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Purpose: To evaluate a CT structural analysis protocol (SAP) for estimating the strength of human female cadaveric spines with lytic
lesions.

Materials and Methods: Osteolytic foci was created in the middle vertebra of 44 thoracic and lumbar three-level segments from 11
female cadavers (age range, 5070 years). The segments underwent CT by using standard clinical protocol and their failure strength
was assessed at CT SAP. The spines were mechanically tested to failure in pure axial compression or in compression with torsion.
The relationships of defect size, bone mineral density, and predicted failure load (at CT SAP) with measured vertebral strength were
assessed with linear regression. Analysis of variance and Tukey test were used to evaluate the effect of region and mechanical test on
spine strength.

Results: With axial compression, CT SAP predictions of vertebral strength correlated with the thoracic (= 0.84; 2 < .001) and
lumbar (r = 0.85; P < .001) segment—measured strength. Bone mineral density correlated with the lumbar (» = 0.64; P = .003) and
thoracic (r, 0.51; P = .050) strength. At compression with torsion, CT SAP predictions of strength were moderately correlated with
vertebral strength (7 = 0.66; P = .018). At compression with torsion, bone mineral density was not correlated with spinal strength
(thoracic and lumbar: 7= 0.31 and 7 = 0.26, respectively; P = .539 and .610, respectively). The lytic focus size (range, 28%—41%)
was not associated with vertebral strength.

Conclusion: CT SAP assessment of strength in vertebrae with lytic lesions correlated with the measured strength of female vertebral

bodies.
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early half of all cancers metastasize to bone (1), and the
Nspinal column is the most common site of involvement
(2). There are more than 300000 adult patients currently
living in the United States with spinal bone metastasis (3).
Lytic metastases reduce vertebral strength (4), and up to
30% of the affected vertebrae undergo fracture with mini-
mal trauma (5). Pathologic vertebral fractures because of
vertebral bone metastasis cause pain, immobility, neuro-
logic deficits, and complications that may be fatal (4,6).
Thus, vertebral bone metastasis and the risk of pathologic
vertebral fractures are critical concerns in the treatment of
patients with cancer (7).

With daily loading, the risk of fracture for vertebrae
with lytic metastases ultimately depends on the degree of
destruction of vertebral structures (8,9), loading patterns,
and comorbid disease. Indications for treatment in spinal
metastatic disease depend on estimates of risk of mechani-
cal instability. The Spinal Instability Neoplastic Score (10)
categorizes risk on the basis of vertebral level, pain, bone
quality (ie, lytic, mixed, or blastic), spinal alignment, pres-
ence of collapsed vertebral body, and posterolateral spi-
nal element involvement. However, to our knowledge,
its prognostic utility in predicting pathologic vertebral

fracture remains controversial (11). Although Spinal In-
stability Neoplastic Score overall is useful and reliable, the
subjective bone quality assessment was reported to have
poor reproducibility (10).

This study investigated the application of CT structural
analysis protocol (SAP) to predict the effect of simulated
lytic focus on the strength of female human cadaveric spine
segments. Therefore, we used spine specimens from cadav-
ers of the ages at which these bone metastases are most
common. Strength was measured with axial compression
(AC) or AC with torsion (ACT) loading applied about the
vertical axis of the spine. We hypothesized that CT SAP-
predicted strength has significantly higher correlation with
the strength of vertebrae containing lytic foci than do
measures based on defect characteristics or bone mineral
density (BMD) alone. We further hypothesized that this
superior prediction is independent of the location of the
lytic focus, applied load, or spinal region.

Materials and Methods

Eleven thoracolumbar spines, obtained fresh-frozen
from female cadavers (age range, 50-70 years), were
prepared for this study (Appendix E1 [online]). These



Abbreviations

AC = axial compression, ACT = AC with torsion, BMD = bone mineral
density, SAP = structural analysis protocol, S, = ultimate strength

Summary

By using computational structural analyses of quantitative CT, this study
demonstrates that prediction of strength of female cadaveric spines with
lytic defects improves upon the prediction on the basis of the measure-
ment of lytic focus size and vertebral bone density.

Implications for Pafient Care

= Identification of female patients at the highest risk for pathologic
vertebral fractures may lead to earlier treatment of lytic lesions.

» The size of the spinal defect did not correlate with strength of the
vertebral body.

» A CT structural analysis protocol of the female spine showed that
the predicted compressive strength was strongly correlated with
resistance of the vertebral body to failure and compression.

spines were institutional review board—exempt, deidentified
cadaver material. Further details on cadaver characteristics
are in Table 1. Each spine was scanned at CT before and af-
ter creation of vertebral defects (Appendix E1 [online]). The
spines were divided into three-level motion units (T6-T8,
T9-T11,T12-L2, and L3-L5) for a total of 44 thoracic, tho-
racolumbar, and lumbar spinal units.

Each spine segment was assigned to either AC (32 segments)
or compression with 3-Nm torsion ACT test (12 segments),
with care taken to ensure the two test groups included equal
distribution of BMD values. Details regarding the test proce-
dures are in Appendix E1 (online). Taneichi et al (8) presented
a systematic classification for lytic defects of the thoracic and
lumbar spine as those affecting the anterior column alone, the
additional involvement of the middle column, or affecting all
three columns. For this study, we chose four defect patterns of
increasing severity (Fig 2 ). Creation of the defects is described in
Appendix E1 (online). The CT image that had the largest lytic
focus cross-sectional area within the vertebral body was used to
compute the defect size measure (Table 1).

By applying the standard protocol of Lang et al (12), ver-
tebral BMD was computed for each vertebral body (Appen-
dix E1 [online]).

For our quantitative CT SAP, the geometry of each vertebral
level was segmented from the CT data set followed by seg-
mentation of the cortical and trabecular bone compartments.
A detailed description of the methodologic analysis is provided
in Appendix E1 (online). We determined the vertebral axial,
bending, and torsional rigidity as described in Appendix E1
(online). In the context of predicting pathologic vertebral
strength, failure occurs when the combination of loads and
moments exceeds the structural capacity of its weakest cross
section (13,14). The outcome of our analysis was a threshold
value for the strength of the vertebra.

Statistical Analysis

Analysis of variance was used to test for effect of applied test
(AC vs ACT) and spine region (lumbar vs thoracic) on fail-
ure strength. The Tukey test was used for posttest comparisons
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(15). Univariate linear regression analysis was performed to de-
termine the association of lytic focus size (in percent), BMD
(in grams per cubed centimeter), and CT SAP (in Newtons)
predicted failure load with observed failure strength (in New-
tons). Grouping covariates were test (AC vs ACT) and spinal re-
gion (lumbar vs thoracic). Statistical analysis was performed by
using software (JMP v.11; SAS, Durham, NC), and a P value
of less than .05 indicated statistical significance.

Results

Specimen information and experimental and image-derived
parameters are presented in Table 1. For the regression models,
lower and upper 95% confidence intervals are reported.

Figure 3 presents the force- and moment-displacement curves
for matching spine levels at AC or ACT tests. At AC, the com-
pressive force response showed distinct yield and ultimate strength
(S) events (Fig 3, A) with the forward moment (flexion; Fig 3, B)
dominating the moment response of the spine. There was a high
degree of lateral bending moment with its S, corresponding to
the yield point of the spines in forward moment. The addition of
torsional moment (ie, ACT) caused a more protracted after-yield
response for both force response (Fig 3, ) and forward moment
(Fig 3, D) curves and the development of sagittal and coronal
shear forces (Fig 3, C). There was no defined yield or S ; event for
the lateral bending moment (Fig 3, D). All of the spines that we
tested failed by initial buckling of the lytic vertebra cortex followed
by collapse of the body. Posttest fluoroscopic imaging showed the
fractures analogous to those clinically reported (16).

For AC and ACT loading modes, defect pattern significantly
affected S | (P = .047 and P = .033 respectively; Fig 2, Table 2).
At AC, Tukey posttest comparisons showed pattern B (Table 2)
to have exhibited the lowest S , and the difference of pattern B
versus pattern C was significant (P = .045). At ACT, pattern D
showed the lowest S , and the difference of pattern D versus pat-
tern B was significant (P = .050; Table 2).

Compared with the thoracic spines, the lumbar spines
showed higher S at AC (mean difference, 22%; Table 2) and
lower S at ACT (mean difference, 43%; Table 2). These differ-
ences were not statistically significant (P = .383 and P = .242,
respectively). Within-region comparisons showed that the ad-
dition of torsional loading resulted in a statistically significant
increase in S for the thoracic segments (mean difference, 75%;
P = .03; Table 2), whereas the lumbar segments showed a 5%
reduction in mean S, (P = .851).

The relative cross-sectional area of the defect in the vertebral
body was mean 31.8% = 3.1 (standard deviation) for the AC-
tested spines and 34% * 4.0 for those tested at ACT. For both
test modes, the cross-sectional area of the lytic focus was not
correlated with vertebral S, (AC: 7, 0.27 [95% confidence inter-
val: —0.882, 0.573]; ACT: », —0.36 [95% confidence interval:
—0.776, 0.265]; Table 3).

At AC, BMD positively correlated with S, (,0.53; 95% con-
fidence interval: 0.215, 0.744) for all segments (Fig 4). The rela-
tionships were similar for the lumbar (r, 0.59; 95% confidence
interval: 0.148, 0.845) and for the thoracic spines (r, 0.51; 95%
confidence interval: —0.003, 0.811) (Table 3). At ACT, BMD was
not correlated with Sy (r, 0.38; 95% confidence interval: —0.244,
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CT-based Structural Analysis of Human Spines with Simulated Osteolytic Defect

Table 1: Details of Specimen Characteristics, Bone Density, Characteristics of Lytic Focus, and Mechanical Tests
Employed and the Measured and Predicted Vertebral Strength Values

Parameter

Age (y) Height (m) Weight (kg BMD (g/cm?) Defect

Size of CT SAP
Defect (%)  Typeof Test S, (N) S, (N) (N)

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Level T7
Level T10
Level L1
Level L4

Specimen no.

Specimen no.

Specimen no.

Specimen no.

Specimen no.

Specimen no.

Specimen no.

Specimen no.

Specimen no.

Specimen no.

1 70
2 61
3 58
4 65
5 54
6 64
7 63
8 53
9 50
10 57

1.65

1.65

1.65

1.7

1.73

1.8

1.71

1.73

1.73

63.5

77.1

74.8

93.0

63.5

59.0

90.7

93.0

63.5

72.6

0.37
0.37
0.35
0.39

0.34
0.39
0.41
0.45

0.44
0.46
0.46
0.39

0.32
0.36
0.37
0.47

0.37
0.39
0.39
0.42

0.43
0.34
0.37
0.36

0.39
0.35
0.37
0.39

0.44
0.42
0.41
0.47

0.43
0.42
0.42
0.37

0.41
0.47
0.35
0.38

O0O0O0 OgOw > > > 0 ® g w > > > > > > > > > O0Og0n O 00 O0O0w
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33 AC 1150 1280 1200
30 AC 1366 1591 1401
35 AC 2125 2125 1787
32 AC 997 979 1387
38 AC 2322 2533 1394
31 AC 1750 1875 1614
35 AC 2416 2591 3000
32 AC 1741 2216 1658
30 AC 3455 4866 4500
39 AC 3000 4600 2500
29 AC 3220 4104 3015
34 AC 3555 4200 2380
30 AC 1119 1273 952
29 AC 741 741 1483
31 AC 3391 4377 3878
32 AC 1871 1871 2179
33 ACT 2476 2476 3400
30 ACT 3429 3429 2900
28 ACT 1135 1135 1500
38 ACT 1332 1332 2200
34 AC 948 948 920
29 AC 652 652 700
28 AC 1065 1065 1152
29 AC 832 832 800
30 AC 1556 1556 1807
31 AC 741 741 1250
41 AC 2211 2211 2833
35 AC 1424 1528 1959
32 AC 1070 1070 688
29 AC 991 1287 2232
30 AC 1040 1040 1548
31 AC 1148 1379 1447
28 AC 1400 1400 1200
29 AC 1478 1478 1380
33 AC 2450 2450 2420
31 AC 1639 1639 1300
40 ACT 1483 2125 1800
39 ACT 2389 2917 2100
37 ACT 3367 3367 3900
35 ACT 2541 2777 1300

Table 1 (continues)
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Tests Employed and the Measured and Predicted Vertebral Strength Values

Table 1 (continued): Details of Specimen Characteristics, Bone Density, Characteristics of Lytic Focus, and Mechanical

Size of CT SAP
Parameter Age (y) Height (m) Weight (kg) BMD (g/cm®) Defect Defect (%)  Typeof Test S, (N) S, (N) (N)
Specimen no. 11 51 1.83 113.0
Level T7 0.35 A 33 ACT 2840 3861 2640
Level T10 0.39 B 28 ACT 3800 4500 3325
Level L1 0.39 B 34 ACT 3456 4055 2500
Level L4 0.42 C 33 ACT 956 967 620

structural analysis protocol, S, = ultimate strength, S, = yield strength.

Note.—For defect type, see Figure 2. AC = axial compression, ACT = axial compression and torsion, BMD = bone mineral density, SAP =

3
!

<3l

-

Compressive
displacement / force

a. b.

Not to scale

Figure 1: A schematic diagram of the mechanical testing devices used for the (a) compression and (b)
compression + 3 (Nm) torsion fests. The bottom vertebrae was embedded in polymethylmethacrylate ce-
ment (7) and secured via lock rings (5) to a mechanical X-Y stage (8) to allow aligning of the spine’s cen-
ter of rofation (ICR) with the hydraulic test system (1) long axis. (a) Compression test allowed compressive
loading with minimum constraints to the deforming spine under the applied load; a steel ball and socket
joint (3) was used, located at the bottom of a six degree-offreedom (6DOF) load cell (model MC5-5000,
Advanced Mechanical Technology, Watertown, Mass; 2), which was secured to the upper crosshead of
the hydraulic test system (1). This joint was joined fo a steel platen (4) secured to the polymethylmethac-
rylate embedded top vertebrae via second lock ring (5), which formed a rolling interface that resulted in
the compressive vector being perpendicular fo the plane of the deforming spine. (b) Torsion test allowed
combined torsion and compression; a sliding X-Y stage (10), which provided alignment of the spine, was
fitted to the bottom of the load cell and connected to top vertebrae via a universal joint (9). This arrange-

ment allowed a constant torque value to be applied fo the freely deforming spine under increasing magni-

tude of compressive loading.

confidence interval:  0.551,
0.939]; lumbar: », 0.85 [95%
confidence interval:  0.582,
0.942]) (Table 3). At ACT, the
CT SAP helped to predict fail-
ure load and was moderately
correlated with S (, 0.67; 95%
confidence interval:  0.164,
0.900; Fig 5). Defect pattern
significantly affected CT SAP
strength predictions for the AC
test (P = .047), but not for the
ACT test (P =.31).

Discussion

The spinal column is the most
common site of bone metasta-
sis (2), with the risk of patho-
logic vertebral fractures because
of vertebral metastases a critical
concern in the treatment of
patients with cancer (7). Lytic
metastasis significantly reduces
the strength of the vertebra (4),
and up to 30% of the affected
vertebrae fracture with minimal
trauma (5). However, current
clinical methods for estimating
fracture risk have limited reli-
ability, to our knowledge (17).
Although the Spinal Instability
Neoplastic Score (10) is widely
used for surgical decision mak-
ing and fracture risk assess-
ment, its prognostic value for
assessing pathologic vertebral
controver-

fracture remains

0.785; Fig 4). The correlation was not significant for the thoracic
(r, 0.11; 95% confidence interval: —0.769, 0.847) or the lumbar
spines (7, 0.26; 95% confidence interval: —0.696, 0.8806; Table 3).

At AC, the predicted failure load (CT SAP) was strongly cor-
related with measured S (Fig 5), and both thoracic and lum-
bar spines showed strong correlations (thoracic: 7, 0.84 [95%
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sial, as discussed by Versteeg et al (11). The Spinal Instability
Neoplastic Score imaging assessment of bone quality showed
poor interobserver agreement when applied by the group that
developed the measure (Fleiss k, 0.244 [10]). A purely radio-
graphic model to assess the probability of impending patho-
logic vertebral fracture (8) was 100% sensitive but 20% specific
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Figure 2:

in predicting fractures in a cohort of 1024 patients with breast
cancer (18). Thus, fracture risk assessment remains imprecise,
and errors have serious clinical implications.

Clinically, lytic focus size and geometry are the most of-
ten used radiographic predictors of risk of pathologic ver-
tebral fracture (19). However, approximately 50%-75% of
the vertebral bone is missing before the lytic focus can be
detected on radiographs, corresponding to a 50%-90% re-
duction in bone strength (18). At this range of lytic defects,
defect size was reported to account for less than 50% of the
variation in vertebral strength (20,21). Our data showed no
statistically significant association between lytic focus size
and vertebral strength over the range of defect sizes stud-
ied. This result may have been affected by the relatively
small variation in defect size (28%—41%) of the vertebral
body cross-sectional area, which was created by design in
our study. Previous reports showed lytic focus size not to be
prognostic of pathologic vertebral fracture in patients with
osteolytic bone metastasis (22) or for spine motion units
with large solitary lytic focus in vitro (23). Our results ap-
pear to support the finding that lytic foci size may not be a
reliable predictor of the vertebral fracture threshold within
the range of sizes that pose clinical challenges.

BMD, which to our knowledge is the most studied de-
terminant of bone strength in vivo (24), reportedly explains
60%-75% of the measured variability in the compressive
stiffness and strength of normal human trabecular bone (25).
Although our study shows BMD to be more strongly corre-
lated with vertebral strength with compressive loading than
lytic focus size, in agreement with the study of Whealan et
al (23), the correlation was significantly lower than that ob-
served at the CT SAP computed vertebral strength. Inher-
ently a single scalar value, the measure of BMD does not re-
flect the complex and highly porous architecture of trabecular
bone (26). Importantly, it cannot account for the effect of
defect geometry on change in the spatial contribution of the
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llustrated axial views (fop) and axial CT images (bottom) show the location and extent of the four lytic focus
models used (top) and corresponding CT images of the modelcreated cross section (bottom). Type A involves approxi-
mately 30% of the vertebral body cross-section. Type B is type A with the destruction of the vertebral cortex adjacent to
the defect. Type C is type A with the destruction of the pedicle. Type D is type C and the destruction of the facet and, for
the thoracic spines, the destruction of the costovertebral joint.

trabecular bone (27), vertebral cortex, and geometry (28) to
vertebral strength. The latter can be observed from the low
correlation with vertebral strength with the more realistic
ACT tests. Metastases and their treatments (radiation therapy
and/or chemotherapy) produce extensive alterations of the ar-
chitecture and material properties of the bone itself. These are
not captured by BMD measurement. Combined, these rea-
sons may explain the disappointing results for the application
of the Fracture Risk Assessment Tool prediction algorithm to
help predict fractures in patients with breast (29) and prostate
(30) cancers. Although lytic focus size and BMD measures
are easy to use clinically, our results suggest they have limited
value for fracture risk prediction.

Osteolytic defects cause remarkable degradation in the
structural competence of the vertebra (9,31), which may
result in the vertebra undergoing a sudden and often cata-
strophic collapse under daily loads (32). In vitro, osteolytic
models of vertebral bone (14,33) and whole vertebrae (23,34)
demonstrated bone strength to be strongly correlated with
CT-derived measures of axial, bending, and torsional rigidity.
In our study, the selection of the lowest CT SAP—estimated
value of vertebral strength within the analyzed vertebral
volume showed strong correlation with measured vertebral
strength. This finding was in agreement with previous stud-
ies showing CT-derived axial rigidity to be highly correlated
with the measured strength of thoracic and lumbar vertebrae
with simulated (23,34,35) and actual (35) vertebral lytic foci.
Our study demonstrated the degree of destruction of verte-
bral structures simulated by the four defect patterns to affect
both the measured compressive strength of the spines and
the regressions between the predicted and measured strength.
Whealan et al (23) reported the pattern in similar findings for
spines tested with forward bending. In agreement with our
study, location of lytic focus affected the correlation between
the predicted and measured strength. These results confirm
the importance of quantifying changes in axial (bone material

radiology.rsna.org = Radiology: Volume 288: Number 2—August 2018
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Figure 3: Force and moment displacement curves illustrating the structural behavior of a type C lytic spine in response to, A and B,
compression and, C and D, compression with 3-Nm torque loading. The addition of torque yielded results in marked alteration of the
lateral bending response and higher sagittal and lateral shear forces likely underlie the segment lower compressive strength, C, com-
pared with the compressive test, A. Fx = shear force response in the sagittal plane, Fy = shear force response in the coronal plane, Fz
= axial compression response sagittal plane, Mx = moment response in the coronal plane (lateral bending), My = moment response in
the sagittal plane (forward bending), Mz = torsional moment response.

properties) and moment (spatial distribution and geometry)
in predicting spinal load carrying capacity.

Extending the tests to a combined axial and torsion load-
ing (ie, ACT) yielded markedly lower correlations between
CT SAP-based prediction and measured vertebral strength.
Torsional loading was shown to increase the risk of frac-
ture in spines that contained no evidence of metastases
(36), and to result in the highest degree of vertebral bulging
and maximum tensile stress at the posterior cortex. Both
effects were associated with increased occurrence of fracture

Radiology: Volume 288: Number 2—August 2018 = radiology.rsna.org

in spines with osteolytic metastases (37). Despite these re-
ports, the effect of torsional loading on the failure of patho-
logic spines remains little understood, to our knowledge
(36). It seems likely that purely axial loading is rare in vivo,
where torsion is a typical feature both of spinal alignment
and routine motion. The present lack of specific structural
indexes within CT SAP to quantify the resulting loss of
shear strength within the vertebral structures has likely con-
tributed to the observed reduction in CT SAP assessment
accuracy with this load condition. By using computational
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Table 2: Descriptive Statistics of the Spine-measured Failure Strength for Defect Pattern and Spinal Region

ACT 3101.3 + 976.4 2162.9 = 1157.8

Spinal Region Defect Pattern
Test Type Thoracic (7 = 22) Lumbar (n = 22) A (n=14) B(n=06) Cn=17) Dn=7)
AC 1774.1 = 1295.6 2272.2 + 1304.8 2031.0 = 1161.0 895.2 = 190.5 2515.1 * 1344.5 14628 * 671.0

2093.0 = 1069.0

4180.5 + 451.8  3399.7 * 639.6 1769.7 = 696.7

AC = axial compression, ACT = axial compression and torsion.

Data.—Data are mean compressive failure load in Newtons = standard deviation. Please see the defect pattern shown in Figure 1.

Table 3: Regression Parameters for BMD- and
CT SAP-predicted Vertebral Strength and the Mea-
sured Ultimate Strength of the Lytic Focus Spines
Ultimate Strength Regression
Parameter Model (N) P Value
LES (%)
AC —1337.8 + 104.0 X LFS 135
ACT 6321.1 — 106.9 X LES 245
BMD (g/cm?)
AC —3918.8 + 14778.2 X BMD .002
ACT —1933.2 + 11320.4 X BMD 219
CT SAP (N)
AC —97.5+1.13 X Fz <.0001
ACT 830.2 + 0.82 X Fz .016
BMD (g/cm?)
Thoracic region
AC —3752.7 + 13744.1 X BMD .050
ACT —692.6 + 8999.1 X BMD .832
Lumbar region
AC —4606.5 + 17107.9 X BMD .014
ACT —2262.6 + 11882.0 X BMD .612
CT SAP (N)
Thoracic region
AC —382+1.1 X Fz <.0001
ACT 700.94 + 0.89 X Fz 217
Lumbar region
AC —231.9+1.17 X Fz <.0001
ACT 802.84 + 0.73 X Fz 168
Note.—AC = axial compression test, ACT = axial compression
and torsion test, BMD = bone mineral density, Fz = vertebral
strength predicted at CT structural analysis protocol (SAP)
analysis (in Newton), LFS = lytic foci size.

models of human spine segments (9), current work in our
laboratory is aimed at deriving structural indexes for com-
puting the effect of shear loading on the failure of vertebral
bone. Development of such structural indexes will hope-
fully allow improved prediction of the effect of lytic bone
defects on the failure of pathologic spines with functional
loading in living humans.

We observed regional differences in the effect of torque
on compressive strength, with increases in the thoracic spine,
but decreases in the lumbar spines. We suggest that these dif-
ferences to be the result local kinematic differences between
these regions (38). In the thoracic spine, early engagement of
the thoracic facet joints may provide a secondary load path
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Figure 4: Plot shows that bone mineral density was positively corre-
lated with the lytic spine-measured strength for compression (P = .002).
AC = axial compression, AC+T = axial compression with torsion.

with the posterior elements transmitting a higher portion of
the axial loading, thus reducing the axial stress borne by the
vertebral body (37). In the lumbar spine, facet orientation
restricts torsional motions (38). This restriction may result
in increased shear stresses within the vertebral body that ulti-
mately may accelerate its failure.

Beyond the common drawbacks that occur in ex vivo bio-
mechanical studies of the spine, our study has several limita-
tions. The spines selected were from female cadavers (age
range, 50-70 years) that were confirmed to be osteoporotic
to mimic the condition typically found in older patients
with breast cancer (39). Therefore, they do not fully reflect
the demographic cohort of patients with metastatic disease,
nor did they possess existing lytic metastases that would af-
fect the vertebral bone architecture and material properties.
At present, little is known about the effect of blastic and lytic
metastases on the material properties of metastatic bone.
Nazarian et al (40) suggested that the localized contribution of
the material properties and spatial distribution of the trabecu-
lar bone may account for up to 84% of the variation in the
strength of vertebral bone with blastic and lytic metastasis. This
lends support to the method of structural analysis implemented
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Figure 5: Plot shows that CT structural analysis protocol (SAP)—pre-
dicted strength was positively and strongly correlated with the

lytic spine-measured strength for the axial compression (AC) test

(P < .0001) and was moderately correlated for the AC with torsion
(AC+T) (P= .016) test.

at CT SAP. For the defect model, we elected to simulate a se-
ries of lytic defect patterns identified in a retrospective radio-
graphic study (8) to pose a high risk of fracture in thoracic and
lumbar vertebrae. Technically feasible in cadaveric models, the
artificially created lytic foci possess sharp margins and cannot
simulate the transition zone of varying density that is clini-
cally observed, which may affect the failure process of the bone.
Large solitary lytic foci only partially reproduce the in vivo pre-
sentation of lytic foci ranging from diffuse patterns (commonly
observed, for example, in multiple myeloma) to single focus or
multiple lytic foci (as often observed in cancers of the breast,
kidney, and lung). Our simulated defects do not model blastic
bone metastasis, as observed in prostate cancer, or mixed lytic
and blastic bone pathologic structure often observed in meta-
static disease of the spine. We took great care to standardize
the mechanical test protocol and to achieve consistent bound-
ary load conditions with minimum imposition of coupled
moments during the test. However, the load applied and the
lack of active muscle force resulted in a simplified pattern of
loading compared with that likely to be imposed in daily liv-
ing. Despite these limitations, our results clearly demonstrate
the utility of computing the contribution of the material and
geometric properties of the affected bone. This approach pro-
duced superior prediction compared with strength from BMD
or defect size. A longitudinal clinical study will be required to
determine whether the better performance demonstrated here
translates to higher precision in predicting fractures in vivo.

In conclusion, CT SAP-based prediction of the strength
of vertebrae containing lytic defects improved on predic-
tion-based defect size and bone density. The effect of load-
ing mode on the predictive accuracy of CT SAP suggested
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the need to better account for regional geometry with more
realistic scenarios. This approach holds promise of more re-
liable risk assessment in the treatment of patients at risk for
pathologic vertebral fractures.
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