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Imaging, Diagnosis, Prognosis

Noninvasive Prediction of Fracture Risk in Patients

with Metastatic Cancer to the Spine

Brian D. Snyder,1,2 Marsha A. Cordio,1 Ara Nazarian,1,3 S. Daniel Kwak,1

David J. Chang,1 Vahid Entezari,1 David Zurakowski,2 and Leroy M. Parker3

Abstract Purpose: Skeletal metastases affect up to 85% of breast cancer patients by the time of

their death. This prospective in vivo study evaluated the diagnostic performance of

computed tomography–based structural rigidity analysis (CTRA) to predict vertebral

fracture risk in breast cancer patients with skeletal metastasis and in comparison with

the current standard of care.

Experimental Design: Torso CT scans of 94 women with vertebral metastatic breast

cancer were obtained as part of routine screening for lung and liver metastases. The

load-bearing capacity (LBC) and axial (EA) and bending (EI) rigidities of vertebrae T8 to

L5 were calculated from CT images. The LBC was normalized by patient body mass

index (BMI) to account for height and mass variations. Vertebral fracture risk was also

calculated using the current radiographic-based criteria based on lesion size and loca-

tion. The actual occurrence of a new vertebral fracture was assessed radiographically

over the ensuing 4 months.

Results: Eleven vertebral fractures occurred in 10 patients. The structural parameters

EA, EI, LBC, and LBC/BMI were all 100% sensitive and 55%, 53%, 44%, and 70% specific

to predict fracture risk, respectively. Although radiographic criteria correctly predicted

all fracture cases (100% sensitive), only 48 of the 236 spinal segments that did not have

a fracture were correctly predicted not to fracture (20% specific).

Conclusions: CTRA, using CT scans as part of routine screening for lung and liver me-

tastasis, is shown to be as sensitive as, and significantly more specific than, the current

radiographic criteria for predicting vertebral fracture in breast cancer patients with skel-

etal metastasis. (Clin Cancer Res 2009;15(24):7676–83)

Skeletal metastases occur in 65% of patients with breast cancer
due to the overall high incidence and the relatively long clinical
course of the disease (1). The spine is the most common site for
skeletal metastasis in breast cancer patients (2). Of these pa-
tients, 17% to 50% sustain a vertebral fracture, resulting in
pain, deformity, loss of mobility, and/or paralysis (3, 4). Al-
though much has been learned about the mechanisms of me-
tastasis of cancer to the spine, little headway has been made in
the past 25 years to establish guidelines to estimate fracture risk
associated with spinal metastasis or monitor the response of a

specific bone defect to treatment (5). Currently, clinicians make
subjective assessments about fracture risk on plain radiographs
using guidelines now recognized to be inaccurate (6).
Systemic treatment with cytotoxic agents, hormone manipu-

lation, bisphosphonates, and/or local treatment with radiation
and/or surgical stabilization constitutes the range of therapies
available to breast cancer patients with skeletal metastases (7–
10). However, there are no objective methods for selecting
which treatment will best reduce the patient's risk for sustaining
a pathologic fracture and for monitoring the patient's response
to therapy. Our goal is to establish objective criteria for evalu-
ating the load-bearing capacity (LBC) of involved vertebrae that
can be used both to monitor changes in the bone structure that
reflect the interaction of the tumor with the host bone and to
guide treatment for fracture prevention.
Anatomic site, lesion type (lytic, blastic, or mixed), size, ge-

ometry, presence of pain, patient age, and activity level have all
been shown to be predictors of fracture risk in retrospective
clinical studies (11–13). However, although pain is the most
common presenting symptom of a skeletal metastasis, it is
not always present (14), may be unrelated to the metastatic can-
cer (e.g., degenerative disc disease and facet arthropathy), and is
not a reliable indicator of imminent vertebral fracture (15).
Skeletal metastases are most often diagnosed using plain

radiographs of the spine. Investigators have estimated vertebral
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fracture risk based on the size and geometry of an osteolytic le-
sion (16). However, 30% to 75% of the bone must be de-
stroyed before an osteolytic lesion is detectable on a plain
radiograph (17, 18), and because bone strength varies as the
square of bone density (19), the strength of the affected bone
is already reduced 50% to 90% by the time the metastasis is
evident radiographically. The relative size of the lesion is also
most often used to predict vertebral fracture risk, but this has
been shown to account for only 50% of the variation in verte-
bral body strength (20, 21).
Fracture predictions have been established empirically based

on retrospective review of patients with spinal metastases that
fractured using multivariate logistic regression analysis to esti-
mate the risk of a vertebral fracture as a function of the size and
the location of the lesion within the vertebra. After retrospective
review of 100 breast cancer patients with vertebral metastases
that fractured, Taneichi et al. (22) used transaxial computed to-
mography (CT) images through affected vertebrae to establish
the probability that a vertebra containing an osteolytic metasta-
sis involving at least 25% to 45% of its cross-section would frac-
ture depending on the type of vertebra (thoracic versus
lumbar), percent tumor occupancy, and the location of the os-
teolytic lesion within the vertebra relative to the anatomic struc-
tures that conferred the mechanical properties of the vertebra.
The risk that a vertebra will fracture depends on the reduction

in the LBC of the bone as a consequence of metastatic cancer,
the “quality” of the host bone, and the loads applied to the
bone (23). The LBC of a vertebra depends on its structural
properties, which are determined by the geometry, location,

and biological activity of the tumor and the geometry and ma-
terial properties of the host bone. Metabolic bone diseases such
as osteoporosis (which can be coexistent) and metastatic cancer
alter both bone tissue material and geometric properties; failure
to account for changes in both of these parameters limits the
accuracy of fracture risk predictions. The increased fragility as-
sociated with osteolytic metastases suggests that the strength of
the tissue comprising the tumor and surrounding bone is de-
graded and/or the stresses within the bone under applied loads
are increased because of changes in bone geometry. Thus, any
method that predicts fracture risk must be able to measure both
changes in bone material behavior (by monitoring bone densi-
ty) and changes in bone structural geometry (by monitoring
cross-sectional area and moment of inertia). Rigidity, the prod-
uct of bone tissue modulus and geometry, is the structural
property that reflects the resistance of the vertebra to axial
(EA), bending (EI), or torsional loads (24).
Therefore, we have developed and validated a CT-based

method to predict the fracture risk associated with osteolytic
vertebral lesions by calculating the cross-sectional structural ri-
gidity of affected bones (Fig. 1; ref. 25). In a series of ex vivo
studies, we previously showed that the force required to fracture
a bone with a simulated lytic lesion was proportional to the
structural rigidity of the “weakest” cross-section through the af-
fected bone (26, 27). Subsequently, we used our CT-based,
structural rigidity analysis in vivo to evaluate fracture risk in chil-
dren and young adultswith a variety of benign skeletal neoplasms.
In this pediatric cohort, the reduction in EI and torsional rigidity
calculated from transaxial CT images through affected bones was
significantly more accurate (97%) for predicting pathologic frac-
ture compared with fracture predictions based on the relative size
of the lesion measured on plain radiographs (42-61%; ref. 28).
The objective of this study was to test the hypothesis that CT-

based structural rigidity analysis (CTRA) is as sensitive as, and
significantly more specific for predicting vertebral fractures in
breast cancer patients with spinal metastases than, the currently
used empirically derived fracture risk predictions based on the
size and location of the lesion.

Materials and Methods

Study design. This prospective observational study compared the
diagnostic performance of CTRA for predicting the occurrence of a
new vertebral fracture in patients with metastatic breast cancer to an
empirically derived logistic regression analysis based on the size and
location of vertebral metastases observed on transaxial CT images of
the spine. After receiving Investigational Review Board approval, the
medical records of breast cancer patients from Dana-Farber Cancer
Institute (Boston, MA) were screened to identify female patients with
skeletal metastasis and no prior history of a spine fracture. The Inves-
tigational Review Board allowed us to evaluate serial transaxial CT
scans of the torso in women with metastatic breast cancer obtained
as part of routine screening for lung and liver metastases for the pres-
ence of spinal metastases. These CT scans included thoracic and lum-
bar vertebrae from at least T8 to L5. A hydroxyapatite phantom (CIRS,
Norfolk, VA) was included with each scan to convert X-ray attenua-
tion (Hounsfield units) to equivalent bone mineral ash density
(g·cm-3; Fig. 2). The density-weighted centroid and moment of iner-
tia was calculated for each of the serial transaxial cross-sections
through the vertebra and the minimal EA and EI rigidities determined
for that vertebra. The LBC of the vertebra in combined axial compres-
sion and forward bending was derived from theminimal EA and EI rigid-
ities using composite beam theory. All cases in which the simulated

Translational Relevance

Lesion size has most often been used as a predic-

tor of vertebral fracture risk in patients with osteoly-

tic metastases to the spine, but this parameter only

accounts for 50% of the variation in vertebral body

strength. A method for predicting fracture risk in

breast cancer patients with spinal metastases has

been developed using structural rigidity load-bearing

capacity, which uses computed tomography scans of

the torso obtained as part of routine screening for

lung and liver metastases. We have shown in an

in vivo study that this approach is as sensitive and

more specific than the current empirically derived

fracture risk predictions based on lesion. Improved

specificity is clinically important because patients

who are not at imminent risk of fracture might be

safely treated noninvasively by chemotherapy ± radi-

ation therapy, and patients at moderate fracture risk

might be treated using minimally invasive stabiliza-

tion techniques such as vertebroplasty, whereas pa-

tients at high fracture risk might require extensive

surgical stabilizationwith instrumentation ± intercala-

ry replacement. Therefore, an accurate, cost-effective,

noninvasive, and objective method to assess fracture

risk in patients with spinal metastases will allow clini-

cians to select themost appropriate treatment for a par-

ticular patient and monitor their treatment response

with confidence.
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applied load for the vertebra with metastatic lesion exceeded the CTRA-
generated failure load were considered at high risk for fracture. Vertebral
fracture risk was also estimated from the size, location, and spine level of
the metastatic lesion assessed on transaxial CT images of the spine using
Taneichi et al. (22) empirically derived multivariate logistic regression
analysis. The occurrence of a new vertebral fracture was assessed radio-
graphically over the ensuing 4 mo based on the consensus opinion
among orthopedic oncologists at the Harvard affiliated hospitals (Drs.
Henry Mankin, Mark Gebhardt, Dempsey Springfield, and John Ready)
that tumor-host bone interactions change significantly after 4mo. The sen-
sitivity and specificity ofCTRAand the empirically derived fracture risk pre-
dictions for the occurrence of a new vertebral fracture were compared.

Patient cohort. Medical records of 1,024 female breast cancer pa-
tients (age, 28-77 y) at Dana-Farber Cancer Institute were reviewed to

identify patients who met the study eligibility criteria. The general ex-
clusion criteria consisted of (a) neural compromise due to metastasis in
the brain or spinal cord; (b) patient withdrawal, relocation, or death;
(c) history of previous fracture at the site of metastasis or adjacent ver-
tebrae; (d) surgical treatment for impending fracture; and (e) fractured
bones due to significant trauma (traffic accident or fall from height
>0.5 m). Because this study was observational, the oncologists were un-
aware of our analysis and could not use the information to influence
their treatment. Patients continued their medical treatment and were
not asked to modify their activity level. Several oncologists instructed
their patients with significant osteolytic lesions to restrict their activity
based on their own clinical interpretation of the CT scans to minimize
the risk of a pathologic spine fracture. All patients were asked to com-
plete the standard outcomes instrument Short Form 36 and the Oswestry
back pain disability questionnaire to provide information on how pa-
tients were affected by the presence of spinal metastases.

Clinical assessment of vertebral fracture. To assess the accuracy of
the current standard of care and the proposed methods for predicting
vertebral fracture, it was necessary to determine the prevalence of verte-
bral fractures in patients over a 4-mo surveillance period. Because pain
is not considered a good surrogate for vertebral metastasis and subse-
quent fracture risk (29), fracture occurrence was defined according to
commonly used criteria for osteoporotic vertebral fractures (30). Verte-
bral heights weremeasured on all patients fromplain radiographs and/or
magnetic resonance imaging scans that included part or all of the spinal
column. Wedge fractures were diagnosed by detection of a 15% loss of
height from one side of the vertebrae compared with the other in either
the frontal or sagittal planes. Axial compression fractures were diagnosed
by detection of a 15% loss of vertebral height compared with adjacent
vertebrae. An independent radiologist, unaware of the fracture risk pre-
dictions of the patients and blinded to the clinical outcomes, reviewed
all plain radiographs and magnetic resonance imaging scans.

Calculation of fracture risk using standard of care radiographic
criteria. Vertebral fracture risk was estimated from the size and loca-
tion of the lesion and the vertebral level using Taneichi et al. (22) empir-
ically derived multivariate logistic regression analysis. All serial transaxial
CT imageswere reviewedby anorthopedic surgeon, a resident orthopaedic
physician, and a biomedical engineer trained in application of a semi-
automated segmentation algorithm to define the extent of the osteolytic
defect relative to the host bone and the location of the defect within
the vertebra. Four factors were combined to assess the risk of a vertebral

Fig. 1. A schematic diagram highlighting the steps from patient CT imaging to structural rigidity analysis to assess fracture risk. The CTRA method has
several important clinical implications. The LBC of a patient with metastatic disease to the spine can be used to determine if a patient is at risk for
fracture during specific activities. If a patient is determined to be at high fracture risk, surgery can be considered to stabilize the spine. If the fracture risk
is borderline, the clinician might advise the patient to alter his/her activity level. The analysis can be repeated on a periodic basis to determine if the
vertebra is responding to various treatment modalities.

Fig. 2. CT slice of a torso with density conversion phantoms.
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fracture: (a) percentage of tumor occupancy in the vertebral body,
(b) destruction of the pedicle, (c) destruction of posterior elements ex-
cluding the pedicles, and (d) destruction of the costovertebral joint
(thoracic vertebrae T1-T10 only). The probability of fracture for T1 to
T10 spine segments was calculated as follows:

Prob ðT Þ ¼ expð�T Þ =f1þ expð�T Þg ðAÞ

where λT = 0.089x1 + 0.546x2 + 0.161x3 + 2.319x4 - 4.597, and for spine
segments T11 to L5 as follows:

Prob ðLÞ ¼ expð�LÞ =f1þ expð�LÞg ðBÞ

where λL = 0.147x1 + 5.694x2 - 3.609x3 - 5.492, x1 = percentage of
tumor occupancy in the vertebral body, x2 = destruction of the pedicle
(0 = intact, 1 = involved), x3 = destruction of the posterior elements
except the pedicle (0 = intact, 1 = involved), and x4 = destruction of
the costovertebral joint (0 = intact, 1 = involved; ref. 22). The assign-
ment of values to the binary questions above was operator dependent;
however, the operators' responses were not different form one another
for each question (P > 0.05 for all cases). Here, exp denotes the base of
the natural logarithm, ∼2.71.

Calculation of fracture risk using structural rigidity analysis. The EA
and EI rigidities for each vertebra were calculated on each transaxial CT

image through the vertebra using CTRA (Fig. 3A) by a trained biomed-
ical engineer. Assuming that the vertebra will fracture at its weakest
cross-section, the capacity of each vertebra to support combined flexion
and compression (the most common mechanism of pathologic verte-
bral fractures; ref. 31) was determined from the minimal EA and EI cal-
culated for each vertebra using composite beam theory where the spine
was modeled as a beam loaded in combined axial compression and
forward bending (Fig. 3B). To simplify the analysis, the vertebral CT
images for each patient were segmented into four groups according to
biomechanical loading zones [group 1 = thoracic vertebrae proximal to
T8 forming the thoracic kyphosis; group 2 = the transitional thoraco-
lumbar region spanning T9-L1, where the rib cage provides less anterior
structural support; group 3 = the straight lumbar region spanning
L2-L4; and group 4 = the lordotic lumbosacral region (L5)].

The failure analysis using composite beam theory with CT-derived
measures of structural rigidity to determine the LBC of a vertebra has
previously been validated in vitro using cadaver spines with simulated
lytic defects (26). Assuming that each vertebra behaves mechanically as
a short beam subjected to combined axial compression and forward
bending, the LBC of the vertebra can be derived as follows.

The resultant strain at the anterior vertebral body as a result of an
applied axial compressive load in combination with a flexural bending
moment is given by the following equation:

" ¼ Fz

EA
þMyc

EI
ðCÞ

where ε is the strain at the anterior vertebral body, LBC is the axial com-
pressive load, EA is the EA rigidity, My is the applied bending moment,
c is the radial distance of the anterior vertebral body from the neutral
bending axis of the vertebra, and EI is the EI rigidity. A strain-based fail-
ure criterion was used to estimate the LBC of each vertebra. Because
bone fails at a constant strain of 1% independent of bone density, it
was assumed that ε = 1% in Eq. C.

The density (ρ) of each pixel corresponding to bone was calculated
from the CT images using the hydroxyapatite calibration phantom to
convert CT Hounsfield units to equivalent bone density. The modulus
of elasticity for trabecular bone was derived (32):

EA ¼
Z

Eð�Þda ðDÞ

and the modulus for cortical bone was derived (33):

Eð�Þ ¼ 21:91 � �� 23:5 ðEÞ

where the transition from trabecular bone to cortical bone was assumed
to occur at an apparent density of 1.1 g·cm-3. EA and EI rigidities were
calculated using the following equations:

EA ¼
Z

Eð�Þda ðFÞ

and

EI ¼
Z

Eð�Þx2da� EAX2 ðGÞ

where x = distance to neutral axis, da = pixel area, and X = coordinate of
the modulus weighted centroid, which is also assumed to be the loca-
tion of the neutral bending axis of the vertebra.

The applied bending moment at yield,My, was assumed to be a func-
tion of LBC and therefore was described as follows:

My ¼ Fza ðHÞ

where a = the distance from the neutral axis to the point of load appli-
cation at the center of the vertebral body (Fig. 2).

The LBC of the spine to support combined axial compression and
forward bending was then determined:

Fz ¼ :01
ca
EI þ 1

EA

ðIÞ

Fig. 3. A, a schematic overview of composite beam theory used in CTRA
to assess EA, EI, and torsional rigidities. B, modeling of a vertebra as a
beam loaded in axial compression and forward bending.
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Data and statistical analysis. The EA and EI rigidities and flexion-
compression LBC represent the ability of the vertebra to remain intact
during specific loading conditions. Therefore, these variables were con-
sidered as potential predictors of fracture in these patients. LBC, EA, EI,
and the flexion-compression LBC normalized by body mass index
(LBC/BMI) were calculated for each spinal segment, and the maximum
value of each variable among fracture cases was considered as the
threshold value for predicting fracture risk. Values less than the thresh-
old were considered to fracture and values greater than the threshold
were predicted not to fracture. Sensitivity (ability of the model to cor-
rectly classify vertebrae that will fracture) of each model was set at
100%. These predictions were compared with the clinical occurrence
of fracture at 4 mo, and sensitivity and specificity of the two models
were compared. Sensitivity and specificity were calculated for EA, EI,
LBC, LBC/BMI, and the Taneichi fracture criteria using standard formu-
las for decision making (34). Fisher's exact test was used to compare
sensitivity and specificity results between the radiographic fracture cri-
teria and other predictive variables, such as LBC/BMI. Receiver operat-
ing characteristic curve methodology using a binormal model was
applied to determine the area under the curve for predicting spinal frac-
ture based on radiographic criteria, EA, EI, LBC, and LBC/BMI, which
provided the optimal diagnostic performance among the predictor vari-
ables analyzed (35). We chose to use a binormal model because it has
the advantage of incorporating covariates into the analysis and provides
a more precise estimation of the area under the curve (36). Logistic re-
gression analysis with generalized estimating equations strategy was
used to establish the probability of fracture with a 95% confidence in-
terval according to LBC/BMI to take into account the multiple spinal
segments from the same individual patient (i.e., correlated data) with
significance assessed by the Wald χ2 test (37).

Statistical analysis was done using the Statistical Package for the Social
Sciences software package (version 16.0; SPSS, Inc.). Two-tailed values of
P < 0.05were considered statistically significant. Power analysis indicated
that a minimum of 10 fractures among the study patients would provide
80% power to detect odds ratio of 2.5 using radiographic and quantita-
tive CT-based variables between patients who fractured based on logistic
regression analysis (version 7.0; nQuery Advisor, Statistical Solutions).

Results

Ninety-four patients (mean age, 55 years) with radiographi-
cally evident spinal metastasis met inclusion criteria. Serial
transaxial CT scans of their spine provided 247 vertebrae that
were analyzed to determine fracture risk. Fifty-one percent of
the patients included in this cohort were postmenopausal,
many exhibiting coexistent osteopenia that could potentially
influence the risk of a vertebral fracture independent of the size
and location of the osteolytic lesion. Eleven new vertebral frac-
tures were diagnosed over the 4-month follow-up period in 10
separate patients (∼11% of patients). All fractures occurred in
the thoracolumbar spinal segment T9 to L1 (Table 1).
All 11 new vertebral fractures were correctly predicted to frac-

ture (100% sensitive) using the Taneichi fracture criteria. Because
semiautomated segmentation algorithms were used, there was
little variability among reviewers on percentage lesion occupancy
or the location of the osteolytic lesion (100% concordance).
However, the Taneichi probability models predicted fracture in
188 of the 236 nonfractured vertebrae (80% false positive). Only
48 of the 236 vertebrae that did not fracture were correctly pre-
dicted not to fracture (20% specific). These two ratios (11 of 11
versus 188 of 236) were not significantly different based on a
two-sample Fisher's exact test (P = 0.13), underscoring the lack
of predictive discrimination for the Taneichi probability models.
All 11 vertebral fractures were correctly predicted (100% sen-

sitive) using each of the CTRA-derived variables: EA, EI, LBC,
and LBC/BMI. However, of the 236 vertebrae that did not frac-
ture, 129, 125, 103, and 162 were correctly predicted not to
fracture using each of the CTRA-derived variables: EA (55% spe-
cific), EI (53% specific), LBC (44% specific), and LBC/BMI
(70% specific), respectively. The specificity of all the CTRA-
derived variables was significantly better (P < 0.001) than the
specificity of the Taneichi probability models (Table 2) using
Fisher's exact test. Moreover, vertebral fracture risk predictions
using the Taneichi probability models were not different
from chance (P = 0.25), whereas fracture risk predictions
for each of the CTRA-derived variables were significantly dif-
ferent (P < 0.002) from chance (Fig. 4A).
The estimated probability of sustaining a vertebral fracture

was inversely related to LBC/BMI (Fig. 4B). Specifically, the
lower the normalized vertebral LBC, the higher the vertebral
fracture risk. For instance, a woman with BMI of 22 and a ver-
tebral LBC of 132 N (30 lbs) has a 50% risk of sustaining a ver-
tebral fracture (LBC/BMI = 132/22 = 6), whereas a woman with
BMI of 22 and a vertebral LBC of 440 N (99 lbs) has a 25% risk
of sustaining a vertebral fracture (LBC/BMI = 440/22 = 20). The

Table 1. Distribution of spinal segments included
in the study

Group Vertebral
level

No.
involved

No.
fractured

Percentage
fractured

1 T8 33 0 0
2 T9-L1 93 10 11
3 L2-L5 82 1 1
4 L5 39 0 0
Total T8-L5 247 11 4

Table 2. Sensitivity and specificity details for all fracture prediction models used in this study

Model Cutoff value Sensitivity (%) Specificity (%) AUC CI of AUC (m2) P

Lower bound Upper bound

RC — 100 20 0.60 0.46 0.74 0.25
LBC (N) 1,607.5 100 44 0.82 0.73 0.91 0.001
EI (N·m2) 154,640.5 100 53 0.80 0.72 0.89 0.001
EA (N) 726.0 100 55 0.77 0.68 0.87 0.002
LBC/BMI (N·kg·m-2) 46.5 100 70 0.84 0.78 0.93 <0.001

Abbreviations: AUC, area under the curve; CI, confidence interval; RC, radiographic criteria.
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wide 95% confidence interval at the lower range of the LBC/
BMI values is due to the small number of patients in the study
who actually suffered a vertebral fracture.

Discussion

The skeleton is the third most common site of metastatic can-
cer, and a third to half of all cancers metastasize to the skeleton
(38). Clinicians make subjective assessments about fracture risk
based on clinical and radiographic guidelines now recognized
to be inaccurate (6). Lesion size has most often been used as a
predictor of vertebral fracture risk in patients with osteolytic
metastases to the spine, but this parameter only accounts for
50% of the variation in vertebral strength (20, 21, 39). The risk
that a vertebra will fracture depends on the reduction in the
LBC of the vertebra as a consequence of metastatic cancer, the
“quality” of the host bone, and the loads applied to the spine.
Many cancer patients with spinal metastases are postmeno-
pausal women with coexistent osteoporosis (40, 41) or premen-
opausal women who develop osteoporosis as a consequence of
hormone manipulation and chemotherapy used to treat their
cancer (42). The osteoporotic bone comprising the vertebra put
these patients at an increased risk for sustaining a vertebral frac-
ture independent of the size and/or location of the osteolytic
lesion. A smaller metastatic lesion may have greater potential
for precipitating a fracture in the vertebra of an osteoporotic
female compared with the same-sized lesion in a nonosteo-
porotic patient (42). Further complicating the relationship be-
tween lesion size and material properties is that metastatic
tumors can also form mixed osteoblastic-lytic lesions.
Preventing fragility fractures due to skeletal metastasis de-

pends on objective criteria for evaluating changes in bone struc-
ture that reflect the interaction of the tumor with the host bone.
The LBC of a bone depends on the geometry, location, and bi-

ological activity of the metastatic tumor and the geometry and
material properties of the host bone. To this end, we developed
a method to predict the fracture risk associated with vertebral
metastases by calculating the cross-sectional structural rigidity
and LBC of affected vertebrae from serial transaxial CT images
that incorporate both the bone tissue material and the geometric
properties of the metastatic tumor and host bone. We showed
that predicting vertebral fractures in breast cancer patients with
spinal metastases using structural engineering analysis to calcu-
late the LBC of affected vertebrae from CT scans of the torso ob-
tained as part of routine screening for lung and liver metastases
was as sensitive as an empirically derived logistic regressionmod-
el based on the size and location of spinal metastases in breast
cancer patients with a pathologic spine fracture but was signifi-
cantly more specific as to which patients would not sustain a
spine fracture. Whereas both CT-based methods were 100% sen-
sitive for predicting a pathologic vertebral fracture, the normal-
ized vertebral LBC was 70% specific compared with the Taneichi
fracture probability model, which was only 20% specific. Im-
proved specificity is clinically important because patients not at
imminent fracture risk might be safely treated by chemotherapy
and/or radiation therapy, whereas patients at moderate fracture
riskmight be treated usingminimally invasive stabilization tech-
niques such as vertebroplasty, and patients at high fracture risk
might require extensive surgical stabilization with instrumenta-
tion and intercalary replacement. Therefore, our CT-based anal-
ysis provides an accurate, objective, accessible, and cost-effective
method to assess fracture risk in patients with spinal metastases
that will allow clinicians to select themost appropriate treatment
for a particular patient and to monitor the response to treatment
with confidence.
Great care was taken in designing this study to avoid biasing

the results in our favor. Patients with a history of a previous
vertebral fracture were eliminated because it is well known that

Fig. 4. A, receiver operating characteristic curves for LBC/BMI, radiographic criteria, and chance (dashed line). B, estimated probability of fracture for a
range of LBC normalized by BMI values. Logistic regression analysis using a generalized estimating equations approach established that LBC/BMI is a
highly significant predictor of fracture (Wald χ2 = 18.96, P < 0.001).
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the risk of these patients sustaining a subsequent vertebral frac-
ture is significantly increased (43). This was conducted as an
observational study; the treating oncologists were unaware of
our analysis and could not use the information to influence
their treatments. Patients continued their medical regimens
and were not asked to modify their activities. Several oncolo-
gists instructed their patients with significant osteolytic lesions
to restrict their activity based on their own clinical interpreta-
tion of the CT scans so as to minimize the risk of a pathologic
spine fracture. Therefore, patients abstained from activities such
as lifting a heavy object, which may have negatively biased our
analysis and decreased the number of vertebral fractures that
occurred. By way of comparison, in another in vivo study using
our CTRA, we correctly predicted the occurrence of long bone
fractures in children with benign tumors of the appendicular
skeleton (44), with 100% sensitivity and 94% specificity; how-
ever, none of these children were aware of the presence of their
tumor and as such did not alter their physical activities. Thus, in
spite of optimal medical management and activity restriction,
there was still a 10% vertebral fracture incidence over the
4-month observation period.
This was the first in vivo study of its kind using a robust struc-

tural engineering analysis that accounts for changes in both
bone geometry and bone material properties (45) to predict
noninvasively the occurrence of new vertebral fractures in pa-
tients with skeletal metastases. With the emergence of powerful
computers, it is now feasible to create patient-specific virtual
three-dimensional models of affected bones from CT images
and use finite element analysis to estimate the LBC of affected
bones for specific load configurations (44–48). The CT-based
finite element methods have the potential to directly account
for changes in bone quantity, the wide distribution in bone
material properties, and the wide range of loading conditions.
Typically affected bones are modeled from serial CT images
using either voxel-based (46) or surface meshing (47) techni-
ques. Although voxel-based models are technically easier to
generate, errors in the integrity of the reconstructed bone sur-
face affect calculated surface strains (48).
Most work to date has relied on comparing finite element

analysis with ex vivo experiments where the physical model
and loading conditions are well controlled (49). Previous re-
search studies are also limited in that the bone models use sim-
ulated defects that do not accurately represent tumor-induced

osteolysis. Osteolytic tumors are associated with considerable
trabecular bone loss before cortical bone loss; these situations
are difficult to simulate in cadaveric bone.
The wide spread use of this advanced analytic technique is

limited in the clinical setting by the requirement for sophisticated
operator input to generate and refine patient-specific virtual bone
models and evaluate resultant stresses and strains; the need for
special image analysis software to automatically generate the finite
element mesh used to model the bone; and the necessity for
powerful computers to run these computationally intensive fi-
nite element models. In comparison, CTRA requires no subjec-
tive input from the operator; the analysis takes 2 to 4 hours per
patient to calculate the LBC of affected vertebrae (depending
on the number of lesions and alignment of the transaxial CT images
relative to the vertebral bone axis) and the program can be run on
any laptop computer.
Preventing fragility fractures is an important component of

managing patients with skeletal metastases. The dilemma for
the oncologist responsible for treating these patients is to de-
cide whether a metastatic tumor has weakened the bone suffi-
ciently such that a fragility fracture is imminent. The present
study constitutes a training set. The “cutoff values” established
in this study for the significant predictors of vertebral fracture
need to be validated in a new cohort of women with metastatic
breast cancer to the spine to determine if our CT-based struc-
tural engineering variables can accurately predict vertebral
fractures in another group of patients. To this end, the authors
are currently conducting a multicenter study at 10 centers
across the country to validate that CTRA can prospectively
predict the occurrence of a new vertebral fracture in patients
with spinal metastases. Completion of this prospective study
will then establish CTRA as an accurate, cost-effective, non-
invasive method to assess fracture risk, to select treatment
based on the relative fracture risk, and to monitor treatment
response.
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