Ruff, 2003a). As ambulatory children grow, changes in ambula-
tion patterns likely also affect femur development (Cowsgill et al., 2010).

Quantification of femur growth and development in children can
provide a basis to distinguish normal versus abnormal bone develop-
ment (Dimeglio, 2001). For instance, diaphysis length generally
increases with age during development; however, low-body weight or
premature birth may lead to decreased diaphysis length compared to
children of a similar age (Li et al., 2015). Additional factors that may
disrupt femur growth and development include, but are not limited to,
presence of a disability or metabolic bone disease (Albert et al., 2014;
Modlesky et al., 2009). Total, cortical, and medullary volume and
width, as well as cross-sectional area (CSA), moment of inertia,
section modulus and polar moment of inertia were significantly
decreased in children with quadriplegic cerebral palsy who were
unable to ambulate independently as compared to age-matched con-
trols (Modlesky et al., 2009). Additionally, maximum bone flexural
strength was less in children with osteogenesis imperfecta compared
to healthy pediatric bone (Albert et al, 2014). However,

characterization of healthy pediatric femoral morphology is needed to
establish normative reference data for pediatric bone.

Pediatric radiologists determine bone health based on clinical exper-
tise but typically do not use quantitative measures to differentiate
healthy femurs from unhealthy femurs. Although MRIs and CTs provide
enhanced detail and 3D viewing capability, plain film radiographs are cur-
rently the standard of care given lower radiation exposure, lower cost,
greater availability, and shorter time required for image acquisition,
processing, and review. Limited femoral morphological characteristics of
healthy infants and young children have been described in only a few
studies involving a small number of subjects (Li et al, 2015;
Maresh, 1955; Ruff, 2003a), but more extensive radiographic morpholog-
ical measures have not been reported. The objective of this study was to
quantify femur morphology from anterior-posterior (AP) radiographs in

healthy infants and children from O to 3 years of age.

2 | METHODS

Study procedures were approved by the University of Louisville Insti-
tutional Review Board (IRB #15.0263).

21 | Data collection

Medical records were retrospectively reviewed for children aged O-
3 years who had a femur radiograph from two children's hospitals and
one medical examiner's office (Norton Children's Hospital, Louisville, KY;
Children's Hospital of Pittsburgh, Pittsburgh, PA; New Mexico Office of
the Medical Investigator, Albuguerque, NM). Children with a history of
bone disease (e.g., osteogenesis imperfecta, rickets, osteopenia, and oste-
oporosis), conditions potentially affecting bone health (e.g., premature
birth, spina bifida), or history of taking medications that could potentially
influence bone health were excluded from the study. Questionable cases
with no formal diagnosis of bone disease were reviewed by a study phy-
sician (Mary Clyde Pierce or Lauren Dvorscak) to determine whether the
child's bone health may have been compromised by medications or other
conditions; these cases were included/excluded from the study as appro-
priate. Deidentified AP femur radiographs from the left and/or right
femur(s) were obtained, and radiology reports retrieved. Limbs with a
fracture present were excluded from analysis. Age, height, weight, sex,
race (Caucasian, Black, Asian/Pacific Islander, Native American Indian,
one or more races, or unspecified/unknown), ethnicity (non-hispanic, his-
panic, or unspecified/unknown), and mobility status (unknown, ambula-
tory, nonambulatory, cruises, or ambulatory with assistive device) were
recorded when available. Body mass index was calculated from subject

height and weight when available.

2.2 | Femur morphological assessment tool

A custom, user-guided image analysis tool was developed using
mathematical analysis software (MATLAB R2016b, MathWorks,
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Natick, MA) to perform key measurements from radiographs. The
assessment tool guides the user to select points on the radiograph
corresponding to bony landmark locations, which are then used to
determine desired morphological measures. A radiograph scaling
factor was used to scale measurements as appropriate. Points iden-
tified on the femur radiograph (Figure 1A) included the medial and
lateral aspects of the distal femoral growth plate, the medial and
lateral extent of the minimum diaphysis diameter (outer aspect of
cortex), the medial and lateral extent of the medullary canal diame-
ter (inner aspect of cortex) at the minimum diaphysis diameter, the
lesser trochanter and greater trochanter. The assessment tool auto-
matically determined the midpoint of the distal growth plate, mid-
point of the minimum diaphysis diameter, and midpoint of the
trochanter distance. The femur curvature was defined as the recip-
rocal of the radius of the arc passing through the distal growth
plate midpoint, minimum diaphysis diameter midpoint, and trochan-
ter midpoint (Figure 1B). The arc corresponding to the femur curva-
ture was divided into thirds (proximal, mid, and distal), and the
medial and lateral outer cortex curvatures were determined for the
distal region using the arc determined from three equidistantly spa-
ced points (Figure 1C). Medial and lateral inner and outer cortical
walls were selected at 10%, 30%, 50%, 70%, and 90% along the
femur (Figure 1D). One author (Nathan P. Brown) performed all
radiograph assessments.

FIGURE 1 Bony landmark selection (red circles; the medial

[1] and lateral [2] aspects of the distal femoral growth plate, the
medial [3] and lateral [4] extent of the minimum diaphysis
diameter [outer cortex], the medial [5] and lateral [6] extent of the
medullary canal [inner aspect of cortex] at the minimum diaphysis
diameter, the lesser trochanter [7] and greater trochanter [8]) (A),
femur curvature (dashed green arc/line relative to solid straight
black line) through the distal growth plate, minimum diaphysis
width, and trochanter width midpoints (crosses) (B), medial distal
femur curvature (MDFC, solid blue arc), and lateral distal femur
curvature (LDFC, dashed blue arc) outer diaphysis curvatures
determined using equidistance points 5-7 on the medial and
lateral aspects, respectively (C), inner and outer diameters at 10%,
30%, 50%, 70%, and 90% along the femur (D). Representative
femur is from a 12-month-old child

\ ANATOMY

2.3 | Femur morphological measures

Using user-selected points on AP radiographs, key morphological

measures were determined (Table 1). Normalized ratios of
TABLE 1  Femur morphological measures and definitions
Overall measures

Distal growth Distance between the medial and lateral

plate width aspects of the distal femoral growth plate
Trochanter Distance between the lesser trochanter and
width greater trochanter

Femur length Distance between the trochanter midpoint and

distal growth plate midpoint

Curvature
measures

Curvature (reciprocal of radius) of the arc
passing through the midpoint of the distal
growth plate width, midpoint of the
minimum diaphysis diameter, and midpoint
of the trochanter distance.

Note: positive curvature is concave towards
the body midline, negative is concave away
from the body midline

Femur curvature

Medial distal Curvature (reciprocal of radius) of the arc
femoral passing through the medial distal fifth, sixth,
curvature and seventh points along the femur

Lateral distal
femoral
curvature

Curvature (reciprocal of radius) of the arc
passing through the lateral distal fifth, sixth,
and seventh points along the femur

Diaphyseal measures (determined at minimum diaphysis diameter
and/or 10%, 30%, 50%, 70% and 90% of femur from the
proximal end)

Distance between the medial and lateral
outer cortex

Diaphysis diameter
(outer diameter)

Distance between the medial outer and
inner cortex

Medial cortical wall
thickness

Distance between the lateral outer and
inner cortex

Lateral cortical wall
thickness

Distance between the medial and lateral
extent of the inner cortex

Medullary canal
diameter (inner
diameter)

Sectional measures (determined at minimum diaphysis diameter and
10%, 30%, 50%, 70% and 90% of femur from the proximal end)

Cross- z (d; _ df) Area of an annulus where d, and
sectional d are the diameter of the outer
area and inner aspects of the cortex,

respectively

Where d, and d4 are the diameter
of the outer and inner aspects of
the cortex, respectively

Moment of l(dgfdﬁ
inertia

Polar z (d4 _ d4> Where d, and d4 are the diameter
moment 2\ of the outer and inner aspects of
of inertia the cortex, respectively

Polar a (d4 _ d4) Where d, and d4 are the diameter
modulus R of the outer and inner aspects of

the cortex, respectively
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TABLE 2 Normalized femur morphological measures

Overall normalized measures
Minimum diaphysis diameter to distal growth plate width
Minimum diaphysis diameter to femur length
Femur length to distal growth plate width
Diaphyseal normalized measures (determined at minimum diaphysis
diameter)
Medial cortical wall thickness to minimum diaphysis diameter
Lateral cortical wall thickness to minimum diaphysis diameter

Medial cortical wall thickness + lateral cortical wall thickness to
minimum diaphysis diameter

Medial cortical wall thickness to femur length
Lateral cortical wall thickness to femur length

Medial cortical wall thickness + lateral cortical wall thickness to
femur length

morphological measures were also determined (Table 2). All measures
were recorded in a research database along with subject characteris-
tics and radiographic images. Sectional measures in Table 1 were
included to investigate structural characteristics that influence femur

resistance to fracture.

2.4 | Data analysis

Intraclass correlation coefficient was used to determine intrarater reli-
ability for landmark point selection when using the femur morphologi-
cal assessment tool. A subset of measures was used to evaluate
intrarater reliability; they included CSA determined along the femur,
femur length, femur curvature, distal growth plate width, lateral corti-
cal thickness determined along the femur, medial distal femur curva-
ture, and diaphysis diameter determined along the femur. These
measures were selected to capture different morphological aspects of
the femur. These measures were evaluated twice on ten unique radio-
graphs by the same author (Nathan P. Brown).

Femur morphological measures were characterized using descrip-
tive statistics. Relationships between measures and age and body
mass were determined using Spearman's rank order correlation coeffi-
cient as data were not normally distributed. All statistical analysis was
performed using SPSS® Statistics Ver. 26 (IBM, 2020). All two-sided

p-values were considered statistically significant at p < 0.05.

3 | RESULTS

AP radiographs of 169 femurs (left and right) were obtained for
99 children with demographics and anthropometrics as indicated in
Table 3.

Radiographs from 14 children were from Norton Children's Hos-
pital, Louisville, KY, 17 were from Children's Hospital of Pittsburgh,
Pittsburgh, PA, and 68 were from New Mexico Office of the Medical

TABLE 3 Demographics, ambulatory status, and anthropometrics
Demographics and ambulatory status (n = 99) Percent
Gender Male 59.6%
Female 40.4%

Race Caucasian 64.6%
Black 7.1%
Asian/Pacific Islander 1.0%
Native American 23.2%
Unknown 4.0%

Ethnicity Non-hispanic 54.5%
Hispanic 24.2%
Unknown 21.2%

Ambulatory status Nonambulatory 36.4%
Cruisers 4.0%
Ambulatory 45.5%
Unknown 14.1%

Anthropometrics Median Interquartile range

Age (h = 99) 12.0 months 0-27.5 months

Weight (n = 99) 10.0 kg 4.4-15.6 kg

Height (n = 85) 77.0 cm 58.0-95.0 cm

BMI (n = 85) 16.2 kg/m? 13.3-19.1 kg/m?

Investigator, Albuguerque, NM. Radiographs from representative chil-
dren across our study age range illustrated overall femur development
and morphological progression (Figure 2).

Femur length (r; = 0.97, p < 0.001), trochanter width (r, = 0.86,
p < 0.001), minimum diaphysis diameter (r, = 0.91, p < 0.001), growth
plate width (ry = 0.91, p < 0.001), and medullary canal diameter (inner
diameter) at the minimum outer diaphysis diameter (r; = 0.83,
p < 0.001) were highly correlated with age (Figure 3). Trochanter
width, minimum diaphysis diameter and growth plate width began
plateauing at 12-18 months. Femur length (rs = 0.89, p < 0.001), tro-
chanter width (r; = 0.85, p < 0.001), minimum diaphysis diameter
(re = 0.87, p < 0.001), growth plate width (r; = 0.84, p < 0.001), and
medullary canal diameter at the minimum outer diaphysis diameter
(re =0.73, p < 0.001) were correlated with body weight (Figure 3).
Femur curvature was primarily positive indicating concavity towards
the midline of the body but trended towards O (i.e., straight femur) as
age increased. Femur curvature did not correlate (rs < —0.52) with age
or weight.

CSA (r; = 0.87 for age; r, = 0.86 for weight; p < 0.001), polar
moment of inertia (rg = 0.91 for age; r, = 0.87 for weight; p < 0.001),
second moment of inertia (r; = 0.91 for age; rs = 0.87 for weight;
p < 0.001), and polar modulus (rs = 0.91 for age; r, = 0.87 for weight;
p < 0.001) evaluated at the minimum diaphysis diameter increased
with age and body weight (Figure 4). Relationships between lateral
cortical wall thickness and independent variables (rs = 0.65 for age;
ro = 0.62 for weight; p < 0.001) were not as strong. Medial cortical
wall thickness was correlated with weight (r, = 0.73 for weight;
p < 0.001).

Lateral distal femur curvature was relatively constant with age
(re = —0.26, p = 0.88) and weight (r; = —0.01, p = 0.72) (Figure 5).
Medial distal femur curvature had a strong negative relationship with
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age (rs = —0.85; p < 0.001) trending towards straight, and a negative
relationship with body weight (r; = —0.73, p < 0.001) (Figure 5).

s B
Key measures were normalized to minimum diaphysis diameter

‘ ' 3 and femur length to determine whether they varied with age and

’ weight. Lateral cortical wall thickness to diaphysis diameter, medial

| ; cortical wall thickness to diaphysis diameter, lateral cortical wall thick-

3 ness to femur length, medial cortical wall thickness to femur length,

5 ’ lateral plus medial cortical wall thickness to diaphysis diameter, and

' lateral plus medial cortical wall thickness to femur length measured at

the minimum diaphysis diameter were not correlated with age or

weight (rs < 0.67) (Figure 6).

0 6 12 18 24 Minimum diaphysis diameter to femur length (mean 0.09; SD
Age (months) +0.01) and minimum diaphysis diameter to growth plate width (mean

0.28; SD +0.02) were fairly constant across age (rs = —0.37,

FIGURE 2 Radiographs illustrating femur development across p < 0.001; r, = 0.18 p < 0.001, respectively) and weight (r, = —0.28,

study age range of 0-35 months from representative healthy children.

) p < 0.001; ry = 0.21, p < 0.001, respectively) (Figure 7). Femur length
Radiographs are not to scale

to growth plate width (mean 3.14; SD + 0.37) slightly increased with

Femur length Trochanter width Minimum diaphysis diameter Growth plate width Medullary canal diameter at Femur curvature
(mm) (mm) (mm) (mm) minimum diaphysis diameter (mm) (mm?)
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FIGURE 3 Femur length, trochanter width, minimum diaphysis diameter, growth plate width, medullary canal diameter (inner diameter) at
minimum diaphysis diameter, and femur curvature versus age and body weight for healthy children (n = 169 femurs)
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FIGURE 4 Lateral cortical wall thickness, medial cortical wall thickness, cross-sectional area (CSA), polar moment of inertia, moment of
inertia, and polar modulus at the minimum diaphysis diameter versus age and body weight for healthy children (n = 169 femurs)
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both age (rs = 0.47, p < 0.001) and weight (r; = 0.41, p < 0.001), but
was not correlated with these measures (Figure 7).

Inner diameter, outer diameter, CSA, moment of inertia, polar
moment of inertia, and polar modulus were determined along the
length of the femur (10%, 30%, 50%, 70%, and 90% - Figure 1D) with
respect to age (Figure 8). As expected, inner and outer diameters were
greatest at the proximal (10%) and distal (70% and 90%) ends of the
femur, and generally increased with age; the greatest increases with
age were found at the distal femur (90%). CSA tended to increase
with age, with greater CSAs at the proximal (10% and 30%) and cen-
tral regions of the femur. Sectional measures were greatest at the

Medial distal femur
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FIGURE 5 Medial and lateral distal femur outer diaphysis

curvature plotted versus age and body weight for healthy
children (n = 169)

Lateral cortical wall to Medial cortical wall to Lateral cortical wall to

distal end of the femur and generally increased with age at each loca-
tion along the femur. Most notably, moment of inertia, polar moment
of inertia and polar modulus were lowest at the central regions (30%
and 50%) of the femur, coinciding with the cortex being closer to the
neutral (longitudinal) axis of the bone.

In general, intrarater reliability was good for most measures but
decreased for lateral cortical measures obtained at the proximal and

distal femur, as well as for curvature of the femur (Table 4).

4 | DISCUSSION

In this study we have provided a detailed morphological description of
the femur in children from 0-3 years of age using AP radiographs.
During this period of rapid growth, overall morphology measures
(femur length, trochanter width, and growth plate width) increased
with age and weight. Diaphyseal measures and sectional measures
obtained at the minimum diaphysis location (minimum diaphysis diam-
eter, medullary canal diameter, lateral cortical wall thickness, medial
cortical wall thickness, CSA, polar moment of inertia, moment of iner-
tia, and polar modulus) also increased with both age and weight. Some
measures (e.g., trochanter width, minimum diaphysis diameter, growth
plate width and cortical thickness) tended to plateau starting at 12 to
18 months of age, which coincides with independent walking. These
relationships between morphology measures and child age and weight
describe trajectories of healthy bone development in infants and
young children and can potentially aid in the differentiation of healthy
vs. unhealthy bone. Measures characterizing bone structure
(i.e., cortical CSA, moments of inertia and modulus) are of particular
interest given their previously described direct correlation with resis-
tance to fracture and their usefulness in characterizing the biome-
chanical effects of locomotion on the femur (Cowgill et al., 2010;
Cowgill & Johnston, 2018; Ruff, 2003a). Their increase with age and

weight suggests a decreasing fracture risk with the transition from
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FIGURE 6 Lateral cortical wall thickness, medial cortical wall thickness, and lateral plus medial cortical wall thickness at the minimum

diaphysis diameter normalized to minimum diaphysis diameter and femur length versus age and body weight for healthy children (n = 169

femurs)
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FIGURE 7 Femur length to
growth plate width, minimum

Femur length to growth
plate width

diaphysis diameter to femur
length, and minimum diaphysis
diameter to growth plate width
plotted versus age and weight for
healthy children (n = 169 femurs)
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infancy to toddlerhood as skeletal loading on the lower extremity
increases with independent walking (Cowgill et al., 2010). A similar
trend of rapidly increasing cortical CSA from O to 3 years of age was
identified by Swan et al (Swan et al., 2020). We also found that a sub-
set of normalized measures exhibited minimal variation across age
and weight; femur length and minimum diaphysis diameter to growth
plate width and minimum diaphysis diameter to femur length were
nearly constant across age and weight. These normalized measures,
which can be easily obtained in a clinical setting are a further step
towards characterizing healthy bone in developing infants and chil-
dren and may aid in delineating between healthy and unhealthy bone
given their nearly constant ranges.

Femur length, diaphysis diameter, and growth plate width
increased nearly linearly with age which is in agreement with others

who reported a strong positive correlation between femur length and
age (Schlegl et al., 2017), an increase in diaphysis diameter with age
(Li et al, 2015), and a linear increase in growth plate area (Craig
et al., 2004) with age. Others have reported that the ratio of AP to
medial-lateral moment of inertia linearly increased with age, but found
a ratio < 1 in those younger than 4 years of age (Cowgill et al., 2010).
Although the ratio of AP to medial-lateral moment of inertia was not
evaluated in this study, the approximated annular CSA and sectional
measures including moment of inertia did increase with age.

In our cohort of healthy children, we found that overall femur cur-
vature exhibited concavity towards the midline of the body at youn-
ger ages but trended towards a straighter femur as age increased.
Femur curvature was defined as the curvature (reciprocal of radius) of

the arc passing through the midpoint of the distal growth plate width,
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TABLE 4 Intraclass correlation coefficients and confidence intervals for femur measurements using the femur morphology assessment tool

Measurement Icc?

Femur length 0.999
Femur curvature 0.743
Distal growth plate width 0.995
Lateral cortical thickness (proximal) 0.665
Lateral cortical thickness (mid-diaphysis) 0.867
Lateral cortical thickness (distal) 0.685
Medial distal femur curvature 0.964
Diaphysis diameter (proximal) 0.992
Diaphysis diameter (mid-diaphysis) 0.998
Diaphysis diameter (distal) 0.997

2ICC (3, 1): Two-way mixed model, single measure, and absolute agreement.

midpoint of the minimum diaphysis diameter, and midpoint of the tro-
chanter distance. Though we have not seen other reports of femur
curvature in healthy children, bowing is common in disorders such as
osteogenesis imperfecta and rickets, thus curvature may be an impor-
tant factor in distinguishing healthy and unhealthy femurs. Bondioni
et al. investigated angulation and bowing in unhealthy femurs by mea-
suring the angle between the proximal and distal segments along the
longitudinal axis (Bondioni et al, 2017). Increased angulation and
bowing were found in fetal femurs with osteogenesis imperfecta type
2 and thanatophoric dysplasia bone diseases (Bondioni et al., 2017),
while straighter femurs were found in those without bone disorders.
Our findings of femoral straightening with increasing age corresponds
with functional biomechanical changes (e.g., increased femoral
strength) associated with weight bearing and independent ambulation
occurring near 12 months of age (Martorell et al., 2006; Ruff, 2003a).

Though this is the first study to provide a comprehensive assess-
ment of femur morphology in young children, our findings align with
gross femur measurements (length, mid-shaft diameter) reported pre-
viously. Li et al. reported femoral lengths and diameters for 15 subjects
aged 0-3years (Li et al.,, 2015). Measurements were obtained from
3D models generated from CT scans. Femoral lengths, measured as
the distance between proximal and distal ossification centers,
increased with age from 7.7 cm in a 2-week-old child to 22.4 cm in a
3-year-old child. In our study, femur lengths were 15%-20% lower
(6.2-18.8 cm over the same age range). However, this difference in
femur length is expected given differing means of defining femoral
length. We did not measure from the ossification centers to obtain
femoral length as the epiphyses were not visible in younger infants. Li
et al. also reported AP diameters at the mid-shaft ranging from
approximately 5-17 mm in the youngest to oldest subjects (O-
3 years). Our findings were comparable; minimum diaphysis diameter
ranged from 5.6 to 16.8 mm.

We approximated the transverse diaphysis as a annular (circular)
cross section, which is a reasonable approximation of the mid diaphy-
sis in infants and young children (Cowgill et al., 2010); (Swan
et al., 2020). The circular shape changes into a more ovate shape as

the femur matures through adolescence, possibly due to transition
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FIGURE 9 Cross-sectional area (CSA) at the minimum diaphysis
diameter versus age based on mobility status

from biomechanical loading demands from a waddling, mul-
tidirectional gait in early ambulation to more unidirectional gait in
older children, adolescents, and adults (Cowgill et al., 2010). Using
micro-CT imaging, Swan et al. (Swan et al., 2020) found that femur
cortical CSA increased with age and advancing mobility status in
infants and children. Similarly, cortical CSA increased with age and
advancing mobility status in our study (Figure 9). Children generally
progressed from nonambulatory (0-6 months of age) to cruising (6-
12 months of age) and finally ambulation (212 months of age), while
at each advancing stage exhibiting increasing femoral CSA at the mid-
diaphysis. CSA increased by 149% from the O to 6-month age range
compared to >12-month age range and by 54% from the >6-
12-month age range compared to the >12-month age range. Such
increases in cortical CSA are evidence of bone structure adaptations
to developmental stages in healthy infants and children as femoral
loading patterns change with mobility status (Cowgill et al., 2010;
Sumner & Andriacchi, 1996).

Swan et al. also found a decreasing cortical CSA to medullary
canal area (MA\) ratio with increasing age, with a notable change from
a steep rate of decline to a plateau just before 1 year of age (at 50%

of femur length), corresponding with weight bearing associated with
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FIGURE 10 Cortical cross-sectional area (CSA) to medullary canal
area (MA) at minimum diaphysis diameter versus age

cruising and ambulation. While our CSA/MA ratio fell within a similar
range to that found by Swan et al., our data did not demonstrate a
biphasic shape, but instead showed a gradual declining trend with
increasing age (Figure 10). Although weight bearing dictates a need
for robust bone structure (i.e., increased cortical CSA; Figure 9), it is
important to note that bone remodeling is occurring and mineraliza-
tion is increasing during this same period providing greater bone
strength and improved resistance to fracture (Zimmermann
et al.,, 2019). Zimmerman et al. found improvements in bone quality
with bone growth between the ages of 1 and 2 years as evidenced by
collagen fibril alignment and elevated mineralization to reinforce the
collagen scaffold. These and other improvements in bone quality led
to femoral mid-diaphyseal strength increases of 83% in children
>2 years of age compared to fetal/infantile bone. From infancy
through toddlerhood, both increases in CSA (documented in this
study) and improvements in bone quality and strength (documented
by others [Zimmermann et al., 2019]) would likely increase femoral
resistance to fracture.

When using structural beam theory where the femur is approxi-
mated as a beam, CSA and related sectional measures describing bone
structure are key to predicting bone resistance to fracture, with sec-
tional measures representing resistance to fracture under differing
loading conditions. For example, when a bone is loaded either axially
or in shear, resistance to fracture is directly related to the cortex CSA;
in other words, for given material properties, as CSA increases, bone
can better withstand shear loading before yielding or fracturing. Simi-
larly, when bone is exposed to a bending load, fracture resistance is
directly related to femoral moment of inertia and the polar modulus,
and when bone is under torsional loading, resistance to fracture is
directly related to the polar moment of inertia. Since the predominant
femoral loading condition during gait is bending, femoral moment of
inertia and polar modulus can be thought of as bending rigidity rep-
resenting biomechanical adaptation during bone development as chil-
dren begin to cruise and independently walk (Rubin & Lanyon, 1982;
Ruff, 2003b). In a longitudinal study of young children, Ruff (2003b)
reported a mean polar modulus at the mid-diaphysis of 287 mm®
(SD 1.18) for children 6 months old to 3 years of age (Ruff, 2003a).
Similarly, our mean femoral polar modulus at the minimum diaphysis

\ ANATOMY

diameter was 251 mm® (SD 151) for children 0-3years of age.
(Differences across studies may be due to the limited sample size
[n = 20] and 6-month measurement intervals used by Ruff.) In both
our study and Ruff (2003a), polar modulus increased linearly with age
indicating greater resistance to bending stresses associated with the
transition to independent walking. Interestingly, despite CSA being
larger near the mid-diaphysis, structural properties such as moment of
inertia and polar modulus tended to be higher at the distal femur and
proximal femur, and lower near the mid-diaphysis (Figure 8). Even
though cortical walls are substantially thicker at the mid-diaphysis,
sectional structural properties are also dependent on spatial distribu-
tion of the bone relative to the longitudinal axis of the femur, thus
leading to higher sectional measures at the distal femur. Thus, cortical
bone tissue located further from the longitudinal center of the femur
(i.e., at the proximal and distal regions of the femur) tends to increase
these measures. However, the lower sectional measures at the mid-
diaphysis are in part responsible for common fractures occurring in
this region when the femur is subjected to bending loads that exceed
fracture thresholds (Bertocci et al., 2017; Fortin et al., 2020).

Normative data for the femur in healthy children age 0-3 years
of age established in this study could provide clinicians with charac-
teristic morphology to evaluate and monitor bone growth. Addition-
ally, this normative data can provide a basis for assessing bone health
in infants and young children. Substantial deviation of femoral mor-
phology from that presented here could indicate potential bone dis-
ease or development abnormality necessitating further clinical
assessment. For instance, thin cortices or excessive curvature
(i.e., bowing) may be indicative of osteogenesis imperfecta
(Ol) (Calder, 2015). Rickets-specific morphological characteristics may
be more apparent in the distal femur through measures such as
growth plate width or distal curvature (Calder, 2015). These features
could differentiate healthy from unhealthy bone.

41 | Limitations

The goal of this study was to quantify femur morphology in infants
and young children age 0-3 years. Bone is rapidly developing during
this age range leading to substantial changes in bone morphology. Our
study included 78 femurs in the 0-12 month age range, 56 in the 13-
24 month age range, and 26 in the 25-36 month age range. Although
to our knowledge this is the largest cohort of femurs used to evaluate
detailed morphology in young children, differences in bone morphol-
ogy across each age range may have influenced identification of bony
landmarks given differences in ossification. However, intrarater reli-
ability was generally strong across measures when assessing femurs
from children of various ages. This study analyzed healthy bone.
Selection of boney landmarks to characterize morphology may
become more subjective using radiographs when analyzing unhealthy
bone. For instance, the cortical walls may be less distinct due to
decreased bone density or the presence of callus in healing bone
which could distort measurements. In this study femur morphology

was assessed using 2D AP radiographs. Bone morphology was not
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determined using other radiographic views (e.g., medial-lateral) or
through other imaging modalities such as 3D CT, which could aid in
visualizing boney landmarks. Despite limitations of 2D radiographs,
our findings were similar to those of Swan et al. and Li et al. who used
CT imaging to assess femur morphology in infants and young children
(Li et al., 2015; Swan et al., 2020). However, CT imaging is less suit-
able for widespread use in standard care given higher levels of radia-
tion. Radiographs were obtained retrospectively in our study, and
thus, radiography settings, and lower extremity placement and orien-
tation were not controlled. Variation in lower extremity orientation
could have influenced morphological measures, especially curvature
measures. Differences in image quality and resolution across radio-
graphs or radiographic distortion could have affected point selection
using the femur morphological assessment tool. Finally, we did not

delineate femur morphology based on sex.

5 | CONCLUSION

Comprehensive normative pediatric femur morphology data is impor-
tant to characterizing typical bone development in healthy children. In
children 0-3 years of age, femur length, trochanter width, minimum
diaphysis diameter, medullary canal diameter and growth plate width
increased with age and weight. Femur curvature tended to straighten
with increasing age. Sectional structural measures including CSA,
moment of inertia, polar moment of inertia and polar modulus evalu-
ated at the minimum diaphysis also increased with age and weight.
These changes during a period of rapid bone growth are important to
understanding fracture risk in infants and young children as they tran-
sition to independent walking. Pediatric femur morphology data
obtained from healthy children in this study can be used to objectively
assess bone health by differentiating normal from abnormal develop-

ment or healthy from diseased bone.
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