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A distal radius fracture in middle-age and older adults is often considered a sentinel indicator of
osteoporosis. Mechanical testing of cadaveric specimens is often used to quantify bone strength and
develop insight for relating in-vivo measures to fracture force. Mechanical testing protocols using an

Keywords: intact forearm have been successful at replicating a Colles fracture, however, excised isolated radius
Distal radius protocols based on the intact forearm testing protocol have not been as successful. One protocol
Colles fracture originally designed to replicate the physiological condition of a fall on an outstretched hand was
Osteoporosis reproduced in our laboratory, yet surprisingly the produced distal radius fracture patterns were not

Mechanical testing

Excised radi consistent among specimens nor was dorsal angulation of the distal fragment that is characteristic of a
Xcised radius

Colles fracture observed. The purpose of this study was to perform a mechanics-based analysis of the
excised radius loading protocol in order to quantify the imposed and internal forces on the radius. An
idealized beam model of the excised radius revealed that in the area of the distal radius where Colles
fractures occur, 99.99% of the maximum strain on the bone outer surface was the result of pure
compressive loading. This loading condition is in direct contrast to the accepted mechanics of a Colles
fracture, which is characterized as a metaphyseal bending fracture with the volar cortex failing due to
tensile stresses and the dorsal cortex exhibiting compression and comminution. The results suggest
that additional research, particularly related to overcoming the difficulties of reliably supporting and
applying a force to the distal end of the radius, is necessary for clinical fracture patterns to be reliably

reproduced with an excised radius mechanical testing protocol.

Published by Elsevier Ltd.

1. Introduction

In middle-age and older adults a distal radius fracture is often
considered a sentinel indicator of osteoporosis. A common type of
distal radius fracture is the Colles fracture. A Colles fracture
occurs as a transverse fracture of the metaphyseal region of the
distal radius, approximately 25-40 mm proximal to the radio-
carpal joint, and can be identified with dorsal displacement and
angulation of the distal fragment, radial shortening, and loss of
radial inclination and palmar tilt (Colles, 1814; Goldfarb et al.,
2001). Mechanistically, Colles fractures have traditionally been
viewed as metaphyseal bending fractures with the volar cortex
failing due to tensile stresses and the dorsal cortex exhibiting
compression and comminution (Cooney et al.,, 1991; Crenshaw,
1998; Fernandez, 1993,2001; Jupiter and Fernandez, 1997). The
typical cause of a Colles fracture is a fall on the outstretched hand
with the wrist dorsiflexed.

Numerous investigators have used mechanical testing of
cadaver specimens, typically the intact forearm or the excised
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radius, to assess various fracture-related properties of the distal
radius. The objectives of these studies have included: quantifying
bone strength (Eckstein et al., 2002; Lochmiiller et al., 2002);
correlating image-derived metrics to bone strength (Augat et al.,
1998; Gordon et al., 1998; Louis et al., 1995; Muller et al., 2003;
Myers et al., 1993,1991; Spadaro et al., 1994; Wu et al., 2000);
and evaluating predictive models of bone failure (MacNeil and
Boyd, 2008; Mueller et al., 2011; Pistoia et al., 2002; Varga et al,,
2009,2011; Wigderowitz et al., 2000). Several laboratory methods
have been specifically proposed for creating Colles-type fractures
(Augat et al., 1998; Myers et al., 1991; Pistoia et al., 2002; Spadaro
et al., 1994). Although some mechanical testing protocols that
have used intact forearms have replicated Colles fracture patterns
(Myers et al., 1991; Pistoia et al., 2002), protocols using the
excised radius have not been as successful in consistently repro-
ducing Colles fractures and the reasons for this are not well
understood. Common protocols for preparing the excised radius
for testing include potting of the proximal end of the radius (i.e., a
fixed constraint), shallow potting of the distal end of the radius to
provide an even distribution of the applied load, and a prescribed
orientation (i.e., dorsal angulation and/or radial deviation) of the
radius with respect to the applied load direction (Fig. 1). Muller
et al. (2003) proposed a physiologically realistic excised radius
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protocol “to simulate a fall on an outstretched hand,” with a
displacement rate of 100 mm/sec. The bone orientation in their
protocol was adapted from previous intact forearm cadaver
studies (Augat et al., 1998; Myers et al.,, 1991) that positioned
the arm with 15° of dorsal inclination from the vertical axis (and
direction of the applied load).

Muller et al. (2003) stated that the “aluminum [potting]
containers at each end of the radius prohibited reliable post-
testing radiographs” and therefore the use of a conventional
fracture grading system based on an observed fracture pattern
was not possible. Instead, specimens with a fracture location
outside the most-distal 10% of the radius were excluded (4 out of
38 specimens). The authors also noted that technical difficulties
led to the exclusion of 13 additional specimens, resulting in a
total of 17 specimens that were excluded. Slightly less than half of
the original specimens were unavailable for analysis.
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Fig. 1. Representative intact forearm and isolated, excised radius loading proto-
cols for producing Colles-type fractures.

Table 1
Distal radius failure loads in axial compression and simulated fall conditions.

Simulated Fall
Condition (N)*

Study Axial Compression (N)

Eckstein et al. (2002)" 2630+ 99 1595 + 95
Lochmiiller et al. (2002), (men) 3410 2230
Lochmiiller et al. (2002), (women) 1870 1210

* The failure force for the simulated fall condition is the measured vertical
load applied to the palmar surface of the hand (intact forearm) that resulted in a
Colles fracture.

¥ Mean + Standard Error.
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Initial testing replicating the protocol described by Muller
et al. (2003) in our laboratory resulted in fractures of the distal
radius, however, the resulting fracture pattern was not consistent
among specimens nor did we always observe the dorsal angula-
tion of the distal fragment that is characteristic of a Colles
fracture. Considering the range of failure forces that have been
reported for several unique loading conditions of the radius
(Table 1), it seems critical that mechanical testing protocols,
particularly ones whose goal is to replicate a fracture pattern
associated with a pathology, be well understood in how the
applied forces are transferred to internal bone forces and subse-
quently result in a fracture. The purpose of this study is to
perform a mechanics-based analysis of the loading protocol
described by Muller et al. (2003) in order to identify the effects
of the testing protocol on internal forces, compare with the
mechanistic understanding of in-vivo failure previously described
(Fernandez, 2001), and provide insight into features of a mechan-
ical testing protocol that may be necessary for replicating a
Colles-type fracture.

2. Methods

The isolated, excised radius loading protocol used by Muller et al. (2003)
shares several common aspects from previous intact forearm loading protocols
including a fixed constraint at the proximal end of the radius, a constrained
applied vertical force, and the chosen angle of the forearm relative to the
horizontal (Fig. 1). The position of the forearm posture is intended to replicate
the impact posture during a fall on the outstretched hand and both the intact
forearm and excised radius protocols have been implemented with the radius (or
intact forearm) in 15 degrees of dorsal inclination from vertical. In the intact
forearm protocol, loading occurs through a vertically applied force on the
dorsiflexed palm while in the excised radius protocol, loading is applied through
a shallowly potted portion of the distal radius that is allowed to freely rotate
through a spherical joint between the loading platen and distal end of the radius
(Fig. 1). Although the horizontal movement between the palmar surface and the
loading platen in the intact forearm protocol is limited by pins extending from the
loading platen into the soft tissue of palm, the compliance (and potential for
movement) between the loading platen and the radius is greater than for the
isolated, excised radius protocol, which has a direct connection between the
loading platen and the radius through the spherical joint that prevents any
transverse displacement. It is believed that the spherical cup that joins the distal
end of the shallowly potted radius and the loading platen was originally intended
to allow the distal end of the radius to freely rotate to replicate the kinematics of a
Colles-type fracture (i.e. dorsal angulation of the distal fragment) in the same
manner that the soft tissue of the palm and carpal bones allow for displacement of
the distal fragment with respect to the radius and loading platen. Fig. 2 depicts an
idealized structure that represents the excised radius loading protocol that will be
solved using beam theory to provide insight into the internal and boundary forces
imposed on the radius. In particular, the question of how the vertically applied
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-+— Reaction Force or Moment

y
Idealized System (two coordinate
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Fig. 2. Free body diagram of the isolated, excised radius loading protocol and a corresponding idealized beam structure with two coordinate frames.
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force is distributed between compressive and bending loads (A. and A,, respec-
tively in Fig. 2) is addressed.

The idealized structure of the radius is modeled as a homogenous beam with a
hollow circular cross-section. The beam is oriented at 15° from the vertical axis
and the proximal end is fixed while the distal end of the radius is free to rotate, but
constrained to move along the vertical axis (Fig. 2). The beam structure is
indeterminate in the first degree and the redundant reaction force is solved for
using the force method (Popov and Balan, 1999). The general procedure of the
force method as applied to the indeterminate system in Fig. 2 is listed in the
Appendix. Two determinate structures (depicted as the primary and secondary
structures in Fig. 3) are solved for independently and a structural compatibility
equation, based on the allowed displacements of the original system, is imple-
mented to resolve the redundant degree of freedom. To make the primary
structure a determinate system, the redundant force R is removed. The secondary

Y
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---- Displaced Beam

Original Structure Primary Structure  Secondary Structure
Fig. 3. Original indeterminate beam and the primary and secondary structures
used with the force method used to solve for the indeterminate structure of the

idealized system of the isolated, excised radius loading protocol.
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structure has the applied vertical force P removed and the reaction force R is
applied as an external load.

The displacement of the primary (AS;) and secondary (AS,) structures is due
to axial compression and bending components. The primary and secondary
structure displacements due to axial compression (AC; and AG,, respectively)
and bending (AB; and AB,, respectively) are solved for using beam theory. The
resulting overall displacements of each structure (AS; and AS,) are then solved
using superposition. The structural compatibility equation (see Appendix for
complete derivation), constrains the motion of the distal end of the beam in the
x-direction:

AS1x+ASyy = 0. 1

The primary and secondary structure displacements in the x-direction (ASix
and AS,,, respectively) can be defined in terms of the derived displacements
associated with the axial compression (AC;, AC;) and bending (AB;, AB;)
components (Fig. 4).

Using those relationships, the following equations can be defined:

AS1y = —ACyxcos(0)+ ABy=sin(0), )

ASyy = —ACy#cos(0)—AByssin(0), 3)

where, AC; is the displacement of the primary structure due to pure compression,
AB; is the displacement of the primary structure due to bending, AC, is the
displacement of the secondary structure due to pure compression, AB, is the
displacement of the secondary structure due to bending, and 0 is the orientation
angle of the beam measured from horizontal.

Using equations (1)-(3), and the beam theory derived displacements (ACy,
AG,, ABq, AB,, see Appendix for derivation), the reaction force R (Fig. 5) can be
written as a function of the applied vertical load (P), orientation angle of the beam
(0), and several other beam properties (see Fig. 4 for a list). The vertically applied
load P and the reaction force R are reformulated as axial compression (A.) and
normal (A,) forces and depicted in Fig. 5.

3. Results

An idealized circular cross-section beam with a total length of
124 mm (L), inner radius of 2 mm, outer radius of 8 mm, and
orientation angle of 75° (6) was used to approximate the mechan-
ical testing system previously described. The inner and outer
radii were selected to approximate the cross-sectional area and

Cross sectional area of beam

Elastic modulus

Moment of Inertia

Length of beam

Applied force

Reaction force from spherical cup

Angle of beam from horizontal

Displacement of the primary structure due to compression

- Displacement of the primary structure due to bending

Displacement of the secondary structure due to compression

. Displacement of the secondary structure due to bending
. Displacement of the primary structure
. Displacement of the secondary structure

Displacements Using Beam Theory
AC, = PLsin(6)/(AE) AC, = RLcos(8)/(AE)
AB, = PL3cos(9)l(3EI) AB, = RLssin(e)/(SEl)
Structural Compatibility (deflections along x-axis must sum to 0)
A8y, +AS,,=0
AS,, =- AC4*cos(6) + AB4"sin(B)
AS,, = - AC,"cos(B) - AB,”sin(6)

Fig. 4. Displacements and corresponding equations of the primary and secondary structures due to compression (axial) and bending (normal) loads.
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Fig. 5. Reformulation of the vertical and reaction forces to axial compression and
normal forces of the idealized system representing the isolated, excised radius
loading protocol.
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Fig. 6. Idealized beam model dimensions and model inputs. Plots of applied force
(top right) and beam angle (bottom right) versus the axial compressive force (A.),
normal force (A,), and reaction force (R) are depicted.

maximum moment of inertia of the distal radius (Augat et al.,
1998). The total length L is approximated from the testing setup
in our laboratory. The derived reaction (R), axial compression (A¢),
and normal/bending (A,) forces for the applied load (P) ranging
from O to 1200 N are depicted in Fig. 6. The effect of orientation
angle (6 ranging from 60° to 90°) on the same derived forces is
also presented for a constant applied load (P) of 1000 N.

The normal strains for a circular cross-section located 94 mm
(D) from the distal end of the idealized beam were calculated
using the generalized flexure formula (Fig. 6). The distance D
(94 mm) was selected to approximately correspond to the loca-
tion a Colles-type fracture is traditionally observed. For the
applied vertical force (P) of 1000 N, the compressive force (A.) is
-1035 N, the normal force (A;) is 1 N, and the internal moment a
distance D from the applied load is 86 N-mm. At the metaphyseal
location corresponding to D, the compressive loading causes more

than 99.99% of the maximum strain on the outer surface of the
beam; less than 0.01% of the strain is caused by bending.

4. Discussion

A detailed analysis of a previously used excised radius protocol
revealed that the internal forces imposed on the excised radius
were primarily compressive. The axial compressive failure mode
is contradictory to the reported bending failure mode attributed
to Colles fractures (Fernandez, 1993). Although Eckstein et al.
(2002) did report significant individual correlations between the
failure loads corresponding to axial compression, 3-pt bending,
and the simulated fall condition, with the highest correlation
(r?=0.62) occurring between the axial compression and 3-point
bending conditions, the lack of transparency in replicating the
correct failure mode (irrespective of whether a Colles fracture is
replicated) should be addressed. As more advanced patient
specific models are being developed to better predict fracture
risk at the distal radius (Boutroy et al., 2007; MacNeil and Boyd,
2008; Mueller et al., 2011; Pistoia et al., 2002; Vilayphiou et al.,
2011), there will be an increased need for precise validation.
An excised radius mechanical testing protocol, in which soft
tissues or the transmission of force through the carpal joint does
not confound the forces applied to the radius, would be the
natural choice for such a validation.

The limitation with excised radius protocols may be in part
due to the difficulty in applying appropriate boundary conditions
to replicate a bending moment at the distal end of the radius in
the absence of soft tissue structures. For example, applying
cantilever type bending (e.g., Fig. 4, primary structure) will
produce an increasing internal moment along the radius shaft
moving proximally. Such a loading protocol is likely to produce
bending failures at the most proximal location where the bending
moment in the largest. This may be one explanation for the
excised radius protocol proposed by Varga et al. (2009) in which
the authors state that the mechanical testing protocol was
“designed to minimize bending at the proximal end [of the
radius] and to have the maximum moment act on the epiphysis”.
When applying cantilever bending, bones that have a significantly
lower metaphyseal bending strength (as compared to the dia-
physeal bending strength) may still fracture in a Colles-type
fracture.

The process of excising the radius and removing the connec-
tive soft tissue may also alter the supporting structure of the
radius such that reliably replicating a Colles fracture pattern in
the distal radius solely through artificial supports (i.e. shallowly
potting the distal end of the radius) is not trivial. Although the
intact forearm approach has shown efficacy in producing the
Colles fracture pattern, the exact force directions and magnitudes
imposed on the radius are often difficult to quantify (Augat et al.,
1998). Changes in the off-axis forces have been shown to
significantly effect predicted fracture strength (Troy and
Grabiner, 2007). A combination of better defining the force
imposed on the distal radius, limiting the confounding effects of
soft tissue, and reducing the probability of other failure modes
(prior to a Colles fracture) may have led to the development of
the excised radius protocol proposed by Muller et al. (2003). In
particular, the excised radius protocol allows for the application
of high-speed displacements (100 mm/sec) to more accurately
simulate a fall on the outstretched hand without the potential for
confounding carpal bone fractures or dislocations.

One limitation with the evaluation presented here is that the
idealized beam model of the excised radius assumed a prismatic
beam with homogenous material properties. The actual applica-
tion of the force method utilizes beam theory to calculate the
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displacements of two derivative structures based on the original.
The heterogeneous material and variable cross-section geometry
of an actual radius would not precisely displace as does the
idealized beam used in the calculations here. However, although
the absolute magnitude of the compressive force to applied load
may not be accurate, the relatively small ratio of normal load to
compressive load at the distal end suggests that the overall failure
mode is associated with axial compression and not bending.

Another limitation of the analysis presented here is that the
dimensions of the structure analyzed were derived from a single
laboratory experiment and potentially different configurations
(i.e., by varying L, D, and 0) of the same setup may yield the
appropriate mechanistic condition for replicating a Colles frac-
ture. This is unlikely considering that the moment Mp depicted in
Fig. 6 is positive and increases monotonically with the applied
vertical force. Even if a change in configuration were able to
elevate Mp to be the primary catalyst for failure, Mp is operating
in the opposite direction for producing the dorsal displacement
associated with a Colles-type fracture. A bending failure due to
the positive moment Mp would result in a Smith-type fracture
(i.e., volar displacement of the distal segment), which are not
traditionally associated with a fall on the outstretched hand, but
an impact to the back of the hand.

The boundary conditions of an excised radius loading protocol
for producing fractures of the distal radius was evaluated in
detail. Although upon casual inspection the boundary conditions
seem similar to that of an intact forearm loading protocol known
to replicate a Colles-type fracture, it has been shown that the
failure mode imposed by that protocol is not consistent with the
accepted mechanics of a Colles fracture. In particular, the sphe-
rical constraint at the distal end of the bone constrains the
displacement of that end in the horizontal direction (perpendi-
cular to the direction of the applied load) and essentially cancels
out the bending moment supplied by the angled orientation of the
bone resulting in a primarily compressive load being imposed on
the radius. This loading condition is uniquely different than a fall
on the outstretched hand of an intact radius, which does not have
a similar artificial constraint (e.g., there is no inherent structure
on the dorsal aspect of the intact radius that prevents the distal
end of the radius from displacing dorsally when the arm is
oriented at an angle and a compressive force is applied through
the radial carpal joint). Subsequent excised radius loading proto-
cols (Gdela et al., 2008; Pietruszczak and Gdela, 2010; Varga et al.,
2009), although slightly different in configuration, have not
completely addressed the unique aspect of applying the correct
failure mechanism (i.e., bending versus axial compression) to the
distal radius for reliably reproducing a Colles-type fracture.
Additional research, particularly related to the support and
boundary conditions of the distal end of the radius, is necessary
for clinical fracture patterns to be reliably reproduced with an
excised radius mechanical testing protocol.
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