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Abstract

Purpose Cortical porosis, secondary to either vascular injury or stress-shielding, is a comorbidity of fracture fixation
using compression bone plating. Locking plate constructs have unique mechanics of load transmission and lack

of reliance on contact pressures for fixation stability, so secondary cortical porosis adjacent to the plate has not been
widely investigated. Therefore, this study aimed to assess the effects of long-term locking plate fixation on cortical
dimensions and density in a caprine tibial segmental ostectomy model.

Methods Data was acquired from a population of goats enrolled in ongoing orthopedic research which utilized lock-
ing plate fixation of 2 cm tibial diaphyseal segmental defects to evaluate bone healing over periods of 3, 6,9, and 12
months. Quantitative data included tibial cortical width measurements and three-dimensionally reconstructed slab
density measurements, both assessed using computed tomographic examinations performed at the time of plate
removal. Additional surgical and demographic variables were analyzed for effect on cortical widths and density,

and all cis-cortex measurements were compared to both the trans-cortex and to the contralateral limbs.

Results The tibial cis-cortex was significantly wider and more irregular than the trans-cortex at the same level.
This width asymmetry differed in both magnitude and direction from the contralateral limb. The bone underly-

ing the plate was significantly less dense than the trans-cortex, and this cortical density difference was significantly
greater than that of the contralateral limb. These cortical changes were independent of both duration of fixation
and degree of ostectomy bone healing.

Conclusions This study provides evidence that cortical bone loss consistent with cortical porosity is a comorbid-
ity of locking plate fixation in a caprine tibial ostectomy model. Further research is necessary to identify risk factors
for locking-plate-associated bone loss and to inform clinical decisions in cases necessitating long-term locking plate
fixation.
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include the development of metallic alloys for orthope-
dic plates, the establishment of the Arbeitgemeinschaft
fur Osteosynthesefragen (AO) principles of effective
fracture treatment, the invention of compression plates
to encourage primary bone healing of fractures, the
refinement of plate hole designs to allow for tension or
dynamic compression plating, and the establishment of
minimally invasive plate osteosynthesis [1, 40, 49]. Fixed
angle devices, such as point-contact fixators and lock-
ing plates, were developed to respond to the challenges
observed during conventional compression plating
including marked soft tissue and periosteal damage dur-
ing fixation, stress shielding of the underlying bone, and
complications such as cortical porosis and/or refracture
following plate removal [1, 12, 20, 29, 45].

Conventional compression plating aims to maximize
fracture stability, minimize fragmentary motion, and
minimize strain across the fracture gap to encourage
primary bone healing, defined as the reestablishment of
cortical bone without callus formation [7, 8, 22]. Dur-
ing early fixation, all load exerted on the bone is trans-
ferred from extremity to extremity through the plate
and in compression plating, axial load is converted to
shear stress [13, 27, 52]. Compression plates counteract
these shear forces through frictional force generated by
both plate-to-bone contact and summed screw torques,
and once the external load exceeds frictional force, the
strength of fixation directly reflects the axial stiffness of
the screws furthest from the fracture site [1, 7]. Compres-
sion plating comorbidities and complications reflect these
fixation biomechanics. Each screw is loaded individually
at the screw-bone interface and repetitive interface loads
can lead to screw toggle, failure, or pullout complications
[1, 15]. These interfaces can be further compromised by
cortical bone loss, either during the fracture itself or as a
result of the fracture fixation (periosteal injury, soft tissue
damage, or cortical stress-shielding) [1, 7, 20].

Cortical porosis is a comorbidity of compression
plating [20]. Initially described as a cancellous trans-
formation of cortical bone under the plate, corti-
cal porosis represents a structural change to bone in
contact with the plate characterized by bone resorp-
tion, medullary widening, and cortical thinning [31].
This comorbidity has been associated with increased
refracture rates following plate removal and poses a
challenge to clinicians who must balance radiographic
fracture healing with increasing cortical porosity risk
in their plate removal decisions [29, 48]. The defini-
tive etiology of cortical porosis following compression
plate fixation remains unclear [20]. Proposed etiologies
include stress-shielding of the bone leading to disuse
resorption or disruption of cortical perfusion either by
surgical trauma or compression between the plate and
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periosteum [29, 49]. However, plate alterations aimed
at reducing plate contact (e.g., limited contact dynamic
compression plate) and/or stress differential between
plate and bone (e.g., plate material compositions) have
not succeeded in eliminating porosis and reducing
refracture rates [3, 20, 21, 48].

In contrast to compression plates, locking plates do
not depend on individual screw torques nor on plate-
to-bone frictional forces for fixation stability [27, 47].
Locking plates act as single beam constructs in which
there is no motion between the components of the
beam (plate and screws), and axial external load is con-
verted to compressive force, not shear forces [27, 28,
35]. The strength of locking plate fixation reflects the
sum of all screw-bone interfaces, avoiding comorbidi-
ties of screw toggle and/or breakage and proving ideal
for fracture cases with weak or lacking cortical bone
(osteoporosis, comminution, etc.) [15, 28, 35]. Lock-
ing plates also are periosteal sparing, as the stabil-
ity of locking plate fixation does not rely on frictional
force generated by compressive contact between the
plate and underlying bone [22, 29]. Generalized lock-
ing plate contact forces and surface areas have been
described, but the true extent of locking plate contact
is case-specific, depending on the fracture configura-
tion, bone contours, cortical integrity, and overlying
soft tissue [6, 12, 29, 51]. In theory, the differing con-
tact profiles and fixation biomechanics between lock-
ing and compression plate fixation should reduce the
incidence of cis-cortical porosis following locking plate
fixation. However, Moens describes several clinical case
series and studies that found no difference in cortical
necrosis or porosity between locking and compressive
plates [29]. Also, progressive bone atrophy (character-
ized by cortical thinning and porosis) following locking
plate fixation of diaphyseal forearm fractures has been
reported [18, 25, 32]. Moens challenged the claim that
locking plates do not induce cortical porosis, citing a
lack of in depth and rigorous comparisons between tra-
ditional compression and locking plates [29].

The current study aimed to assess the effects of long-
term locking plate fixation in a caprine tibial segmental
ostectomy model, focusing on cortical changes such as
thinning, porosity, or loss of density under the plate as
compared to both the trans cortex and to the cortical
characteristics of the opposite limb. We hypothesized
that long-term locking plate fixation would be associ-
ated with a loss of cortical integrity in the form of corti-
cal thinning and decreasing cortical density of the bone
underlying the plate. We hypothesized that these effects
would be associated with time but would be independent
of bone healing, fixation characteristics, and goat body
weight.
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Materials and methods

Goats

All study procedures were approved by the University of
Tennessee Animal Care and Use Committee (protocol
numbers 2741 and 2383). Boer-cross, adult goats (=160
females; mean weight 50.6+7.58 kg, weight range 29 —
73 kg) were used in this study. Preoperatively, goats were
housed in small group pens in groups of two to six (>17
ft> per goat); postoperatively, goats were housed indi-
vidually in adjacent pens (>20 ft? per goat) for a mini-
mum of seven days, followed by group housing based on
goat behavior, clinical indication, and housing availability.
Flooring included a layer of wood shavings laid on top
of rubber mats over concrete flooring in a conditioned
housing facility for the duration of the study. The goats
were fed a balanced ration of grass hay, supplemental
grain mix, and alfalfa as needed based on body condi-
tion. Free choice fresh water was provided via automatic
waterers in group housing and in water buckets in indi-
vidual pens. The goats used in this study were part of a
series of orthopedic research projects assessing bone fill-
ers in a tibial segmental defect model. Treatment groups
included negative control (empty defect), positive control
(autologous cortical bone graft), and intramedullary bone
fillers with and without recombinant human bone mor-
phogenic protein 2 (rhBMP-2). Goats from two projects
in this series were included in this study, and cases were
identified as either from Study A (2018) or Study B (2021);
surgical technique, postoperative management, and post-
operative monitoring did not differ between Studies A
and B, but treatment group allocation and duration of
the postoperative period differed by design. Criteria for
inclusion of goats in this study included those having a
segmental tibial ostectomy (2 cm defect, right hindlimb),
bridging fixation using a single, custom designed lock-
ing plate, and computed tomographic examination of
the operated limb immediately following plate removal.
Exclusion criteria included goats diagnosed with surgical
site infection, osteomyelitis, loose screws, broken screws,
or cortical fractures during the study.

Surgery

A mid-diaphyseal 2.0 cm segmental ostectomy was per-
formed on the right hind tibia of each goat. The tibia
was stabilized using a custom-designed low contact,
round locking screw hole, double threaded 8-hole, 4.5-
mm thick locking buttress plate with a solid portion
between the 4" and 5™ screw holes (Veterinary Ortho-
pedic Implants, St. Augustine, FL, USA). Plate lengths
varied based on tibia length, and plate selection (14 cm,
16 cm, or 18 cm) was made at the time of surgery follow-
ing assessment of the tibia and surgical site. The plate
was centered over the ostectomy and secured with eight
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4.0-mm diameter self-tapping locking screws (Veterinary
Orthopedic Implants, St. Augustine, FL, USA), four in
the proximal tibial segment and four in the distal tibial
segment. Each screw was tightened manually by the lead
surgeon to ensure adequate engagement between screw
and plate. Surgical procedures were performed as pre-
viously described [4]. Postoperatively, goats were fully
weight-bearing and were maintained in full-limb band-
ages with medial and lateral plastic splints (Premier1Sup-
plies, Washington, IA, USA) that spanned the limb from
foot to femorotibial joint (knee). Bandages were discon-
tinued between 2 and 4 weeks postoperative based on
clinical condition as assessed by the supervising veteri-
narian. Goats were maintained in either group or individ-
ual housing as described above but no additional activity,
behavior, or mobility restrictions were in place in the
postoperative period. Goats were humanely euthanized
at predetermined timepoints of 3, 6, 9, or 12 months
postoperatively.

Radiographic examinations of the tibia, consisting of a
minimum of two orthogonal views centered at mid-tibia,
were performed immediately postoperatively and one day
following surgery. Bone healing was assessed radiograph-
ically throughout the postoperative period at monthly or
bi-monthly intervals as directed by the ongoing orthope-
dic research protocol. Computed tomographic examina-
tion of either the operated limb alone or both hindlimbs
was performed at the time of plate removal, either post-
mortem or under general anesthesia as dictated by the
experimental design. Computed tomography (CT) was
performed using a 40-slice helical CT scanner (Philips®
Brilliance-40", Philips International B.V. Amsterdam,
Netherlands). Prior to imaging, the CT scanner was
calibrated according to manufacturer specifications.
Transverse images were acquired as a multislice helical
dataset and were reconstructed into 0.67-mm to 1-mm
slice thickness using a bone algorithm. Images were
uploaded into a picture archival and communications
system (Sectra® PACS™ IDS7, Sectra AB, Linkoeping,
Sweden) for further evaluation.

Bone healing assessment

Per the ongoing orthopedic research protocols, each
postoperative radiographic study and computed tomo-
graphic examination was reviewed by a board-certified
veterinary radiologist (SH). Bone healing was assessed
using an ostectomy gap filling score, referred to as “Bone
Healing Score;” outlined in Table 1 and based on both the
Radiographic Union Score for Tibial fractures (RUST)
treated with intramedullary fixation and the modi-
fied RUST scoring system for plate fixation [10, 23, 50].
Scores ranged from 1 to 5 with a bone healing score of 5
representing complete filling of the ostectomy gap with
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Table 1 Bone healing score values and criteria based on
ostectomy gap filling

Ostectomy Gap Filling Score
New bone filling < 25% of ostectomy gap 1
New bone filling 25-50% of ostectomy gap 2
New bone filling 51-75% of ostectomy gap 3
New bone filling > 75% of ostectomy gap but not completely 4

healed

Ostectomy gap filled completely and/or bridging callus present 5
on all cortices

bridging callus on all cortices. For both cortical thick-
ness assessment and cortical density assessment using
computed tomographic (CT) data, the bone healing score
assigned to the respective CT examination was utilized
for correlation analysis described below.

Cortical thickness assessment

Cortical thickness and cortical density were measured
using computed tomographic data of the operated and, if
available, contralateral limbs obtained at the time of plate
removal. Manipulation of image files, cortical thickness
measurements, and cortical slab density measurements
were performed using a picture archive and communi-
cation system (PACS) and digital radiographic imaging
system (Sectra PACS, Sectra AB, Linkoping, Sweden).
Cis (medial cortex underlying the plate) and trans (lat-
eral cortex opposing the plate) tibial cortical widths
were measured using digital calipers on transverse CT
frames (slice thickness 0.67-1 mm). For all operated
limbs, standardized measurement loci were implemented
using the visible screw tracts from locking plate fixation.
Briefly, each fixation was performed using eight locking
screws with bicortical engagement, four proximal to the
ostectomy gap and four distal to the gap. The screws were
referred to by number with screw 1 (S1) as the most dis-
tal screw and screw 8 (S8) as the most proximal screw
(see Fig. 1). The midpoint frames between each adjacent
pair of screws on the same bone segment were identified
and utilized for measurements, yielding three measure-
ment loci in the proximal tibial segment and three in
the distal. For all contralateral limbs, three standardized
measurement loci were determined using tibial length,
measured in CT frames. Briefly, measurements were con-
ducted at the appropriate frames representing %, %, and
% tibial length to correspond to repeatable proximal met-
aphysis, mid-diaphysis, and distal metaphysis loci. On
the contralateral limb, the medial cortical measurements
were compared to operated cis-cortical measurements,
and the lateral cortical measurements were compared to
operated trans-cortical measurements.
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At each measurement location, cis- and trans-cortical
widths at the craniocaudal midpoint of the bone were
recorded. Additionally, a qualitative binary assessment
of cis-cortical irregularity was conducted by the reviewer
with cortical irregularity defined as any disruption to the
uniform tibial cortical structure such as bone porosity
or periosteal new bone formation. Differences in corti-
cal width were determined mathematically as trans width
minus cis width.

Cortical density assessment

Cortical density measurements were conducted at each
operated and contralateral limb measurement loca-
tion described above. To enhance density measurement
accuracy and reduce frame-to-frame variability, density
measurements were conducted as previously described
on three-dimensional cylindrical cortical slab regions of
interest (ROI) generated using Sectra PACS’s multiplanar
reconstruction software (Sectra AB, Linkoping, Sweden)
[10, 14]. Slabs were generated using maximum intensity
projections (MIP), slab thickness was set at 3 mm with
1 mm step, and ROI cylinders were generated with 2.5
mm diameter and 5 mm? area. At each operated and con-
tralateral limb measurement point, cis (medial) and trans
(lateral) cortical slab densities at the craniocaudal mid-
point of the bone were determined using manual place-
ment of ROI cylinders within the appropriate cortex.
Differences in cortical density were determined math-
ematically as trans density minus cis density.

Statistical analysis

For both the operated and contralateral limbs, cis- and
trans-cortical tibial cortical widths and densities were
compared at each measurement locus using paired
Student’s t tests. Additional demographic and surgi-
cal factors were screened for any effects on operated or
contralateral tibial cortical width or density differences.
These factors included body weight at study admission,
orthopedic research project group (Study A or Study B),
allocated treatment group, selected locking plate length,
time in months that the locking plate was in place, cor-
tical irregularity status, and bone healing score at the
time of plate removal and CT exam. Descriptive statistics
(including mean, median, standard deviation, frequency,
percentile, and range) were generated as appropriate for
the given dataset. The effects of cortical irregularity sta-
tus, project group, and treatment group on width and
density differences were analyzed using an analysis of
variance (ANOVA), and the effects of numeric factors
including body weight, plate length, bone healing score,
and time were assessed using Pearson correlation analy-
sis. For all demographic and surgical factors, effects were
assessed first at the whole tibia level and then at each
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Fig. 1 lllustration of measurement locations for operated and contralateral tibias. Contralateral limb measurement locations were determined
using tibial length with each measurement point, indicated by a solid red line and label, representing a 25% increment in tibial length. Operated
limb measurements were taken at the midpoint between each adjacent screw and grouped by anatomic localization (indicated by blue lines

and labels). Screws were numbered for reference and each midpoint measurement location was identified using the two adjacent screws' numbers.

Figure created using BioRender

measurement locus individually. For ANOVA analyses,
rank data transformation was applied when diagnostic
analysis on residuals exhibited violation of normality and
equal variance assumptions using Shapiro—Wilk test and
Levene’s test. Post hoc multiple comparisons were per-
formed with Tukey’s adjustment.

Operated and contralateral limb width and density dif-
ferences were compared using paired Student’s t tests.
Briefly, calculated width and density differences on the
operated limb were matched with contralateral differ-
ences at the same location on the bone. The two proxi-
mal operated limb measurement loci were compared to
the proximal metaphysis contralateral locus, the two loci
immediately adjacent to the ostectomy site were com-
pared to the contralateral mid-diaphysis locus, and the
two distal operated limb measurement loci were com-
pared to the contralateral distal metaphysis locus. Statis-
tical significance was identified at p <0.05. Analyses were
conducted in SAS 9.4 TSIM7 (SAS institute Inc., Cary,
NC) and IBM SPSS Statistics v. 28 (IBM Corp. Armonk,
NY, USA).

Results

Goats

Out of a total population of 160 goats, 84 (mean body
weight 50.11+7.13 kg; range 35-66.6 kg) met the inclu-
sion criteria for this study. Study groups, treatment
groups, locking plate lengths, duration (in months) of
plate fixation, and bone healing scores are presented
in Table 2. Due to differences in experimental design
between Study A (70 goats) and Study B (14 goats), sig-
nificant differences in treatment group allocations and
durations of fixation were observed (p <0.001). Addition-
ally, significant differences in allocated plate lengths and
body weights at intake were noted between study groups
(p<0.001). Goats in Study A were slightly lighter than
those in Study B (49.1+6.6 kg and 55.4+7.6 kg, respec-
tively), and selected plate lengths were longer in Study A
as compared to Study B (Supplemental Table 1).

Tibial cortical width
Operated limb cortical widths and width differences are
presented for each measurement location in Table 3. At
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Table 2 Descriptive statistics of demographic and surgical factors and results of correlation analysis with operated limb tibial cortical
widths and densities. Statistical significance was identified at p <0.05 and significant associations are denoted by bolded text

Factors of Interest Operated Limb Cortical Width

Difference Correlation

Operated Limb Cortical
Density Difference

Correlation
P-Value P-value
Orthopedic Study <0.001 0.234
Number of Goats Percent of Total
Study A 70 833
Study B 14 16.7
Body Weight at Intake <0.001 0.048
Mean £ St. Dev Range
Body Weight (kg) 50.11+7.13 35,66.6
Locking Plate Length <0.001 0.762
Number of Goats Percent of Total
14cm 13 155
16 cm 21 25.0
18cm 50 59.5
Treatment Group 0457 0.031
Number of Goats Percent of Total
Autologous Graft 5 6.0
rhBMP-2 Bone Filler 30 357
Bone Filler Alone 22 262
Empty Defect 27 32.1
Time Locking Plate in Place 0.310 0.591
Number of Goats Percent of Total
3 months 14 16.7
6 months 20 238
9 months 24 286
12 months 26 309
Bone Healing Score 0.651 0.400
Number of Goats Percent of Total
1 13 155
2 3 36
3 13 155
4 19 226
5 36 429

Table 3 Operated limb mean tibial cortical widths and width differences, organized by location. Statistical significance was identified
at p<0.05 and significant differences between cis and trans cortical widths are denoted by bolded text

Operated Limb Cortical Widths

Tibial Regions Measurement  Cis-Cortex Width (mm)  Trans-Cortex Width (mm)  Width Difference (mm)  P-Value
Points
Mean % St. Dev Mean £ St. Dev Mean £ St. Dev
Proximal Metaphysis S87 4.842+0.999 3.922+0.727 -0.920+1.019 <0.001
S76 4871+0914 4.119+£0.659 -0.752+0.846 <0.001
Mid-Diaphysis Proximal to Defect 565 4.818+£0.955 4390+0.633 -0428+1.049 <0.001
Mid-Diaphysis Distal to Defect S43 5.057+0.658 4.986+0.807 -0.071+£0.862 <0.001
Distal Metaphysis S32 4.962+0.702 4.596+0.668 -0.365+0.685 <0.001
S21 5.144+0.856 4.445+0.589 -0.699+0.860 <0.001
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all points on the operated tibia, the cis cortex was sig-
nificantly wider than the trans cortex (p<0.001 for all
comparisons). Mean contralateral limb cortical width
differences, expressed as trans-cortex minus cis-cortex,
are presented for each measurement locus in Table 3.
At all locations on the contralateral tibia, the lateral
cortex was significantly wider than the medial cortex
(p<0.001 for all comparisons). As described in Table 4
and illustrated in Fig. 2, mean cortical width differences
were significantly different in magnitude and direction
between operated and contralateral limbs (p<0.001 for
all comparisons), with the greatest disparity in cortical
dimensions at the operated and contralateral proximal
metaphyses (-0.836+0.935 mm and 0.433+0.412 mm,
respectively). Qualitative cortical irregularity scores were

Table 4 Comparison of cortical width differences between
operated and contralateral tibias, organized by location.
Statistical significance was identified at p<0.05 and significant
associations are denoted by bolded text

Cortical Width Difference
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significantly different between the operated cis-cortex
and contralateral limb medial cortex (53.1% irregularity
and 0.9% irregularity, respectively, p <0.001).

On the contralateral tibia, the factors of treatment
group, body weight, duration of locking plate fixation on
the operated limb, locking plate length, and bone healing
score of the operated limb were assessed for correlation
with contralateral tibial width differences. No significant
correlations were detected for treatment group, body
weight, locking plate length, and time, but bone healing
score on the operated limb was significantly correlated
with contralateral limb mid-diaphyseal width differ-
ence (p=0.042). As bone healing improved, the width
difference at mid-diaphysis on the contralateral tibia
decreased.

On the operated limb, the factors of orthopedic study
group, body weight, locking plate length, treatment
group, duration of locking plate fixation, and bone heal-
ing score were assessed for correlation with tibial width
differences (Table 2). No significant correlations were
detected for treatment group, time, and bone healing
score. Study group, body weight, and locking plate length
were each significantly correlated with operated tibial

Operated Limbs  Contralateral p-value cortical width difference (p<0.001 for each). The effects
Limbs of study group were inconsistent when broken down by
Mean (mm)+St.  Mean (mm) £St. measurement foci. At the proximal metaphysis, goats
Dev Dev from Study A had greater width differences than Study
_ , B, but at the mid-diaphyseal and distal metaphyseal
Proximal Metaphysis  -0.836+0.935 0433+£0412 <0.001 . K . .
o , loci, Study B had greater width differences. At the distal
Mid-Diaphysis -0.249+0.970 0.317£0.361 <0.001 . . . .
: ) mid-diaphysis locus (S43) and distal metaphyseal locus
Distal Metaphysis -0.532+0.791 0.126+0.236 <0.001 . . . . .
(§32), increasing body weight was directly correlated in
Width Differences - Operated vs. Contralateral Limbs
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Fig. 2 Comparison of cortical width differences between operated and

contralateral tibias, organized by tibial regions. Polynomial lines of best fit

were generated to aid in visualization and comparisons, and R? values are included adjacent to the appropriate line
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increasing width difference, but no significant effect of
body weight was detected at the remaining measurement
loci. Plate length was significantly correlated with width
difference; as plate length increased, the operated tibial
cortical width difference decreased.

Based on these results, further analysis of interactions
between the demographic and surgical variables was per-
formed. Bone healing score had no significant interac-
tions with the other variables. Duration of locking plate
fixation (time) was significantly associated with study
group only (p<0.001). The variables of study group, treat-
ment group, body weight, and plate length were signifi-
cantly codependent (p <0.001 for all comparisons).

Tibial cortical density

Operated limb cortical densities and density differences
are presented in Hounsfield Units (HU) for each meas-
urement location in Table 5. At all locations on the oper-
ated tibia, the cis cortex was significantly less dense than
the trans cortex (p<0.001 for all comparisons). Mean
contralateral limb cortical density differences, expressed
as lateral cortical density minus medial cortical density,
are presented in Table 6. Similar to the operated tibia,
the medial cortex was significantly less dense than the
lateral cortex at all measurement points (p <0.001 for all
comparisons). As described in Table 6 and illustrated in
Fig. 3, mean cortical density differences were significantly
greater in the operated limbs compared to contralateral
(p<0.001 for all comparisons), with the greatest disparity
in cortical densities at the mid-diaphyseal region.

On the contralateral tibia, no significant correlations
with cortical density differences were found for the fac-
tors of treatment group, locking plate length, and body
weight. At the contralateral proximal metaphysis only,
both bone healing score of the operated tibia and time
that the locking plate was in place were significantly
correlated with contralateral cortical density difference
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Table 6 Comparison of cortical density differences between
operated and contralateral tibias, organized by location.
Statistical significance was identified at p<0.05 and significant
associations are denoted by bolded text

Cortical Density Difference

Operated Limbs Contralateral P-Value
Limbs
Mean (HU) = St.Dev  Mean (HU) £ St. Dev
Proximal Metaphysis  192.0+148.5 88.5+48.2 <0.001
Mid-Diaphysis 253.8+200.2 62.2+1239 <0.001
Distal Metaphysis 161.1+884 49.5+259 <0.001

(p=0.003 and p=0.030, respectively). Greater bone
healing scores, representing more complete bridging of
the ostectomy, were associated with greater differences
in density between the contralateral medial and lateral
proximal metaphyseal cortices, but increasing duration
of plate fixation was association with decreased density
differences on the contralateral limb.

On the operated limb, the factors of bone heal-
ing score, locking plate length, study group, and time
exhibited no significant correlation with cortical den-
sity differences (Table 2). Body weight at intake and
assigned treatment groups were significantly cor-
related with whole-bone cortical density differences
(p=0.048 and p=0.031, respectively). When broken
down by measurement foci, increasing body weight
at intake was significantly correlated with decreas-
ing density differences at the mid-diaphysis proximal
to the fracture gap (S65), but no additional signifi-
cant interactions were noted. At two locations in the
proximal metaphysis, significant differences in cortical
densities were noted between the positive and nega-
tive control groups; no additional effects of treatment
group reached significance.

Table 5 Operated limb mean tibial cortical densities and density differences, organized by location. Statistical significance was
identified at p <0.05 and significant differences between cis and trans cortical densities are denoted by bolded text

Operated Limb Cortical Densities

Tibial Regions Measurement  Cis-Cortex Density (HU) Trans-Cortex Density (HU) Density Difference (HU) P-Value
Points
Mean + St. Dev Mean + St. Dev Mean + St. Dev
Proximal Metaphysis S87 1437.7+£226.3 1604.0+£2324 166.2+166.3 <0.001
S76 1471.8+£216.5 16893+172.2 21751254 <0.001
Mid-Diaphysis Proximal to Defect ~ S65 14414+2783 17468 +134.7 3054+2514 <0.001
Mid-Diaphysis Distal to Defect 543 16439+ 1545 1846.0+127.4 202.1£1119 <0.001
Distal Metaphysis S32 1641.5+1439 1812.6+1249 171.0+83.8 <0.001
S21 16382+138.6 1789.3+132.8 151.2+92.7 <0.001
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Discussion

Locking plate fixation combines the mechanical stabil-
ity of an external fixator with the antimicrobial safety
of an internal fixator [45]. Locking plate mechanics
allow for stable fixation in cases of weak or limited cor-
tical bone, and while they do not provide interfragmen-
tary compression, locking plate fixations have similar
strength, stiffness, and generalized success in terms of
fracture healing and functional recovery when compared
to matched compression plate fixations [2, 6, 33, 35, 46,
53]. Locking plate complications generally reflect those of
all internal fixations, and the most common reasons for
reoperation are infection, often associated with patient
factors such as obesity, diabetes, smoking, or other
underlying disease, and implant failure, most commonly
associated with loss of screw purchase in compromised
bone [30, 35, 36]. However, an increased rate of nonun-
ion associated with locking plate fixation, particularly in
distal femoral fractures (nonunion rates range from 14
to 41% of cases), has been identified, and upon further
investigation, cases of cortical atrophy and loss of cor-
tical integrity under the locking plates were observed,
often without connection to the patient and infectious
comorbidities described above [16, 25, 37, 38]. Also, cor-
tical porosis and bone loss have been observed in cases
of locking plate fixation of proximal humeral fractures,
resulting in both nonunion and refracture complications
[25, 32]. In a single-subject prospective trial, Hirashima
et al. evaluated atrophic bone changes associated with
locking plate fixation of paired radial and ulnar frac-
tures without subsequent plate removal over 5 years of

follow-up [18]. They reported a rapid loss of volumet-
ric bone density in the radius and ulna under the plate
(roughly 8% and 15%, respectively) during the first year
of follow-up, relatively unchanged bone density between
years 1 and 3, and rapid, marked declines in bone density
from year 3 onward (roughly 34% volumetric bone loss
under the plate in both the radius and ulna at year 5 of
follow-up) [18]. Throughout this period, the volumetric
bone mineral density outside of the margins of the plate
did not significantly change [18]. Therefore, the goal
of this study was to screen for cortical thinning, poros-
ity, or loss of density following locking plate fixation of a
caprine tibial defect.

Changes in cortical dimensions were assessed through
measurements of operated and contralateral tibial cor-
tical widths. Significant differences in cortical widths
were noted at all measurement points on the contralat-
eral tibia with the lateral cortex wider than the medial.
These differences are expected due to normal tibial
functional anatomy, tension surface, stress distribution,
and muscular attachments, and similar relative corti-
cal widths have been documented in focused caprine
breed-associated anatomical studies [17, 24, 39]. How-
ever, the cortical geometry of the operated limb differed
from that of the contralateral tibia both in magnitude and
direction of cortical width differences (Fig. 2). Contrary
to our hypothesis, the cis-cortex underlying the locking
plates was significantly wider than the trans-cortex at all
measurement points. Upon qualitative review, this wider
bone was significantly more irregular and porous than
the contralateral comparisons. Biomechanical analysis of
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tibial mechanics and strain distribution following plate
removal was outside the scope of this study. Thus, we can
only speculate from previous mechanical studies that the
operated tibias would undergo markedly different pat-
terns of tension, strain, and load distribution based on
geometry alone, and the observed cortical irregularities
may act as stress risers during load transfer as seen in
previous osteoporosis models [9, 19, 34, 42, 43, 54]. Cor-
tical widening in this study was rapid, and the duration of
locking plate fixation had no significant effect on the geo-
metric changes. In addition, operated limb cortical width
differences were independent of bone healing score, sug-
gesting that the fixation itself and not the degree of load
sharing of the healed ostectomy was responsible for
medial (cis) cortical widening.

Changes in cortical density and cortical porosity were
assessed through multiplanar CT reconstruction and
three-dimensional cortical slab density measurements.
Similar to cortical widths, expected differences in corti-
cal density between the contralateral tibia’s medial and
lateral cortices reflect normal anatomic adaptations
to the bone’s functions in load bearing and locomotion
[10, 17]. In both the operated and contralateral limb, the
cis-cortex was less dense than the trans-cortex, but the
difference between three-dimensionally reconstructed
cortices was significantly greater on the operated limb
(Fig. 3). This translates to increased bone porosity and
overall bone loss under the plate that corroborates what
has been described following long-term locking plate fix-
ation of human forearm and upper arm fractures [18, 25,
32]. Similar to cortical width differences, operated limb
cortical density differences were not affected by either
duration of fixation or bone healing score, suggesting
rapid, fixation-associated changes that were independ-
ent of the defect’s degree of healing and load sharing sta-
tus. We suggest that the significant correlations between
operated cortical density differences and the variables of
body weight at intake and treatment group are reflective
of convenience sampling limitations discussed below.
However, the interesting correlations between both cor-
tical width and density differences and body weight is
worthy of further investigation. In this study, as body
weight increased, cortical width disparities between cis
and trans at the mid-diaphysis increased while cortical
density disparities at the proximal metaphysis decreased.
Due to the codependence of body weight, study group,
treatment group, and plate length in this study, further
conclusions regarding the effect of body weight and, by
extension, external axial load on locking-plate-associated
cortical bone loss cannot be made, but this is a compel-
ling topic for future research.

Another interesting finding worthy of further explora-
tion is the significant correlation between bone healing
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score on the operated limb and cortical width and den-
sity differences on the contralateral limb. As operated
limb healing scores improved, reflective of increasing
load sharing of the defect, contralateral limb width dif-
ferences decreased and density differences increased.
Alterations in quadrupedal load distribution and biome-
chanical gait following induction of lameness have been
well-described [11, 41, 44]. As the contralateral cortical
measurements in this study were only intended to pro-
vide a contralateral comparison for observations in the
operated limb, further exploration into lameness bio-
mechanics and contralateral limb loads were outside the
scope of this project. However, we hypothesize that these
changes in contralateral tibial geometry and composi-
tion may reflect adaptive bone responses to alterations in
loading environment as previously described [4, 11, 26].

Direct clinical comparison between the caprine
model of bone healing utilized in this study and com-
mon clinical uses of locking plate fixation including
distal femoral, radial, and humeral fracture stabiliza-
tion is limited by differing biomechanical conditions.
Indeed, the screw placement, plate location, and plate
characteristics of distal femoral locking plates reflect
the compressive loads exerted on the distal femurs as
well as the cortical characteristics and soft tissue cov-
erage of the human femoral metaphysis and epiphysis.
In contrast, the screw placement, plate location, and
plate characteristics of caprine tibial ostectomy fixation
reflect the interplay of torsional, compressive, and shear
forces exerted by the hindlimb mechanical axis and the
characteristics of caprine diaphyseal bone. Thus, while
cortical changes consistent with cortical porosis were
observed in this model, further research is necessary to
determine if these changes consistently occur in other
weight-bearing and non-weight bearing environments
as has been described in case reports and large-scale
retrospective analyses [18, 25, 32, 37, 38].

The data from this study was obtained as a conveni-
ence sample from a series of orthopedic research pro-
jects using the caprine tibial ostectomy model. Thus,
study population limitations including unequal dis-
tribution of study and treatment groups, lack of con-
trol for body weights and plate lengths, and overall
codependence of study group, treatment group, body
weights, and plate lengths are inherent. On individual
factor analysis, orthopedic study group, body weight at
intake, and locking plate length were significantly cor-
related with operated limb cortical width differences.
However, due to the significant interaction effects
among these variables and inconsistency of effect on
cortical width differences when broken down by meas-
urement location, conclusions regarding the influence
of one variable over another and recommendations for
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future surgical planning cannot be made. To account
for these inherent limitations, strict inclusion crite-
ria were enacted to maximize uniformity in fixation
mechanics, bone metabolism, and wound environ-
ment. This resulted in a relatively high exclusion rate
(47.5%) and limitation of overall sample size, and we
acknowledge these limitations to data interpretation.
However, on post hoc sample size analysis with type
II error set at 0.2, all demographic and surgical vari-
able stratifications retained adequate power for whole
tibial analysis and inclusion in our results. In addition,
the original population of goats was utilized in a pre-
vious study by the same research group that assessed
the correlation between cortical fracture incidence
and surgeon-selected orthopedic plate length [5]. The
exclusion criteria of the current study eliminated the
fracture cohort from the previous work, limiting direct
comparison between the effects of plate length in that
analysis and the correlations between plate length and
cortical widths in this analysis. Therefore, we recom-
mend future prospective research to assess the effects
of plate length and body weight on cortical dimensional
changes associated with locking plate fixation.

In addition to the study population limitations dis-
cussed above, additional limitations in methodology
and standardization must be acknowledged. This study
compared measurements between the operated and
contralateral limbs, but direct matching of measure-
ment methods was not feasible due to the presence of
screw tracts and gap ostectomies in the operated tibias.
For that reason and to ensure standardized and repeat-
able measurements in both two- and three-dimen-
sional reconstructions, the mathematical midpoints
between screw tracts were used on the operated limb
whereas relative tibial length was used on the contralat-
eral tibias. Variations in plate lengths, plate positions,
and tibial anatomy introduced minor and unavoid-
able variability in operated tibia measurements, and
we acknowledge this as a limitation to the study. The
duration of plate fixation was dictated by the ongoing
research protocol, and we acknowledge that prolonged
plate fixation of up to twelve months may limit direct
clinical application of these results. All contralateral
CT examinations were performed as a part of Study
A, so no correlation analysis of study group effect was
able to be performed on contralateral tibial measure-
ments. Contralateral CT examination was not included
in Study B’s methodology, and the limitations to con-
tralateral dataset size and matching are acknowledged.
Finally, due to the retrospective nature of this analysis
on a convenience sample of goats enrolled in orthope-
dic research, no clinically normal hindlimb CT exami-
nations from healthy, unoperated goats were available
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for inclusion in this analysis as unoperated controls,
and we acknowledge this limitation to the interpreta-
tion of results.

Conclusion

This study describes significant alterations in corti-
cal dimensions and density following long-term locking
plate fixation of caprine tibial segmental defects. Corti-
cal porosis is an accepted comorbidity of compression
plating, but due to locking plates’ unique mechanics and
contact profile, it has not been widely investigated in
association with locking plate fixation. In this study, the
tibial cortex underlying the plate was significantly wider
and more irregular than the opposite cortex at the same
level, and this width asymmetry differed in both magni-
tude and direction from the contralateral limb. The bone
underlying the plate was significantly less dense than the
opposite cortex, and the magnitude of difference between
operated cis and trans was significantly greater than that
of the contralateral limb. This study provides evidence
that cortical bone loss consistent with cortical porosity is
a comorbidity of locking plate fixation and may contrib-
ute to nonunion or refracture complications in cases of
extended duration of fixation. Further research is neces-
sary to identify risk factors for locking-plate-associated
bone loss and to inform clinical decisions in cases neces-
sitating long-term locking plate fixation.

Abbreviations
AO Arbeitgemeinschaft fur Osteosynthesefragen

rhBMP-2  Recombinant human bone morphogenic protein 2
RUST Radiographic Union for Tibial fractures

cT Computed tomography

PACS Picture archive and communication system

MIP Maximum intensity projection

ANOVA Analysis of variance

HU Hounsfield Units

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540634-023-00669-x.

Additional file 1: Supplemental Table 1. Plate length distribution
between study groups. Selected plate lengths were significantly different
between Study A and Study B (p<0.001).

Acknowledgements

We would like to thank Alex Anderson, Tammy Howard, and all the staff of the
UTK Johnson Research and Teaching Unit for their assistance in goat care and
husbandry.

Authors’ contributions

KMB and DEA conceived and designed the study; KMB, LDT, RR, EC, SH, HSAIll,
DEA, and PYM conducted in vivo experimentation; KMB, LDT, and EC collected
records and performed measurements; XS and KMB performed the analyses;
KMB interpreted the results; KMB prepared the tables and figures; KMB drafted
the manuscript, and all authors reviewed and approved for publication.


https://doi.org/10.1186/s40634-023-00669-x
https://doi.org/10.1186/s40634-023-00669-x

Bowers et al. Journal of Experimental Orthopaedics (2023) 10:111

Funding
This research was partially funded by the USAMRAA awards
W81XWH-15-1-0666 and W81XWH-19-2-0014.

Availability of data and materials

In accordance with institutional policy for patients’medical records, data used
in this study are not open to public but will be available upon motivated
request to the corresponding author for the purpose of scientific research.

Declarations

Ethics approval and consent to participate

The study protocols were approved by the University of Tennessee Animal
Care and Use Committee (protocol numbers 2741 and 2383) and adhered
to the National Institute of Health's Guide for the Care and Use of Laboratory
Animals.

Consent for publication
Not applicable.

Competing interests
All authors declared no conflict of interest.

Received: 16 March 2023 Accepted: 9 October 2023
Published online: 07 November 2023

References

1. Augat P, von Ruden C (2018) Evolution of fracture treatment with bone
plates. Injury 49:52-S7

2. BabaT, Kaneko K, Shitoto K, Futamura K, Maruyama Y (2013) Comparison
of therapeutic outcomes of periprosthetic femoral fracture between
treatments employing locking and conventional plates. Eur J Orthop
Surg Traumatol 23:437-441

3. Baggott DG, Goodship AE, Lanyon LE (1981) A quantitative assessment
of compression plate fixation in vivo: an experimental study using the
sheep radius. J Biomech 14:701-711

4. Bowers KM, Terrones LD, Croy EG, Mulon P-Y, Adair HS, Anderson DE
(2022) Assessment of gait following locking plate fixation of a tibial seg-
mental defect and cast immobilization in goats. Biomechanics 2:575-590

5. Bowers KM, Wright EM, Terrones LD, Sun X, Rifkin R, Grzeskowiak R et al
(2023) In vitro analysis and in vivo assessment of fracture complications
associated with use of locking plate constructs for stabilization of caprine
tibial segmental defects. J Exp Orthop 10:38

6. CaoY, Zhang Y, Huang L, Huang X (2019) The impact of plate length,
fibula integrity and plate placement on tibial shaft fixation stability: a
finite element study. J Orthop Surg Res 14(1):52

7. Egol KA, Kubiak EN, Fulkerson E, Kummer FJ, Koval KJ (2004) Biomechan-
ics of locked plates and screws. J Orthop Trauma 18:488-493

8. EinhornTA, Gerstenfeld LC (2015) Fracture healing: mechanisms and
interventions. Nat Rev Rheumatol 11:45-54

9. Endo D, Ogami-Takamura K, Imamura T, Saiki K, Murai K, Okamoto K et al
(2020) Reduced cortical bone thickness increases stress and strain in the
female femoral diaphysis analyzed by a CT-based finite element method:
Implications for the anatomical background of fatigue fracture of the
femur. Bone Reports 13:100733

10. Field J, Ruthenbeck G (2018) qualitative and quantitative radiological
measures of fracture healing. Vet Comp Orthop Traumatol 31(1):1-9

11. Fischer S, Anders A, Nolte |, Schilling N (2013) Compensatory load
redistribution in walking and trotting dogs with hind limb lameness. Vet J
197:746-752

12. Fulkerson E, Egol KA, Kubiak EN, Liporace F, Kummer FJ, Koval KJ (2006)
Fixation of diaphyseal fractures with a segmental defect: a biomechani-
cal comparison of locked and conventional plating techniques. J Trauma
60:830-835

13. Greiwe RM, Archdeacon MT (2007) Locking plate technology: current
concepts. J Knee Surg 20:50-55

20.

21

22.

23

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 12 of 13

Grigoryan M, Lynch JA, Fierlinger AL, Guermazi A, Fan B, MacLean DB et al
(2003) Quantitative and qualitative assessment of closed fracture healing
using computed tomography and conventional radiography. Acad Radiol
10:1267-1273

Grzeskowiak RM, Rifkin RE, Croy EG, Steiner RC, Seddighi R, Mulon P-Y
etal (2021) Temporal changes in reverse torque of locking-head screws
used in the locking plate in segmental tibial defect in goat model. Front
Surg 8:637268-637268

Harvin WH, Oladeji LO, Della Rocca GJ, Murtha YM, Volgas DA, Stannard
JP etal (2017) Working length and proximal screw constructs in plate
osteosynthesis of distal femur fractures. Injury 48:2597-2601

Hiney KM, Nielsen BD, Rosenstein D, Orth MW, Marks BP (2004) High-
intensity exercise of short duration alters bovine bone density and shape.
J Anim Sci 82:1612-1620

Hirashima T, Matsuura Y, Suzuki T, Akasaka T, Kanazuka A, Ohtori S (2021)
Long-term evaluation using finite element analysis of bone atrophy
changes after locking plate fixation of forearm diaphyseal fracture. J Hand
Surg Glob Online 3:240-244

lesaka K, Kummer FJ, Di Cesare PE (2005) Stress risers between two ipsilat-
eral intramedullary stems: a finite-element and biomechanical analysis. J
Arthroplasty 20:386-391

Klaue K, Fengels I, Perren SM (2000) Long-term effects of plate osteosyn-
thesis: comparison of four different plates. Injury 31:51-86

Kregor PJ, Senft D, Parvin D, Campbell C, Toomey S, Parker C et al (1995)
Cortical bone perfusion in plated fracutured sheep tibiae. J Orthop Res
13:715-724

Larson AN, Rizzo M (2007) Locking plate technology and its applications
in upper extremity fracture care. Hand Clin 23:269-278, vii

Litrenta J, Tornetta P 3rd, Mehta S, Jones C, O’Toole RV, Bhandari M

et al (2015) Determination of radiographic healing: an assessment of
consistency using RUST and modified RUST in metadiaphyseal fractures. J
Orthop Trauma 29:516-520

Makungu M (2019) Gross osteology and radiology of the pelvic limb of
the adult small East African goat. Anat Histol Embryol 48:234-243
Matsuura Y, Rokkaku T, Suzuki T, Thoreson AR, An KN, Kuniyoshi K (2017)
Evaluation of bone atrophy after treatment of forearm fracture using
nonlinear finite element analysis: a comparative study of locking plates
and conventional plates. J Hand Surg Am 42:659.651-659.e659

McBride SH, Silva MJ (2012) Adaptive and injury response of bone to
mechanical loading. Bonekey Osteovision 1:192

Miller DL, Goswami T (2007) A review of locking compression plate bio-
mechanics and their advantages as internal fixators in fracture healing.
Clin Biomech (Bristol, Avon) 22:1049-1062

Miranda MA (2007) Locking plate technology and its role in osteoporotic
fractures. Injury 38(Suppl 3):535-39

Moens NMM (2018) The biology of locking plate applications. Locking
plates in veterinary orthopedics. Wiley, New York

Neslihan A, Gogus A, Ayhan K; ISIKLAR Z, (2010) Complications encoun-
tered in proximal humerus fractures treated with locking plate fixation.
Acta Orthop Traumatol Turc 44:89-96

Paavolainen P, Karaharju E, SIATis P Ahonen J, HolmstrOM T (1978) Effect
of rigid plate fixation on structure and mineral content of cortical bone.
Clin Orthop Relat Res 136:287-293

Padolino A, Porcellini G, Guollo B, Fabbri E, Kiran Kumar GN, Paladini P

et al (2018) Comparison of CFR-PEEK and conventional titanium locking
plates for proximal humeral fractures: a retrospective controlled study of
patient outcomes. Musculoskelet Surg 102:49-56

Pigtkowski K, Piekarczyk P, Kwiatkowski K, Przybycier M, Chwedczuk B
(2015) Comparison of different locking plate fixation methods in distal
tibia fractures. Int Orthop 39:2245-2251

Prasad J, Wiater BP, Nork SE, Bain SD, Gross TS (2010) Characterizing gait
induced normal strains in a murine tibia cortical bone defect model. J
Biomech 43:2765-2770

Ricci WM (2015) Use of locking plates in orthopaedic trauma surgery. JBJS
Rev 3(3):e3

Ricci WM, Streubel PN, Morshed S, Collinge CA, Nork SE, Gardner MJ
(2014) Risk factors for failure of locked plate fixation of distal femur frac-
tures: an analysis of 335 cases. J Orthop Trauma 28:83-89

Rodriguez EK, Boulton C, Weaver MJ, Herder LM, Morgan JH, Chacko AT
et al (2014) Predictive factors of distal femoral fracture nonunion after



Bowers et al. Journal of Experimental Orthopaedics

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

(2023) 10:111

lateral locked plating: a retrospective multicenter case-control study of
283 fractures. Injury 45:554-559

Rodriguez EK, Zurakowski D, Herder L, Hall A, Walley KC, Weaver MJ et al
(2016) Mechanical construct characteristics predisposing to non-union
after locked lateral plating of distal femur fractures. J Orthop Trauma
30:403-408

Salami S, Ibe C, Umosen A, Ajayi |, Maidawa S (2010) Comparative
osteometric study of long bones in Yankasa sheep and Red Sokoto goat.
Nigerian Vet J 31:100-104

Schmierer P, Pozzi A (2018) Minimally invasive plate osteosynthesis. Lock-
ing plates in veterinary orthopedics. Wiley, New York

Serra Braganca FM, Rhodin M, van Weeren PR (2018) On the brink of daily
clinical application of objective gait analysis: what evidence do we have
so far from studies using an induced lameness model? Vet J 234:11-23
Skedros JG, Dayton MR, Sybrowsky CL, Bloebaum RD, Bachus KN (2006)
The influence of collagen fiber orientation and other histocompositional
characteristics on the mechanical properties of equine cortical bone. J
Exp Biol 209:3025-3042

Skedros JG, Mason MW, Nelson MC, Bloebaum RD (1996) Evidence of
structural and material adaptation to specific strain features in cortical
bone. Anat Rec 246:47-63

Stavrakakis S, Guy JH, Syranidis I, Johnson GR, Edwards SA (2015) Pre-
clinical and clinical walking kinematics in female breeding pigs with
lameness: a nested case-control cohort study. Vet J 205:38-43

Stoffel K, Dieter U, Stachowiak G, Gachter A, Kuster MS (2003) Biome-
chanical testing of the LCP-how can stability in locked internal fixators be
controlled? Injury 34(Suppl 2):B11-19

Stoffel K, Lorenz KU, Kuster MS (2007) Biomechanical considerations in
plate osteosynthesis: the effect of plate-to-bone compression with and
without angular screw stability. J Orthop Trauma 21:362-368

Uhl JM, Kapatkin AS, Garcia TC, Stover SM (2013) Ex vivobiomechanical
comparison of a 3.5 mm locking compression plate applied cranially and
a 2.7 mm locking compression plate applied medially in a gap model of
the distal aspect of the canine radius. Vet Surg 42(7):840-846

Uhthoff HK, Boisvert D, Finnegan M (1994) Cortical porosis under plates.
Reaction to unloading or to necrosis? JBJS 76(10):1507-1512

Uhthoff HK, Poitras P, Backman DS (2006) Internal plate fixation of frac-
tures: short history and recent developments. J Orthop Sci 11:118-126
Whelan DB, Bhandari M, Stephen D, Kreder H, McKee MD, Zdero R et al
(2010) Development of the radiographic union score for tibial fractures
for the assessment of tibial fracture healing after intramedullary fixation. J
Trauma 68:629-632

Xiong 'Y, Zhao YF, Xing SX, Du QY, Sun HZ, Wang ZM et al (2010) Com-
parison of interface contact profiles of a new minimum contact locking
compression plate and the limited contact dynamic compression plate.
Int Orthop 34:715-718

Xu GH, Liu B, Zhang Q Wang J, Chen W, Liu YJ et al (2013) Biomechanical
comparison of gourd-shaped LCP versus LCP for fixation of comminuted
tibial shaft fracture. J Huazhong Univ Sci Techn [Med. Sci.] 33:250-257
Xue Z, Xu H, Ding H, Qin H, An Z (2016) Comparison of the effect on bone
healing process of different implants used in minimally invasive plate
osteosynthesis: limited contact dynamic compression plate versus lock-
ing compression plate. Sci Rep 6:37902

Zhou S, Jung S, Hwang J (2019) Mechanical analysis of femoral stress-riser
fractures. Clin Biomech 63:10-15

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Changes in tibial cortical dimensions and density associated with long-term locking plate fixation in goats
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Goats
	Surgery
	Bone healing assessment
	Cortical thickness assessment
	Cortical density assessment
	Statistical analysis

	Results
	Goats
	Tibial cortical width
	Tibial cortical density

	Discussion
	Conclusion
	Anchor 21
	Acknowledgements
	References


