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A Musculoskeletal Model of the
Equine Forelimb for Determining
Surface Stresses and Strains in
the Humerus—Part II.
Experimental Testing and Model
Validation
The first objective of this study was to experimentally determine surface bone strain
magnitudes and directions at the donor site for bone grafts, the site predisposed to stress
fracture, the medial and cranial aspects of the transverse cross section corresponding to
the stress fracture site, and the middle of the diaphysis of the humerus of a simplified in
vitro laboratory preparation. The second objective was to determine whether computing
strains solely in the direction of the longitudinal axis of the humerus in the mathematical
model was inherently limited by comparing the strains measured along the longitudinal
axis of the bone to the principal strain magnitudes and directions. The final objective was
to determine whether the mathematical model formulated in Part I [Pollock et al., 2008,
ASME J. Biomech. Eng., 130, p. 041006] is valid for determining the bone surface strains
at the various locations on the humerus where experimentally measured longitudinal
strains are comparable to principal strains. Triple rosette strain gauges were applied at
four locations circumferentially on each of two cross sections of interest using a simpli-
fied in vitro laboratory preparation. The muscles included the biceps brachii muscle in
addition to loaded shoulder muscles that were predicted active by the mathematical
model. Strains from the middle grid of each rosette, aligned along the longitudinal axis of
the humerus, were compared with calculated principal strain magnitudes and directions.
The results indicated that calculating strains solely in the direction of the longitudinal
axis is appropriate at six of eight locations. At the cranial and medial aspects of the
middle of the diaphysis, the average minimum principal strain was not comparable to the
average experimental longitudinal strain. Further analysis at the remaining six locations
indicated that the mathematical model formulated in Part I predicts strains within �2
standard deviations of experimental strains at four of these locations and predicts neg-
ligible strains at the remaining two locations, which is consistent with experimental
strains. Experimentally determined longitudinal strains at the middle of the diaphysis of
the humerus indicate that tensile strains occur at the cranial aspect and compressive
strains occur at the caudal aspect while the horse is standing, which is useful for fracture
fixation. �DOI: 10.1115/1.2898729�
ntroduction

A musculoskeletal mathematical model for computing the
tresses and strains that occur in the proximal half of the equine
umerus created by the surrounding musculature and ground re-
ction forces while standing was described in �1� �hereafter re-
erred to as Part I of this two-part article�. Analyses using this
odel provided the strains that occur on the lateral, medial, cau-

al, and cranial aspects of the transverse cross sections of the
umerus corresponding to the donor site for bone grafts, a site
redisposed to stress fracture, and the middle of the diaphysis.
nowing the strains that occur at the site of the proximocaudal
umerus that is predisposed to stress fractures is important for
njury treatment and fracture prevention �2�. Identifying the
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strains at the site of the humerus proposed for harvest of autog-
enous bone graft material is necessary for evaluating the feasibil-
ity of obtaining donor bone from this location �3�. Knowing the
specific regions of the middle of the diaphysis that experience
tensile and compressive strains would assist in determining opti-
mum placement of internal fixation devices for the treatment of
complete fractures �2�.

To make the mathematical model tractable, modeling assump-
tions were made. Both equine �4� and canine �5� EMG data for
forelimb muscles during the stance phase of walking were used to
determine which specific shoulder muscles to include in the math-
ematical model. To allocate forces to active shoulder muscles,
constrained optimization was used to minimize the sum of the
cubed muscle stress, which is thought to maximize muscular en-
durance �6�. To calculate surface stresses for the cortical bone
shell of the humerus from predicted shoulder muscle forces, the
mathematical method of asymmetrical beam analysis was used
�7,8�. The effects of torsion and shear forces were not considered,

resulting in stresses and strains calculated only in the direction on

AUGUST 2008, Vol. 130 / 041007-108 by ASME



t
v
u

e
m
e
r
o
f
t
t
w
t
a
m
t
e
s

M

l
h
a
a
v
s
t
u
s
b
o
t
p

i
m
s
s
s
t
a
�
w
b
h

a
l
c
h
w
m
m
o
w
d
d
=

p
o
s
g
c
t
s

0

he longitudinal axis of the humerus. Therefore, it is important to
alidate the mathematical model due to the various assumptions
pon which the model is based.

This paper describes the experimental methods used to test an
quine preparation and validate the strains calculated with the
usculoskeletal mathematical model. The first objective was to

xperimentally determine surface bone strain magnitudes and di-
ections at the specific bone graft donor site, and the cross sections
n the humerus corresponding to the site predisposed to stress
racture and the middle of the diaphysis. The second objective was
o determine whether computing strains solely in the direction of
he longitudinal axis of the humerus in the mathematical model
as inherently limited by comparing the strains measured along

he longitudinal axis of the bone to the principal strain magnitudes
nd directions. The final objective was to determine whether the
athematical model formulated in Part I is valid for determining

he surface strains at the various locations on the humerus where
xperimentally measured longitudinal strains correlate to principal
trains.

ethods

Simplified In Vitro Musculoskeletal Preparation. One fore-
imb from each of eight horses �two Thoroughbred, four Quarter
orses, one Swedish warmblood, and one Missouri Foxtrotter;
ges 2–14 years� was wrapped in saline-soaked towels, frozen,
nd thawed before dissection and testing. Each limb was trans-
ersely sectioned at the level of the middle of the radius and all
kin, fascia, and muscles were removed except for the supraspina-
us, infraspinatus, subscapularis, and biceps brachii muscle-tendon
nit. Therefore, the simplified preparation consisted of the
capula, humerus, proximal half of the radius and ulna �ante-
rachium�, the biceps brachii muscle to provide the contact force
n the proximocranial aspect of the humerus, and other muscles
hat were predicted to be active during stance by the optimization
rocedure.

The antebrachium was fixed to the actuator of a materials test-
ng machine �MTS Systems Corp., Minneapolis, MN� using poly-

ethylmethacrylate �COE Tray, GC America Inc., Alsip, IL�. The
capula was secured to a load cell �at 2 /3 the length of the
capula, measured from the glenoid cavity along the length of the
capular spine� by a fixture that allowed for scapular rotation in
he sagittal plane, and thus changes in shoulder and elbow joint
ngles during loading. Shoulder and elbow angles were confirmed
100 deg and 135 deg, respectively� at a test load of 1335 N,
hich is equivalent to a standing vertical ground reaction load
ased on a forelimb supporting 30% of the entire weight of the
orse while standing �9�.

To replicate the forces of the shoulder muscles as predicted
ctive by the mathematical model, the infraspinatus, subscapu-
aris, and both lateral and medial heads of the supraspinatus were
ompletely transected proximal to their tendinous insertion on the
umerus. A load was then applied to each transected muscle via a
eight to simulate active force production as predicted with opti-
ization. A clamp was attached to the tendon of the transected
uscle near the humerus, a cable was run along the line of action

f the muscle from each clamp through a pulley system, and
eights were hung from the cable that corresponded to the pre-
icted active load of the muscle �lateral supraspinatus=57 N, me-
ial supraspinatus=41 N, infraspinatus=74 N, and subscapularis
320 N� �Fig. 1�.

Experimentally Determined Strains. Strain gauges were ap-
lied to the stress fracture site �caudal�, medial and cranial aspects
f the transverse cross section corresponding to the stress fracture
ite, the bone graft donor site �lateral� corresponding to the bone
raft donor cross section, and to the lateral, caudal, medial, and
ranial aspects of the mid-diaphyseal transverse cross section of
he humerus. Due to the proximity of the bone graft donor and

tress fracture cross sections on the proximal humerus, and to

41007-2 / Vol. 130, AUGUST 2008
experimentally measure strains at the specific bone graft donor
and stress fracture sites, strain gauges were applied to locations on
the stress fracture cross section except at the lateral aspect where
gauges were applied to the bone graft donor site. Before applica-
tion, each strain gauge location was manually scraped of soft tis-
sue using a scalpel, abraded using a fine-grit sand paper, and de-
greased with ethanol. Each location was further conditioned and
neutralized �M-prep Conditioner A and M-prep Neutralizer SA,
Measurements Group Inc., Raleigh, NC�. Stacked rectangular
triple rosette strain gauges �WK-06-060WR-350, Measurements
Group Inc., Raleigh, NC� were individually coated with polyure-
thane �M-coat A, Measurements Group Inc., Raleigh, NC�,
bonded to each location using cyanoacrylate adhesive �M-bond
200, Measurements Group Inc., Raleigh, NC�, and covered with a
silicone adhesive �Devcon� for increased moisture resistance. The
middle gauge of each rosette was aligned with the longitudinal
axis of the humerus. The longitudinal axis was defined as running
from the proximal aspect of the major tubercle to the distal aspect
of the lateral epicondyle and the midpoint of this line was used to
define the mid-diaphysis of the humerus �Fig. 2�. The strain gauge
applied to the medial mid-diaphyseal aspect was attached just dis-
tal to the muscular attachment site of the teres major and the
latissimus dorsi muscles; the two strain gauges applied on the
cranial aspect of the humerus were aligned with the intermediate
ridge of the bone; the strain gauge applied to the stress fracture
location on the neck of the caudal aspect of the humerus was
positioned 2 cm distal to the caudal edge of the humeral head
�Fig. 3�.

Each strain gauge was wired to a Wheatstone bridge circuit,
which included a corresponding dummy gauge attached to a sec-
ond nonloaded humerus for temperature compensation. Strain sig-
nals were amplified using data acquisition modules SCXI 1520 or

Fig. 1 Lateral view of a simplified preparation of a left equine
forelimb in the materials testing machine. The subscapularis
„not visible due to its medial origin and insertion sites…, in-
fraspinatus, and the lateral and medial head of the supraspina-
tus were clamped and weighted to simulate active force pro-
duction as predicted with optimization. The biceps brachii
muscle was left intact. Flexion of the elbow joint was due to the
rotation of the humerus in relation to the fixed radius and ulna.
SCXI 1121 �National Instruments Inc., Austin, TX�, sampled at

Transactions of the ASME
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00 Hz, and stored using LABVIEW 7.1 �National Instruments Inc.,
ustin, TX�. The gauges were supplied with a constant internal
oltage of 5 V �SCXI 1520� or 3.3 V �SCXI 1121�. To assure that
he same peak forces and strain magnitudes were consistently ac-
uired during a test, each test was performed for 30 cycles of

ig. 2 The longitudinal axis along the lateral aspect of the
quine humerus was defined as running from the proximal as-
ect of the major tubercle to the distal aspect of the lateral
picondyle. The midpoint of this line was used to define the
id-diaphysis of the humerus and the middle gauge of each

osette strain gauge was aligned with the longitudinal axis of
he humerus.

ig. 3 Right humerus with locations of applied strain gauges
t the mid-diaphysis and the proximal cross sections including
he specific stress fracture and bone graft donor sites. The
auge located on the medial mid-diaphysis was positioned just
istal to the muscular attachment of the teres major and the
atissimus dorsi muscles.

ournal of Biomechanical Engineering
force-controlled loading in the materials testing machine from a
near zero load to 1600 N at 0.25 Hz. Force data were recorded at
100 Hz using MTS TESTWARE �MTS Systems Corp., Minneapolis,
MN�. Before principal strains were calculated with the acquired
strain data, the raw strain data were reduced. Base line strain data
were obtained from the attached strain gauges while the simplified
musculoskeletal preparation was positioned in the materials test-
ing machine at a zero-load setting before testing began, and these
values were subtracted from all subsequent strain readings. Strain
gauges were visually inspected following each test to ensure that
bony adhesion was maintained throughout all trials. In addition,
strain data obtained from two concurrent tests not presented in this
paper confirmed no deviation from base line strain values. Strain
data were then identified at a standing vertical ground reaction
load of 1335 N and averaged during cycles 20–25. The maximum
and minimum principal strain magnitudes and directions for each
strain gauge site were then calculated.

For principal strain,

�P,Q =
�1 + �3

2
�

1
�2

���1 − �2�2 + ��2 − �3�2 �1�

For principal angle measured from principal axis to Grid 1,

� =
1

2
tan−1��1 − 2�2 + �3

�1 − �3
� �2�

For principal angle measured from grid 1 to principal axis,

�P,Q = − � �3�

subject to the following rules:

�a� if �1��3, then �P,Q=�P
�b� if �1��3, then �P,Q=�Q
�c� if �1=�3 and �2��1, then �P,Q=�P=−45 deg
�d� if �1=�3 and �2��1, then �P,Q=�P= +45 deg
�e� if �1=�2=�3, then �P,Q is indeterminate �equal biaxial

strain�

In the equations above, �P is the maximum principal strain, �Q
is the minimum principal strain, �1, �2, �3 are the strains from the
three grids of the rosette labeled in counterclockwise order, �P,Q
is the principal angle calculated as the angle from Grid 1 to a
principal axis, and �P and �Q represent the principal angles ref-
erenced to Grid 1 corresponding to �P and �Q, respectively �Fig.
4�. To reference principal strain directions to the longitudinal axis
of the humerus, principal strain directions were also calculated as
the angle from Grid 2 to a principal axis by adding 45 deg to and
subtracting 45 deg from �P,Q.

Maximum and minimum principal stresses, �P and �Q, respec-
tively, were calculated at each rosette for an isotropic homoge-
neous material:

�P =
E

1 − �2 ��P + ��Q� �4�

�Q =
E

1 − �2 ��Q + ��P� �5�

where E is the elastic modulus=18 GPa, and � is Poisson’s ratio
=0.3 for cortical bone �7�. At each strain gauge location, shear
strain was also calculated in the local humeral coordinate system,
where the x axis was defined distal to proximal on the longitudinal
axis of the bone, the y axis was caudal to cranial, and the z axis
was lateral to medial. Shear strains were calculated in the x-y
plane for medial and lateral strain gauge locations, and in the x-z
plane for caudal and cranial locations.

The mean, standard deviation, median, and range were calcu-
lated for all variables including the strains from each grid of the
rosette, the maximum and minimum principal strains and direc-

tions, the maximum and minimum principal stresses, and the

AUGUST 2008, Vol. 130 / 041007-3
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hear strains for the eight specimens.
Strains from Grid 2 of each triple rosette strain gauge, which

as aligned with the longitudinal axis of the humerus, were aver-
ged at each strain gauge location and compared to the calculated
agnitudes and directions of the corresponding mean principal

trains. Of the maximum and minimum principal strain values
alculated at each location, the minimum principal strains oc-
urred in the direction closest to the longitudinal axis of the bone
nd were therefore used for all comparative analyses. A paired
-test with a significance level of p	0.05 was used to compare the
ongitudinal and principal strain magnitudes, and the direction of
rincipal strain was analyzed.

In cases where the longitudinal and principal strains were com-

ig. 4 The three grids of the triple rosette strain gauge labeled
n the counterclockwise direction produce the three strains �1,
2, and �3, which were used to calculate the principal strains
nd corresponding directions. �P and �Q are the maximum and
inimum principal strains respectively. � represents the prin-

ipal angle measured from the axis of maximum principal
train to Grid 1. Note the axis of Grid 2 points along the longi-
udinal axis of the humerus.

Table 1 Comparison of average longitudinal
and average principal strains at the caudal, cra
the diaphysis and proximal humerus. The cau
represent the specific stress fracture site and
p value Ï0.05 implies a significant differenc
means. Positive principal strain direction was
the humerus. Predicted strain magnitudes are
I of this two-part article. Compressive values

Average
longitudinal

strain
�Grid 2�

�
��

Averag
minimu
princip

strain
magnitu

�
��

Middle
of the

diaphysis

Caudal −242 −427
Cranial 111 −81
Lateral −127 −139
Medial −194 −280

Proximal
cross-
section

Caudal
�stress

fracture site�

−68 −73

Cranial 18b −7b

Lateral
�bone graft
donor site�

−287 −339

Medial 1b −7b

ap value 	0.05.
b
Strain values within a �20
� range considered negligible.

41007-4 / Vol. 130, AUGUST 2008
parable, the validity of the mathematical model was then tested.
The predicted strains from the mathematical model were com-
pared to experimentally determined longitudinal strains at each
location on the humerus by assessing box plots of the data. Pre-
dicted strains were considered comparable if they occurred within
�2 standard deviations from the mean longitudinal strain.

Due to the technical problems, not all analyses could be com-
pleted with the full number of specimens. Therefore, n=8 for all
strain gauge locations with all of the muscles weighted to active
force, except for the proximolateral aspect of the humerus where
n=6.

Results
At the middle of the diaphysis of the humerus, the minimum

principal strains were not significantly different from longitudinal
strains from Grid 2 at the caudal aspect �p=0.1237�, and the prin-
cipal strain direction was 16 deg �Table 1�. Strains at the cranial
aspect were significantly different �p�0.0001� with tensile longi-
tudinal strains, compressive minimum principal strains, and a
principal strain direction of −18 deg. At the lateral aspect, longi-
tudinal and principal strain magnitudes were significantly different
�p=0.0065� but comparable in magnitude �less than 9% difference
referenced to the principal strain�, and the principal strain direc-
tion was −11 deg. At the medial aspect, compressive minimum
principal strains of a higher magnitude than the longitudinal
strains were calculated, so that the strains were significantly dif-
ferent and not comparable �p=0.0034�, though the principal strain
direction was small �2 deg�. As a result, only the strains at the
caudal and lateral aspects of the middle of the diaphysis were
further analyzed.

At the proximal humerus, the longitudinal and principal strains
at the caudal aspect �stress fracture site� were significantly differ-
ent �p=0.0437� �Table 1�, yet the strains were comparable �7%
difference referenced to the principal strain� and the principal
strain direction was small �2 deg�. Both longitudinal and principal
strains at the cranial and medial aspects of the humerus fell within
a �20
� range and were considered negligible. At the bone graft

ains from Grid 2 of each rosette strain gauge
l, lateral, and medial aspects of the middle of
and lateral aspects of the proximal humerus
specific bone graft donor site, respectively. A
etween the longitudinal and principal strain
sured clockwise from the longitudinal axis of
m the mathematical model presented in Part
negative and tensile values are positive.

p value
�from paired

t-test�

Average
minimum
principal

strain
direction

�deg�

Shear
strain
�
��

Predicted
strain

magnitudes
from math

model
�
��

0.1237 16 118 −377
�0.0001a −18 25 258
0.0065a −11 27 −169
0.0034a 2 10 107

0.0437a 2 3 −35

�0.0001a 27 3 −65
0.0253a 6 35 −53

0.0424a −2 0 −16b
str
nia
dal
the
e b
mea

fro
are

e
m
al

de
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onor site �lateral aspect�, the longitudinal and principal strains
ere larger in magnitude and statistically different �p=0.0253�,
ut comparable in magnitude �l5% difference referenced to the
rincipal strain�, and the principal strain direction was 6 deg. The
trains at the caudal and lateral aspects were further analyzed
ecause they were comparable and the strains at the cranial and
edial aspects were further analyzed due to their negligible val-

es.
When comparing the experimentally measured strains in the

ongitudinal direction with the predicted strain from the math-
matical model at the middle of the diaphysis, the predicted
trains were compressive at both the caudal and lateral aspects and
ere within �2 standard deviations of the mean longitudinal

train �Fig. 5�. At the proximal humerus, the predicted strains at
he caudal and lateral aspects were compressive and were within

2 standard deviations of the mean longitudinal strain �Fig. 5�. At
he cranial aspect, the predicted strain was compressive whereas
he longitudinal strain was tensile. However, the predicted strain
alue was small �−65
�� and longitudinal strain was negligible
within a �20
� range�. At the medial aspect, both the mean
ongitudinal strain and predicted strain were negligible �1
� and
16
�, respectively�.

iscussion
The goal of this study was to experimentally validate the mus-

uloskeletal model of the equine forelimb presented in Part I by
irectly measuring strains at the donor site for bone grafts, the site
redisposed to stress fracture, the medial and cranial aspects of
he transverse cross section corresponding to the stress fracture
ite, and the middle of the diaphysis of the humerus of a simpli-
ed in vitro laboratory preparation. The first objective was to de-

ermine surface bone strain magnitudes and directions at all strain
auge locations. The second objective was to determine whether
omputing strains solely in the direction of the longitudinal axis of
he humerus in the mathematical model was inherently limited by
omparing the experimental strain readings from the middle grid
f each strain gauge rosette �also aligned with the longitudinal
xis of the bone� to the principal strain magnitudes and directions.

Fig. 5 Comparison of the distribution
the predicted strains from the mathem
two-part article at the middle of the d
caudal and lateral aspects of the prox
ture and bone graft donor sites, respe
box represent the 75th and 25th perce
represents the median, and the outlyin
from the mean. Compressive value
positive.
he final objective was to determine whether the mathematical

ournal of Biomechanical Engineering
model formulated in Part I was valid for determining the bone
surface strains at the various locations on the humerus where ex-
perimentally measured longitudinal strains correlate to principal
strains. Key results are that the strains in the direction of the
longitudinal axis of the humerus were not comparable to the prin-
cipal strains at the cranial and medial aspects of the middle of the
diaphysis but were comparable to the principal strains at the cau-
dal and lateral aspects of the middle of the diaphysis and at all
aspects of the proximal humerus. Further analysis of the six loca-
tions where longitudinal and principal strains were comparable
indicated that the mathematical model formulated in Part I pre-
dicts strains at all six locations that compare favorably with ex-
perimentally measured strains.

The simplified laboratory preparation of the equine humerus on
which to apply strain gauges involved a number of assumptions.
First, mechanically loading the simplified preparation at one loca-
tion on the scapula while allowing flexion of the shoulder and
elbow joints was assumed to closely mimic in vivo loading con-
ditions. In the horse, the long column of equine forelimb bones is
supported by the attachment of the extrinsic serratus ventralis
muscle to the medial aspect of the scapula �9�, and in vitro loads
were applied at a point on the scapular spine between the distal
portions of the two triangular areas of insertion of the serratus
ventralis muscle. Second, although the biceps brachii muscle
spans both the shoulder and elbow joints and neither originates
nor inserts directly on the humerus, including the biceps brachii
muscle-tendon complex was assumed to be necessary because the
contact force created by this muscle on the proximocranial aspect
of the humerus contributes to the structural integrity of the column
of forelimb bones by preventing flexion of the shoulder joint
�9,10�. Third, exclusion of all shoulder muscles that were not pre-
dicted to be active while the horse is standing was assumed valid
for the purpose of identifying a simplified preparation. Although
the presence and locations of inactive muscles may provide pas-
sive forces that influence strains of the humerus, their contribution
to humeral strains was considered negligible in comparison with
that of the active muscles. Finally, analyzing strains at 1335 N
load of a cyclically loaded specimen was assumed to be indicative

longitudinal strains „from Grid 2… with
cal model formulated in Part I of this
ysis and the proximal humerus. The

al humerus represent the stress frac-
ely. The top and bottom lines of each
e of data, respectively, the middle line
ines represent ±2 standard deviations
re negative and tensile values are
of
ati

iaph
im
ctiv
ntil
g l

s a
of strains while the horse is standing.
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Although some of the results from the paired t-test used to
ompare the longitudinal and minimum principal strains indicated
hat the difference between the strain values was statistically sig-
ificant �lateral aspect at the middle of the diaphysis and caudal
nd lateral aspects of proximal cross section, Table 1�, the small
ercent difference between the strain magnitudes �range of
–15%� indicated that the difference was not practically impor-
ant. At all of these locations, the longitudinal and minimum prin-
ipal strains were considered comparable.

Comparing experimentally measured longitudinal strains with
orresponding minimum principal strain magnitudes and direc-
ions determined whether modeling strains solely in the direction
f the longitudinal axis of the humerus in Part I was a valid
ssumption. The longitudinal and principal strains were not com-
arable at the cranial and medial aspects of the middle of the
iaphysis of the humerus; thus the mathematical model, and pos-
ibly the assumptions used to formulate the model, was consid-
red insufficient. Neglecting the contributions of the shear force
nd torsional moment to the stresses in the mathematical model
ay have influenced the predicted strains at these locations. How-

ver, the shear strains calculated from strain gauge data at the
ranial and medial aspects of the middle of the diaphysis were
mall �25
� and 10
�, respectively� �Table 1�. Accordingly, this
xperimental result supports neglecting the shear force and tor-
ional moment in the model.

Another possible source of error might be the loads applied to
he bone. The bending moment values required to develop the
xperimental strains at the cranial and medial aspects of the
iddle of the diaphysis are My =−42.2 N m in the sagittal plane

nd Mz=20.2 N m in the cranial plane �as opposed to the previ-
usly calculated values of −6.8 N m and 71.3 N m, respectively�.
redicted strains at the caudal and lateral aspects according to

hese moment values are still within �2 standard deviations of the
xperimental mean longitudinal strain. Either greater magnitude
houlder muscle forces or a lesser magnitude scapula contact load
re necessary to yield bending moment values that correspond to
xperimental strains. Alternatively, the muscles assumed to be in-
ctive during standing might actually contribute substantial forces
nd moments to this region of the bone. Therefore, the optimized
oads due to the shoulder muscles and contacts on the humerus

ay not completely depict the loads experienced at middle of the
iaphysis while the horse is standing. Thus neglecting the shoul-
er muscles that were assumed to be inactive may be the cause of
iscrepancy between calculated and measured strains at these lo-
ations.

Comparing the predicted strains with experimentally measured
ongitudinal strains at the six locations where the minimum prin-
ipal strains were comparable tested the validity of the mathemati-
al model. The direct comparison revealed that the predicted
trains were either within �2 standard deviations of the measured
trains �four of six locations� or the predicted and measured
trains were negligible �two of six locations�. Because the math-
matical model was validated for predicting strains at these six
ocations, the assumptions used to formulate the model may also
e validated for determining strains at these locations. This leads
o the presumption that these locations at the middle of the dia-
hysis and proximal humerus are not highly affected by torsional
oads; the assumed homogeneity, isotropy, and other material
roperties of the cortical bone are suitable; the muscles assumed
o be inactive during standing did not contribute substantial forces
nd moments to the proximal region of the bone.

The compressive longitudinal strain of −287
� found at the site
roposed for harvest of autogenous bone graft material indicates
hat this region experiences compressive strains while the horse is
tanding. Introducing a 12 mm diameter hole in the cortical bone
t this location to obtain the internal bone graft material has been
roposed �3�. Given that the lateral aspect of the proximal hu-
erus is approximately 75 mm in width, the theoretical stress
oncentration factor from introducing such a hole is 2.5. Thus

41007-6 / Vol. 130, AUGUST 2008
strains in this region would approach −700
�. Considering that
compressive strains as high as −2600
� have been measured in
vivo on the radius while the horse is pacing �2�, the strain expe-
rienced at the proximolateral aspect of the humerus with the in-
troduction of the 12 mm diameter hole is relatively low and thus
should not adversely affect the structural integrity of the bone
while the horse is standing.

The results from the mathematical model in conjunction with
the experimentally determined strains at the two of eight locations
where the model was inaccurate are useful toward several pur-
poses. Knowing that the act of standing does not produce signifi-
cant strains in the proximal aspect of the equine humerus implies
that standing alone does not inflict significant strains to the proxi-
mocaudal aspect of the equine humerus and thus is not the cause
of stress fractures. The finding of a longitudinal compressive
strain of approximately −300
� at the site of the humerus pro-
posed for harvest of autogenous bone graft material indicates that
this region of the humerus is not adversely affected by the intro-
duction of a hole necessary to obtain the donor bone graft material
while the horse is standing. The strains associated with recovery
from anesthesia are unknown, however. The experimental results
at the middle of the diaphysis indicate tensile longitudinal strains
at the cranial aspect and compressive strains at the caudal aspect,
which are useful in determining the placement of internal fixation
devices for stabilizing fractures in this region of the humerus �2�.

In summary, the measured strains in the longitudinal direction
were not comparable to the principal strains at the cranial and
medial aspects of the middle of the diaphysis of the equine hu-
merus. Accordingly the mathematical model formulated in Part I
was inherently limited in computing strains solely in the longitu-
dinal direction of the humerus at these two locations. At the re-
maining six locations where the longitudinal and principal strains
were comparable, however, the mathematical model predicted
strains at all six locations that compare favorably with experimen-
tally measured strains. Therefore, the mathematical model is use-
ful for predicting strains at the caudal and lateral aspects of the
middle of the diaphysis and all four aspects of the proximal hu-
merus while the horse is standing.
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