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In Vivo Assessment of Lumbar Vertebral Strength in

Elderly Women Using Computed Tomography-Based
Nonlinear Finite Element Model

Kazuhiro Imai, MD, PhD,*t Isao Ohnishi, MD, PhD,* Seizo Yamamoto, MD, PhD,t

and Kozo Nakamura, MD, PhD*

Study Design. /n vivo study of.a computed tomogra-
phy (CT)-based nonlingar finité elément model {FEM). ’

Objective. To establish an- FEM with'the optimum ele-
ment size to assess the vertebfal strength by comparing
analyzed data with those obtai ed frof mechanical test-
ing in vitro, and then to assess the second lumbar (L2)
vertebral strength in vivo.

Summary of Background Data. FEM has been re-
ported to predict vertebral strength in vitro, but has not
been used clinically.

Methods. Comparison among the 3 models with a
different element size of 1 mm, 2 mm, and 3 mm was
performed to determine which model achieved the most
accurate prediction. Vertebral strength was assessed in
78 elderly Japanese. women using. an FEM.with the. optl- .
mum element size.

Results. The optimum element size was 2 mm. The L2
vertebral strength obtained with the FEM was 2154 + 685
N, and the model could detect preexisting vertebral frac-
ture better than measurement of bone mineral density.

Conclusnon The FEM could assess vertebral strength
in vivo.

Key words: vertebral strength osteopor03|s finite el-
ement model, elderly women, in vivo assessment. Spine
2008;33:27-32

Osteoporotic vertebral fractures have become a major
social problem because the elderly population continues
to increase. Vertebral fractures affect approximately
25% of postumenopausal women.! Measurement of the
bone mineral density (BMD) by quantitative computed
tomography (QCT) and dual energy radiograph absorp-
tometry (IDXA) have been used to predict the risk of
vertebral fracture. However, the correlation berween
vertebral bone strength and BMD measured by QCT is
reported to be only 0.37 10 0.74,> while the correlation
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achieved with DXA is reported to be 0.51 to 0.80.°~
Therefore, such methods only explain 37% to 80% of
vertebral strength. Bone strength primarily reflects the
bone density and bone quality, which are influenced by
bone architecrure, turnover, accumulation of damage,
and mineralization.'?

It has been reported that a CT-based nonlinear finite
element model (FEM) could predict vertebral strength
and fracture sites accurately in vitro."* To predict quan-
titative strength and fracrure sites is essential for the clin-
ical application of an FEM because both paramerers are
important indicators of vertebral fracture risk. Predic-
tion by an FEM with a smaller element size using the data
from computed tomography (CT) scans with a thinner
slice thickness and a smaller pixel size is thought to be
more accurate. On the other hand, thinner CT slices lead
to more radiation exposure in the clinical situation. To
decrease radiation exposure as much as possible during
CT scanning, optimization of the element size of the
FEM was performed by assessing the accuracy of the
FEM simulation.

The purposes of this study were to establish a CT-
based nonlinear FEM with the oprimum element size to
predict the vertebral fracrure load by evaluating the ac-
curacy of our model from a comparison berween predic-
tions and data obtained by mechanical testing of human
cadaver specimens i vitro, and then to assess lumbar
verrebral strength in elderly women using the optimized
Cl-based nonlinear FEM.

® Materials and Methods
Optimization of the Element Size of the FEM. This study

CT darta and mechanical testing data obtained previous-
l_\'.' ! Twelve thoracolumbar vertebrae {T11, T12, and L1} with
no skeletal pathology were collected within 24 hours of death
from 4 men (31, 55. 47, and 83 vears old). The vertebrae were
disarticulated, and the discs were excised. Then the posterior
elemenr ot e.n,h verte bm was umo\cd b\ curting rhmu°l1 the
scans wnh a >hgc thukness of [ mm .md a pnu.l wulrh nt O wl
mm were obrained using a Lemage SX/E (GE Yokokawa Med-
ical System. Tokvo, Japan) with a calibration phantom con-
taining hydroxyapatite rods.

The 3-dimensional FEM was constructed from CT data ns-
ing Mechanical Finder software {Mitsubishi Space Sofrware
Co., Tokvo, Japan). Three models with a different element size
were created for each vertebra using | mm, 2 mm, or 3 mm
tetrahedral elements. To the outer surface of the retrahedral
elements, triangular plates were attached as to form a cortical
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Figure 1. Finite element models of
a whole vertebral body con-
structed with 1 mm, 2 mm, or 3mm
tetrahedral elements. The cortical
shell was modeled by using trian-
-gular plates with a thickness of 0.4
mm. The model on the left consists
of 104,205 nodes with 585,784 tet-
rahedral elements and 15,800 tri-
angular plates constructed using
1-mm size elements. The middle
model consists of 12,938 nodes
with 70,022 tetrahedral elements
and 3586 triangular plates con-
structed using 2-mm elements.
The model on the right consists of
3476 nodes with 18,103 tetrahedral
elements and 1330 triangular
plates constructed using 3-mm
size elements.

shell (Figure 1}. The thickness of this shell was set as (.4 mm
based on the previous papers.'*-!*

To allow for bone heterogeneity, the mechanical properties
of each element were com puted from the Hounsfield unit value.
Ash density of each voxel was determined from the linear re-
gression’ equation created by these values of the calibration
phantom. Ash density of each element was set as the average

~ ash density of the voxels contained in one element. Young's
modulus and the yield stress of each tetrahedral element were
calculated from the equations proposed by Keyak er al'?
Young’s modulus of each triangular plate was set as 10 GPa
and Poisson’s ratio of each element was set as 0.4.

A uniaxial compressive load with a uniform distribution
was applied on the upper surface of the vertebra and all the
elements and all the nodes of the lower surface were completely
restrained. Each model was analyzed using Mechanical Finder
software as reported previously.!!

A nonlinear FEM by Newton-Raphson method was used.
To allow for the nonlinear phase, mechanical properties of the
elements were assumed to be bilinear elastoplastic, and the
isotropic hardening modulus was set as 0.035. Each element was
assumed to yield when its Drucker-Prager equivalent stress
reached the element yield stress. In the postvield phase. failure
was defined as occurring when the minimum principal strain of
an element was less than — 10,000 microstrain.

The predicred fracture load was defined as the load that
caused at [east one element failure, while the measured fracture
load was defined as the ultimate load that was achieved by
mechanical testing. Pearson’s correlation analysis was used to
evaluate correlations between the fracture load predicted by
FEM simulation and the measured fracture load. T'o optimize
the element size of the FEM, the accuracy of prediction of the
fracture load was compared among the 3 models with different
element sizes. To assess the relationship between the models
with a different element size, linear regression analyses were
performed.

In addition. we also created models using 1.4 mm and 4.5
mm elements as well as 1 mm, 2 mm, and 3 mm elements o
investigate the model convergence. For each of the madels,
total strain energy was calculared at a load of 1000 N, under
which all specimens were in the elastic phase. Dara on the total
strain energy were compared among the 1 mm (average
403,033 terrahedral elements), 1.4 mm (average 143,367 tet-
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Cortical Shell

0.4mm

rahedral elements), 2 mm (average 47,687 tetrahedral ele-
ments), 3 mm (average 11,903 tetrahedral elements), and 4.5
mm (average 2719 tetrahedral elements) models.

In Vivo Assessment of Lumbar Vertebral Strength. The
subjects were ambulatory postmenopausal Japanese women
aged 60 to 83 vears. Excluded from participation were women
with disorders of bone and mineral metabolism other than
postmenopausal osteoporosis, those who had any recent or
current treatment with the potential to alter bone tumover or
bone metabolism, and those with a history of second lumbar
vertebral {1.2) fracture. The study protocol was approved by
our ethics committee and each participant provided written
informed consent. A total of 78 eligible participants were en-
rolled in this study. ' '

In all the participants, the BMID (g/cm?) of the lumbar spine
(L.2-L4) was measured by DXA (DPX; Lunar, Madison, WI) in
the supine position and axial CT scans of 1.2 were obtained
with a slice thickness of 2 mm .and pixel width of 0.35 mm
using Light Speed QX/i (GE Yokokawa Medical System, To-
kyo, Japan) with a calibration phantom containing hydroxy-
apatite rods. The 3-dimensional FEM was constructed from the
CT data using Mechanical Finder with 2 mm tetrahedral ele-
ments and 2 mm triangular plates, and the fracture load was
analvzed using this software as described above.

Results are expressed as the mean * standard deviation
(SD). Statistical analysis was performed with the Mann-
Whitney U test and the Kruskal-Wallis test. Differences were
considered significant at P < 0.03.

| Results

Optimization of the FEM Element Size
There was a strong linear correlation berween the frac-
ture load predicted by the FEM with | mm tetrahedral
elements and the measured loads (r = 0.938, P <
0.0001), and the slope of thé regression line was 0.934
(Figure 2A). Wirh 2 mun elements, the correlation was
even stronger (r = 0.978, P < 0.0001), and the slope of
the regression line was 0.881 (Figure 2B). With 3 imm
elements, the correlation was slightly weaker (r = 0.866,
P < 0.0001), and the slope of the regression Jine was
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Figure 2. The measured fracture load versis the fracture load pre-
dicted by the finite element model {FEM). A, FEM with-1 mm tetrahe-
dral elements. B, FEM with-2 mm tetrahedral elements. C, FEM with
3-mm tetrahedral elements. Strong correlations {r > 0.90) were ob-
tained with elements of 1 mm and 2 mm in size, while a moderate
correlation (r = 0.866) was obtained with 3-mm elements.

0.937 (Figure 2C). There was a strong linear correlation
between the fracture load predicted by the 1 mun element
model and that by the 2 mm (r = 0.959, P < 0.0001),
and the slope of the regression line was 0.868. With the 1
mm and 3 mm models, the correlation was slightly
weaker (r = 0.912, P < 0.0001), and the slope of the
régression line was 0'839. With the 2 mm and 3 mm
models, the correlation was much weaker (r = 0.878,
P < 0.0001), and the slope of the regression line was
0.730. ‘

In the convergence study, total strain energy.de-
creased by 9.1% (4.0%-22.9%), with an increase of the
elemenr size from I mm ro 1.4 mm. With an increase
from 1.4 mm to 2 mm, it decreased by 10.0% (6.5%-
17.3%), and decreased by 9.5% (2.9%-13.2%) froin 2
mm to 3 mm. With an increase from 3 mm to 4.5 mm,
total strain energy increased in soe vertebrae although

it decreased by an average of 38.6%.

Tn Vivo Assessment of Lumbar Vertebral Strength

The 78 women enrolled in the study had a mean age of
74.4 * 5.6 years, a mean heighr of 148.4 = 6.0 cm, and
a mean weight of 50.3 % 7.7 kg. The measured BMD of

“the lumbar spine was (.808 = 0.181 g/cm? and the strength

of L2 predicted by the model was 2154 = 685 N.

The subjects were classitied into §-year age groups, as
summarized in Table 1. Height and vertebral strength
showed a significant decrease in the older age groups, but
weight and BMD did not change significantly {(Kruskal-
Wallis test, P < 0.05).

Next, the subjects were classified on the basis of prior
vertebral fracture. Among the 78 women, 42 did not
have any vertebral fractures (nonfracture group) and 36
subjects already had vertebral fractures (fracture group).
Thus, vertebral fractures were present in 46.1% of the
total study population. The characteristics of the 2
groups are summarized in Table 2. The nonfracture
group was significantly younger than the fracture group
{Mann-Whitney U rest, P < 0.001). Height (P < 0.05)
and weight (P < 0.005) were significantly grearter in the
nonfracture group than in the fracrure group.

The average spinal BMD of the nonfracture group
was 0.849 + 0.146 g/em?, which was grearer than that of
the fracture group ar 0.759 = 0.207 g/em™ (P < 0.03)
(Figure 3). The predicred vertebral strength of L2 was
2489 = 580 N in the nonfracrure group, which was
greater than in the fracture group at 1764 £ 388 N (P <
0.0001) (Figure 3). The L2 strengtly o weighr ratio was

“4.80 £ 1.20 in the nonfracrure group, and this was sig-

nificantly greater than in the fracture group ar 3.77 =
1.36 (P < 0.005) (Figure 4).

B Discussion

Assessing vertebral strength by using the FEM has been
difficulr because of the complex geometry, elastoplastic-
ity, and thin corrical shell of the vertebra. The vertebrae
have an elaborate archirecture and geomerry with curved
surfaces, which cannor be modeled properly by using
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Table 1. Summary of the Subjects’ Height, Weight, BMD, and Analyzed Vertebral Strength (Mean + SD)

Age {yr) N Height {cm) Weight (kg) BMD (g/cm?) Vertebrai Strength (N)
60-64 6 1535 =45 540 6.1 . 0.850 = 0.180 2592 + 497
65-69 10 1523 =178 509 = 8.2 0.848 = 0.112 2665 = 528
70-74 pal 1481 =50 51374 0.744 = 0.169 2050 = 752
75-79 26 1478 6.2 485=87 0.800 = 0.200 2069 = 706
80-85 : 15 1451 =38 50.3 £ 6.3 0.867 = 0.191 1933 = 512

8-noded hexahedral elements. Previous mechanical tests

_ have shown that there is a difference between the tensile
and compressive strength of bone,'*~'* with compres-
sive strength showing nonlinear behavior. Therefore, a
nonlinear FEM should be used to predict the clinical
fracrure load. The cortical shell of each vertebra is esti-
mated to have a thickness of approximarely 0.4 mm.!>-**
In comparison, the resolution of clinically available CT
scanners is fairly low, with a pixel spacing of larger than
0.25 mun. This means that the currently available CT
dara do not allow the thin cortical shell to be precisely
modeled. The corrical thickness tends to be overesti-
mated and its density is underestimated.'®*° Therefore,
it is necessary to construct a thinner model cortical shell
from non-CT data. Shell elements of triangular plates
with a uniform thickness of 0.4 mm were used o con-
struct a cortical shell.

The characteristics of the present FEM in this study
were as follows: adoption of the tetrahedral elements ro
model the surface curvarure of the entire verrebra, utili-
zation of nonlinear analysis to match the elastoplasticity
of the vertebra during compression, and construction of
a cortical shell as the surface of the model. It has been
reported that the thin cortex of a vertebra contribures
12%~75% toits overall strength and the contribution of
the cortex is estimated to be significantly larger in osteo-
porotic individuals.?’*? Thus, the hmportance of the
strength of the cortical shell should be raken into consid-
eration when predicting the fracture load for osteoporo-
sis patients.

The limitation of our model is that the cortical shell
was treated as a homogenous material because the pixels
of CT scans were too large to model the thin cortex. In
addition, with the limired resolution of currently avail-
able CT scanners, the microarchitecture of the bone can-
not be precisely assessed. Micro-CT and synchrotron mi-
cro-CT can visualize bone microstrucrure.™ Therefore,
an FEM based on micro-CT dara may show more accu-
rate simulation because it would be possible to model a
cortical shell with heterogeneous properties and also to
assess the microarchirecture. However, obraining i-

Table 2. Background of the Subjects in No Fracture
Group and Fracture Group

Group N Age {yr) Height {cim) Weight (kg)
No fracture group 42 123=57 1499 = 5.7 526 =174
Fracture group 36 768 = 46 146.6 - 6.0 478 =13

cro-CT scans of a whole vertebra i vivo would be im-
possible with the currently available scanners. Also, use
of thinner CT slices to obrain images leads to more radi-
ation exposure. To decrease radiation exposure for
clinical use, somewhat thicker slices would be more
appropriate.

We assessed 3 models each with a different element
size of 1 mm, 2 mim, and 3 mm. With an element size of
1 mm and 2 mm, the correlation between the fracrure
load predicted by the FEM and rthat measured experi-
mentally was very strong (r > 0.90). With an element size
of 3 mm, the correlation was slightly weaker (r < 0.90).
Although all of 3 FEM were generated using CT dara
obrained with a 1 mm slice thickness, these results sug-
gested thar the elements with a size of 1 mm or 2 mm
could be used to accurately predice the fracture load.
There was a stronger correlation ér = 0.978) with 2 mm
tetrahedral elements than with either I mm or 3 mm
elements. The correlation of the fracture load between
the prediction and the experiment was better than thatin
the previous FEM studies (r = 0.89-0.95).>*-*7 The
slope of the regression line obtained with 2 mn tetrahe-
dral elements was 0.881, which was also better than thart
in the previous FEM studies (0.569-0.86).**~*7 The
previous FEM srudies had failed to model the surface
curvature of the vertebra, march the elastoplasticity of
the vertebra, or model a cortical shell. These results
indicated that our FEM predicted compressive verte-
bral strength more accurately. '

The correlation between the fracture load with 1 mm
and 2 mm elements (r = 0.959) was stronger. than both
of the correlarions berween T mmand 3mm {r = 0.912),
and berween 2 mm'and 3 mm (r = 0.878). The slope of
the regression line relating 1 mim and 2 mm (0.868) was
also betrer than thar relating | mm and 3 nmim (0.839),
and that relating 2 mm and 3 nun (0.730). These results
indicared thar the prediction by the FEM with the 1 mm
and 2 mm elements achieved more accurate resulr than
the 3 mm elements.

The results obrained by the convergence study with
the 1 mm, 1.4 mm, 2 mm, 3 mm, and 4.5 mm models
suggested the model with 1 mm elements was the most
accurate among the 3 models. However, the 2 mm maodel
was thoughr to achieve sufficiently accurare predicrion
compared with the 1 mm model. In the previous FEM
study using the models with 8-noded hexahedral ele-
ments, stiffness of the model with 3 X 3 X 3 mm” ele-
ments was on average only 4% greater than that with
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Figure 3. Bone mineral density of ‘
the lumbar spine {L2-14) and pre-
dicted vertebral strength of the 2.0
L2 vertebra in the nonfracture .
group (n = 42) and in the frac- 1.5 | P
ture group {n = 36). The error -
bars represent one standard de-
viation from the mean. Bone min- 1.0
eral density of the nonfracture
group was greater than that of 0.5 |
the fracture group. The differ- ”
ence was significant (P < 0.05).
Predicted vertebral strength in 0.0

the. nonfracture group was also
significantly (P < 0.0001) greater
than that of the fracture group.

1 X 1 X 1.5 mm? elements, and there was a high corre-
lation between the stiffness and the experimentally mea-
sured ultimate strength values in both 3 X 3'X 3 mm’
element mode! (> = 0.94) and 1 X 1 X 1.5 mm? element
model (r> = 0.92).>*

Based on these in vitro data, an in vivo study was
performed using CT scans with a 2-mm slice thickness

Bone Mineral Density

(g/an?)

and a nonlinear FEM with an element size of 2 mm. "’

There have been few reports abour predicting vertebral
strength i vivo, although some authors have assessed
vertebral strength in vitro by mechanical testing. In the
elderly, McBroom et al reported that-among 10 speci-

mens from subjects with an average age of 78 years, the

average failure load for the L1 vertebral body was
3160 + 424 N and it was 3385 = 485 N for L.3.% Eck-
stein ef al reporred that the average failure load for L3
was 3016 = 149 N when they tested 102 specimens from
the subjects with an average age of 80.6 years.?” These 2
reports included both men and women. In the present
study; however, all of the subjects were Japanese women.
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Predicted Vertebral Strength -
&N)

This might be one of the reasons why our predicted ver-
tebral strengrh was smaller than that reported elsewhere.

The limitation in our study was that the prediction
was made under a uniaxial compressive loading condi-
tion. In an in vivo situation, the loading and boundary
conditions are completely different. However, one of the
advantages of FEM simulation is thar it allows us to ser
an arbitrary load magnitude or direction to simulate
loading in various activiries of daily living. If predicted
strength by FEM was proved to be accurarte in a uniaxial
compressive loading condition, we could assume that we
might be able to apply this method to predict accurately
the strengrh under various other loading and boundary
conditions. Nevertheless, the accuracy of our method in
predicting strength under different loading and bound-
ary conditions should be validated by conducting an-
other mechanical testing and it would be one of our as-
signments in the furure study.

In this study, the vertebral strength predicted by FEM
could detect preexisting vertebral fracrures bertter than

Figure 4. The ratio of L2 verte-
bral strength to weight in the
nonfracture group {n = 42) and
in the fracture group (n = 36).
The difference was also signifi-
cant (P < 0.005).
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BMD. CT-based FEM assesses bone geometry and het-
erogeneous bone mass distribution as well as the BMD. It
is hoped thar CT-based FEM will become useful for es-
timating the risk of vertebral fracture in osteoporotic
individuals.

B Key Points

o In vivo assessment of lumbar vertebral strength
in elderly Japanese women was performed using a
. CT-based nonlinear finite element model that was
established and initially evaluated in vitro.
o The average L2 vertebral strength of the 78 sub-
jects was 2154 + 685 N according to this model.
e The present FEM could detect preexisting verte-
bral fracture more accurately than measurement of
the bone mineral density.
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Prediction of strength and fracture location of the proximal femur by a CT-based nonlinear finite element method - Effect of load direction on
hip fracture load and fracture site -
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Introduction: The occurrence rate of hip fractures due to osteoporosis is rapid-
ly increasing, representing one of the most serious and urgent social problems. We
focused on a computed tomography-based finite element method (CT/FEM) ro
quantify structural strength, thereby developing a nonlinear CT/FEM to achieve
accurate assessment of strength of the proximal femur [1]. The aim of this stedy
was to investigate the effect of load direction on fracture risk of the proximal femur.
For this purpose, we evaluated changes in magnitude of strength for the proximal
femur with changes in load direction by analyzing the contralateral femur in
patients with hip fracture using the nonlinear CT/FEM. We also verified changes
in fracture risk by site. From these analyses, we identitied load and boundary con-
ditions thart could increase risk of hip fracture and clarified that this could poss1blv
cause the fracture types commonly seen in clinical situations.

Materials and Methods: Twenty eight temora in female patients with contra-
fateral hip fracture (age: 80 - 91, average: 85.2)(femoral neck fracture: 13 patients,
trochanteric fracture: 15 patients). The study protocol was approved by our ethics
committee and the patients were enrolled after informed consent was given.
Within 7 days after admission, axial CT images of the proximal femur were
obrained (slice thickness: 3 mm, Aquilion Super 4, Toshiba Medical Systems Co.,
Tokyo, Japan) as well as scans of a calibration phantom. The CT data were trans-
ferred to a workstarion and 3D finite element models were constructed from the
CT data using Mechanical Finder (Research Center of Computational Mechanics
Ine., Tokyo, Japan). Trabecular bone and the inner portion of cortical bone were
modeled using 3 mm linear tetrahedral elements, while the outer cortex was mod-
eled using 3 mm triangular plates (0.4 mm thick){1]. On average, there were
75,212 tetrahedral elements and 4,103 triangular plares.

Force was applied to the femoral head at an angle ¥ to the shaft in the fronral
plane and at an angle 8 to the neck axis in the transverse plane (Fig. 1). For stance
configuration (SC), Y and 8 were set at 160° and 0°. For fall configuration (FC), v
and & were set at 120° and 0° (FC1), 60° and 0° (FC2), 60° and 15° (FC3) or 60°
and 45° (FC4), respectively [4, S].

Materially nonlinear finite element analysis was performed by the Newon-
Raphson method. Fracture was defined as occurring when ar least one shell ele-
ment failed. Fracture loads were predicted and sites at fracture risk were identified
(1.

Correlations between predicted fracrure load and load direction were investi-
gated. Predicted fracture type was compared with contralateral actual fracture type.

Pearson’s correlation analysis, Friedman test, Scheffe’s post ho test and Fisher's
exact test were used for statistical analyses and the results were considered signifi-
cant when p values were less than 0.05.

Results: The average predicted fracrure loads for SC was 3080 N (standard
deviation (SD): 551 N), 2210 N (SD: 606 N) for FC1,1047 N (SD: 236 N) for
FC2, 970 N (SD: 199 N) tor FC3 and 700 N (SD: 167 N) for FC4, respectively.

The predicted fracture loads for SC were significantly higher than those forall

fall configurations except for FC1 (p < 0.001).

In comparisons of predicted fracrure loads for all fall contigurations, loads were
significantly higher for FC1 than for FC2, FC3 or FC4 (p-0.02, p<0.001, p<0.001,
respectively).

The predicted fracture loads tor FC2 were significantly higher than those for
FC4-(p < 0.001). The predicted fracture loads for FC3 were significantly higher
than those for FC4 (p < 0.01).The correlations of the predicred fracture loads for
all contigurations were shown on Table 1.

The predicred fracture sites located at sub-capital region in all patients for SC.
The predicred sites locared at trochanteric region in all patients for all fall loading
contigurations except for FC1. For FC1, the predicted sires located ar sub-capiral
tegion in13 parients, but in 15 patients, they locared at trochanteric region. For 20

Poster No. 935 « 34¢h Aunual Mecting of He Orthe pacdic Rescarch .

225

_patients, contralateral actual fracture type corresponded to predicted fracture type.

Predicted fracture type corresponded significantly to contralateral actual fracrure
type (p<0.01). :

Discussion: As 8 increases, the fall tends to be directed more posteriorly. Falls
in a posterolateral direction were thus indicated to increase fracture risk more than
falls to the side. Each of the predicted fracture loads from various loading condi-
tions displayed poor correlation with each other, even though most correlations
were significant. Strength of the proximal femur should thus be evaluated under
multiple loading conditions. Intertrochanteric fractures were predicted to occur
under all fall loading conditions except FC1. Hirsch er al. reported that compres-
sive force along the long axis of the femoral neck is necessary for femoral neck frac-
tures to occur [6). Mean neck-shaft angle of the ferur is known to be 120°-130°,
so FC1 was considered as the condirion that could cause neck fractures. If we
assume that no morphological differences exist berween right and left femora in
each patient (7], in all fall loading conditions except FC1, the loading condition
would possibly be the only decisive factor for fracture type, irrespective of the mor-
phological characteristics of each patient. Conversely, in FC1, fracture type might
differ depending on morphological characteristics of each patient. Keyak et al.
reported relationships berween loading direction and magnitude of predicred frac-
ture load [4]. However, they reported results from only 4 patients and statistical
analyses were not conducted. Tn addition, they lacked information on predicted -
fracture sites. The present study could contribute to providing us with useful infor-
mation for the establishment of effective measures to prevent hip fractures.

References: [1] Bessho er al. ] Biomech 40: 1745-53, 2007 [2] Keyak et al,, |
Biomed Mater Res 28: 1329-36, 1994 {3] Keller et al,, J Biomech 27: 1159- 68,
1994 [4] Keyak et al., ] Orthop Res 19: 539-44, 2001 [5] Fujii et al, Nippon
Seikeigeka Gakkai Zasshi 61: 531-41,1987 [6] Hirsch et al,, ] Bone Joint Surg Br
42: 633-40, 1960 [7] Boston et al., Injury 14: 207-10, 1982

Table 1. Correlations (r) of the predicted fracture loads for each loading contigura-
tions.
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Prediction of strength and fracture location of the proximal femur by a CT-based nonlinear finite element method - Effect of load direction on
’ hip fracture load and fracture site - '
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Orthopaedic Surgery, University of Tokyo, Tokyo, Japan
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Introduction: The occurrence rate of hip tractures due to osteoporosis is rapid-
ly increasing, representing one of the most serious and urgent social problems. We
focused on a computed tomography-based finite element method (CT/FEM) to
quantify structural strength, thereby developing a nonlinear CT/FEM to achieve
accurate assessment of strength of the proximal femur [1]. The aim of this study
was to investigate the effect of load direction on fracture risk of the proximal femur.
For this purpose, we evaluated changes in magnitude of stréngth for the proximal
femur with changes in load direction by analyzing the contralateral femur in
patients with hip fracture using the nonlinear CT/FEM. We also verified changes
in fracture risk by site. From these analyses, we identified load and boundary con-
ditions that could increase risk of hip fracture and claritied that this could possibly
cause the fracture. types commonly seen in clinical situations.

Materials and Methods: Twenty eight femora in female patients with contra-
lateral hip fracture (age: 80 - 91, average: 85.2)(femoral neck fracture: 13 patients,
trochanteric fracture: 15 patients). The study protocol was approved by our ethics
committee and the patients were enrolled after informed consent was given.
Within 7 days after admission, axial CT images of the proximal femur were
obtained (slice thickness: 3 mm, Aquilion Super 4, Toshiba Medical Systems Co.,
Tokyo, Japan) as well as scans of a calibration phantom. The CT data were trans-
ferred to a workstation and 3D finite element models were constructed from the
CT dara using Mechanical Finder (Research Center of Computational Mechanics
Ine., Tokyo, Japan). Trabecular bone and the inner portion of cortical bone were
modeled using 3 mm linear tetrahedral elements, while the outer cortex was mod-
eled using 3 mm triangular plates (0.4 mm thick){1]. On average, there were
75,212 tetrahedral elements and 4,103 triangular plates.

Force was applied to the femoral head at an angle ¥ to the shait in the frontal
plane and at an angle 8 to the neck axis in the transverse plane (Fig. 1). For stance

’ configuration (SC), Y and 8 were set at 160° and 0°. For fall configuration (FC), Y
and & were set at 120° and 0° (FC1), 60° and 0° (FC2), 60° and 15° (FC3) or 60°
and 45° (FC4), respectively [4, 5].

Materially nonlinear finite element analysis was performed by the Newton-
Raphson method. Fracture was defined as occurring when at least one shell ele-
ment failed. Fracture loads were predicted and sites at fracture risk were identified
1l

Correlations between predicted fracture load and load direction were investi-
gated. Predicted fracture type was compared with contralateral actual fracture type.

Pearson’s correlation analysis, Friedman test, Schetfe’s post hoc test and Fisher's
exact test were used for statistical analyses and the results were considered signifi-
cant when p values were less than 0.05. '

Results: The average predicted fracture loads for SC was 3080 N (srandard
deviation (SD): 551 N), 2210 N (SD: 606 N) for FC1, 1047 N (SD: 236 N) for
FC2, 970 N (SD: 199 N) tor FC3 and 700 N (SD: 167 N) for FC4, respectively.

The predicted fracture loads for SC were significantly higher than those for all
fall configurations except for FC1 (p < 0.001).

In comparisons of predicted fracture loads for all fall configurations, loads were
significantly higher for FC1 than for FC2, FC3 or FC4 (p=0.02, p<0.001, p<0.001,
respectively). :

The predicted tracture loads tor FC2 were significantly higher than those for
FC4 (p < 0.001). The predicted fracture loads for FC3 were significantly higher
than those for FC4 (p < 0.01).The correlations of the predicted fracture loads tor

‘all configurations were shown on Table 1.

The predicred fracture sites located ar sub-capital region in all patients for SC.
The predicted sites located at trochanreric region in all patients for all falf loading
contigurations except tor FC1. For FC1, the predicted sites located ar sub-capital
region in13 patients, but in 15 parients, they locared at trochanteric region. For 20

patients, contralateral actual fracture type corresponded to predicted fracture rype.
Predicted fracture type corresponded significantly to contralateral acrual fracture
type (p<0.01). )

Discussion: As § increases, the fall tends to be directed more posteriorly. Falls
in a posterolateral direction were thus indicated to increase fracture risk more than
falls to the side. Each of the predicted tracture loads from various loading condi-
tions displayed poor correlation with each other, even though most correlations
were significant. Strength of the proximal femur should thus be evaluared under
multiple loading conditions. Intertrochanteric fractures were predicted to occur
under all fall loading conditions except FC1. Hirsch et al. reported that compres-
sive force along the long axis of the temoral neck is necessary for femoral neck frac-
tures to occur [6]. Mean neck-shaft angle of the femur is known to be 120°-130°,
so FC1 was considered as the condirion thar could cause neck fractures. If we
assumne that no morphological differences exist between righr and left femora in
each patient [7), in all fall loading condirtions except FC1, the loading condition
would possibly be the only decisive factor for fracture type, irrespective of the mor-
phological characteristics of each patient. Conversely, in FC1, fracture type might
differ depending on morphological characteristics of each patient. Keyak et al.
reported relationships between loading direction and magnitude of predicted frac-
ture load [4). However, they reported results from only 4 patients and statistical
analyses were not conducted. In addition, they lacked information on predicted
fracture sites. The present study could contribute to providing us with useful infor-
mation for the establishment of effective measures to prevent hip fractures.

References: (1] Bessho et al. ] Biomech 40: 1745-53, 2007 2] Keyak et al, J
Biomed Mater Res 28: 1329-36, 1994 [3] Keller et al., ] Biomech 27: 1159-68,
1994 [4] Keyak et al, ] Orthop Res 19: 539-44, 2001 [5] Fujii et al,, Nippon
Seikeigeka Gakkai Zasshi 61: 531-41, 1987 [6] Hirsch et al., | Bone Joint Surg Br
42: 632-40, 1960 [7] Boston et al., Injury 14: 207-10, 1982

Table 1. Correlations (1} of the predicted fracture loads for each loading contigura-
tions.
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AN ASYMMETRICAL THREAD PROFILE EXTERNAL FIXATION PIN HAS HIGHER PULLOUT STRENGTH THAN A SYM-
METRICALTHREAD PIN

Satoru Ohashi, Isao Ohnishi, Juntaro Matsuyama, Masahiko Bessho, Takuya Matsumoto, Kozo Nakamura
" Department of Orthopaedic Surgery, Faculty of Medicine, University of Tokyo, Tokyo, Japan
soohashi-tky@umin.ac.jp

Introduction: One of the common complications in external fixation is pin
loosening, which is suggested to be caused by stress concentration at the pin-bone
interface [1, 4]. It could be minimized by urilizing improved thread profile design
of the pins [4]. There have been several studies investigating the relationship
between pin thread profile and pin pullout strength or pin-bone interface stress by
conducting mechanical testing [2, 5] or by finite element (FE) method [3]. The
thread configurations, however, in those studies were all symmetrical and no study
has investigated mechanics of asymmetrical thread pins. We hypothesized mechan-

ical performance of asymmetrical thread profile pins could be different from that

of symmetrical pins. The purpose of this study was to investigate the mechanical
performance of the asymmetrical pins by conducting pullout testing. Concurrently,
three-dimensional FE models for the simulation of the pullout testing were creat-
ed, thereby investigaring the energy and stress distributions at the pin-bone inter-
tace using FE analysis.

Materials and Methods: Based on ISO 9268: 1988, we manufactured three
different thread profile screw pins with an outer diameter of émm, an inner diam-
eter of 4.8mm and 2 pitch of 1.8mm made of 6 Aluminum 4 Vanadium Titanium
alloy. One had symmetrical thread and the other two were asymmetrically thread-
ed. For the mechanical testing, 6mm thick epoxy-sheers (E-glass-filled Epoxy
Sheet, 3001-04, Sawbones®, Pacific Research Laboratories, Inc., Vashon, WA)
were used as cortical bone models. Pre-drilling the model using a 4.5 mm diame-
ter drill bit was preceded before the pins were inserted with self-tapping technique.
6 pins were fested for each thread type. Pullout testing was conducted using a meral
stopper with a 14 mm diameter round hole to restrain upward displacement of the
bone model. Pins were pulled up with a mechanical testing machine (Servopulser
EHF-LBSKN-10L, Shimazu, Kyoto, Japan) at a cross head speed of 0.03 mm/sec,
based on the ASTM, F543-02 guidelines. The load was measured by a load cell
(SCL-SKN, Shimazu, Kyoto, Japan) with a fange of 7.5 kN. The pullout strength
was defined as the ultimate strength achieved and described as 2 mean and a stan-
dard deviation (SD). The results of the mechanical tests were statistically analyzed
by the analysis of variance. The differences were considered signiticant when p-val-
ues were less than 0.05.

Pullout testing simulation was performed using a2 FE method for the asym-

metrical thread pins under a condition identical to the mechanical resting. Three-
dimensional surtace dara in a computer assisted designing format for the screw pins
and the cortical bone model were pur into the mesh generation software (ANSYS
ICEM CFD 5.1, Ansys Inc. Canonsburg, PA). FE mesh models of the pins and
the bone model were created using tetrahedral elements with a variable side length
of 0.5 to 1.0 mm by the oct-tree algorithm method. The average numbers of nodes
and elements were 23,000 and 120,000, respectively. These meshes were imported
into a finite element analysis software (Mechanical Finder software, RCCM,
Tokyo, Japan). Young’s moduli of the screws and the bone model were assumed to
be isotropic, and assigned as thar of 6 Aluminum 4 Vanadium Tiranium (109.4
GPa) for the pins and that of the epoxy-sheet (12.4 GPa) used in the mechanical
testing. Poisson’s ratio was set as 0.28 for the pins and 0.4 tor the bone model. A
simulated uniaxial pullout load was applied at the end of the pin along its long axis.
In order to simulate the conract interfacial characteristics between the screw pin
and the bone model, node-on-node gap elements were creaied on the interface
nodes. Virtual length of the gap elements was ser as 0.1mm. Youngs modulus of
the gap element was ser as the mean modulus of the pin and thar of the bone
‘model. The friction coefficient was set as 0.3. Linear analysis was performed with
a pullout load of 4000 N. The average compuring time was abour 10 h. In post pro-
cessing analysis, the pin-bone interface strain energy and stress concentration were
assessed by analyzing the maximum strain energy densiry and the maximum equiv-

alent stress (von Mises stress). The maximum strain energy density and the maxi-
mum equivalent stress were defined as the maximum values of the strain energy
density and the equivalent stress of all bone elements.

Results: The measured pullout strength for the type A pin was significantly
higher than that for the symmetrical thread pin and the type B pin (p < 0.0001).
The maximum strain energy density and the maximum equivalent stress obtained
from FE analysis for each pin were listed on Table 2. The maximum strain energy
density and the maximum equivalent stress for the type A pin was the smallest of
all pins. Each bone element with the maximum strain energy density or the maxi-
mum equivalent stress located at the pin-bone interface of each pin-bone complex
model.

" Discussion: From the results of the FE analysis, it was assumed the lower ener-
gy or stress concentration ar the pin-bone interface of type A pin contributed to its
significantly higher pullout strength in the mechanical testing. By adopring the
asymmetrical thread pins, we may be able to enhance fixation by external fixators,
thereby lowering the risk of pin loosening.

References: 1. Aro HT er al, ] Trauma, 35, 1993; 2. Halsey D et al, Clin
Orthop Relar Res, 278, 1992; 3. Hansson S et al, ] Biomech, 36, 2003; 4. Huiskes
R et al, ] Orthop Res, 3,1985; 5. Liu ] er al, Clin Orthop Relat Res, 310, 1995

Acknowledgements: This work was funded by the grant in aid of the 15th
Medical Frontier Project of Pharmaceuticals and Medical Devices Agency
(PMDA) of Japan.

Yy A pn Symauctrical pin Type b pin
Paliout stiength tNy * Au8.3TI46 4332060 42813 2930
Marioum sazin energy devcity (MlnY) 2 402 33
Masinem ageivaknd dass (MPa) M 40213 L ) .

Values are described as the mean t standard deviaton.

Binglp sem——

The total angle of the thread tip was 45 degrees for all pins. The angle B and yare defined as
shown on the scheme and setas 22.5° and 22.5% for the symmetrical thread pin, 40.0° and 5.0°
for type A pin, and 5.0% and 40.0° for type B pin, respectively.

Axlai puliout load

Fully restrained

Each of the screw models was inserted in the center of a circular disk with a thickness of 6 mm
and a diameter of 40mm, which simulated the cortical bone model.
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Preoperative simulation using 3 dimensional CT and CAD datum
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Deformity Evaluation of the Tubular Bone Using 3D CT Image
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A NEW METHOD FOR EVALUATION OF FRACTURE HEALING BY
ECHO TRACKING

JUNTARO MATSUYAMA,* IsA0 OHNISHI,* RYOIC‘HI Sakal,’ MASAHIK() BEssHo,*
Takuya MaTtsumMoTo,* KolcHl MIYASAKA AxiMiTsu HARADA,T SATORU Omsm *

AND Kozo NAKAMURA™
“Department of Orthopaedic Surgery. University of Tokyo and YResearch Laboratory. Aloka Co. Ltd.. Tokyo. Japan

Abstract—Assessment of hone healing on radiographs depends on the volume and radio-opacity of callus at the
healing site, but is not necessarily objective, and there are differences of judgment among observers. To overcome
this disadvantage, a clinical system was developed to quantify the stiffness of healing fractures of the tibia in
patients by the echo tracking (ET) method in a manner similar to a threc-point bending test. The purpose of this
study was to ensure that the ET system could clinically assess the progress, delay or arrest of healing. The fibular
head and the lateral malleohis were supported. A 7.5-MHz ultrasound probe was placed on the proximal and
distal fragments and a load of 25 N was applied. Five tracking points were set along the long axis of the
ultrasound probe at intervals of 10 mm. With a multiple ET systeni, two probes measured the displacement of
five tracking points on each of the proximal and distal fragments of the tibia, thereby detecting the bending of
the two fragments generated by the load. ET angle was defined as the sum of the inclinations of the proximal and.
distal fragments. Eight tibial fractures in seven patients treated by a cast or internal fixation were measured over
time. In patients with radiographically normal healing, the bending angle decreased exponentially over time.
However, in patients with nonunion, the angle remained the same over time. It was demonstrated that the ET
method could be clinically applicable to evaluate fracture healing as a versatile, (uantitative and noninvasive

technique. (E-mail: ohnishii-dis@h.u-tokye.ac.jp)
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INTRODUCTION |

The most important issue in assessment of fracture heal-
ing is to obtain information about restoration of the
mechanical integrity of the bone. In clinical practice.
fracture healing is usually judged from serial radio-
graphs. Assessment of bone healing on radiographs de-
pends on the volume and radio-opacity of callus at the
healing site. but is not necessarily objective, and there
are differences of judgment among observers. In addi-
tion. radiographs cannot evaluate fracture site strength.
In these respects. assessment of (racture ludlmo by using
radiographs is far from ideal.

The stated disadvantages of radiography for assess-
ment of {racture healing have been pointed out in recemt
years, and various other methods of assessment have
been developed. Jemberger (1970) devised an invasive
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method for measuring the bending stiffness of healing
fractures of the tibia. With his method, the proximal and
distal bone fragments were fixed by screws that were
connected to a specially designed beam, and a load was
applied through a screw at the center of the fixing screws.
The method was based on the principle governing the
bending of two beams connected at the ends and sub-
jected to a bending force applied at the midpoint. Burny
et al. (1984) developed a method that used a strain gauge

attached 1o a fixator shaft. With their method, the strain
gauge readings were monitored over time during weight
bearing, and the pattern of fracture healing was classified
into seven categories (such as normal, delayed, arrested,
etc.). Assessment using acoustic emission (AE) was de-
veloped by Nicholls and Berg (1981), who detected
acoustic pulses generated by microscopic failure of the
bone under loading. The investigation by Watanabe-et al.
(2001) revealed that AE signals occurred with the yield-
ing of callus. However, the strain gauge method and the
AE method have the disadvantage that both are limited to
patients with external fixation, and both require the in-
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Fig. 1. The target tissue may move closer to or away from an

ultrasonic probe over the distance AZ during a pulse repetition

time of ultrasonic waves (T). causing phase delay of the RF

echo signal (At). The ET method measures the extent of this

displacement by tracking the initialized phase pattern of the
echo signal.

sertion of screw pins or wires. For. these reasons, such
methods have not been widely used and a new method is
needed that is both noninvasive and widely applicable.

To overcome such limitations, we developed a new
method for the noninvasive and quantitative assessment of
fracture healing. Bone always undergoes deformation in
response to an applied load. By quantitatively measuring
this deformation, it is possible to assess the mechanical
properties of bone and thereby estimate the strength of a
fracture site. In this study. we attempted to noninvasively
assess the bending stiftness of the healing fracture siles after
applying a load. To measure bending stiffness, we focused
on ulrasound because it is noninvasive. Precise measure-
ment of the displacement of a specific point can be done by
the echo tracking (ET) method. This method is a technique
for measuring minute displacernent of a certain point on a
tissue by detecting a wave patlemn in the radiofrequency
(R1) echo signal reflected from the tuget tissue (Fig. 1)
(Hokanson et al. 1972). To-apply this technique for detec-
tion of bone deformation, we improved it so that displace-
ment could be measured with an accuracy of 2.6 um
(Matsuyama et al. 2006). We also developed a muiti-ET
system that was able to simultaneously track dynamic
movement at multiple points on the bone surface. In our
previous study of the three-point bending test using a por-
cine tibia, the strain gauge readings and the data from the
multi-ET system showed an almost pertect linear correla-
tion with the load (r = 0.998). These results indicated the
possibility of using the echo tracking method to detect bone
surtace deformation.

The purpose of this study was to determine whether
our newly developed ET system could clinically assess
the progress, delay or arrest of healing by detecting the
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'bend'mg stiffness at the fracture healing site. Fracture

healing was evaluated- in patients with tibia fracture -
treated by a cast or internal fixation.

METHODS

A clinical system was developed to quantify the stiff-
ness of healing fractures of the tibia in patients by the ET
method in a similar manner to a three-point bending test.
Five tracking points were set along the long axis of the
ultrasound probe at intervals of 10 mm. With a multiple ET
system, two probes measured the displacement of five
tracking points on each of the proximal and distal fragments
of the tibia, thereby detecting the bending of the two frag-
ments generated by the load. ET angle was defined as the
sum of the inclinations of the proximal and distal fragments
(Fig. 2). When callus was weak in the initial stage of
healing, the tracked points were almost in a straight line and
the inclination of the two fragments was calculated directly.
However, when the callus was more rigid in the late stage
of healing, the line connecting the points was curved and
the inclination was obtained from the slope of the linear
regression equation for the displacement of the points.

Before clinical application of this method, its accu-
racy was evaluated by measuring the inclination of the
metal flat panel.

Measurement of the accuracy of ET angle using an
inclined flat metal panel

A flat stainless steel (SUS 420]) panel (length 270
mm, width 60 mm, thickness 5 mm) was used, which had
a parallel accuracy and flatness variation of <2 um. One
end of the panel was attached to a magnet stand (DG,
Noga Japan Ltd, Saitama, Japan), and the other side was

_attached to a goniometer (X13-001, Tsukumo Co. Lid,

Saitama, Japan) fixed to another magnet stand. Then, the
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Fig. 2. Probes are set on each of the proximal and distal

fragments of the tibia to detect the bending of the two frag- -

ments generated by a load. The ET angle is defined as the sum
of the inclination of bath [ragments.
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Fig. 3. The accuracy of the ET measurement was evaluated by

measuring the inclination of the flat metal panel simultaneously

using a 3-D measuring device. (A) 3-D measuring device; (B)
7.5-M Hz linear ultrasound probe.

metal panel was inclined by increasing the height of the
goniometer stand. A 7.5-M Hz linear ultrasound probe
(UST-5710-7.5. Aloka Co. Lid.. Tokyo) was set al a
distance of 20 mm from the panel 1o measure the changes
of displacement of each of five points on the panel (Fig.
3). Using these data, the ET angle of the panel was
calculated. At the same time, the inclination of the panel
was accurately measured using a 3-D measuring device
(AE112, Mitsutoyo, Kanagawa, Japan) with an accuracy
of 1 um. The panel was inclined by elevating the sliding
mechanism of the stand by 0.4 mm and the inclination of
the panel was measured 5 times, after which the mean
and standard deviation were calculated. Accuracy was
evaluated by calculating the standard deviation of the
difference between the ET angle and the inclination
measured by the 3-D measuring device in each of the
measurement trials.

Clinical measurement of fracture site bending stiffness
Eight tibial fractures in seven patients with an av-
‘erage age of 37 y (range 24-69 y) were measured (Table

1). Two fractures of two patients were treated conserva-
tively with a cast, and six fractures of five patients were
treated by internal fixation (locked intramedullary nail-
ing in 4, plating in 1 and screws in 1). The average
measurement period was 40.8 wk (21-60 wk), and the
average number of measurements was 7.5 (5~11).
Patients assumed the supine position with both
knees extended, and the affected leg was held horizontal
with the antero-medial aspect of the tibia upwards. The
fibular head and the lateral malleolus were supported and
held tight by a Vacufix (Muranaka Medical Instrument
Co., Lid., Osaka, Japan) to avoid rotation of the leg
during loading trials. Before measurement, B-mode im-
ages of the short axis of the proximal and distal frag-
ments of the tibia were obtained to identify the center in
both directions. By connecting both of the centers, the
anatomical axis of the tibia was identified. A 7.5-MHz
ultrasound probe was placed on the antero-medial aspect
of each of the proximal and distal fragments in the long
axis. Each probe was equipped with a multi-ET system
with five tracking points at 10-mm intervals. The probes
were set vertically on the skin of the leg and held tight
with an articulated holder (DG61003, Noga Japan Ltd.,
Saitama, Japan). A load of 25 N was applied at a rate of
5 N/s and then reduced to O N at the same rate using a

-force gauge (DNP, Imada, Osaka, Japan) parallel to the
direction of the probe at the most distal part of the -

proximal fragment adjacent to the fracture site (Fig. 4).
For the initial measurement obtained in each patient, the
loading point was set right on the long axis near the

" fracture site using a B-mode image as a guide. With this

setup, the tibia was bent in the same way as for a
three-point bending test in the direction of the ultrasound
beam. In patients with oblique or spiral fractures, the
loading point and the tracking points were set so that
they did not cover the fracture site. In patients with a
bone graft at the fracture site, the loading point was set
on the graft, but the probes were placed so as not to cover
it. In the patient with a plate, both the proximal and distal
probes were set on the plate surface to measure bending
of the plate. Using the multi-ET system, the probes

Table 1. Clinical cases of the tibial fracture

Measurement period Radiographic

Case Gender Age Limb Treatment [racture healing (Initial-final) finding
1 F 24 L Casting 447 wk Normal
2 M 29 R Casting 7-28 wk ' Normal
3 M 23 R Bone grafting 8-27 mo Normal
4 M K} R Nailing 4-39 wk Normal
] F 57 R Nailing 5-10 mo Normal
6 F hY) L Nailing 6-10 mo Normal
7 I 26 R Nailing , Sy2moe-Sy 7Tmo Nonunion
8 M 6Y R Plating 9-43 wk Delayed
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Suppeorter (Vacufix)

Fig. 4. The affected leg of a patient was held horizontal with the

antero-medial aspect of the tibia upwards. The fibular head and.

the lateral malleolus were supported and held tight by a Vacu-

fix. The probes were set vertically on the skin of the leg and

held tight with an articulated arm. A load was applied using a
force gauge parallel to the direction of the probe.

detected the angle between the proximal and distal frag- V

ments generated by the load. Measurement was repeated
five times, and the mean and the standard deviation of the
ET angle were calculated.

Fracture healing was assessed at intervals of two or
three weeks until radiographic union or wrest of healing
oceurred. In each patient, the decrease of the ET angle was
statistically examined to determine whether it decreased
exponentially and whether the decrcase was significant. To
evaluate the changes of the ET angle over time. exponential
regression analysis was performed. and the curve ol the ET
angle vs. time relation was drawn. Ditlerences were con-
sidered significant when the p value was less than 0.05.

To investigate the influence of the position of the
probes and the patient on the results. the precision of the
method was evaluated by repeated measurement of the
ET angle in a patient with a diaphyseal fracture -of the
tibia treated by a cast (case 2). In addition. the lincarity
of the relation between the Joad and the ET angle was
assessed by incrementally increasing the load from 10 10
30 N. The ultrasound device (SSD 1000, Aloka Co, Lud.)
used i this investigation is used clinically and its salely
has been established. The protocol of this investigation
was approved by (he ethics commitiee of The University
of Tokyo Hospital. and the patients were enrolled after
informed consent was oblained.
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RESULTS

Accuracy of ET angle measurement for a flat metal panel

Measurement of the inclination of the flat metal
panel showed that the average inclination was 0.117°
and the standard deviation was 0.002°. The average
inclination obtained with the 3-D measuring. device
was 0.116°, with a standard deviation of 0.003°. The
standard deviation of the differences between the data
obtained by the ET method and by the 3-D measuring
device was 0.002°.

Clinical measurement of fracture site bending stiffness

The average time required for measurement was
17 min (range 15-20 min). At each loading trial. none
of the patients complained of pain and there were no
complications related (o measurement.

The precision of this method was evaluated by
repeating measurement of case 2 (treated with a cast),
with repositioning of the leg and the ultrasound
probes. The mean and standard deviation of the ET
angle were 0.316 £ 0.015, and the coefficient of
variation was calculated to be 4.6%. The linearity of
the relation between (he load and the bending angle
was very high. with a correlation coefficient of 0.997.

Cases presentation

Case 1: A 24-veur-old-woman treated with a cast.
The patient sustained a spiral fracture of the proximal
diaphysis of the tibia in a traffic accident. and a patella
tendon bearing brace cast was applied. Healing was
assessed by the ET method, as well as radiographs a
otal of 11 times from 4 weeks o 47 weeks after
fracture. The fracture line became opague and the
callus volume increased from 4 weeks to 19 weeks,
but after 26 weeks there was almost no change of
the thickness of the callus. On the other hand. mca-
surement showed that the ET angle was about 1% at
4 weeks, and that it decreased exponentially (y
1.40e " %19 v = _0.975. p < 0.0001). The ET angles
of both cases | and 2 treated with a cast decreased
exponentially over time and they reached the level of
the intact side by 22 weeks (Fig. 5a, b).

Case 7: A 26-vear-old-woman with a fracture of the

-diaphvsis of the tibia treated by a locked intramedullary

nailing. ET measurement was performed five limes
from 5y 2 mo to 6 y 7 mo after fracture. Her X-ray
films showed hypertrophic nonunion, but judgment
whether healing was proceeding was extremely diffi-
cult. ET measurement showed that there was no sig-
nificant decrease of the angle over a period of 1y and
5mo (y = 0.264e%%0%, r = 0.238, p = 0.700) (Fig.
6a, b).
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Fig. 5. (a) Time sequential change of the fracture site X-ray {rom 4 weeks to 32 weeks alter fracture in case | treated
with casting. The fracture site healed normally. (b) In the same patient. the ET angle was plotted. The ET angles
‘ decreased exponentially over time.

Cuse 8: A 6Y-vear-old-man with a long obligie
Jracture treated with a plate. is X-ray tilms showed a
long oblique fracture line extending lor almost 80 mm.
Measurement was performed 10 times from 9 weeks to
45 weeks aiter fracture. during which period alimost no
change of the fracture site or callus was recognized on
X-ray flms. The ET method measured the bending
angle of the plate. The c¢hange was very slow. but the
angle decreased significantly from 0.28 10 1).2 degrees,
and then finally declined to 0.1 degree. The overall
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change showed an exponential curve (y = 0.40e" """
r = -0.895. p = 0.0005) (Fig. 7a, b). In patients with
radiographically normal healing, the bending angle
decreased exponentially over time (Fig. 8). However,
in patients with nonunion, the angle remained the
same over time. :

DISCUSSION
Our method allows noninvasive assessment of
bending stiffness at the healing site, so it can be appli-
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Fig. 6. (a) Time sequential change of the fracture site X-ray from 5y 4 mo to 6 y 7 mo afler fracture in case 7. treated

with intramedullary nailing. The X-ray filins showed hypertrophic nonunion. but judgment of whether healing was

proceeding was extremely difficult. (b) In case 7. the LiT angle showed no change over time and the regression lines
' showed no significant decrease.

cable (o patients weated conservatively as well as those
managed by surgical intervention with plating or in-
tramedullary nailing,

[n this study, the precision and reproducibility of the
method were evaluated. The precision of measuring dis-
plaéement by using the echo tracking system specially
designed for bone surface measurement has already been
assessed. and a precision of 2.6 p was demonsirated in
our previous study. However. the precision of measuring
the bending angle has not been investigated before. We
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obtained a precision of 0.002%. which was thought to be
adequate based on the results of the study by Moorcroft
et al. (2001) that evaluated fracture healing. They used
the three-point bending test to generate angles of 0.4 to
1.0° in an in-vivo measurement trial and connected a
‘goniometer to the bone fragment via screw pins fixed to
a side bar of the external fixator to detect bending at the
fracture site.

When estimation of the linearity of measurement
was done in relation to the load, there was excellent
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Fig. 7. (a) The X-ray films of case 8. treated with plating. No change of the fracture site or callus was recognized on
X-ray films. (b) The ET method measured the bending angle of the plate. The change was very slow. but the angle
decreased significantly from 0.28 0 0.2, and then finally declined to 0.1°,

linearity between magnitude of the Joad and the ET angle
(r = 0.997). indicating that elastic deformation of the
fracture site had occurred under a load range of 10 to 30
N. Therefore. measurement was shown to be noninvasive
as well as safe. without causing any residual deformity.

Reproducibility of the measurement methad was esti-
mated to be 0.015°. which was adequate to evaluale racture
healing quantitatively, because the angle ranged [rom
around 1 in the initial stage to about 0.1% in the final stage
when it was almost equivalent to that of the inact tibia.
However. we have to improve the reproducibility of mea-
surement in vivo. The lactors affecting reproducibility in
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vivo include the position of the leg. loading direction and
positions of the probes. Amoug these. the positioning or
fixation of the leg seems w have the most influence on the
reproducibility of measurement.

For clinical evaluation of fracture healing. data ob-
rained by the ET method were compared with X-ray
lindings aver time. In patents with delayed healing or
nonunion. judgment of the healing process using X-ray
films was difficult because the direction and conditions
of obtaining images were not exactly the same every
time, so Lhe findings were not reproducible. In contrast.
the echo tracking method evaluated - fracture stiffness



