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Ovine Finite Element Analysis with Confirmatory In Vivo Outcomes
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Study Design. Finite element analysis (FEA) and in vivo ovine

spinal interbody fusion study.
Objective. To determine comparative load-induced strain

amplitudes, bone mineralization and fusion outcomes associated

with different diameter struts in a truss-based interbody fusion device.
Summary of Background Data. Additive manufacturing

technology has been employed to develop implants that actively

participate in the fusion process. The truss device enables the

optimal transfer of compressive and tensile stresses via the struts.

Mechanobiologic principles postulate that strut diameter can be

regulated to allow different magnitudes of strain distribution

within the struts which may affect fusion rates.
Methods. Modeling of strain distributions as a function of strut

diameter (0.75, 1.0, 1.25, and 1.5 mm) employed FEA that

simulated physiologic loading conditions. A confirmatory in vivo

ovine lumbar spinal interbody fusion study compared fusion

scores and bone histomorphometric variables for cages with

0.75 and 1.5 mm strut diameters. Outcomes were compared at

3-, 6-, and 12-month follow-up intervals.
Results. FEA showed an inverse association between strut

diameter and peak strain amplitude. Cages with 1.0, 1.25, and

1.5 mm struts had peak strain values that were 36%, 60%, and

73% lower than the 0.75 mm strut strain value. In vivo results
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showed the mean fusion score for the 0.75 mm diameter strut

cage was significantly greater by 3-months versus the 1.5 mm

strut cage, and remained significantly higher at each subsequent

interval (P<0.001 for all comparisons). Fusion rates were 95%,

100%, and 100% (0.75 mm) and 72.7%, 86.4%, and 95.8%

(1.5 mm) at 3, 6, and 12 months. Thinner struts had greater

mineralized bone tissue and less fibrous/chondral tissue than the

thicker struts at each follow-up.
Conclusion. Validating FEA estimates, cages with smaller

diameter struts exhibited more rapid fusion consolidation and

more aggressive osseointegration compared with cages with

larger diameters struts.
Key words: disc degeneration, interbody fusion cage,
mechanobiology, osseointegration, ovine, truss.
Level of Evidence: 4
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I
nstrumented fusion of the anterior column of the lum-
bar spine is one of several surgical interventions used to
manage chronically severe low back and/or leg symp-

toms associated with degenerative spondylosis.1–3 This pro-
cedure involves the operative implantation of an interbody
fusion device (or cage) to provide immediate stability across
the joint complex, and to offer neural decompression with
symptom relief via re-establishment of intervertebral disc
height.4 Bone graft is traditionally packed within the con-
fines of the cage to promote osseointegration.5,6

Originally conceived as inert spacers and necessary repos-
itories of bone graft, interbody fusion devices have evolved
both structurally and architecturally. Adopting fundamental
mechanobiologic principles,7,8 current implant engineering
methods employing additive manufacturing techniques can
generate, via 3D-printing, advanced lattice structures, such
as the micro-truss. This advanced structural design com-
bines biomimetic architectural features with osseo-stimula-
tory surface modifications to modulate the bone healing and
fusion consolidation process. By optimizing strain transfer
across the implant, a favorable local mechanical environ-
ment can be established to accelerate and guide the bone
mineralization process necessary to achieve a mechanically-
solid endplate-to endplate arthrodesis.9,10
www.spinejournal.com E319
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In theory, the diameters of the struts in a truss lattice can
be regulated to allow different magnitudes of strain distri-
bution within the struts and across the joint space,11 which
may, in turn, affect fusion rates. The purpose of this study
was to compare bone formation and fusion status for truss-
based cages with varying strut diameters that differentially
distribute strain within the cage.

MATERIALS AND METHODS
The primary objective of this study was to determine com-
parative bone mineralization and fusion consolidation out-
comes associated with struts of different diameters in a
truss-based interbody fusion device. Modeling of differen-
tial strain distributions as a function of strut diameter
employed an ovine finite element analysis (FEA)12 coupled
with a confirmatory in vivo ovine spinal interbody fusion
study.13 The titanium interbody fusion devices that were
investigated in this study (4WEB Medical Inc.; Frisco, TX)
were manufactured using additive, 3D-printing technology,
to produce a network of intersecting strut-based truss units.

Ovine Finite Element Analysis
FEA modeling was used to simulate the mechanical response
as differential strain amplitude distributions for truss cages
with different strut diameters under anatomical loading.
Ovine FEA of intact L2–L3 sheep lumbar spine model
was used.12 The intact spine model included vertebral bone,
soft tissue, intervertebral disc, ligaments, posterior facet
joints, and other anatomical components.

To simulate placement of the truss cage between the
vertebral bodies, the FEA model was modified by partial
removal of the intervertebral disc and preparation of the
endplate prior to insertion of the implant. The implant was
fixed to the adjacent endplate bone at the contact interface.
Mechanical properties of the implant were assigned, and the
instrumented spine was subjected to anatomical loading.
The inferior surface of the lower vertebrae (L3) was fixed in
all degrees of freedom and a compression load of 100 N
followed by bending moment of 3.4 Nm were applied at
the superior surface of L3 segment.12 The process was
E320 www.spinejournal.com
performed iteratively for truss cages with strut diameters
of 0.75-, 1.0-, 1.25-, and 1.5-mm and the peak strain across
the cage and the strain distribution were compared.

Surgical Methods
Surgery was completed under an Institutional Animal Care
and Use Committee-approved protocol. A left lateral retro-
peritoneal approach was used and discectomy was per-
formed at L2–L3 and L4–L5 in 18 sheep. Cages were
filled with autograft obtained from the iliac crest. Truss
implants with two different strut diameters, 0.75 and
1.5 mm, were placed in each animal. Assignments ensured
that both cage types were tested in equal numbers at both
levels for all time points. Animals were sacrificed at 3, 6, and
12 months (six implants of each type/time point). Spinal
segments (L1–L6) were harvested for radiographic, histo-
pathologic, and histomorphometric analysis.

Microradiographic Analysis and Fusion Scoring
Specimens were fixed in 10% neutral buffered formalin and
cut into 4-mm slabs using an EXAKT cutting system
(EXAKT Technologies, Inc., Oklahoma City, OK), ensuring
that the center strut was retained in one of the slabs
(Figure 1). Cutting planes (coronal or oblique to coronal
plane) were determined based on device orientation within
the operated level and all slabs were cut parallel to one
another. At least three microradiographs (FAXITRON Bio-
ptics, LLC, Tucson, AZ) were taken per implant and each
slab that contained a complete implant cross-section was
used for radiographic scoring.

Two fusion assessments were performed on each micro-
radiograph: one utilized a semi-quantitative (0–3 scale)
scoring system (Table 1) and the other used a binary (i.e.,
yes or no fusion) method in which fusion was defined as a
score of 2 or 3.

Bone fill in the cage for each microradiograph was
performed using a semi-quantitative scale (0–4) (Table 1).
Bone was identified as radio-dense material having an obvi-
ous trabecular structure similar to the appearance of sur-
rounding vertebral cancellous bone.
Figure 1. Pictorial illustrating the approxi-
mate location for the microradiographic
and histologic sections. The rectangles
depict the approximate location of the
microradiographic sections. The line
drawn through the center strut shows the
approximate histology plane of section.
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TABLE 1. Semiquantitative Microradiographic Fusion and Bone Fill Scoring

Fusion Criteria Score Bone Fill Criteria Score

Fused. Cage filled with bridging trabecular bone 3 >50% 4

Fused. Bridging bone with minimal lucency (<5 mm)
in fusion area

2 26–50% 3

Not fused. Lucency (>5 mm) in fusion area 1 11–25% 2

Not fused: no bone present 0 1–10% 1

None 0
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Histologic Methods and Histomorphometric
Analysis
A single slab containing the center strut was embedded in
methyl methacrylate (Figure 1). Selection of the center
portion for histology assured an in-depth microscopic
assessment of fusion at the same central plane through
the devices for all specimens irrespective of cage orientation.
Central selection additionally enabled visualization of the
internal portion of the web structure most susceptible to
stress shielding. Sections were stained with Toluidine blue/
Paragon.

Two histomorphometric analyses were performed. The
first quantitative histomorphometric analysis was com-
pleted on the center section within and outside of the cage.
The region of interest analyzed was set to a standard area
encompassing the internal portion of the implant and
1.5 mm beyond the implant edge in all directions. Imaging
used an Olympus BX40 microscope and a combination of
transmitted and reflected light to provide the best differen-
tiation possible between the implant and surrounding bone
and soft tissues. Images were captured at 10� using a
MicroPublisher 3.3 RTV CMOS camera (QImaging, Surrey,
BC, Canada). To obtain a composite image of the entire
defect region, a series of high-resolution images
(2048�1536 pixels/field) were taken in sequential fields
spanning the region of interest and tiled into a single
high-resolution image. Images were analyzed using Image
Pro Plus Version 7.0 (MediaCybernetics, Bethesda, MD).

The area of implant, calcified bone, bone marrow, and
fibrous/chondral tissue within the region of interest were
measured based on color differentiation of the differently-
stained tissues. Accuracy of the color differentiation was
checked microscopically, and color thresholding adjusted as
needed. Percent bone, bone marrow, and fibrous tissue/
chondral tissue were calculated as a function of the total
region of interest area.

The second quantitative histomorphometric analysis was
performed to assess bone ongrowth. Perimeters of the
implant surface (inner and outer) with direct calcified bone
contact were manually measured to produce a total implant
perimeter length. The percent calcified bone ongrowth was
calculated as a function of total implant perimeter length.

Statistical Analysis
Mean microradiograph fusion and bone scores (�standard
deviation) were calculated. Two-way analysis of variance
(ANOVA) with a Benjamini–Hochberg correction for
Spine
multiple comparisons was used. Means and standard devia-
tions were also calculated for histomorphometric data and
differences between groups were determined by one-way
ANOVA.

RESULTS
All animals survived the duration of the study period and no
adverse clinical effects related to the device implantation
were observed.

Finite Element Analysis Estimates
Using FEA to simulate compressive-bending loads, we
observed an inverse linear association between cage strut
diameter and peak strain as observed in Figure 2. The
0.75 mm diameter construct demonstrated a four-fold
higher peak strain in the struts as compared with the cage
with 1.5 mm diameter struts (Figure 2). Peak strain values
for strut diameters of 1.0 and 1.25 mm were intermediary
between those observed for the thickest and the thinnest
diameter struts.

Figure 3 illustrates the distribution of strain amplitudes
throughout the struts of the entire truss system as a function
of strut diameter. Color mapping highlights higher strains
across the entire strut complex for smaller diameter struts
compared with larger diameter struts (Figure 3). Following
simulated compressive bending, the highest strains were
located on the wall opposing the lateral load. Overall,
three-dimensional multiplanar stress distribution through-
out the entire implant was observed.

Microradiographic Evaluation
There was a significant increase in mean fusion scores for
both diameter strut cages over time (P<0.001) (Figure 4A).
However, the mean fusion score associated with the
0.75 mm diameter strut cage was significantly greater by
the initial 3-month interval compared with the 1.5 mm strut
cage, and remained significantly higher at each subsequent
follow-up interval (P<0.001 for all comparisons)
(Figure 4A). The mean fusion scores were 2.2�0.5,
2.6�0.5, and 2.6�0.5 for the thinner diameter and
1.7�0.9, 2.0�0.6, and 2.3�0.6 for the thicker diameter
strut cages at 3, 6, and 12 months, respectively.

Similarly, the binary fusion rate for the 0.75 mm diameter
strut cage was 95%, 100%, and 100% at 3, 6, and
12 months, respectively. The corresponding fusion rate
for the 1.5 mm cage was 72.7%, 86.4%, and 95.8% at
the same follow-up intervals.
www.spinejournal.com E321



Figure 3. Color mapping illustrating the
strain distributions as a function of strut
diameter by FEA. FEA indicates finite ele-
ment analysis.

Figure 2. Average peak strain values under
simulated compressive loading as a func-
tion of strut diameter by FEA. FEA indi-
cates finite element analysis.

Figure 4. Mean (�SD) semiquantitative
fusion scores (A) and bone fill scores (B) at
each postoperative follow-up interval for
0.75 and 1.5 mm diameter strut cages.
Fusion scores were significantly
(�P<0.001) greater at all intervals for the
0.75 mm diameter strut cage compared
with the 1.5 mm cage. The 0.75 mm strut
device also showed a significantly
(�P<0.001) higher average bone fill score
at 12 months, postoperatively.
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Figure 5. Microradiographs representative of the
mean fusion score for both strut diameter cages
at each postoperative follow-up interval.
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The comparative mean bone fill scores are provided in
Figure 4B. The average fill score for the 0.75 mm diameter
strut cage was significantly greater than the 1.5 mm cage
only at the 12-month follow-up interval (P<0.001).

Microradiographs representative of the mean fusion
score are shown in Figure 5.

Histomorphometric Evaluation
Over time in the area encompassing both the interior of
the implant and the adjacent spaces, the average percent
of bone increased (P>0.05) and the fibrous tissue signifi-
cantly decreased (P<0.001) in both groups (Table 2).
Although there were no significant differences between
the 0.75 and 1.5 mm strut diameter groups, the thinner
struts were generally associated with greater mineralized
bone tissue and less fibrous/chondral tissue than the
thicker struts at each postoperative follow-up interval.
Figures 6 and 7 demonstrate the least and most amount of
Spine
mineralized bone for each diameter construct at each time
point. Qualitative histological assessments revealed
denser bone and less marrow with the thinner strut
construct. The trabecular organization and thickness in
and around cages with the thinner struts appeared very
similar to vertebral bone above and below the cages. In
contrast, more 1.5 mm diameter devices had slightly
thicker bone at the outer cage perimeter and slightly
longer trabecular structures.

By 12 months bone mineralization was largely quiescent
for both groups.

There was no acute inflammation, chronic inflammation,
or wear debris seen in any of the sections for either of the
implants at any time.

For mean percent bone ongrowth, there was a significant
(P<0.001) increase over time in both groups with no
significant differences between groups at any time point
(Figure 8).
www.spinejournal.com E323



TABLE 2. Histomorphometry Quantitative Results for the Region of Interest that Includes Within
and Outside of the Cage

Treatment Implant Duration

ROI Within and Outside of Cage

Percent
Bone (%)

Percent Fibrous/
Chondral Tissue (%)

Percent Bone
Marrow (%)

Group 1
0.75 mm with autograft

3 months 48.73�9.79 14.15�7.27 37.12�7.61

6 months 57.46�8.93 2.87�4.00 39.68�9.22

12 months 62.36�11.46 0.42�0.39 37.22�11.66

Group 2
1.5 mm with autograft

3 months 38.65�15.21 18.22�10.80 43.13�13.23

6 months 51.29�10.18 1.71�1.80 47.00�9.70

12 months 54.68�10.64 1.68�2.31 43.64�12.27

Data are presented as the mean (�SD). All between-group comparisons P>0.05.

Figure 6. Histology at 3, 6, and 12 months
for the 0.75 mm diameter strut cage show-
ing sections with the least and most miner-
alized bone. The top left panel shows the
least amount of bone (seen as a grayish
purple at low power) and the most amount
of soft tissue at 3 months. The top right
panel shows more bone with almost no
soft tissue other than marrow. At 6 months,
the middle left panel shows substantial
amount of bone and only a small amount
of soft tissue is evident. Increased bone for-
mation is evident in the middle right
panel. At 12 months, the bottom left panel
shows that bone fill was nearly complete
and connectivity was good, although some
soft tissue is evident. The bottom right
panel shows dense bone at 12 months.
Toluidine blue/Paragon stain; original mag-
nification, 7�.
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Figure 8. Mean (�SD) percent bone
ongrowth values at each postoperative fol-
low-up interval for 0.75 mm (orange) and
1.5 mm (blue) diameter strut cages. Aver-
age ongrowth scores significantly
(P<0.001 for all comparisons) increased
over time for both diameter strut cages
compared with previous follow-up inter-
vals.

Figure 7. Histology at 3, 6, and 12 months
for the 1.5 mm diameter strut cage. The
top left panel shows the fusion result with
the least amount of bone (grayish purple)
and most amount of soft tissue after
3 months implantation. The top right panel
shows more bony trabeculae and almost
no soft tissue at 3 months. At 6 months, the
middle panel shows some bony trabecula-
tion and a small amount of soft tissue. The
middle right section, which represents the
best fusion result at 6 months for this
implant type, shows more extensive bony
trabeculation. The bottom left and right
panels both show bony trabeculation at
12 months but with different amounts of
bone and bone marrow within the cages.
Toluidine blue/Paragon stain; original mag-
nification, 7�.
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DISCUSSION
Through the advancements in manufacturing technology,
such as 3D printing, spinal interbody implants with
advanced structural designs are now being produced. These
devices represent a new generation of implants that actively
participate in the bone mineralization and fusion consolida-
tion processes. The truss-based design of the devices tested
in the current study enables the optimal transfer of com-
pressive and tensile stresses via the struts in a manner that
mimics physiologic load transfer.9 The open architecture
design consists of an empirically-derived web of trusses that
function as a high-strength, lightweight structure with a
significant amount of open space to accommodate bone
graft and promote osseointegration. This classic architec-
tural form was utilized to maximize the distribution of
natural spinal compressive loads in a biomechanically
efficient fashion.

The truss implant was engineered with a unique spatial
geometry that leverages the mechanobiologic principle of
bone functional adaptation, commonly referred to as
‘‘Wolff’s Law.’’14 This principle, which theorizes that bone
can adapt over time to mechanical loading, has been com-
prehensively expatiated and described by Frost as the
mechanostat.15–17 Frost postulated that both bone growth
and bone loss are precipitated by the local mechanical
deformation of bone and that lower load-induced strain
amplitudes result in stress shielding and bone resorption,
moderate strain amplitudes support bone homeostasis, and
higher strain amplitudes promote bone formation.7,18

Several design variables, such as strut diameter, can be
adjusted to provide different strain amplitudes within the
truss implant, which in turn, may affect bone formation and
fusion rate. Our FEA modeling estimated an inverse rela-
tionship between truss strut diameter and peak strain, with
an approximate 73% lower strain amplitude, on average,
for cages with 1.5 mm diameter struts compared with cages
with 0.75 mm diameters struts (Figure 2).

The differences in load-induced strain amplitudes and
distributions predicted by our FEA model extended to our in
vivo ovine study, offering additional validation of the asso-
ciation between strut diameter and bone mineralization and
fusion outcomes. For example, we noted significantly higher
radiographic fusion scores for cages with 0.75 mm strut
diameters, starting as early as 3 months postoperatively,
suggesting more rapid osseointegration with a strut diame-
ter in the higher strain-amplitude range. Histomorphomet-
ric analysis was confirmatory, showing thinner struts were
generally associated with greater mineralized bone tissue
and less fibrous/ chondral tissue than the thicker struts at
each postoperative follow-up interval. These findings may
have important implications for the management of patients
with underlying osteoporosis who may have impaired bone
metabolism, making fusion consolidation more challenging.

Both cage types demonstrated similar degrees of bone
ongrowth over time. This titanium truss-based implant
incorporates hierarchical surface roughness, that spans from
E326 www.spinejournal.com
the macro- to nano-scale, and imparts the implant with
inherent topologic features that envelop all the struts, stim-
ulating osteogenic gene expression, differentiation, and
matrix production.19–21 This suggests that bone ongrowth
and, by extension, cage stability in the joint space may be
more a function of titanium surface modifications than
load transfer.

In conclusion, using this specific truss-based device in an
ovine model, cages with smaller diameter struts exhibited
more rapid fusion consolidation and more aggressive
osseointegration compared with cages with larger diameters
struts. These in vivo findings corroborate and extend simu-
lated FEA models predicting higher peak strain amplitudes
in cages with smaller diameter struts. Additional research is
warranted to validate these findings in the clinical setting.
Key Points
Designed to provide efficient load distribution, a
truss-based interbody fusion device with an
advanced structural design was evaluated.

FEA and a confirmatory longitudinal in vivo ovine
fusion study were undertaken to determine
comparative load-induced strain amplitudes,
bone mineralization, and fusion outcomes
associated with different diameter struts in the
truss implant.

FEA showed an inverse association between strut
diameter and peak strain amplitude.

In vivo findings were confirmatory with thinner
struts demonstrating faster fusion consolidation,
greater mineralized bone, and less fibrous/

chondral tissue than the thicker struts.
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