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Abstract: BACKGROUND: Locking plates are widely used in fracture fixation, mainly for meta-diaphyseal
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on bone-healing of dynamization of locking plate constructs by means of new 5.0-mm dynamic locking
screws (in the DLS group), which allow near-cortex micromotion, compared with a more rigid construct
utilizing standard bicortical locking-head screws (in the LS group). Use of dynamic locking screws allows
modulation of the stiffness of existing locking compression plate systems via parallel interfragmentary
micromotion. METHODS: A standardized diaphyseal tibial osteotomy (90°, 3-mm fracture gap) was performed and stabilized with a six-hole large-fragment locking compression plate in twelve female sheep (six
in each group). Radiographs were made postoperatively and then weekly from week three until sacrifice
at nine weeks. Macroscopic, biomechanical, histologic, and radiographic assessments and microcomputed
tomography were performed. RESULTS: The callus in the tested specimens in the DLS group had better biomechanical stability, with a significantly greater maximum failure moment (mean and standard
deviation [SD] as a percentage of intact, 55.15 ± 20.65 compared with 26.80 ± 14.96 in the LS group; p
= 0.021). The DLS group also had greater periosteal callus volume at the near cortex (mean volume and
SD as a percentage of the tibial shaft volume, 36.21% ± 10.08% compared with 18.98% ± 8.61% in the
LS group; p = 0.026) and in the intercortical region (mean volume and SD as a percentage of the bone
volume of the tibial shaft, 3.56% ± 0.52% compared with 2.64% ± 0.98% in the LS group; p = 0.045), as
shown by microcomputed tomography. The DLS group also had significantly greater torsional stiffness
(mean and SD as a percentage of intact, 84.88 ± 13.51 compared with 58.89 ± 20.61 in the LS group;
p = 0.027). CONCLUSIONS: Controlled micromotion and nearly homogeneous interfragmentary strain
at the fracture site, together with the stable bicortical fixation achieved by the new dynamic locking
screw, led to more uniform callus formation, significantly more callus formation at the near cortex, and
biomechanically more competent bone-healing compared with use of rigid locking plate constructs with
locking-head screws.
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Osteosynthesis by Means of Dynamic Locking Screws
An Experimental Study of Transverse Tibial Osteotomies in Sheep
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Karina Klein, DVM, Katja Nuss, DVM, Stephen J. Ferguson, PhD, Ulrich Stöckle, MD, and Brigitte von Rechenberg, DVM
Investigation performed at the Musculoskeletal Research Unit (MSRU), Equine Hospital, Vetsuisse Faculty, University of Zürich, Zürich, Switzerland

Background: Locking plates are widely used in fracture ﬁxation, mainly for meta-diaphyseal fractures, comminuted fractures, fractures with a critical-size bone defect, periprosthetic fractures, osteotomies, and fractures in osteoporotic bone. The
aim of this animal study was to evaluate the effect on bone-healing of dynamization of locking plate constructs by means of
new 5.0-mm dynamic locking screws (in the DLS group), which allow near-cortex micromotion, compared with a more rigid
construct utilizing standard bicortical locking-head screws (in the LS group). Use of dynamic locking screws allows modulation
of the stiffness of existing locking compression plate systems via parallel interfragmentary micromotion.
Methods: A standardized diaphyseal tibial osteotomy (90, 3-mm fracture gap) was performed and stabilized with a
six-hole large-fragment locking compression plate in twelve female sheep (six in each group). Radiographs were made
postoperatively and then weekly from week three until sacriﬁce at nine weeks. Macroscopic, biomechanical, histologic,
and radiographic assessments and microcomputed tomography were performed.
Results: The callus in the tested specimens in the DLS group had better biomechanical stability, with a signiﬁcantly
greater maximum failure moment (mean and standard deviation [SD] as a percentage of intact, 55.15 ± 20.65 compared
with 26.80 ± 14.96 in the LS group; p = 0.021). The DLS group also had greater periosteal callus volume at the near
cortex (mean volume and SD as a percentage of the tibial shaft volume, 36.21% ± 10.08% compared with 18.98% ±
8.61% in the LS group; p = 0.026) and in the intercortical region (mean volume and SD as a percentage of the bone volume
of the tibial shaft, 3.56% ± 0.52% compared with 2.64% ± 0.98% in the LS group; p = 0.045), as shown by microcomputed
tomography. The DLS group also had signiﬁcantly greater torsional stiffness (mean and SD as a percentage of intact,
84.88 ± 13.51 compared with 58.89 ± 20.61 in the LS group; p = 0.027).
Conclusions: Controlled micromotion and nearly homogeneous interfragmentary strain at the fracture site, together with
the stable bicortical ﬁxation achieved by the new dynamic locking screw, led to more uniform callus formation, signiﬁcantly
more callus formation at the near cortex, and biomechanically more competent bone-healing compared with use of rigid
locking plate constructs with locking-head screws.

Peer Review: This article was reviewed by the Editor-in-Chief and one Deputy Editor, and it underwent blinded review by two or more outside experts. It was also reviewed
by an expert in methodology and statistics. The Deputy Editor reviewed each revision of the article, and it underwent a ﬁnal review by the Editor-in-Chief prior to publication.
Final corrections and clariﬁcations occurred during one or more exchanges between the author(s) and copyeditors.

he use of locking compression plates and locking-head
screws for fracture stabilization has contributed to modern minimally invasive osteosynthesis. Although intramedullary nailing is the predominant method used to stabilize

T

diaphyseal fractures, locking plates are advocated for the treatment
of meta-diaphyseal fractures, comminuted fractures, fractures
with a critical-size bone defect, periprosthetic fractures, and
osteotomies as well as fractures in osteoporotic bone1-7. With
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locking screw ﬁxation, the fracture region itself is not grossly
disturbed. This allows biological fracture-healing while the
locking mechanism takes over the mechanical load and thus
minimizes the micromotion at the fracture site. Nevertheless,
substantial complication rates have been reported8-11. The rigidity
at the fracture site is believed to be responsible for delayed callus
formation, especially at the near cortex, leading to reported delayed
unions or nonunions12-16. Increasing the working length (i.e., the
distance from the ﬁrst screw to the fracture line)17 and thereby
reducing the rigidity of the plate-screw construct will substantially
increase micromotion at the far cortex without a comparable stimulus at the near cortex, leading to asymmetric interfragmentary strain
(see Appendix). To address this difﬁculty, a recently developed
dynamic locking screw (DLS; DePuy Synthes) has been introduced18,19; the special sleeve design of the screw maintains the overall
mechanical stability of the fracture while allowing micromotion at
the fracture site itself. The DLS is anchored in both cortices. The
screw head is ﬁxed within the plate hole, providing angular stability,
while the sleeve-pin nature of the construct allows controlled micromotion (see Appendix). Interfragmentary strain is thereby more
symmetrically distributed within the fracture gap (Fig. 1).
Similar approaches for increasing near-cortex micromotion have been pursued by means of the far-cortex locking
screw developed by Bottlang et al.20 and the near-cortex slotted
holes introduced by Gardner et al.21,22. However, both of those
techniques focus only on screw purchase in the opposite cortex.
In addition to fracture type, the bone biology, local blood
supply, and additional soft-tissue damage23, interfragmentary
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micromotion at the fracture site can either accelerate or delay
fracture-healing24,25. The outcome is dependent on the degree
and direction of micromotion between the fragments and/or
the size of the fracture gap. Fixation that allows either too little26
or too much27-29 micromotion can inhibit callus and new bone
formation at the fracture site. Axial motion has a positive effect,
and the effect of shear forces has not been deﬁnitely established,
as some authors have reported a negative effect of shear and
torsional motions on bone formation at the fracture gap23,26,28,30-32,
but other authors have demonstrated a positive effect33,34. The
fracture-healing response represents a very complex situation
and can be stimulated by a wide range of interfragmentary
motion. Cyclic compression leads to signiﬁcantly more callus
formation compared with cyclic distraction35. Interfragmentary
motion also creates tissue tension and hydrostatic pressure
between the fracture ends, eliciting periosteal and endosteal
cell activation. According to the interfragmentary strain theory,
the determining factor for tissue differentiation is the strain
(deformation) experienced by the repair tissue (where strain =
interfragmentary motion/gap size). The optimal strain value for
fracture-healing is expected to be between 2% and 10%36. The
optimal axial movement is thought to be 0.2 to 1.0 mm28,32. The
DLS achieves the appropriate range of interfragmentary motion
by means of a speciﬁc design feature, consisting of a core pin and
a threaded sleeve, that allows for axial movement and bicortical
anchorage with increased micromotion at the near cortex18,19.
Experimental studies in sheep with oblique tibial osteotomies with 0, 1, and 3-mm gaps stabilized with a 3.5-mm
locking compression plate system revealed more homogeneously
increased, more symmetrical, and smoother callus formation at
the near cortex, as well as improved biomechanical stability,
in the group treated with a dynamic locking screw compared
with the control group19,37. However, conclusions could not be
drawn regarding transverse fractures, in which interfragmentary
motion takes place in a smaller, more compact region. In addition, the implant stiffness of a small-fragment 3.5-mm veterinary
locking compression plate ﬁxed with 3.5 and 3.7-mm screws deﬁnitely differs from that of a large-fragment locking compression
plate ﬁxed with 5.0-mm locking screws in humans. As established
by biomechanical testing, the dynamization effect is more pronounced in the stiffer large-fragment implant. Therefore, the goal
of the present study was to assess the inﬂuence of a more dynamic
ﬁxation approach on callus formation at the fracture gap in sheep
that underwent transverse tibial osteotomy and fracture ﬁxation
with a 5.0-mm large-fragment titanium locking compression
plate and either dynamic locking screws or locking-head screws.
Material and Methods

M

ajor aspects of the study are outlined below. Further details of the experimental protocol are given in the Appendix.

Animal Experiments
Implants
Fig. 1

Schematic showing the bone-screw and screw-plate interfaces of a DLS
construct. The maximum micromotion at the near cortex is 0.45 mm.

A six-hole, large-fragment, pure-titanium locking compression plate (LCP;
Synthes) was used in combination with either six dynamic locking screws (DLS)
in the DLS group or six locking-head screws (LS; Synthes) in the LS group (see
Appendix). A custom-made LCP-shaped cutting guide with parallel guiding
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slots for the osteotomy blade ensured a standardized 3-mm gap, and a distance
holder could be interposed at the fracture site to ensure a symmetrical 3-mm
gap. Small rubber rings were used around the plate to achieve a standardized
distance of 2 mm from the bone surface to the overlying plate.

Experimental Animals
Thirteen female Swiss-Alpine sheep (twelve, plus one reserve) with a mean age
(and standard deviation [SD]) of 2.5 ± 0.5 years and weight of 74.3 ± 4.99 kg
were used in the study, which was conducted according to Swiss laws for animal
welfare and approved by the local governmental authorities. Animals were
randomly assigned to two groups of six animals each; the only difference in the
procedure was the use of dynamic locking screws for ﬁxation in the test (DLS)
group and locking-head screws in the control (LS) group.
During recovery, the animals were kept in a suspension system for three
weeks, as this was known to be a critical phase. Although the sling prevented the
animals from lying down and getting up, the limbs of the animals bore their
entire weight. The animals were subsequently permitted to roam freely in large
six-sheep pens until sacriﬁced at nine weeks after surgery.

Surgical Procedure
Anesthesia was induced through a jugular catheter and was maintained with an
intravenous constant-rate infusion plus isoﬂurane inhalation. Analgesics were
administered perioperatively and were continued for three days postoperatively. Antibiotics and tetanus serum were administered prophylactically.
Following disinfection and sterile draping, a 15 to 18-cm skin incision
was made on the medial aspect of the tibia. The subcutaneous tissue and fascia
were incised, and the medial shaft of the tibia was exposed.
The plate was slightly contoured to ﬁt the tibial shaft. The cutting guide,
with the rubber rings in place, was ﬁrst temporarily ﬁxed to the bone with Kirschner
wires at both ends and was then temporarily ﬁxed to the intact tibia with four
unicortical screws (two proximal and two distal). An oscillating saw was used to
perform the osteotomy through the guiding slots under constant irrigation with
0.9% NaCl solution. After the template was removed, the fragments were repositioned and ﬁxed with a six-hole LCP, utilizing the 3-mm distance holder to ensure a
standardized parallel gap. The six drill holes were made with use of a 4.3-mm drill
bit, and 5.0-mm bicortical screws (DLS or LS type, depending on the group) were
inserted with use of a torque-limited (4-Nm) screwdriver. After ﬁxation of the plate,
the rubber rings were cut, stretched, and removed, with protection of the periosteum. Routine closure of the fascia and subcutaneous tissue was performed, and
staples were used for skin closure. A cast extending distally from the stiﬂe joint was
applied, and full weight-bearing was started on the day of surgery. Bandages were
changed at week three and then weekly at the time of radiography.

Diagnostic Imaging
Radiographs (24 · 30 cm) were made in the mediolateral (270) and anteroposterior (0) directions at the end of the operative procedure to conﬁrm
correct implantation. Approximately mediolateral radiographs were made weekly
from postoperative week three until the time of sacriﬁce; these were angled
by 5 in the anterior and posterior directions (i.e., 265 and 275) for better
visualization of the near cortex.

Harvesting of Samples
The tibiae were harvested immediately after sacriﬁce of the animals at week nine.
After dissection of the surrounding soft tissue, the macroscopic appearance of
callus formation was documented, and the implants were then removed.

Biomechanical Testing After Implant Removal
The proximal and distal ends of each tibia were embedded in PMMA (polymethylmethacrylate), leaving the same exposed section (100 to 150 mm in length)
for each pair of tibiae, and the samples were subjected to torsional testing. Loading
was in internal rotation, with a constant angular velocity of 5/min until failure. The
contralateral, intact tibia served as the control. Torsional stiffness was calculated by a
linear ﬁt to the experimental data from 0 to 10 Nm. (Two pairs of specimens had low
failure moments of 6.73 and 7.06 Nm; in these cases, the stiffness calculations had to
be restricted to ranges of 0 to 6.5 and 0 to 7.0 Nm, respectively.)
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Processing of Histologic Samples
After testing, the fracture site was excised by cutting at the levels of the second
and ﬁfth screws, and the resulting bone block was ﬁxed in 40% ethanol for
histologic analysis. The sample was prepared for nondecalciﬁed histology and
19
embedded in a plastic section as described previously . After dehydration in an
ascending series of ethanol baths (40% to 100%), the sample was defatted in
xylene and inﬁltrated with PMMA precursors before the mold was polymerized. A cut was made in the middle of the longitudinal axis of the bone block,
at a 90 angle to the plate, with use of a diamond saw. After grinding and mounting
on special PMMA slides, 300-mm sections were stained with toluidine blue.

Evaluation
Radiographs
Interpretation of the radiographs was performed by two blinded, independent
senior consultant radiologists. Quantitative analysis of all radiographs from weeks
three through nine was performed with use of specialized computer imaging
software. The callus was outlined at a standardized magniﬁcation. Total callus
area and mean, minimum, and maximum callus density were recorded. To
compensate for possible variations among radiographs, callus density results
were normalized by multiplying them by the density index for that radiograph (x).
The index was calculated from the mean density within the extremity and the mean
value of the background outside the extremity (which served as the control value)
according to the following equation: Indexx = (Densityx – Densityx,air)/Densityx.

Microcomputed Tomography (mCT)
Quantitative assessment of the bone samples ﬁxed in 70% ethanol was performed with use of mCT (70 kVp, 200-ms exposure time). All projections were
measured twice, and mean values were calculated. The orientation of the
sample was controlled by foam support elements so that the longitudinal axis
of the tibia was coincident with the mCT rotational axis. A Gaussian threedimensional ﬁlter was used to minimize noise, and a thresholding algorithm
was used for segmentation of bone relative to background and for segmentation
of callus relative to adjacent normal bone (which was more mineralized and
appeared denser). Masking was performed on the basis of the segmentation
thresholds to identify volumes of interest (see Appendix), which were analyzed
with use of standardized morphometric algorithms. Parameters measured included bone density; total tibial shaft volume; total callus volume; periosteal
(outer) callus volume; endosteal, near-cortex, and far-cortex callus volumes;
total volume of the near and far cortices; and callus volume bridging the
fracture gap (not including the surrounding periosteal callus), expressed both
as the total gap callus (including callus bridging the bone marrow) and as the
ring gap (intercortical) callus (not including callus bridging the bone marrow).

Histology
The toluidine blue-stained sections were evaluated with use of a light microscope
with a mounted digital camera. Photographs were taken at a standardized magniﬁcation and digitized. All histomorphometric evaluations were performed manually
by the same author (H.R.), who was blinded with regard to the treatment group and
had been trained by a senior staff member. Qualitative evaluation included the type
and distribution of callus as well as the presence of osteochondral ossiﬁcation and
granulation tissue (mesenchymal and vascular tissue, including bone marrow).
The digitized photographs were further processed in Photoshop (version 4.0; Adobe) by color-coding the various regions. The regions were automatically detected and measured in a standardized fashion by a macro created
in customized evaluation software (QWin; Leica Microsystems). The resulting
areas were expressed as a percentage of the total measured bone area.
The endosteal, near-cortex, and far-cortex components of the total
periosteal and endosteal callus were further distinguished by separate colors.
The resulting areas were expressed as a percentage of the total area of periosteal
and endosteal callus. (The intercortical callus, or callus bridging the gap in the
cortex in this two-dimensional histomorphometric evaluation, represents a
slice out of the volume of ring gap callus described above in the mCT section.)
Finally, the various components of old and new bone matrix as well as
granulation tissue in the intercortical callus in the osteotomy gap were colored
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Source of Funding
This animal study was funded by DePuy Synthes (Solothurn, Switzerland), and
two of the authors are employees of that company. This study was also funded by
a grant from the Schweizerischer Nationalfond (Swiss National Science Foundation) for doctoral students and a grant from the University of Zurich Veterinary Hospital.

Results
here were no perioperative complications. One animal (in
the LS group) was found to have sustained a spiral fracture
through the proximal screws at three weeks postoperatively;
it was removed from the study and was replaced. Macroscopic
evaluation of the tibiae revealed that all osteotomy sites had
callus formation and all implants were ﬁrmly seated at the time
of sacriﬁce.

T
Fig. 2

Torsion test data (mean and SD). Light blue = LS, and violet = DLS.
and measured separately. The resulting areas were expressed as a percentage of
the total intercortical callus area.

Microradiography
Microradiographs were evaluated by direct comparison to the toluidine bluestained histology sections. The evaluation focused on callus size, distribution,
and homogeneity as well as the presence of nonunions.

Statistical Analysis
The Student t test was used to assess differences between groups and over time.
A p value of £0.05 was considered signiﬁcant.

Biomechanical Testing After Implant Removal
The range in torsional stiffness was considerable (26.2 to
79.2 Nm/deg in the LS group and 69.4 to 109 Nm/deg in the DLS
group). However, mean torsional stiffness, relative to the intact
value, was signiﬁcantly higher in the DLS group than in the LS
group (mean and SD as a percentage of intact, 84.88 ± 13.51
compared with 58.89 ± 20.61 in the LS group; p = 0.027). The
testing to failure of the callus revealed a signiﬁcantly greater
mean failure load in the DLS group (55.15% ± 20.65%) than in
the LS group (150% ± 14.96% of intact, p = 0.021) (Fig. 2).

Fig. 3

Signiﬁcantly different mCT morphometric parameters at
the near cortex. VOI = volume of interest, C.BV/S.TV =
total callus volume normalized relative to the total
tibial shaft volume, O.BV/S.TV = periosteal callus volume
normalized relative to the total tibial shaft volume, and
G.BV/S.BV = intercortical callus volume normalized
relative to the bone volume of the tibial shaft.

212
TH E JO U R NA L O F B ON E & JOI NT SU RG E RY J B J S . ORG
V O LU M E 97-A N U M B E R 3 F E B R UA RY 4, 2 015
d

d

d

Fig. 4

D Y N A M I Z AT I O N AT T H E N E A R C O R T E X I N L O C K I N G P L AT E
OS T E O S Y N T H E S I S B Y ME A N S O F DY NA M I C LO C K I N G S C R E W S

Fig. 5

Fig. 4 Signiﬁcantly different mCT morphometric parameters at the near cortex (mean and SD). C.BV/S.TV = total callus volume normalized relative to
the total tibial shaft volume, O.BV/S.TV = periosteal callus volume normalized relative to the total tibial shaft volume, and G.BV/S.BV = intercortical
callus volume normalized relative to the bone volume of the tibial shaft. Light blue = LS, and violet = DLS. Fig. 5 Callus area (mean and SD) observed
in the 275 radiographs at weeks three through nine. Light blue = LS, and violet = DLS.

Diagnostic Imaging
Although the total volume and density of the tibial shaft in the
two study groups were similar, three of the other mCT parameters
differed signiﬁcantly between the groups (Figs. 3 and 4). The DLS
group showed signiﬁcantly greater total callus volume and periosteal callus volume at the near cortex (mean volume and SD
as a percentage of the tibial shaft volume, 36.21% ± 10.08% compared with 18.98% ± 8.61% in the LS group; p = 0.026). Intercortical callus volume was higher in the DLS group, both overall
and at each cortex. Only the difference in callus volume between
the two groups at the near cortex reached signiﬁcance (mean
volume and SD as a percentage of the bone volume of the tibial
shaft, 3.56% ± 0.52% compared with 2.64% ± 0.98% in the LS
group; p = 0.045). Nevertheless, when the percentage of callus
volume at the far cortex was normalized to that of the LS group,
the DLS group showed an increase of 140%.
Quantitative evaluation of the radiographs (Fig. 5) demonstrated that the mediolateral radiographs taken at a slight angle
(275) were very valuable. There was a steady increase in callus area
in both groups from week three to week seven, which was followed
by a decrease until week nine in the DLS group. The LS group

Fig. 6

exhibited large variations at weeks seven, eight, and nine, without a
trend during that time period. At week nine, the callus of both
groups again reached a similar level. At weeks three (p = 0.029),
four (p = 0.025), and eight (p = 0.041), the amount of callus was
signiﬁcantly greater in the DLS group than in the LS group.
Histology
Overall, the toluidine blue-stained ground sections showed callus
formation at both cortices as well as in the intercortical region
between the bone fragments in both groups at nine weeks. Tissue
within the callus consisted of new bone matrix, mostly new
woven bone with few regions still undergoing osteochondral
ossiﬁcation. In both groups, the amount of callus at the near
cortex was signiﬁcantly less than that at the far cortex (p <
0.001), mainly because of the overlying plate. Both groups exhibited endosteal callus formation (mean, 31.30% ± 4.92% in
the DLS group and 27.04% ± 12.01% in the LS group).
Overall, granulation tissue was the largest tissue component in both groups (Fig. 6).
In both groups, the callus at the far cortex was signiﬁcantly larger than that at the near cortex (p < 0.001) (Figs. 7

Fig. 7

Fig. 6 Histomorphometric composition in each group (mean and SD). Light blue = LS, and violet = DLS. Fig. 7 Proportion of callus in each region (mean and
SD). Light blue = LS, and violet = DLS.
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Fig. 8

Histomorphometric composition in each group at the near and far cortices relative to the total area of that cortex (mean and SD). Light blue = LS, and violet =
DLS. Wide stripes = near cortex, and narrow stripes = far cortex.

and 8). There was no signiﬁcant difference in composition
between the DLS and LS groups (p > 0.05), but the SD for all
portions of the callus in the DLS group was remarkably low
compared with the LS group.
Microradiography

Calciﬁed callus completely bridged the fracture gap in four of
six sheep in the LS group and in ﬁve of six sheep in the DLS
group. Microfractures resulting from torsion testing to failure
in any region of interest were not included in the evaluation.
Discussion
his study investigated the inﬂuence of dynamization of a
large-fragment locking plate construct, achieved by utilization of new 5.0-mm dynamic locking screws, on bone-healing. A
model involving transverse osteotomy in sheep tibiae was used so
that our results could be compared with those of several other
studies19,26,27,31,38,39, despite the limited comparability of this model
to humans, in whom age, osteoporosis, and various biological
factors such as blood supply and soft-tissue damage may inﬂuence callus formation.
As in previous biomechanical studies18, the dynamic locking
screw reduced the axial stiffness of the overall construct, leading to
a more homogeneous distribution of interfragmentary strain. We
hypothesized that this more homogeneous strain would lead to
more homogeneous callus formation, and that it would help to
overcome the lack of callus formation near the plate as observed
in humans10,15 and replicated in animal studies in which locking
plates with locking-head screws have been used38,39.
The results of this study demonstrated that dynamization of
a transverse tibial osteotomy by means of dynamic locking screws
rather than locking-head screws leads to increased callus formation at the near cortex and to improvements in stiffness and
torsion failure load at nine weeks. In addition to the greater callus
at the near cortex, signiﬁcant increases in total callus volume and
callus in the intercortical region demonstrated the improvement
in bone-healing. These results are in line with those of Bottlang
et al., who reported that far-cortex locking constructs yielded

T

nearly parallel interfragmentary motion of sufﬁcient magnitude
to reliably stimulate callus formation around the entire cortex38.
Both animal groups in the present study exhibited good
consistency among the various outcome measures. Callus formation was greater at the far cortex than at the near cortex in
both groups. The reduced amount of callus at the near cortex
(in both groups) was due to hindrance of callus formation by
the physical presence of the plate. Oblique radiographs facilitated optimal visualization of the near-cortex callus. The radiography results were conﬁrmed by mCT. The DLS group also
had more consistent callus formation in the region between the
cortices, consistent with the biomechanical testing results. This
ﬁnding also suggests that interfragmentary motion was more
parallel in the DLS group than in the LS group.
The DLS group exhibited greater consistency in callus
formation among animals compared with the LS group, both
radiographically and histologically (see Appendix). In the LS
group, the amount of callus was more variable and the quality
(e.g., mineralization) of the callus was more irregular. Not only
callus volume but also callus symmetry and quality (density
and mineralization) were better in the DLS group, both within
the osteotomy gap and periosteally, irrespective of the stage of
bone remodeling15. We suspect that the early plateau phase
observed at week six in the DLS group reﬂects a faster healing
response, resulting in earlier biomechanical stability.
Although dynamic locking screws18,19 and far-cortex locking screws20,38 both resulted in superior callus formation compared with standard locking-head screws in validated animal
models, there is a major difference regarding ﬁxation strength
within the bone. Although dynamic locking screws are ﬁxed in
both cortices, far-cortex locking screws are only ﬁxed in one.
Bottlang et al. have shown that far-cortex locking screw constructs maintain a strength comparable to that of standard
locking constructs in normal and osteoporotic specimens20,
but the thickness of the osseous cortex is often substantially
reduced in osteoporotic patients40. Consequently, the risk of
failure in such patients must be assumed to be higher after
unicortical ﬁxation, although this is not clinically evident in
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their published data. Reduction of implant rigidity and a
limited increase of micromotion at the fracture site through
use of dynamization screws of either type should improve
bone-healing in osteoporotic fracture situations as well.
Moreover, both of these “semirigid” constructs should also be
beneﬁcial in terms of reduced loading of the implant-bone
interface12,41.
In conclusion, the present study involving transverse
tibial osteotomies in sheep conﬁrmed the hypothesis that
controlled dynamization at the near cortex can be achieved by
means of dynamic locking screws18, resulting in a more symmetrical and biomechanically stabler callus at the osteotomy
site. Although these results cannot be directly extrapolated to
human clinical fracture situations, the potential clinical relevance appears obvious, as improved callus formation would
substantially enhance patient mobility. Fracture-healing in
humans is inﬂuenced not only by the mechanical situation at
the fracture gap but also by a number of other potential factors
such as local impairment of blood supply, damage to soft tissue,
stripping of the periosteum, and poor bone biology. Multicenter clinical studies will be needed to clarify the value of
dynamic locking screws in improving the mechanical environment at the fracture site.
Appendix
A table detailing the products used in the study and ﬁgures illustrating interfragmentary strain in the two constructs, geometric details of the two screw types, and examples
of mCT volumes of interest as well as additional microradiographic, histomorphometric, and ﬂuorescence images of the
animals in the DLS and LS groups are available with the online
version of this article as a data supplement at jbjs.org. n
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