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Abstract—Bone lengthening and bone transport are regen-
eration processes that commonly rely on distraction osteo-
genesis, a widely accepted surgical procedure to deal with
numerous bony pathologies. Despite the extensive study in
the literature of the influence of biomechanical factors, a lack
of knowledge about their mechanobiological differences
prevents a clinical particularization. Bone lengthening treat-
ments were performed on sheep metatarsus by reproducing
the surgical and biomechanical protocol of previous bone
transport experiments. Several in vivo monitoring techniques
were employed to build an exhaustive comparison: gait
analysis, radiographic and CT assessment, force measures
through the fixation, or mechanical characterization of the
new tissue. A significant initial loss of the bearing capacity,
quantified by the ground reaction forces and the limb contact
time with the ground, is suffered by the bone lengthening
specimens. The potential effects of this anomaly on the
musculoskeletal force distribution and the evolution of the
bone callus elastic modulus over time are also analyzed.
Imaging techniques also seem to reveal lower bone volume in
the bone lengthening callus than in the bone transport one,
but an equivalent mineralization rate. The simultaneous
quantification of biological and mechanical parameters
provides valuable information for the daily clinical routine
and numerical tools development.

Keywords—Distraction osteogenesis, Gait analysis, In vivo,

Stiffness monitoring, Bone consolidation, Callus volume.

INTRODUCTION

Callotasis or distraction osteogenesis (DO) is a

surgical technique that allows bone tissue to be gen-

erated between bony fragments.47 As a clinical appli-

cation of DO, bone lengthening (BL) has become an

effective treatment for several bone pathologies,

including limb length discrepancy or bone deformi-

ties.38,39,47 The standard treatment applies directly a

gradual distraction to the bony fragments resulting

from a single osteotomy until the clinically required

elongation is achieved.4 Bone transport (BT) is another

reconstructive approach based on DO to handle

specific orthopedic diseases, such as non-unions or

bone defects, especially infections.7,17,34,35 This tech-

nique is based on the progressive transport of a bony

segment, normally osteotomized from the original

bone, toward the infected/diseased bony fragment,

which is generally removed in a surgery.7,9,34 Two main

bone focuses are generated in this process at both sides

of the transportable segment: the bone callus induced

by distraction and the docking site.7,34 The main dif-

ference between BT and BL is the preservation of the

limb’s original length, avoiding potential problems

derived from the elongation of the surrounding soft

tissues.4,18,34

One of the major limitations of these bone regen-

eration processes is the length of time required for the

consolidation phase until the regenerated tissue is

ossified and stabilized enough to disassemble the cor-

responding fixation.39,47 To prevent premature re-

moval, daily clinical monitoring has traditionally been
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based on qualitative techniques, including manual

examinations or radiological evaluation of the callus

bridging.14,40,54 Despite recent advances in the stan-

dardization of scoring systems,14 these data are gen-

erally not accurate enough by themselves to reach a

safe decision.10,14,40,54 Lately, gait analysis has emerged

as a complementary non-invasive approach to assess

the evolution of a multitude of orthopedic patholo-

gies.22,24,25,36,37 These studies cover kinetic parameters

that are proven to be sensitive and consistent in eval-

uating functional changes.41 However, as far as the

authors know, few previous studies have enquired into

the relationship between the recovery of kinetic gait

parameters and the consolidation of the immature

tissue during DO.24,36,37

For a more in-depth assessment of the tissue con-

solidation, diverse ex vivo strategies, such as nanoin-

dentation26,28,30,32 or bending and torsion tests,15

provide spatial-temporal variations of the mechanical

properties of the bone callus. However, these tech-

niques mostly require the slaughter of the animal, and

their standardization by correlations is highly limited

by their dependence on the boundary conditions in

which each mechanical test is performed. Computed

tomography (CT) offers valuable information on the

geometrical characteristics of the bone callus, as well as

its mechanical properties.3 Nevertheless, reflections

from the metallic components in the fixation prevent

its application throughout the whole consolidation

process.35 As an alternative, in vivo monitoring tech-

niques have recently arisen focusing on the temporal

variation of mechanical parameters (force and strains

through fixation, interfragmentary movements or

accelerations after impact tests) as the new tissue

mineralizes.9,20,29,33,35 Their main limitation is com-

monly related to the high dependence of their estima-

tions on the stiffness of the corresponding fixation.8

The application of all these in vivo techniques extends

the knowledge of DO processes and provides infor-

mation for the development of numerical models for

the in silico mechanical characterization of the callus as

a future clinical tool.31,43–46,55

Extensive literature has recognized the decisive role

that several biomechanical factors play in bone

regeneration processes.6,21,23,49 These factors, which

affect the quantity and quality of new tissue, have been

historically optimized in several DO applications to

control the stress and strain distribution through the

bone callus, which affect the quantity and quality of

new tissue.53 For instance, differences in the type of

ossification (intramembranous or chondroid) due to

alterations in the frequency and rate of distraction

were reported in the literature23 and its effects on tissue

adaptation.1 The impact of the latency period, the time

from surgery until the beginning of distraction, on the

bone formation,21 or distraction forces49 was also

previously explored. Nevertheless, to our knowledge,

no research has fixed all these biomechanical factors

and gone into detail on the inter-differences between

bone regeneration processes in mechanical terms, ex-

cept for a few clinical studies based on the traditional

assessing techniques.56,57

This context of the broad diversity of monitoring

techniques and biomechanical factors hinders a direct

comparison between studies. In the literature, most

research does not involve several measuring techniques

for the analysis of multiple biomechanical parameters

under a fixed distraction protocol, fixation system, and

animal model. One exception is found in the BT studies

of Mora-Macı́as et al.,30–36 which combine numerous

in vivo and ex vivo approaches, resulting in an

exhaustive characterization of the BT callus and its

regeneration process using an unchanging experimen-

tal protocol and animal model. These BT studies,

which form the basis of this work, have been repro-

duced in BL to look at the mechanobiological dis-

similitude between both processes.

Therefore, the aim of this study is to analyze the

evolution of several mechanical parameters during the

consolidation of the BL callus, and compare them with

the BT results reported by Mora-Macı́as et al..30–36

The differences in the evolution of kinetic and kine-

matics parameters from gait analysis were studied, as

well as their possible relationship with the ossification

of the resulting bone callus. This comparison was

supplemented by quantifying in vivo the mechanical

properties of the tissue through indirect non-invasive

techniques, instrumented fixator, and CT images. This

information could help in optimizing the clinical fol-

low-up of each bone regeneration process and partic-

ularizing numerical models.

MATERIALS AND METHODS

Animals and Bone Lengthening Protocol

A BL treatment was performed on the right-back

metatarsus of five skeletally-mature female Merino

sheep, 2–4 years old, with a mean weight of 67.2 ± 4.9

kg. Animal Ethics of the University of Sevilla ap-

proved the study with these animals. Moreover, their

welfare was guaranteed during surgical interventions

and experimental phases following the European

(2010/63/UE) and national (RD 1201/2005) regula-

tions on animal experimentation, avoiding stressful

situations, and providing analgesia during the proce-

dure. The sheep were owned by the Research Center,

the Hospital Clı́nico Veterinario of the University of

Córdoba, where all in vivo experiments were carried
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out, having first been purchased from a nearby farm. A

metatarsus longer than 15 cm and wider than 10 mm

was defined as an inclusion criterion to prevent surgical

fractures in the fixation assembly. The animals were

tested to ensure that they were not suffering from any

parasitic or infectious diseases prior to their acquisi-

tion, and they were subsequently maintained. After the

quarantine period, the animals remained in the

research facility for 1–2 months to acclimatize and

reduce stress before being included in the research.

During the course of the surgery, the animals were

laid down in the right-lateral decubitus position with

the limb to be operated resting on the surgical table.

An Ilizarov-type external fixator, with an axial stiffness

(KF) of 593 ± 21 N/mm, was implanted to stabilize the

resulting bony fragments in a mechanical environment

equivalent to that used by Mora-Macı́as et al.33,35,36

The fixation consisted of two external frames attached

to the bone using three Ø4 mm Schanz-pins per frame,

inter-assembled by four fixed bars.5 After drilling the

Schanz-pins and the fixation assembly, an osteotomy

was performed in an intermediate cross-section of the

metatarsus by means of a linear oscillating saw with a

specific guide. The width of the blade was 1 mm, which

prevented compressing or reducing the bony fragments

after cutting. Details of the fixation and the osteotomy

performed are displayed in Fig. 1a. The BT surgical

protocol applied by Mora-Macı́as et al.33,35,36 was very

similar, adapting the number of osteotomies until

obtaining a transportable bony fragment through a 15

mm gap created after removing another bone segment,

as shown in Fig. 1b. The anesthetic and postoperative

protocols in both procedures were also similar. The

animals were premedicated with dexmedetomidine (4

lg/kg) and morphine (0.2 mg/kg) intravenously

through a cephalic vein. After 10 min of preoxygena-

tion by mask, induction was performed with propofol,

and their tracheas were intubated. The anesthetic was

maintained with isoflurane and oxygen. After the sur-

gery, the reanimation of the animals was controlled by

the veterinarian team until the anesthesia effects had

worn off. Finally, the sheep were monitored daily for

potential infections around the fixation pins and re-

ceived the same postoperative treatment of antibiotics

(amoxicillin–clavulanic) and analgesia (buprenorphine

and meloxicam).

The distraction osteogenesis protocol was also de-

fined in accordance with the BT study carried out by

Mora-Macı́as et al.33,35,36 Both protocols began with a

latency period of seven days. After latency completion,

the fixed bars were replaced with instrumented ex-

tendible bars,5 which allowed us to apply bony dis-

placements in a controlled manner. In the course of the

distraction phase, the bony fragments were gradually

separated in the BL protocol, and the trans-

portable bony segment was moved until the original

bone defect in the BT protocol was filled. In both

cases, the rate and frequency of distraction were 1

mm/day, once a day for 15 days, resulting in a 15 mm

bone callus. During the consolidation phase, walking

tests were performed in a gait circuit to promote

mechanical stimuli in the bone callus and to indirectly

monitor its biomechanical evolution as detailed in the

following subsection. Finally, the sheep were slaugh-

tered at different time-points of the consolidation

phase (Table 1) to carry out CT images of the bone

callus at different ossification degrees.

Measurement Devices and Data Collection

The bone regeneration evolution was indirectly

monitored from the analysis of the data collected by

several devices during walking tests, as illustrated in

Fig. 2a. The bearing capacity in the operated limb,

through the quantitative and qualitative progress of

the ground reaction forces (GRF), and its contact time

with the ground during the stance phase were analyzed

using a load platform Pasco� PS-2141 (Pasco, Rose-

ville, CA, EE.UU.). Two or three times a week, the

sheep were led around a gait circuit, which included the

instrumented walkway, wide enough for the animals to

use their natural walking conditions. A minimum of 10

valid treads was measured every walking test, visually

rejecting those in which the sheep did not reach a

normal amble speed (2–4 km/h)11,35,36 or interrupted

its walk at any point of the gait circuit.

The maximum ground reaction force (MGRF) of

each walking test was determined as the average of the

peak GRF values of each tread. This kinetic parameter

was individually normalized by the bodyweight of each

animal (% BW), and its evolution was studied as a

clinical recovery index. Similarly, the daily contact

time with the ground was defined as the mean value of

the time invested in the validated treads. Moreover, a

mean curve of three GRF individual curves (% BW) of

a sheep during the stance phases of both operated

ipsilateral hindlimb (HI) and non-operated ipsilateral

forelimb (FI) was examined at three different time-

points of the consolidation phase, weeks 3, 10 and 17

after surgery. Reference values of both MGRF values,

contact time, and GRF curves were previously cap-

tured from a control group compounded by three non-

treated animals.35,36

The external fixator provided additional monitoring

data. Their extendible bars, instrumented with four

load cells Burster� 8431-6001 (Burster, Gernsbach,

Germany), simultaneously quantified the force

through the fixation (FF) during the treads of the

sheep. Data was collected and wirelessly sent to a PC

using a developed real-time and portable acquisition
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system carried by the sheep during the walking tests.5

From these measures, the force distribution through

the elongated limb and the mechanical properties of

the bone callus can be estimated over the consolidation

phase by applying the stiffness model specified in the

subsequent subsection.

Model for Stiffness Estimation

A bone-fixator model for estimating the force dis-

tribution and the bone callus stiffness (KBC) is pre-

sented in Fig. 2b. The voluntary gait motion of our

specimens is produced by internal forces (IF), which

traverses the musculoskeletal system of the limb. These

internal forces are produced by the ground reaction

and muscle forces.

During the distraction phase, the bone callus stiff-

ness increases due to tissue maturation and the pro-

gressive orientation of the collagen fibers along the

longitudinal axis.50,52 However, the peak stiffness val-

ues reported by Blázquez-Carmona et al.,4 between 18-

23 N/mm in the first days of distraction, are negligible

compared to the fixation stiffness (KBC � KF). Con-

sequently, most of the IF goes through the external

fixator (FF � IF), and the lower proportion through

the bone callus could be neglected (CF � 0). As

observed in previous studies,11,35 the IF/MGRF ratio

was found to remain approximately constant in this

early distraction stage. Its value 2.75 ± 0.40 was also

assumed to be constant during the consolidation

phase, presuming a constant proportion of IF invested

in muscle activity during treads (IF/MF). Over time,

the force through the callus (CF) increases as the tissue

ossifies during the consolidation period. Once the IF is

estimated from the GRF records, CF involved in a

stance phase can be estimated at any time-point of the

consolidation phase as:

CF ¼ IF� FF ¼ 2:75 �MGRFð Þ � FF ð1Þ

The KBC was determined by assuming homogeneous

mechanical properties of the bone callus. Applying the

bone-fixator model (Fig. 2b), these stiffness values

could be estimated from the IF distribution through

the metatarsus and the stiffness of the external fixator

(KF). Finally, the apparent elastic modulus of the tis-

sue (EBC) can be characterized considering a length (L)

and average cross-sectional area ( �A) measured for each

bone callus. These geometric parameters were calcu-

lated with the aid of CT images taken after the

slaughter of the animal, and more details are described

in the following subsection. Despite the changes in the

percentage of mineralized volume reported by Mora-

Macı́as et al.,31,35 this strategy is justified by the scarce

FIGURE 1. Images of the sheep right-metatarsus after performing the osteotomies in the course of the bone lengthening (BL) and
bone transport (BT) surgeries: (1) osteotomy in an intermediate cross-section of the bone; (2) frames of the external fixator; (3) Ø4
mm Schanz-pins; (4) non-instrumented fixed bars.

TABLE 1. Experimental information of each specimen: days
from surgery until its slaughter, estimated length (L), and
average area ( �A) of the bone callus measured from the CT
images for the estimation of the mechanical properties of the

tissue over the time.

Sheep Days from surgery �A (mm2) L (mm)

1 161 373.93 14.45

2 112 391.15 13.97

3 64 346.04 12.91

4 29 274.24 12.67

5 18 270.26 12.93
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variation in the total volume of the bone callus (TV),

bone volume (BV) plus non-mineralized soft tissue,

during the consolidation phase, approximately the first

200 days after surgery. Therefore, the evolution of the

mechanical properties of the bone callus during the

consolidation phase was estimated as:

EBC ¼ KBC

L

�A
¼ KF

CF

FF

L

�A
ð2Þ

Moreover, this model was validated in vitro in a

previous work,5 simulating KBC at different degrees of

mineralization with wide-ranging elastic springs.

X-ray and CT Study of the Bone Callus

A radiographic follow-up was periodically per-

formed during the distraction and consolidation pha-

ses to follow the separation of the bony fragments and

qualitatively analyze the tissue consolidation, respec-

tively.

Furthermore, CT images of the elongated limbs

were taken ex vivo after the slaughter of each animal.

The resolution of the images was 200–300 lm/voxel,

and their manual segmentation was carried out using

the medical software InVesalius� (Renato Archer

Information Technology Center, Brazil), which em-

ploys the Hounsfield unit (HU) as a grayscale pro-

portional to the density of the tissue. After the

generation of three-dimensional models of the bone

callus, their TV was estimated as well as their length,

which was defined as the minimum distance between

cortical bony fragments. The average area of the cross-

section of each bone callus was also determined as the

quotient between the TV and the estimated length. The

individualized values of these geometrical parameters

are specified in Table 1. Finally, the BV and the % BV

over the TV of each bone callus were also estimated by

applying the predefined threshold HU values for bone

tissue, 226-3071.

Statistical Analysis

The temporal evolution of the FF and CF has been

modeled with logistic functions, as reported by other

authors in literature,2,8,35 and fitted to the experimental

data by the equation:

XF ¼
0:5 � IF

1þ ea bþtð Þ
þ

0:5 � IF

1þ ec dþtð Þ
ð3Þ

where XF is the FF or the CF in % of the MGRF, IF is

the mean value of the IF, t is the day of the consoli-

dation phase, and a, b, c and d are the fitting coeffi-

cients.

Besides, the evolution of the callus elastic modulus

over the consolidation days was correlated with an

exponential function also according to the behavior of

the mechanical properties suggested in previous stud-

ies8,35:

E ¼ g � es�t ð4Þ

FIGURE 2. (a) Illustration of the measurement procedure during a walking test: (1) load platform embedded in the wooden
walkway collecting and sending the GRF data; (2) instrumented external fixator implanted in the right-back metatarsus of the
sheep; (3) acquisition system responsible for the collection and transmission of fixation force data (FF) to the PC; (4) PC receiving
data in real-time. (b) Scheme of the forces distribution during a tread of a specimen: internal force (IF); forces through the external
fixator (FF); stiffness of the fixation (KF ); forces through the bone callus (CF); stiffness of the bone callus (KBC); ground reaction
forces (GRF); force invested in the muscular activity (MF).
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where E is Young Modulus of the bone callus in MPa,

t is the day of the consolidation, g and s are the fitting

coefficients.

The values of the fitting coefficients with the 95%

confidence intervals (CI) of each correlation are spec-

ified in Tables 2 and 3, respectively. The determination

coefficients (R2 and p values) are also detailed, sug-

gesting that the correlations were significant.

RESULTS

Gait Analysis and X-ray Control

The evolution of the bearing load of the limb of

each specimen along with the consolidation phase,

measured as the MGRF normalized by their individual

BW, is shown in Fig. 3a (blue markers) with the BT

results from Mora-Macı́as et al.36 for further com-

parison. The mean MGRF of the control group (green

dotted line) is also included, which was approximately

42–43% of the BW.36 Sheep under BL treatment

completed the distraction phase with significantly

lower MGRF values than the control group, between

12.16 and 17.82% of the BW. Nevertheless, the bearing

capacity of the elongated limb increased over the

experimentation phase of each animal with a compa-

rable recovering rate. The longest-term animal reached

a MGRF of 38.38% of the BW after 119 days from the

end of the distraction, similar values to healthy ones.

Regarding the contact time with the ground during the

stance phase of the operated HI limb, Fig. 3b shows

the results obtained during the gait tests for the control

group (green dotted line, 0.5973 s), BL group (blue

points), and BT group for further discussion (red tri-

angle markers). The BL animals initially presented a

slightly shorter stance phase than the control group,

mostly between 0.4 and 0.6 s. Nevertheless, they slowly

improve their range of mobility until reaching contact

time values similar to healthy ones from day 110.

Focusing on another kinematic parameter, GRF

curves (% BW) during the stance phase of the sheep #1

under BL treatment are shown in Fig. 4 (blue data)

along with the BT curves from Mora-Macı́as et al.36

The tread of the FI limb is initially displayed, followed

by the HI one. The evolution of the GRF curves was

compared at the previously specified time-points: week

3, 11 and 17 after surgery. As a reference, the GRF

curves obtained from the control group are also in-

cluded in Fig. 4 (green curves). The present results

concord with the previous findings of the bearing

recovery: the GRF data of the operated limb began

with levels substantially lower than healthy curves, but

these differences decreased throughout the consolida-

tion phase. According to Svodoba et al.,51 the gait

cycle of a healthy HI limb (Fig. 4, green curves) could

be divided into four time-intervals based on the

increasing and decreasing behavior of the GRF curve:

loading response, midstance, terminal stance, and pre-

swing. The evolution between subphases is mainly due

to the contacts and take-offs between hoofs and

ground and the fluctuation in the position of the

body’s center of gravity during the stance phase. In this

context, the behavior of the HI curves is altered after

distraction (Fig. 4, blue curves), losing the subphases

mentioned above and the double GRF peaks in the

medium-term. The FI limb presented an inverse evo-

lution, slightly exceeding healthy values in the first

days after distraction. This dissimilarity was progres-

sively reduced as bone callus consolidates until pre-

senting peak values equivalent to the control group

(Fig 4, week 17). Nevertheless, the shapes of the FI

curves were not identical either between BL and

the control group at the time-points of the stance

phase with the greatest load on the platform.

Radiographic images in the sagittal plane of the

bone callus at the time-points analyzed are also shown

in Fig. 5 (first row) together with BT images (second

row). Focusing on BL, scarce soft tissue already closed

the bridge between bony fragments at the end of the

distraction phase (Fig. 5, BL week 3). The hypodense

region decreased due to the callus tissue maturation

and calcification but persisted in the weeks analyzed

subsequently. Finally, a non-uniform ossification was

observed, characterized by a faster consolidation in the

posterior interzone (BL week 17).

Force Distribution and Callus Mechanical Properties

The distribution of forces through the skeletal

structure of the elongated limb during treads is shown

in Fig. 6a. These results were normalized by the

MGRF in order to isolate the high dependency of the

IF with the MGRF. The mean IF was represented

(green line), being 2.75 MGRF. Most of the IF dis-

tributed to the external fixator (FF, blue curve) at the

end of the distraction phase, around 2.5 MGRF.

Nonetheless, the FF was gradually reducing over the

consolidation phase coming to 0.37 MGRF after 80

days after surgery. At the same time, CF presented an

inverse behavior, increasing from approximately 0.44

MGRF to 2.54 MGRF at the same time-point ana-

lyzed.

Regarding the mechanical properties of the new

tissue, the elastic modulus of the bone callus also

increased exponentially over time, as shown in Fig. 6b

(blue line) together with BT evolution (red line). From

values of between 0.03 and 10.85 MPa after distrac-

tion, the elastic modulus reached 139.50 MPa at day 75

from surgery.
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Volume of the Bone Callus

The BV of each bone callus, measured at the

slaughter time-points through the CT models, is shown

in Fig. 7a with BT data35 for further discussion. Be-

sides, the volume of an original and untreated

metatarsus fragment with an equivalent length, around

1.57 cm3, was additionally included as a reference. The

BV strongly increased during the first days of consol-

TABLE 2. Fitting coefficients (Eq. 3) with their respective 95% confidence intervals and determination coefficients (R2 and p
value) of the fitting of the forces (% MGRF) though the external fixator (FF) and bone callus (CF) over time in days.

XF a b c d R2 p value

FF 0.15 ± 0.08 2 27.95 ± 9.78 0.05 ± 0.04 2 57.35 ± 10.99 0.85 < 0.001

CF 2 0.15 ± 0.08 2 34.28 ± 8.07 2 0.04 ± 0.03 2 55.63 ± 12.33 0.89 < 0.001

TABLE 3. Exponential coefficients with their respective 95%
confidence intervals and determination coefficients (R2 and p
value) of the correlations corresponding to the evolution of

the elastic modulus of the bone callus in MPa (Eq. 4).

Process g s R2 p value

BL 3.755 ± 1.473 0.048 ± 0.006 0.933 < 0.001

BT 8.754 ± 7.778 0.046 ± 0.033 0.642 < 0.001

FIGURE 3. (a) Evolution of the maximum ground reaction force (MGRF) normalized by the bodyweight of each specimen (BW)
over the consolidation phase. (b) Evolution of the contact time with the ground invested by the operated ipsilateral hindlimb (HI) of
the animals during a stance phase: BL sheep (blue points), BT data-points from Mora-Macı́as et al.36 (red triangles), and mean value
of the control group (dotted green line).

FIGURE 4. Evolution of the ground reaction force (GRF, % BW) during the stance phases of both non-operated ipsilateral
forelimb (FI) and treated ipsilateral hindlimb (HI) in BL (blue), BT (red, from Mora-Macı́as et al.36), and the control group (green).
GRF curves are compared at three time-points after surgery: (a) week 3; (b) week 11; and (c) week 17.
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idation until reaching a maximum value of 5.46 cm3 at

day 112 after surgery. The degree of mineralization

over the total volume (% BV over TV) is also pre-

sented in Fig. 7b. The BL calluses present fast miner-

alization during the first days of the consolidation

phase, reaching 88.18–93.97 % of BV at days 121–161

after surgery.

DISCUSSION

The results presented in this experimental BL study

reveal important findings in the understanding of the

DO treatments. Several analyses were simultaneously

carried out to investigate the mechanobiological dif-

ferences and similarities with BT, as well as providing

helpful clinical information.

Our specimens suffered a predictable lameness be-

cause of the surgery and the limb length increase

produced by the distraction phase, reflected in their

MGRF values and HI contact time during the stance

phase (Fig. 3, blue markers). Regarding the MGRF

parameter, when comparing this DO process to the BT

result36 (Fig. 3a, red markers), the gait disorder in BL

becomes much more remarkable. BT animals hardly

manifested loss of bearing capacity, starting the con-

solidation phase with MGRF values, approximately

37–42% of the BW, considerably close to the control

group, 42% of the BW. In contrast, a stronger initial

lameness in BL led to a slower recovery that was not

complete after 120 days of consolidation. An inter-

mediate result was obtained in the fracture healing

study of Seebeck et al.48 They reported a minimum

MGRF value of approximately 29% of BW after dis-

tracting a tibiae sheep osteotomy to a 3 mm gap.

Concerning the HI contact time, the prolonged

reduction in mobility of the elongated limb contrasts

with the rapid recovery in BT sheep (Fig. 3b, red tri-

angles) up to the control values from day 30 of con-

solidation, 0.4–0.8 s. The subsequent slowdown in the

BT stance phase could be due to the weight of the

external fixator. This kinematic parameter normalizes

in the medium-term in both bone regeneration pro-

cesses. The mineralization process of the BT group

seems to have a low impact on the analyzed parameters

(MGRF and HI). Concerning the BL group, discom-

fort derived from distraction in long bones is suggested

to be a significant factor in the gait disturbances, which

has been shown to persist during the consolidation

phase and restrain functional weight-bearing.20,58 This

side effect could gain significance with the elongation

percentage, about 12.5% of the original bony length in

our study, which intensifies the damages caused by the

stretching of the surrounding soft tissues,4,20,39 and a

lowering of the nerve conductivity.18 Functional limb

length discrepancy could also induce temporal defor-

mities according to literature,20,37 which could affect

the loading capacity of the treated limb up to the

development of compensation mechanics. In particu-

lar, limb deformity was visually manifested in our

specimens by a rotation in the sagittal plane of the

hoof, as reported in Blázquez-Carmona et al.4

Regardless of the dissimilarities in the MGRF val-

ues in the HI limb, BL (blue curves) and BT (red

curves) treatments seem to share a similar pattern in

the GRF shape to the control data (green data), as

shown in Fig. 4. The disappearance of the second

maximum peak, corresponding to the gait propulsion

between terminal stance and pre-swing subphases in a

healthy gait cycle, is a pattern shared between both

bone regeneration processes. Moreover, this effect is

also in accordance with the BL studies of Morasiewicz

et al.37 in humans, which attributed it to a weakening

of the plantar flexor. Meanwhile, FI limb initially ac-

quires a higher bearing load during gait in both DO

processes as a compensatory mechanism to the bearing

deficit of the HI limb, which is normalizing throughout

the consolidation phase. This load redistribution ties

well with previous studies in other animal models, e.g.

the study in dogs with lameness of Fischer et al.13

The force distribution through the HI limb pre-

sented a high dependence of the IF on the loss of the

bearing capacity suffered by our specimens. Deleting

this dependency with a MGRF normalization

according to the data presented in Fig. 6a, the CF and

FF preserve their symmetric evolution as reported in

BL processes by Mora-Macı́as et al..35 Also, the

recovery rate of the CF is practically identical in both

bone regeneration processes, 80–90% of the IF after 50

days of consolidation. In tibia sheep, Grasa et al.19

reported in fracture healing this recovery level after

approximately 30 days of consolidation. Meanwhile,

200 days of consolidation were required by Aarnes

et al.2 for an average of 31 mm lengthening in human

tibiae.

From the imaging techniques, some biological

conclusions can also be drawn. Comparing the BL and

BT radiographic planes (Fig. 5) at the same weeks

after surgery, the reported non-uniformity in the den-

sity scale between BL callus regions disappears in BT,

and is not repeated in other BL studies in sheep tib-

iae.16,42 This effect could be related to a non-homo-

geneous force distribution in the bony cross-section

caused by the compensatory gait mechanism after

elongation or by a non-uniform cross-sectional stiff-

ness distribution of the surrounding soft tissues. On the

other hand, the volume of the bone callus seems to be

higher in BT. Some previous conclusions can be sup-

ported by the CT analysis (Fig. 7). Despite sharing a

similar tendency, reaching the maximum bone volume
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after approximately 121 days after surgery, the BV

increase of the BL callus (Fig. 7a, blue bars) could be

slightly lower than the BT one (Fig. 7a, red bars)

obtained in BT by Mora-Macı́as et al.35 Furthermore,

the BV of both processes remains above the control

group (Fig. 7a, green bars), 1.57 cm3, in this phase

prior to bone remodeling. Nevertheless, the mineral-

ization rate (Fig. 7b) is equivalent between BL (blue

points) and BT31 (red triangles) processes: 88.18–93.97

% and 87.55–100 % of BV at days 121–161, respec-

tively. These results validate some conclusions

obtained from the gait analysis: the rate of consolida-

tion is not a sole cause of the greater lameness of the

BL group and their slow recovery, but also the sur-

rounding soft tissue damage and the limb length dis-

crepancy. Moreover, the suggested higher BV values in

FIGURE 5. X-ray images of the BL (first row) and BT (second row) bone callus at three time-points of the consolidation phase:
week 3, week 11 and week 17 after surgery.

FIGURE 6. (a) Distribution of the internal force (IF, green) through the external fixator (FF, blue markers) and bone callus (CF, red
markers) normalized by the maximum ground reaction force (MGRF) over the days after surgery. Markers represent the
experimental points and the continuous lines represents the mean value (IF) and correlations (FF and CF), respectively. (b)
Evolution of the elastic modulus of the bone callus over the days from surgery during two bone regeneration processes: BL (blue
points) and BT (red triangles, from Mora-Macı́as et al.35). Markers represent the experimental points, and continuous line the
corresponding correlation.
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BT and the similar mineralization rates could indicate

a higher TV in the BT callus, as observed in the x-ray

analysis. As far as the authors know, no other previous

study has radiologically compared the consolidation of

bone callus from both bone regeneration processes

with the same surgery protocol and biomechanical

factors.

Focusing on the mechanical characterization of the

bone callus, the evolution of the elastic modulus in the

BL callus (Fig. 6b, blue data) and BT ones from Mora-

Macı́as et al.35 (red data) reveals interesting findings.

Fitting correlation, determination coefficients and

confidence intervals of the BT fitting are specified in

Table 3. Moreover, the Pearson correlation coefficient

between both correlation curves, being 0.9646. This

parameter suggests that the evolutions of the

mechanical properties are statistically similar between

both bone calluses during the consolidation phase.

However, the elastic modulus of the BT callus seems to

experience a slightly more exponential increase from

8.75 to 347.10 MPa in 80 days, vs. a BL increase from

3.76 to 177.51 MPa. This non-simultaneous ossifica-

tion is consistent with the degree of mineralization

perceived on the radiographic images based on their

grayscale (Fig. 5). Given the similarities in mineral-

ization rates between bone regeneration processes

presented in Fig. 7b, a lower woven bone maturation

rate derived from a lower mechanical stimulation in

the BL callus, previously quantified with the MGRF

values, could be a possible explanation for this differ-

ence. The nanoindentation study of Mora-Macı́as

et al.32 in sheep metatarsus also reported a wide range

of variation of the woven bone elastic modulus in

different bone calluses, from 7 to 14 GPa between days

35 and 525 after surgery, which is 77% of the estimated

value for cortical bone. The order of magnitude of our

results also agrees with the elastic modulus measured

in rat fracture callus via nanoindentation by Leong and

Morgan,26,27 around 27–1010 MPa. Finally, the

exponential recovery behavior of the mechanical

properties in the distraction callus agrees also with

previous studies in literature.12,35

Before concluding the discussion, it is important to

point out some limitations of this study, especially in

relation to the mechanical characterization of callus. A

homogeneous behavior was assumed throughout the

complete bone callus due to the in vivo indirect

assessment. This procedure prevents inquiring into the

ossification differences between callus inter-zones

observed in the X-ray images. Furthermore, the callus

dimensions for the elastic modulus estimation were

fixed from the CT images after the slaughter of each

animal, neglecting its slight evolution during the con-

solidation phase. Reflections from the metallic com-

ponents of the external fixator avoid a more weekly

monitoring of the volume evolution over time. Finally,

the number of specimens is another limitation that

prevents drawing more exhaustive conclusions.

Our results demonstrate a possible slower rate of

ossification in BL callus than BT ones, possibly derived

from gait compensation mechanisms and the loss of

bearing capacity quantified by the MGRF. The gait of

the operated limb after distraction is more altered in

BL due to the damage caused to the surrounding soft

tissues. Radiological monitoring also suggests a more

uniform load distribution in the BT callus. These

conclusions are reinforced by the extensive direct

comparison between studies that share bone model and

biomechanical factors. All multidisciplinary provided

information allows a better experimental understand-

FIGURE 7. (a) Bone volume of bone callus (BV) at different time-points after surgery, estimated after the segmentation of CT
images during two bone regeneration processes: BL (blue bars), BT (red bars from the correlation of Mora-Macı́as et al.35), and
control sheep (green bars). (b) Evolution of the % BV over total callus volume (TV) through the days after surgery in both
processes: BL (blue points) and BT from Mora-Macı́as et al.31 (red triangles).
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ing of DO processes combining biological and

mechanical data, which may be of interest in devel-

oping numerical tools as a future clinical resource.
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