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Aims

The “2 to 10% strain rule” for fracture healing has been widely interpreted to mean that
interfragmentary strain greater than 10% predisposes a fracture to nonunion. This interpretation
focuses on the gap-closing strain (axial micromotion divided by gap size), ignoring the region
around the gap where osteogenesis typically initiates. The aim of this study was to measure
gap-closing and 3D interfragmentary strains in plated ovine osteotomies and associate local
strain conditions with callus mineralization.

Methods

MicroCT scans of eight female sheep with plated mid-shaft tibial osteotomies were used to
create image-based finite element models. Virtual mechanical testing was used to compute
postoperative gap-closing and 3D continuum strains representing compression (volumetric
strain) and shear deformation (distortional strain). Callus mineralization was measured in zones
in and around the osteotomy gap.

Results

Gap-closing strains averaged 51% (mean) at the far cortex. Peak compressive volumetric strain
averaged 32% and only a small tissue volume (average 0.3 cm®) within the gap experienced
compressive strains > 10%. Distortional strains were much higher and more widespread,
peaking at a mean of 115%, with a mean of 3.3 cm? of tissue in and around the osteotomy
experiencing distortional strains > 10%. Callus mineralization initiated outside the high-strain
gap and was significantly lower within the fracture gap compared to around it at nine weeks.

Conclusion

Ovine osteotomies can heal with high gap strains (> 10%) dominated by shear conditions.
High gap strain appears to be a transient local limiter of osteogenesis, not a global inhibitor of
secondary fracture repair.
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conditions for bone formation are more favourable.
* Fracture gap-closing strains above 10% do not cause
nonunion.

Strengths and limitations

* High-fidelity computational modelling allows non-invasive
measurement of the true 3D strain environment, consider-
ing both inside the fracture gap and the perifragmentary
region around it, where new bone forms first.

* Study limitations include the use of only one surgical
model (plate type and osteotomy size) and lack of longitu-
dinal imaging data. The absolute limiting condition for
strain and bone healing remains unknown.

Introduction

Bone repair is fundamentally a mechanoregulated process.'
Interfragmentary motion produces strain (deformation) of
the interfragmentary tissues and this induces secondary
healing by callus formation. During secondary healing, bone
integrity is gradually restored by the formation of fibrous
tissue, cartilaginous tissue, and finally woven and lamellar
bone by endochondral ossification.”? Intramembranous bone
formation also occurs via the differentiation of mesenchymal
progenitor cells into osteoblasts. Progressive mineralization
stiffens the callus and reduces interfragmentary motion over
time.* Over the last 40 years, numerous large animal and
clinical studies have shown that fracture healing is highly
responsive to implant-mediated changes in the mechanical
conditions at the fracture site.” "

Research interest in the role of mechanical factors in
the augmentation or inhibition of fracture repair traces its
roots to the seminal work of Prof Stephan Perren.”>'® Perren
recognized that mechanical stimulation is a central driver
of fracture repair, and focused on the gap-closing strain
- the amount of axial motion across the fracture gap divi-
ded by the gap size. Perren drew logical deductions from
elongation rupture testing of cartilage and cortical bone to
hypothesize strain tolerance limits for successful bone healing.
The resulting “2 to 10% strain rule” has since been widely
interpreted to mean that a gap-closing strain below 2% does
not provide enough stimulation for callus formation, while gap
strain above 10% hinders osteogenesis and increases the risk
of nonunion.

This modern oversimplification of Perren’s strain theory
has crystallized into dogma, appearing in textbooks,'”'®
numerous publications, and websites and YouTube videos
with millions of views.'”?' Despite its ubiquity, the 2 to
10% rule is directly contradicted by decades of evidence from
in vivo studies in large animals and humans. For example,
ovine osteotomies heal well with axial gap closing strains
of 31% to 36%.”””* Human tibial fractures fixed with axial
micromotion (gap-closing strains 20% to 33%) heal more
quickly than with rigid fixation.">?* Hente and Perren (posthu-
mous)” used a wedge osteotomy to create interfragmentary
strain gradients and demonstrated callus formation with gap
strains up to 24%. Plated distal femur fractures likely experi-
ence interfragmentary strains well above 50% without causing
nonunion.”® Perren” theorized that fractures can tolerate
initial high strains because the first repair tissues are highly

compliant, gradually stiffening in a 3D matrix of callus to bring
strain levels within tolerable limits for later bone formation.

These studies and others suggest that fracture healing
is likely much more tolerant to strain than the simple
interpretation of the 2 to 10% rule suggests. However,
revisiting the Perren strain theory is challenging because
3D tissue strains cannot be directly measured in vivo, and
the concept of “gap strain” neglects the periosteal region
around the fracture where callus mineralization typically
initiates. Accordingly, the objective of this study was to deploy
virtual mechanical testing together with image data-min-
ing techniques to probe the early interfragmentary strain
environment and measure callus mineralization in a well-
established ovine osteotomy model. To achieve this, we
used finite element analysis (FEA) to compute interfragmen-
tary motions under physiological loading and translate those
motions to tissue-level continuum strains. The hypothesis of
this study was that high initial interfragmentary gap strains
(> 10%) exist in this surgical model and are associated with a
local delay in mineralization, but not nonunion.

Methods
Animal specimens and scan information
Eight female Swiss Alpine sheep (average body weight 68 kg,
age 2 to 3 years) with mid-shaft tibial osteotomies were used
for this analysis. The operated limb had a 3 mm gap osteotomy
stabilized with a medial 12-hole stainless steel plate (broad
straight veterinary 3.5 mm locking compression plate (LCP),
159 mm in length, with 3.5 mm bicortical screws; DePuy
Synthes). A 3 mm defect in sheep is a non-critical defect
capable of spontaneous healing. Animals were maintained
for nine weeks after surgery and kept in individual stalls
(approximately 2 m?) with hard floors bedded with straw. They
received a full cast up over the stifle joint, which allowed
them to put weight on the limb immediately after surgery, but
hindered them in bending their limbs. Within their individ-
ual stalls, sheep were allowed to roam freely. Clinical checks
for health status (including lameness/weightbearing) were
performed twice a day throughout the postoperative period,
and peri- and postoperative analgesia and antibiosis were
continued for four days after surgery. More details regarding
the animal study are described in a previously published
study.”®

After kill, the tibiae were excised, stripped of soft-tis-
sue keeping the periosteum intact, and the plate and screws
were removed from the operated limb, taking care not to
disrupt the callus region. Samples were wrapped in saline-
soaked gauze to maintain hydration. Postmortem microCT
scans of the diaphyseal segments were performed using an
XtremeCT Il Micro-CT scanner (Scanco Medical AG, Switzer-
land) with voltage 68 kVp and current 1,470 pA. The resulting
isotropic scan resolution was 60.7 um. A phantom (Scanco
KP70 phantom, QRM) calibration scan was performed to
allow conversion of voxel data for CT attenuation (Houns-
field units (HU)) to bone mineral density (BMD, #" (mgHA/
cm?). Radiological union scoring was performed by two
independent, board-certified expert reviewers (BvR, MF, see
Acknowledgements) to evaluate the presence or absence of
nonunion using a published scoring system.”” These animals
were randomly selected from a previously completed research
study, and the data reuse for this new analysis is consistent
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Fig. 1
a) Operated tibia models were created from the microCT scans at nine weeks, and the implants were implanted virtually. b) Bone and implant models
were meshed with a negligible-stiffness sub-model around the fracture gap zone to visualize strain in this region. c¢) Calculated deformations from the
bone and implant models were used as displacement boundary conditions in the strain visualization sub-models, producing calculated strain values
for the entire perifragmentary region (inset).

with the 3Rs principles.”® All experiments were conducted
according to the Swiss laws of animal protection and welfare,
and the protocol was authorized by the local governmen-
tal veterinary authorities. The study adhered to the ARRIVE
guidelines and the checklist has been supplied as Supplemen-
tary Material.

Scan processing and finite element model creation

To prepare the image-based finite element (FE) models,
scans were processed in Mimics (v23.0; Materialise, Belgium).
Scans were down-sampled to an isotropic resolution of
400 um, comparable to clinical resolution. Operated bones
were initially segmented using a radiodensity range of 2,500
to 4,000 HU to preliminarily isolate old cortical bone from
callus based on a previously validated segmentation process
performed on the same dataset.”” The choice of thresholds
was specific to the dataset and will vary based on the scan
settings. Cortical bone geometry reconstruction was per-
formed by manually correcting the mask boundaries around
the osteotomy in the regions where remodelling had made
the cortical bone less dense.’'** The immediate postopera-
tive radiographs and bone structure above the osteotomy
were used as a guide to reconstruct preoperative bone
shapes without cortical remodelling. These operations were
performed using masking, contouring, and surface optimiza-
tion tools in Mimics. All reconstructions were reviewed by the
senior author (HLD). No callus was included for these models.
Medullary void spaces were excluded.

Finite element models representing the postoperative
(unhealed) conditions were created following the procedure
shown in Figure 1. Virtual plate installation was performed in
Solidworks 2020 (Dassault Systémes, France). The plate and
screw locations were specimen-specific and were matched to
the corresponding screw holes in each osteotomized tibia
scan. Screws were modelled without the screw threads, a
valid simplification to reduce computational cost when the
global load-deformation behaviour, not screw-bone interac-
tion (e.g. pullout force), is the primary outcome measure.”***
A 3D interfragmentary strain visualization region was added
to measure strains within and around the fracture gaps of the

operated tibiae. Contact conditions between bone and screws
were defined as bonded, and frictionless contact was defined
between plate and bone and between the bone fragments.”®

FE meshes were created using 3-Matic (v15.0; Material-
ise), utilizing quadratic tetrahedral elements (tet-10) with a
maximum edge length of 1 mm. A non-manifold assembly
was created for the operated bone model including the strain
visualization region and the hardware. Elementwise material
properties were applied in the bone region using a validated
scaling equation for ovine tibial cortical bone:

E = 10225 pocr ¢))

where the Young's modulus E is in MPa. Poisson’s ratio
was v = 0.3.” A homogeneous soft material with £ = 0.5 MPa
and v = 0.45 was assigned to the strain visualization region.
Material properties of stainless steel was applied to the plate
and screws with £=183.6 GPaand v =0.35.%°

Boundary conditions and loading

FE analysis was performed in ANSYS Workbench Mechani-
cal (R2020; ANSYS, USA). Boundary conditions were defined
based on a recent biomechanical study that examined plate
bending under ex vivo loading conditions similar to physio-
logical conditions.> Remote points were established at the
proximal and distal faces of the cortical bone segments with
offsets of 50 mm and 10 mm, respectively, representing the
tibiofemoral and tibiotarsal joints. The coordinate systems of
the remote points were aligned along the mechanical axis
of the bone. A roller support was defined on the proximal
remote point to allow translation of bone along the vertical
axis (z) with rotation about the x- and y-axes. A pinned support
was defined on the distal remote point to represent the
rotation of bone about the tibiotarsal joint during loading,
while restricting translation in all directions.

No gait analysis data were available for the animals in
the previously completed preclinical study, so tibial loading
had to be estimated using literature data. We applied a
representative instantaneous axial load of 600 N (0.9 BW)
based on a previous report of early (one week) postoperative
loading through an instrumented external fixator in a similar
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Representative CT scan slice views and 3D reconstruction with callus masking by zone (within or around the fracture gap) and quadrant (anterior,
posterior, medial, and lateral). Callus mineral density was sampled for voxels in each of the eight regions of interest.

animal model (tibial osteotomy in adult female sheep).*®
To prevent the strain visualization region from influencing
bone movements, sub-modelling was performed in ANSYS
as a two-step process. Calculated displacements of the bone
fragments and implant components were carried forward
as displacement boundary conditions in the sub-models for
calculation of perifragmentary continuum strains (Figure 1c).

Voxel data sampling and mapping

To examine the relationship between strain and mineraliza-
tion within the callus, BMD (pQCT) was sampled for voxels
located within and around the fracture gap. Each callus
was subdivided into eight segments: two zones (‘in’ for the
interfragmentary gap, and ‘around’ for the periosteal region)
and four quadrants (‘medial; ‘lateral, ‘anterior, and ‘posteri-
or’). The resulting callus segments with associated BMD data
are illustrated in Figure 2. Voxel data for each sampling
region were also mapped to two continuum strain invariants
calculated in the strain visualization region — volumetric strain
(eyol) representing volumetric compression or dilation, and
distortional strain (eqjst) representing shear or shape change:

Eya =&+ & +& 2

Epist = g((& —e)+ (@ —a) + (- 53)2)% 3)

These two scalar strain quantities from the 3D
general state of strain were selected because they have
been previously identified as drivers of tissue differentia-
tion in computational mechanoregulation models of fracture

healing.”” Between the bone ends, a gap-closing (Perren)
strain was calculated by measuring gap-closing distance, and
dividing that by the original distance between the selected
nodes.

Statistical analysis

Post-processing of simulation results was performed in
MATLAB (R2022; MathWorks, USA). Statistical analysis was run
in SPSS Statistics (29.0; IBM, USA). For each of the eight callus
segments in each model, the callus volume (cm®) and median
BMD (mgHA/cm3) were reported. The general linear model
(GLM) repeated-measures procedure (one-way and two-way
ANOVA) was run in SPSS for callus BMD and volume with
the following within-subjects factors: zone and quadrant.
All pairwise comparisons included Bonferroni adjustments
for multiple comparisons. Linear regression was also run to
predict BMD based on zone, quadrant, and strain. Data are
reported as mean (SD) following confirmation of normality
in each test. A p-value < 0.05 was considered statistically
significant.

Results

This medially plated osteotomy fracture model induced
formation of a lateral-dominant bridging callus. The radiologi-
cal progression of callus showed the classic pattern of callus
volumetric growth, progressive mineralization predominantly
outside the osteotomy, followed by infilling of the osteotomy
over time (Figure 3).
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Anteroposterior radiographs of two representative animals taken immediately postoperatively and at three, six, and nine weeks. Callus formation was

laterally dominant in this medial plating model.

Interfragmentary motion and peak strains

To illustrate the associations between interfragmentary
motion and strain, representative results are presented for
one animal in Figure 4 and summary results for all animals
in Figure 5. Peak interfragmentary motions occurred at the far
cortex (mean lateral gap closure 1.32 mm (SD 0.160)). These
interfragmentary motions were associated with gradients
of Perren (gap-closing) strains within the gap zone. Mean
gap-closing strains varied from 8.49% (SD 1.55%) at the near
cortex to 51.1% (SD 10.2%) at the far cortex. The two contin-
uum strain invariants &, and &qjst also had strong gradients in
and around the fracture gap, with the highest strains occurring
at the far cortex. Mean volumetric strain was predominantly
compressive, peaking at -32.0% (SD 10.4%) at the far cortex.
Mean distortional strains were also high, peaking at 115% (SD
16.9%) at the far cortex. The mean total volume of elements
with distortional strains greater than 10% was 3.3 cm?® (SD

0.70), and the total volume of elements with absolute value
compressive volumetric strains greater than 10% was 0.30
cm® (SD 0.20). The mean callus volume experiencing initial
distortional strain > 10% corresponded to 40% (SD 29%) of
the nine-week final callus volume. The mean callus volume
experiencing initial volumetric strain > 10% was much smaller,
only 3.9% (SD 5.1%) of the nine-week final callus volume.

Spatial distribution of callus volume, density, and strain
Callus volume and BMD as well as peak distortional and
volumetric strains were calculated for each callus zone
and quadrant (Figure 6). Statistical results are presented in
brief, with complete analysis including tests of assumptions
provided in the Supplementary Material.

Callus volume was only reported for the ‘around’ zone
and was largest in the ‘lateral’ and ‘posterior’ quadrants. Across
the different ‘around’ zones, callus volume was significantly
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different (p < 0.001). Bonferroni-adjusted pairwise compari-
sons showed mean medial callus volume (1.12 cm? (SD 0.869))
and mean anterior callus volume (0.977 cm? (SD 0.694)) as not
significantly different from each other. However, both zones
were significantly different from mean lateral callus volume
(4.82 cm® (SD 3.16)) and mean posterior callus volume (3.98
cm? (SD 2.34)) (all p < 0.05).

A higher median BMD was observed in the ‘around’
zone compared to ‘in’ for quadrants ‘lateral, ‘anterior, and
‘posterior. For the ‘around’ zone, BMD was statistically
different based on quadrant (two-way ANOVA, simple main
effects; p < 0.001). Bonferroni-adjusted pairwise comparisons
were statistically significant for BMD in the following segment
pairings: ‘around’-‘medial’ versus ‘around’-‘posterior’ (p =
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0.003), and ‘around’-‘anterior’ versus ‘around’-‘posterior’ (p =
0.032).

As expected with plate bending leading to far-cortical
gap closure, the highest distortional strains were observed in
the ‘lateral’ region, while the lowest strains were in the ‘medial’
region. In the two-way ANOVA, there was no statistically
significant two-way interaction between zone and quadrant
for distortional strain. The simple main effect of zone showed
that there was a statistically significant difference in distor-
tional strain between the ‘in’ and ‘around’ locations, F(1,7) =
9.77 (p = 0.017). The simple main effect of quadrant showed
a statistically significant difference in distortional strain across
the four locations, F(3,21) = 43.7 (p < 0.001). Bonferroni-adjus-
ted pairwise comparisons were significant (Figure 6¢, all p <
0.013) for all quadrant pairings except for between ‘anterior’
and ‘posterior’ (p > 0.999).

The highest absolute value volumetric strains were
observed in the ‘lateral’ region, with the gap zone (in’)

experiencing greater compression compared to ‘around’ There
was a statistically significant two-way interaction between
zone and quadrant, F(3,21) = 8.98 (p < 0.001, two-way ANOVA).
Simple main effects of zone were checked for each quadrant,
and of quadrant for each zone. These comparisons con-
firmed multiple statistically significant differences in volumet-
ric strains with location (Figure 6d, all p < 0.001, two-way
ANOVA, simple main effects; see Supplementary Material for
full details).

Discussion

The results of this study agree with other ovine osteotomy
studies that have documented successful fracture healing
with initial axial gap-closing strains above 30%.”*** In human
tibial fractures, micromotion in the 1 mm range (estimated
gap-closing strain 30% to 50% for an ideal 2 to 3 mm
fracture gap after anatomical reduction) has been shown to
accelerate secondary healing.””***® In all our models, the peak
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show that callus mineralization initiates outside the high-strain perifragmentary zone.

gap-closing strain before healing was above 40% and these
conditions did not cause nonunion. However, at the time of
kill (nine weeks), there was significantly lower mineralization in
the callus located directly within versus around the osteotomy
gap.

Our models also highlighted the need to consider the
3D state of strain (shape change) that is generated within
the granulation tissue and early soft callus. Previous compu-
tational and experimental studies have focused on methods
to measure interfragmentary motion rather than strain.'"**
“ In contrast, our approach is unique in the application
of submodelling to compute continuum strains around the
fracture from the bone fragment motions. Our approach
revealed that the perifragmentary region was dominated
by high distortional strains arising from the “squish” effect
of soft-tissue deformation in and around the fracture line.
Gap-closing strains do not represent this effect, and it is
important to acknowledge that shear-dominated distortion
of the soft tissues can occur even without gross shearing
movements of the bone fragments. Other types of fracture
fixation, including intramedullary (IM) nailing, produce much
more torsional motion, which would lead to even higher
distortional strains but is clearly well tolerated in vivo.
For example, in a published ovine study with a transverse
osteotomy fixed by IM nailing, up to 10° of torsion across
the fracture site was measured during gait at three weeks
postoperatively.”” For a gap distance of 3 mm, this level

of rotation corresponds to up to 100% shear strain for the
interfragmentary gap tissues in the plane of the gap under
pure torsion conditions. In this previous study, increasing the
torsional stability of the nail did lead to superior healing
outcomes, but no animals experienced a nonunion. In our
models, the closest continuum component for comparison to
the gap-closing (Perren) strain was the compressive volumetric
strain. However, the volume of tissue experiencing high strains
in pure compression was very low compared to the volume of
elements experiencing high distortional strain conditions.

A side-by-side comparison of immediate postoperative
strain contours with the temporal evolution of callus growth
from radiograph images (Figure 7) adds to the interpretation
of strain as a limiter of bone healing. Mineralization of the
periosteal callus is evident as early as three weeks postoper-
atively, but is not evident within the osteotomy or directly
adjacent to it. From three to six weeks, the callus enlarges
and increases in opacity. By nine weeks, the gap zone is
also mineralizing, but our results confirm the visual impres-
sion of delayed callus maturity within the gap compared to
around it (Figure 6b). These observations strongly support
Perren’s theory that the compliance of the soft callus ena-
bles fractures to tolerate initial high strains.”” Perren further
observed that the exact strain tolerance limits for callus
formation were unknown.'**>** Qur results reinforce that the
strain tolerance limits for bone formation are still unknown.
Further, our findings add to the body of data that contradicts
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the widespread misinterpretation of Perren’s strain theory to
mean that a gap strain above 10% may lead to a nonunion.

The results from this study are subject to some
limitations. While our results suggest that gap-closing strains
> 10% and their associated distortional and volumetric strain
fields are globally tolerable for fracture healing, our analy-
sis cannot reveal the upper limit of strain for osteogenesis.
All animals in this study had the same osteotomy gap and
same plate and screws. This work is also limited by the
availability of quantitative mineralization data at only a single
timepoint (ex vivo microCT at nine weeks) after the osteot-
omy gap had already begun to consolidate. At this time-
point, substantial cortical remodelling (loss of BMD) was also
evident, which made reconstruction of the native postopera-
tive cortical boundary impossible by thresholding alone. Data
from animals treated with a variety of osteotomy sizes and/or
different plates, together with serial CT imaging to detect the
earliest formation of callus, would be needed to discover the
true tolerance limit of strain for early woven bone formation. In
addition, our use of simplified screw models without threads
means that these models cannot be used to infer contact
stresses or study damage-induced remodelling in cortical
bone near screws, a process that is known to occur in tandem
with callus growth.”’

It is also important to note that our modelling
assumptions related to postoperative loading were made
without the benefit of in vivo gait data. Behaviour variations
over time and between animals, related to both the frequency
and magnitude of loading events, could not be considered
in our analysis. For this reason, we analyzed only strains
related to representative peak loading during level walking,
not lower-load events like partial weight transfer, or higher-
load events like standing up from recumbency. Our focus
on these simplified instantaneous loads is consistent with
how mechanoregulatory models of fracture healing consider
loading events.”* However, this approach cannot account
for the relative importance of high and low loading events
as the physiological mechanical stimulation that drives in
vivo bone formation. Investigations of activity as a regulator
of bone healing are a high priority for future studies. To
complement this, serum biomarkers could also be used to
shed light on possible biological differences between animals
that contribute to variations in callus formation, independent
of activity variations.

In conclusion, this study suggests that ovine fracture
healing tolerates a high-strain environment that is largely
dominated by shear deformation of the soft-tissues imme-
diately within and around the gap. The interfragmentary
gap callus experiences a significant delay in mineralization
compared to the periosteal callus, but this does not cause
nonunion. High strain much greater than 10% appears to be a
transient local limiter of osteogenesis, not a global inhibitor of
secondary fracture repair.

Social media
Follow H. L. Dailey on X @DaileyOrtholLab

Supplementary material

Unabridged statistical testing results for spatial distribution of callus
volume, density, and strain including tests of assumptions. An
ARRIVE checklist is also included.
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