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Estimation of bone strength from
pediatric radiographs of the forearm
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Abstract

Objective: Bone strength is a function of both material and architectural properties. However, bone geometry or architec-
ture, which determines the distribution of bone, is an underappreciated determinant of bone strength. The aim of the study
was to evaluate the contribution of only architecture to bone strength. Methods: We used 2-D (planar) geometric information
from radiographs of human radii to construct 3-D finite-element models. To transition from 2-D to 3-D (volume) space, we
assumed that all bone cross-sections were elliptical in shape. The finite-element models were subjected to cantilever loading
to determine the locations in the bone with the highest propensity to fracture (points of maximum stress). The finite-element-
analysis results of the models generated from radiographs of both normal (18) and temporary-brittle-bone-disease (11) infants
were subjected to a receiver operating curve analysis. The area under the receiver operating curve was used to evaluate the
power of a given bone-strength indicator in segregating the two populations. The actual choice of the material properties
(Young’s modulus or Poisson’s ratio) was not critical for this study, since the finite element analyses were designed to capture
the difference in the bone strength of the two populations only based on their architecture. Therefore, the material properties
were assumed to be the same in both the normal and TBBD populations. Results: The area under the curve of the bending
load required to cause fracture among the two populations was 0.82. Other bone-strength indicators, such as average section
modulus, cortical thickness and bone length, were associated with an area under the curve of 0.75, 0.73 and 0.63, respectively.
Conclusion: The results of the finite-element-analysis suggest that the temporary-brittle-bone-disease population has an
altered bone geometry, which increases susceptibility to fracture under normal bending loads.
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Introduction Young’s modulus are related. Various relationships were
established, some linear*® and others power-based®’. The vari-
ation in these relationships can be attributed to the diversity
of mechanical testing methods and loading conditions used.
The inconsistency of the published observations indicate
that BMD alone is not a good indicator of bone strength and

Dual-energy X-ray absorptiometry (DXA) is the most com-
monly used method to assess bone'. The amount of bone,
expressed as bone mineral content (BMC) or bone mineral

density (BMD), has shown a good correlation with the break- that bone architecture - the geometric distribution of bone
ing strength of bone under compression™’. However, this cor-  qyer the structure - plays an important role. This observation
relation could not be observed under torsion experiments. appears valid since BMD tests provide information mainly
Several studies showed that, at a continuum level, BMD and about how much bone material is present ina specimen’ and
they mostly overlook the geometry. Recent reports reveal
that geometric properties such as moment of inertia and sec-
tion modulus, i.e., the ratio of a cross-section’s moment of
inertia to its maximum distance from the neutral axis,
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oratory Wright State University, 3640 Col. Glenn Hwy., 207 Russ Egr. Bldg. In addition to DXA, plain radiography (PR) and comput-
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Comparing the three, we observe that both PR and DXA
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bone with loss of the depth information, whereas CT pro-
vides full 3-D geometric information as well as quantitative
density information if employed with a calibration phantom
(quantitative CT, QCT). In contrast to PR, in which BMD
cannot be accessed without the introduction of careful cali-
bration and even then only with moderate accuracy, both
DXA and QCT are used to quantify bone density. Due to the
full 3-D representation of a given bone, QCT would be an
ideal modality to assess accurately both the density and
cross-sectional geometry simultaneously. However, radia-
tion dose, cost and accessibility often prevent QCT from
being used for this purpose.

Our present focus is the assessment of bone strength in
infants who present with fractures. In these cases, plain radi-
ographs represent the standard of care for documenting
present and possibly previous fractures. Traditionally, the
potential for reduced bone strength has been judged based
on the radiographic findings of visible darkening of gray lev-
els. This approach is of questionable value for the assess-
ment of small reductions in the amount of bone mass, as
there has to be a change in bone mass of about 30-50 percent
to visually detect a difference in the gray level in the bone
image'?. Bone mineral loss of less than 30 percent would
remain undetected but could cause sufficient reduction in
bone strength to facilitate fractures. Despite this limitation
of PR, the superior geometric resolution of radiographs
compared to DXA and CT might provide a valuable
approach to capture accurate bone geometry in 2-D, and
thereby assess bone strength.

In the present study, a bone strength assessment method
based on radiographs has been developed. We constructed
3-D FE models of the radial bone from anteroposterior (AP)
radiographs. To transition from 2-D (area) data to 3-D (vol-
ume) data for constructing the FE models, we assumed that
all bone cross-sections were elliptical in shape. Once the FE
models were constructed, a cantilever loading condition was
applied to determine the points of maximum stress, i.e., the
locations of bone with the highest propensity to fracture.
The fracture loads calculated from radiograph-based FE
models were then used as indicators of bone strength.

We tested the method on a pediatric population suffering
from temporary brittle bone disease (TBBD). Temporary
Brittle Bone Disease (TBBD) is a phenotype of multiple,
unexplained fractures in the first year of life and predomi-
nantly in the first six months of life. There is usually no other
injury such as bruising, subdural hematoma, retinal hemor-
rhage or other internal injury. The susceptibility to fracture
is transient, and there are no other radiographic or bio-
chemical abnormalities noted in the standard evaluation that
might suggest an underlying cause'*'. Since the symptoms
are fleeting after the first six to twelve months, the assess-
ment of bone strength at the time of injury, i.e., when the
first fractures occur, becomes increasingly important. This is
one of the main reasons why radiographs, which represent
the standard of patient care in case of fractures, are usually
the only source of imaging data available in TBBD.
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Methods

AP radiographs of 29 infants were studied; 18 infants were
known to have normal bone health while the other 11 infants
had been diagnosed with TBBD. The radiographs were cho-
sen based on good image quality and an infant age of less
than 200 days. The final study population included normal
infants ranging from 8-133 days and TBBD infants ranging
from 39-183 days. All normal infants included in the study
were observed to have normal growth, normal development,
no major medical problems and no history of fractures. The
TBBD infants suffered from multiple fractures of the ribs
and long bones. To be included in the study, TBBD infants
needed to have at least one unfractured radius.

To construct 3-D models from 2-D images, the geometry
of the third dimension was estimated by using elliptical
cross-sections for both the periosteal and endosteal contours
of the radius. Circular cross-sections were not considered
because they do not provide adequate representation of the
cross-sectional geometry of some long bones".

To construct an elliptical cross-section, the values of the
major and minor diameters and the centre of the ellipse are
required. The major diameters are the periosteal and endosteal
widths at given positions along the length of the bone (Figure 1).
The position of each ellipse in the direction of the major axis is
defined by the centre point of the width measurement. Thus,
irregularity in cortical thickness along the major axis can be
accounted for. Information regarding the minor diameters could
not be extracted from the AP radiographs and, hence, were esti-
mated as explained in the next section.

Regression model for the elliptical aspect ratio of the radius

In the absence of information for the minor diameter, the
aspect ratio of the ellipse was measured from cross-section-
al images as a function of its location along the length of the
bone. Using this information, a bivariate regression model
was constructed to identify the aspect ratio of the bone’s
cross-section along its length for any desired age. The pri-
mary datasets used for constructing the regression model
were as follows:

1) Computed tomography (CT) sections of the radius of
both male and female individuals (age range: 2 months to
65 years).

2) Radiographs showing the AP and mediolateral (ML)
views of the radius of children below 5 years of age col-
lected at the Children’s Medical Center, Dayton, OH.

3) Cryosections of the Visible Human Model'*".

4) Book-based radiographs'®*°.

From CT and cryosection images, the width of the bone cor-
responding to the major diameter on an AP radiograph was
assigned as the major diameter, and the width orthogonal to
the major diameter was assigned as the minor diameter.
These measurements, as well as those from the AP and
ML radiographs, were associated with age and their relative
position along the length of the bone. Plots of the aspect
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Figure 1. The elliptical cross-sectional geometry. The major diameters are ‘a’ and‘d’, and the minor diameters are ‘b’ and ‘c’. The two cen-
ter co-ordinates are x01, y01 and x02, y02, respectively. The points x01 and x02 are the centers of ‘a’ and‘d’.

ratio versus percentage position of individuals falling within
the same age group were observed to be comparable; there-
fore, it was justifiable to combine data based on decades of
age. The only exception to this was the infant age group from
0 to 1-year-old. The regression model was then constructed
on JMP software (SAS Corporation, Chappell Hill, NC,
USA) using the measured aspect ratio versus position along
the bone and age. To visually confirm the validity of the
model, plots of the aspect ratio versus position along the
bone were obtained at the mean age of each age group, using
the fitted model, together with the measured data closest to
the mean age (Figure 2). The plots show that the construct-
ed bivariate model fits the actual data reasonably well.

Figure 2 also shows that the major-to-minor diameter
aspect ratio of the radius is not always 1.0 (circular), rather
it varies from 0.5 to 1.0. This suggests that the bone cross-
sections are often non-circular and are better approximated
by ellipses.

Construction of ellipses

The procured radiographs were digitized (Howtek iCAD,
Inc., Nashua, NH, USA) at the maximum resolution of 12 bits.
Due to the jagged shape of the endosteal contours and the rel-
atively low image contrast, the periosteal and endosteal con-
tours were extracted by using the real-time contouring capa-
bilities of ImageJ (http://rsb.info.nih.gov/ij/). This permitted
the placement of points along the outer and inner contours of

the bone, which were then connected using a spline.

The co-ordinates of all the points forming the endosteal
and periosteal spline were stored in a .txt file and imported
into Matlab® 6.5 (MathWorks, Natick, MA, USA) These co-
ordinates were then used to derive the major diameters of the
periosteal and the endosteal ellipses along with their respec-
tive centers. The minor diameters were calculated using the
regression model. Using the center co-ordinates as well as the
major and minor diameters, the endosteal and periosteal
ellipses were constructed. The contour co-ordinates of ellipses
at a sufficient number of positions along the bone to retain the
basic shape of the model were then transferred into the FE
modeling software, I-deas® (Integrated Design Engineering
Analysis Software, UGS Corp., Plano, Texas, USA).

Construction of finite-element models in I-deas

The final FE models were constructed from the distal end
plate to the proximal end plate of the radius, since the great-
est structural contributor to bending strength in long bones
is the diaphysis''. It was observed from clinical CT images
that the medullary cavity extends from about 12 percent of
the bone length from the distal end to about 12 percent of
the bone length from the proximal end. The medullary cavi-
ty contains bone marrow, which was not considered to con-
tribute to the strength of the bone. In the present study, the
medullary cavity was modeled as a hollow space within the
diaphysis.
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Figure 2. Elliptical aspect ratio versus percentage distance of the radius length from the distal end for various age groups using all data sets.
In the plot, the continuous line is the aspect ratio obtained using the 2-D equation derived from the regression model for the mean age of
each age group. The asterisk values stand for the aspect ratio pertaining to the mean of the measured values within the age group.

Modeling the bone compartments

From the solid models based on the periosteal and
endosteal surfaces, the cortical annulus was constructed by
cutting the inner solid (endosteal) from the outer solid
(periosteal). Since the bone geometry was obtained from
images digitized at 292 dpi, the resulting voxels had a 0.087
mm side length. The cortical region was meshed by breaking
the model into finite units. The meshing size of 0.02 units (1
unit=0.087 mm) was obtained after performing a conver-
gence study on the bone models. Ten-node, quadratic, tetra-
hedral elements were used to capture the curvaceous geom-
etry of the cortex. The material properties of the cortical
bone were then introduced; setting E=4 GPa and v=0.3, the
cortex was meshed and set aside.

The volume described by the endosteal contour was
joined with the cortical volume. The endosteal region was
then meshed. Ten-node, quadratic, tetrahedral elements
were again employed, but in this case the material properties
were E=1 GPa and v=0.3. At this stage, the bone comprised
two regions, the cortical volume filled with trabecular matter
in the center. However, the diaphysis does not contain tra-
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becular bone, rather, it houses the medullary cavity. So the
lofted medullary cavity was cut out of the endosteal volume
from the central 76 percent of the bone length. This led to
the formation of the final model in the form of a hollow cor-
tical annulus with 12 percent of the bone length containing
trabecular bone at either end.

Finite-element analysis (FEA)

In reality, long bones, such as the radius, are mostly sub-
jected to bending loads. To capture this loading condition, a
cantilever load was used on the bone model. To simplify the
modeling process, the load was applied as a point load along
the major diameter as opposed to a distributed load.

As mentioned previously, the point of maximum stress is
that point on the bone that has the highest propensity to
fracture. With increasing loads, the strain at the maximum
stress point increases. Other investigators have shown that
bone fractures at a strain of 7,000 ustrain®. Consequently,
the load that creates a maximum local strain of 7,000 ustrain
on the bone model was determined.

The maximum strain was calculated by dividing the maxi-
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Figure 3. Following the FE analysis, the FE model in the figure shows the stress levels as well as the location of the maximum Von Mises stress.

mum calculated stress in the bone by the Young’s modulus
for cortical bone. The Young’s modulus of only the cortical
bone was used because the locations of maximum stress in all
models were within regions containing cortical bone.

Stress analysis of a cantilever bending scenario, as mod-
eled in this analysis, is usually associated with the maximum
principal stress. However, we used the Von Mises stress
since the difference to the maximum principal stress values
was less than 5 percent and comparatively easier to obtain.

To establish the cantilever loading condition, the dis-
placement of bone in the X, y and z directions was set to zero
at the proximal end, and a point load of 111.6 N was applied
at the distal end. The value of 111.6 N was obtained for a
maximum local strain of 7,000 pstrain from an ancillary study
to test model linearity. The study confirmed that strain ver-
sus load was linear with an intercept of zero. After solving
the simultaneous equations, post-processing through Von

Mises stress analysis was carried out (Figure 3). The point on
the bone, away from the proximal and distal boundaries, that
had the maximum stress was identified; its percentage loca-
tion along the bone length and the maximum stress value
were recorded. The proximal and distal boundaries were not
considered for the analysis to avoid boundary effects (high
localized stresses due to load application and boundary con-
ditions) based on St. Venant’s principle. Sometimes the loca-
tion of maximum stress appeared in more than one area; in
this case the stress value corresponding to the largest region
was recorded. Based on the linearity property, the load
required to obtain 7,000 ustrain was determined. This proce-
dure was performed on all normal and TBBD bone models.
Using model parameters such as bone length, cortical area
and total bone area as well as clinical parameters such as
age, body weight and height, a receiver operating character-
istic (ROC) analysis of the model results were carried out.
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Parameter Fracture Load Section Modulus

Cortical Thickness

Bone Length Weight Total Width

AUC 0.82 0.75

0.73 0.62 0.57 0.54

Table 1. ROC analysis of the various parameters related to bone strength. The AUC for fracture load was calculated along the minor diam-

eter, average cortical thickness along the major axis.

Results

Bone is not symmetric; hence, the bone material is not
evenly distributed around the neutral axis*'. So, for the same
load, bone can be stronger in a particular direction as com-
pared to another. To test this variability, the fracture-causing
loads along the major and minor diameters were determined
in separate cantilever bending FE analyses. When bending
along the major diameter, the neutral axis was close to the
major axis but not coinciding with it due to the variation in
cortical thickness along the length of the bone. On the other
hand, bending along the minor diameter resulted in the neu-
tral axis coinciding with the minor axis, due to the symmetric
distribution of the cortex along the length of the bone. The
calculated loads were on average 1.2 times larger along the
major axis than along the minor axis, resulting in a correla-
tion coefficient of 0.92.

Since the aim of this study was to find the point where
bone is most susceptible to fracture, the fracture loads along
the minor diameter were further analyzed. A significant dif-
ference (p<0.001) between the fracture loads for the normal
(mean 53.88 N, standard deviation 16.47 N) and TBBD
(mean 38.55 N, standard deviation 8.49 N) populations was
observed using an unpaired t-test. This result was represen-
tative of the actual differences without taking into consider-
ation other variables such as age and gender.

Due to the small number of TBBD samples (4 males and 7
females), it was not possible to compare the effects of age and
gender on the two populations. To find other bone variables
that could help distinguish differences between the normal
and TBBD populations, ROC analysis was employed. A
standard ROC analysis of a given test parameter assesses sen-
sitivity (probability of correctly identifying a diagnosed
patient) and specificity (probability of not including a normal
person)®. The usual ROC plot features the sensitivity on the
y-axis and 1-specificity on the x-axis. Depending upon the
threshold chosen to segregate the two populations, the test
parameter generates a sensitivity and specificity value. The
threshold usually varies from the minimum to the maximum
value of the test parameter under evaluation.

To assess the performance of the test parameter, the area
under the receiver operating characteristic curve (AUC) is
employed. The value of the AUC is defined as the probabil-
ity that, under random selection, a diagnosed person has a
different value of the test parameter than a normal person.
A test which cannot segregate the two populations would
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generate a value of 0.5, and a test that perfectly segregates
the two populations would generate a value of 1.

ROC values were obtained for several parameters related
to bone strength: loading capacity (fracture load), body
weight, total bone width, cortical width, bone length and sec-
tion modulus (Table 1). Considering the AUC, the fracture
load had the highest value with 0.82, followed by section
modulus (0.75), cortical thickness (0.73) and bone length
(0.62). The remaining parameters, body weight and total
bone width as measured on the AP radiograph, had lower
values. For the cortical thickness and section modulus, five
cross-sections above and below the section containing the
point of maximum stress were considered and the values
averaged.

Since fracture load is a dependent variable, independent
variables such as cortical thickness, section modulus and bone
length, were used to explain the variation in fracture load
across the two diagnostic populations. A plot of section modu-
lus versus bone length reveals that, for a given bone length, the
TBBD individuals generally had a lower section modulus at
the point of maximum stress than those in the normal group
(Figure 4). A similar analysis of cortical thickness showed that,
for a given bone length, TBBD individuals had a lower cortical
thickness than those in the normal group (Figure 5).

To test the bias of confounding variables such as gender,
weight, height, bone length and age on the results, Student t-
tests (p<0.05) were conducted across the normal and TBBD
populations. The t-tests revealed that weight (p=0.8), height
(p=0.98), bone length (p=0.14) and age (p=0.98) between
the two populations were not significantly different from
each other. T-tests also ruled out gender-based differences
in bone length (p=0.26) and age (p=0.54) between the two
populations. Using multiple regression analysis it was found
that the major confounding variables of age, gender, bone
length and race explain at best 3% of the variation in frac-
ture load if the disease state, i.e., normal or TBBD, is includ-
ed, and 8% if it is not included in the model.

Discussion

Recently, 3-D FE analysis has been extensively used to non-
invasively assess bone strength®%. Various methods of gener-
ating 3-D FE models have been reported in the literature such
as CT-, and microCT-based 3-D FE models, all of which are
being evaluated for their precision and accuracy for use in the
clinical assessment of bone strength®. In all these cases
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cross-sectional data along the length of the bone are available
and can be used to extract material and 3-D geometry infor-
mation. However, here we present a novel procedure for gen-
erating 3-D FE models of the radius from projection radi-
ographs. The motivation for developing this technique was to
assess pediatric bone strength, where projection radiographs
are the standard for imaging and documenting bone fractures.
Radiographs are good sources for planar geometry but poor
sources for 3-D geometry and material information. Various
assumptions regarding the 3-D geometry and material had to
be made to construct the 3-D FE model. These assumptions
were justified in the current analysis.

Various studies assume bone to be analogous to a beam
with circular cross-section, so as to easily implement basic
mechanical engineering principles such as beam theory to
assess bone strength''?'. However, from the analysis of the
aspect ratios obtained in this study, it is observed that a cir-
cular assumption is not reasonable for the radius, as its true
cross-sectional variation along the length of the bone cannot
be captured adequately. Similar results have been reported
in the femur by Zebaze et al.,, who state that the circular
assumption overestimated the section modulus at the mid-
femoral neck by about 51 percent and that the elliptical
models reduced the error two- to three-fold®. In this study
we calculate the depth information required to construct the
3-D geometry from 2-D planar information by assuming the
bone cross-sections to be elliptical in shape. Therefore, in
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the case of AP radiographs, the depths are represented as
the minor diameters of the ellipses, which were calculated
using the measured major diameter and the aspect ratio-
based regression model.

Since radiographs are poor sources for quantifying mate-
rial parameters (bone density), Young’s moduli, as quoted in
the literature, were used for both the cortical and trabecular
bone. The literature survey revealed a wide range of values
for Young’s moduli for the normal population, for both cor-
tical (4-27 GPa) and trabecular (1-11 GPa) bone'*. Since
the patient population in the present study involved infants
below the age of one, the lowest values of either range were
chosen. This decision was made based on reports that bone-
mineral density and Young’s modulus are correlated in adult
human bone*?®., Unfortunately, similar correlation studies
in infants are not available, but it has been reported that
infant bones have lower mineral content than normal adult
bones®. An observation of a lower mineral content in
infants warrants the use of a lower Young’s modulus for both
cortical and trabecular bones. The Young’s moduli of nor-
mal infant’s cortical and trabecular bone were, thus, set at 4
GPa and 1 GPa, respectively.

We observed that the ROC results were independent of the
exact value of the Young’s modulus of cortical and trabecular
bone and only dependent on the relative difference between
the two. This is because our FE models are linear, and the
choice of higher/lower Young’s moduli for both cortical and



trabecular bone would proportionately increase/decrease the
load-causing fracture. Therefore, provided both moduli are
scaled proportionately, the resultant ROC analysis to separate
TBBD infants from normals based on the load to fracture will
not be affected. Further, since the material constituents of
both cortical and trabecular bones are similar on a micro-
scopic level', it is reasonable to assume proportional scaling
of moduli on a macroscopic level.

Miller et al. have shown, using CT, that TBBD infants
have cortical and trabecular bone densities two or more stan-
dard deviations below the mean Z-score of age-matched
normal infants. Unlike in osteogenesis imperfecta, where the
quality or quantity of collagen is abnormal®*2, studies so far
have not shown that the material quality is abnormal in
TBBD. Biochemical analyses of the TBBD infants do not
show altered collagen or mineralization properties from the
normal infants®. Therefore, the material properties of both
the TBBD and normal infants were assumed to be the same.
This ensures that any observed variations in results under a
particular loading condition are solely due to differences in
architecture and not material.

The ROC results indicate that the altered geometry in
TBBD infants predisposes them to fracture under normal
loads when compared to the age-matched normal group.
Hypothetically, if the material differences between the nor-
mal and TBBD infants were taken into consideration in the
current models, the lower BMD observed in TBBD infants
should cause them to fracture at an even lower load than pre-
dicted by geometry alone. This would further strengthen the
observation that TBBD infants have altered bone strength
compared to age-matched normal infants. It could also be
argued that bone geometry compensates for decreased bone
material strength. Despite such possible compensation, we
find that the bone geometry of TBBD infants results in lower
bone strength compared to that of normal infants.

ROC analysis of the FE-model-based bone-strength
parameters indicated an AUC value of 0.82 for the load to
cause fracture. This is comparable to or better than the AUC
values of 0.79, 0.73 and 0.63 recorded for QCT, lateral-DXA
and postero-anterior-DXA, respectively, for detecting osteo-
porotic patients®”. The replacement of some assumptions in
our study with actual measurements (material-based) might
further improve the AUC but necessitate a 3-D imaging
method. We will need to increase our cohort sizes to ascertain
the validity of the calculated AUC with a larger data sample.

In addition to the load to cause fracture, other bone-
strength-related parameters such as cortical thickness, sec-
tion modulus, bone length etc. were evaluated using the
ROC analysis and are presented in Table 1. It was observed
that the section modulus was the second best strength indi-
cator in the list. The section modulus could serve as a quick
and easy estimate of bone strength as compared to load to
fracture. However, the exact location of the section modulus
on the bone is model-dependent.

The AUC results presented here were obtained using can-
tilever bending. Bending is the preferred method for investi-
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gating the strength of whole long bones when the site of
fragility is unknown prior to testing®’. Bending is also a more
physiological type of loading for a long bone compared to
pure compression or tension, and these reasons justify the
use of cantilever bending in this study. It was observed that
the results were loading-dependent. The load required to
fracture the bone under torsion was incapable of separating
the TBBD population from the normal population (results
not shown here). The results under compressive or tensile
loading are yet to be evaluated.

Validations of the geometry- and material-based assump-
tions were not performed; therefore, the accuracy of the FE
models was not tested. However, from the results of the FE
models, the location of the region of high stress was found to
be at the proximal end of the diaphysis about 1-2 cm from
the metaphysis. This is a reasonable observation because
metaphyseal fractures and occasionally diaphyseal fractures
of the extremities are common observations in the long
bones of TBBD infants'**.

Since bone is asymmetric and its cross-sections vary in
shape along its length, bone geometry is better represented
in 3-D than 2-D models. This gain in information is associat-
ed with an increase in computation time. To estimate the
improvement in fracture prediction using 3-D models com-
pared to simple 2-D models, we performed an ROC analysis
of the load to cause fracture in 2-D FE models of the bone
using identical material and mesh properties as for the 3-D
FE models. The 2-D FE models were constructed using the
co-ordinates of all points forming the endosteal and
periosteal spline and omitting any calculated depth informa-
tion. The ROC analysis revealed an AUC value of 0.76
which is lower than that obtained from the 3-D model (0.82).
This result highlights the potential improvement in the tech-
nique when using 3-D FE models generated from volumetric
CT data.

There are some potential sources of error that have not
been addressed so far. One of the primary sources of error
stems from the potential differences in the imaging methods
between imaging centers. All our normals were imaged by
radiographers at Children’s Medical Center, Dayton, Ohio,
using the table-top method; i.e., the limb was placed directly
on the film cassette. In contrast, radiographs of the TBBD
population were part of a collection of radiographs obtained
from various imaging centers without information about the
imaging conditions. The assumption was made that radiog-
raphers in imaging centers globally follow the same pediatric
radiography protocol and use the table-top imaging tech-
nique for extremities and not the Bucky imaging technique,
where the film is placed 5 cm below the table surface.
However, if the Bucky technique was used to image the
radius, the bones would be magnified by a factor of about
1.1. An ancillary study showed that this would erroneously
increase the load required to cause fracture in the TBBD
infants by about 2.5 percent. Thus, a correction for the mag-
nification-induced error would reduce the calculated frac-
ture loads and result in an improved separation of the TBBD
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population from the normal population.

In general, the radiographs were of poor contrast.
Therefore, segmentation was carried out manually by an
imaging expert, which may have introduced inconsistencies
in the segmentation process. Additionally, errors could have
been introduced by improper rotation of the bones. All radi-
ographs were checked for proper rotation of the forearm.
The placement of the palm on the film cassette (palm up)
and the gap between the proximal and distal styloids of
radius and ulna were assessed by a pediatric clinician to
ensure that only those radiographs with proper orientation
of the bones were included in the study.

Based on the results of this study, we confirm that TBBD
infants have altered geometry compared to normal infants,
which predisposes them to fractures under normal loads. For a
given bone length, TBBD individuals had a lower cortical thick-
ness at the site of maximum stress than those in the normal
group (Figure 5). This suggests that the TBBD patients may
have a reduced appositional growth and, hence, thinner cortical
widths. There have been similar findings in the study of patients
with osteogenesis imperfecta®. Further, in TBBD infants,
genetic, mechanical or chemical factors may cause either a
reduced rate of bone formation at the periosteum or an
increased rate of bone resorption at the endosteum, both of
which lead to the formation of a reduced cortical thickness
compared to a normal individual. Although we have established
that the TBBD infants have a smaller cortical thickness and sec-
tion modulus compared to normal infants, we did so at the site
of maximum stress, which is identified using the FE model.

Detecting TBBD in a clinical environment

To use our method clinically, we need to set a threshold for
the fracture load to separate TBBD infants from normals. The
first step entails fitting a line through the data points obtained
for the fracture load of the normal population versus the bone
length. Residuals of the load values can be calculated from the
fitted line to remove the effect of bone length on the record-
ed fracture loads (Figure 6). Similarly, the residuals of the
TBBD data points can be calculated with respect to the same
regression line (Figure 6). In a second step, we draw a demar-
cation line that segregates the normal population from the
TBBD population. Now, an infant with a residual load value
above the demarcation line, in this study at -0.1 standard devi-
ation from the regression line of the controls, i.e., -1.4 N, is
considered to have normal bone strength, and an infant with a
residual load value below the line would have an increased
propensity to fracture. The demarcation line was chosen to
result in a high sensitivity (minimal false negative results);
however, the false positives, i.e., normals with low residual
loads, are high at 56 percent. This threshold would be reason-
able for a pre-screening method, provided additional tests are
conducted to separate the true positives from the false posi-
tives. Moreover, validation using larger datasets of normal
and TBBD populations having various bone lengths is neces-
sary to establish more trustworthy demarcation lines.
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Alternative method of assessing bone strength

It was seen from the ROC analysis based on FE models in
the present study that the calculated section modulus at the
points (cross-sections) of maximum stress has a reasonable
AUC of 0.75. However, the position of maximum stress is
unknown until FE analysis is conducted. To simplify the analy-
sis, a "shortcut" approach could analyze the cross-sectional
geometry at a fixed position along the bone. In the present
study, the fixed position was chosen as the average of the posi-
tions along the length of the bone where maximum stresses
were observed over the entire population. This position was cal-
culated to be 17 percent of the bone length from the proximal
end. The section modulus calculated at the fixed position using
the equation for an elliptical annulus had an AUC of 0.67; using
the equation for a circular annulus, the AUC was 0.63. Similar
experiments have been conducted by Ruff, where the midshaft
and 40 percent locations in the femur and humerus were cho-
sen for measuring the section modulus from radiographs,
because they have relatively circular shape at these locations, as
observed by CT*®. Rauch et al. calculated the strength-strain
index, which is a bone strength indicator, from pQCT images of
the radius, at 4 percent from the distal end”.

Summary and conclusions

The contribution of geometry towards bone strength is of
great importance. The radiograph-based FE method
appears to allow good separation of TBBD infants from nor-
mals. The FE analysis is a cost-effective procedure, assuming
that only radiographs are used. Future studies, with the aim
to determine the sensitivity of various geometric parameters
affecting bone strength, need to be performed to better
establish the role of bone geometry in assessing the propen-
sity to fracture. Also, the differences in material properties
between normals and TBBD cases need to be further evalu-
ated. Eventually, a full-fledged technique can be designed to
use both material properties and geometry to model bone
strength. Such an approach might provide an improved
method for distinguishing fractures caused by child abuse
from those caused by TBBD.
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