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Abstract

A fracture model in rats for the study of secondary bone healing was described. Standard open midshaft transverse
metatarsal fracture was produced with bone cutting forceps in 28 rats. The commonly open and close fracture models
utilized for bone and mineral researches are associated with varying degree of complications ranging from a high degree
of fracture comminution to severe associated soft tissue injury which interferes with the healing process. We
hypothesized that fracture model in rat third metatarsal bone could be associated with low -post-surgical complications
and could be a reproducible model. To test this, open mid-shaft transverse fractures were created on the metatarsals of 28
rats. The objectives of the study were to evaluate the fracture complications, to determine the nature of fracture produced,
evaluate the fracture consolidation during healing periods, and to assess the histological and radiographic healing of the
fracture. The fracture produced in the mid metatarsal shaft of all rats was 100% transverse, 73% located at the midshaft.
Minimal fracture angulations were recorded (0.48 + 0.09° 0.78 + 0.17°) for anterior-posterior and lateral views
respectively. Minimal soft tissue injury was recorded immediately post-surgery, but no infection and the delayed union
was observed. Varying degrees of weight-bearing lameness was also recorded but seized at day six onward post-
operative. Callus index observed was peaked at week 2 and 3 (2.02 £ 0.1, 1.99 + 0.13) respectively but declined to 1.10 +
0.04 at week 7 during the consolidation period. The fracture line disappeared completely at week 7. The histological and
radiographic healing scores were (3.5 £ 0.13 and 3.75 + 0.25) respectively (out of the maximum healing score of 4) at
week 7 post-operative. There was a positive correlation between the histological and radiographic healing scores. The
metatarsal fracture model is considered to be a suitable model for in vivo study of secondary fracture healing.

Keywords: Fracture Model; Rat; Fracture Healing; Metatarsal.

1. Introduction

Fracture healing is a complex, well organized sequential physiological process, involving cellular and molecular
events that still need to be explored [1]. To investigate bone healing in an organized manner, numerous pre-clinical
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laboratory models have been developed and utilized extensively [2]. The use of laboratory models becomes essential
to enhance the understanding of the mechanism involved in fracture healing, as such various laboratory animal models
(avian species, goat, sheep, dog, pig and monkey) were tested in numerous fracture healing investigations [3-6].
Currently, the focus is on the use of small laboratory animals such as mouse, rat and rabbits because they are cheaper,
easy to handle, and can be genetically modified [7-10].

The previous model of bone fracture repair in rodents were produced by the application of blunt trauma externally
on the desired long bone (usually femur or tibia) with the aim of generating a standardized mid-shaft, closed, simple
transverse fracture. This model was first designed by Jackson et al. [11] and fully described by Bonnaren and Einhorn
[12] using three-point bending device known as the guillotine. The model was widely accepted for the generation of
rodent fracture model by numerous biomedical investigators [13, 14]. Over the years, there was a modification of this
model due to some associated limitations [15, 16]. One of the modifications was developed by Otto et al. [17] where
closed femoral fracture was generated in a rat model using modified three-point bending device utilizing small
ruminants ear tag applicator with the hope to minimized soft tissue damage associated with the blunt guillotine
method. However, this model was not widely accepted in comparison with the previous Bonnaren and Einhorn model.

To date, the major challenge in the generation of closed fracture model using the blinded three-point bending
device are a series of complications associated with soft tissue damage, high degrees of fracture communition, fracture
angulations, mal-union, displacement, infection and death not related to anaesthesia [15, 17]. In this model, the
generation of the fracture was carried out by blindly throwing a blunt object of defined mass, usually at a given
distance and force, which no doubt creates severe injury to the soft tissue surrounding the bone, thereby interfering
with the fracture healing process as reported by Auregan et al. [15] and Handool et al. [10]. These limitations made the
reproducibility of this model inconsistent to many investigators.

Experimental fracture models equip investigators to test different research interventions on the normal processes of
bone healing [18, 19]. Most of the studies utilize rodents for fracture models, because it has been reported that fracture
healing in rodents is extremely rapid and effective when compared to typical clinical scenarios [20]. Therefore,
researchers must be cautious in translating outcomes related to time of fracture union or stiffness of the union in
relation to clinical benefit [18]. A considerable number of fracture models were described in the literatures, with the
variations of the models are typically defined by the animal used, the site of the fracture and the pattern whether it is
open or closed. Other consideration is whether the animal used was genetically manipulation or not [21, 22].

Traditionally, the use of large animals for fracture healing model was preferred because bone remodeling in large
animals have been reported to mimic the scale and structure of the human bone [22]. However, with the advent of
molecular and genetic techniques, the use of laboratory animal models has become popular [23]. The murine fracture
healing models is readily amenable to genetic alteration and could be studied with existing antibodies and probes.
Another advantage of the laboratory animal model is the ability to maintain the animals at relatively low costs when
compared to large-animal models [19].

The soft tissue injuries associated with the severe open fractures is one of the great challenges for both open and
closed fracture models [24]. Although the severity of the closed fracture model is greater than that of the open fracture
model. The soft tissue injury may lead to numerous complications, such as osteomyelitis, tissue necrosis, ischemia,
and limb amputation in some cases [23, 35]. It is widely accepted that the outcomes of fracture healing depends not
only on the fracture itself but also the combined soft tissue injury [22]. Therefore, it is important to develop an animal
model for open fracture research with minimal soft tissue injury in order to overcome the challenging factors that may
interfere with the fractures healing.

This study was aimed at developing an improved quality and reproducible experimental fracture model on the
metatarsal of rat with minimal complications. To achieve this, standard mid-shaft transverse fracture was generated at
the third metatarsal bone using Liston bone cutting forceps (Solingen, Germany). After generation of the fracture, the
following parameters were used to assess the fracture model viz; evaluation of the fracture complications,
determination of the pattern of fracture produced, evaluation of the fracture consolidation during healing and
assessment of the histological and radiographic healing of the fracture produced. The choice of third metatarsal bone
was considered for two major reasons; we have in mind that the two left and right lateral metatarsal bones (2" and 4"
could help stabilized the fracture without the required fixation with an intramedullary pin or any other bone implants
and to avoid anatomical areas where there is excessive soft tissue mass, to minimized soft tissue damage interfering
with the fracture healing. To the best of our knowledge, this is the first fracture model of secondary bone healing using
the third metatarsal, which is considered as one of the long bones. The outcome of this investigation may be useful to
researchers to efficiently study the bone healing, genetic modification of fracture healing, enhancement of fracture
healing, novel treatments on bone healing and other relevant clinical applications involving rodent fracture model.
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2. Materials and Methods
2.1. Research Animals and Experimental Design

The study was undertaken according to the protocol approved by the Institutional Animal Care and Used
Committee of Universiti Putra Malaysia (IACUC, UPM) (reference no. R028/2015). Twenty-eight (28) female
Sprague-Dawley rats were acquired from animal resource facility of the Faculty of Veterinary Medicine, Universiti
Putra Malaysia (ARF, UPM). The animals were six weeks old with a weight range between 190-220g, with no more
than 40 grams variation in group weight. They were housed and fed according to the principles and guideline of the
IACUC, UPM. The rats were conditioned for one week before the start of the experiment. The summary of the
experimental design is provided in Figure 1 below.

Ethical approval was sought for the study.

|

(N=28), six week-old, female Srague-Dawley rats
were used for the experiment. Their body
weight range was 190-220 grams.

|
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7 during healing period.

Figure 1. Flowchart of the experimental design, from the ethical approval to completion of the study

Each rat was anaesthetised using intramuscular injections of a mixture of ketamine (Ketamine injection, 100
mgmL~?, Troy laboratories PTY, Australia) and xylazine (llium Xylazil 100 mgmL-, Troy laboratories PTY,
Australia) 70 mgkg-t and 7 mgkg-! respectively. Tramadol HCI 50 mg (Biolab Co., LTD, Thailand), was administered
subcutaneously at ten mgkg-! for pre-operative analgesia. The left limb was used for the creation of the fracture in all
the rats. The whole metatarsal area was clipped and scrubbed with 4% chlorhexidine gluconate (Global trade
laboratory Co. Ltd, Malaysia), 70% isopropyl alcohol (Global trade laboratory Co. Ltd, Malaysia), and finally wipe
with gauze containing povidone-iodine (Advanced Healthcare Solution, Malaysia) as described by Yakubu et al. [26].
The rats were placed on dorsal position on the surgical table spread with a warm sterile towel.

2.2. Surgical Procedure

Standard 1.5 cm incision was made directly on the third metatarsal of the left limb. The bundles of the ligaments
covering the bones were exposed and carefully retracted laterally to expose the bone. The third metatarsal bone was
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identified and cut transversely with Liston bone cutting forceps (Solingen, Germany) at the mid diaphyseal region of
the bone. The bone was anatomically reduced before skin closure. The skin was closed in a single layer using a simple
interrupted suture pattern with non-absorbable suture Ethilon™ size 4/0 (Johnson Company, Scotland) (Figure 2).

®) E®) )

Figure 2. Photographs of sequential surgical steps of creating 3rd metatarsal transverse mid shaft fracture. (A) final skin
preparation with povidone iodine and drapping of the surgical site, (B) skin incision directly on the 3rd metatarsal bone, (C)
exposure of the metatarsal bones, (D) fracture creation with Liston bone cutting forceps, (E) transverse mid shaft fracture
created, and (F) single layered skin closure with ethilon non absorbable suture in simple interrupted closure pattern after
anatomical reduction of the fractured bone

Tramadol HCI 50 mgmL* at ten mgkg™* was administered subcutaneously for pre and -post-operative analgesia; it
was repeated after every 24 hrs for three days. Two standard orthogonal radiographic views lateral (L) and anterior-
posterior (AP) of the fractured limb were taken immediately postoperative in order to ascertain the nature and pattern
of the fracture produced. The radiographs were taken using portable digital x-ray unit PXP-20HF (Poskom Co., Ltd,
Korea) attached with Carestream DRX-mobile retrofit kits (Carestream Health, Inc., USA). The counter lateral right
limbs were used as the control in all rats.

The radiograph was repeated at 2, 3, 4, 5 and 7 weeks post-surgery to monitor the progress of the healing. Four
(n=4) rats were euthanized at day 4, then week 1, 2, 3, 4, 5, and 7 post-surgery. Euthanasia was achieved using
intraperitoneal injection of 20% Pentobarbital (Dolethal®; Vetoquinol, France) at 90 mgkg™.

2.3. Evaluation of Fracture Complications

Complications associated with this fracture model were assessed based on the following parameters; the survival
rate of the rats after full recovery from anaesthesia, feed and water intakes, the severity of weight-bearing lameness,
degree of soft tissue damage by visual examinations 12 hrs. post-surgery until clinical signs were resolved and delayed
union using radiographic evidence at the termination of the experiment.

The percentage survival rate was determined by calculating the number of rats that survived the surgical
manipulation without mortality associated with anaesthesia complication throughout the period of investigation. Daily
feed and water intake per cage were quantified during the one-week conditioning period. This was achieved by giving
known quantity of feed and water to the four rats in each cage. After 24 hrs, the leftover quantity was subtracted from
the initial amount given to determine the approximate quantity consumed as described by Vento et al. [27]. This
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procedure was carried out for one week prior to fracture induction, and the average feed consumed per cage was
computed. The percentage feed and water intake were then determined when rats were returned to their cages after
recovery from general anaesthesia on a daily basis until the feed and water intakes were restored to normal.

The severity of weight-bearing lameness was quantified using modified three-point scoring criteria described by
Fitzpatrick et al. [28], i.e. rat without evidence of lameness (score 0), partial lameness (score 1), and complete
lameness (score 2). The weight-bearing scoring commences immediately within the first 12 hrs. after recovery from
anaesthesia and subsequently repeated after every 24 hrs. until when the weight-bearing lameness is restored to
normal. In this scoring criterion, a rat can only have a single score at a point; therefore maximum score point was 2
while the minimum was 0.

The degree of soft tissue damage on the other hand was assessed based on visual and physical examinations of the
skin surrounding the fractured limb of the rats post-surgery. The evaluation was carried out within the first 12 hrs.
post-surgery, and subsequently on a daily basis until clinical signs indicating soft tissue damage disappeared. The soft
tissue damage was scored using modified four-point scoring criteria described by Sylvestre et al. [29]. Clinical
parameters considered for the scoring were; no visible lesions (score 0), erythema (score 1), visible swelling (score 2),
and tissue necrosis (score 3). In this scoring criterion, one rat may have all the clinical parameters at a given point;
therefore maximum scoring point could reach up to 6 points, while the minimum score could be 0.

Delayed union as a complication was also assessed using radiographic evidence at the terminal point of the
experiment (week seven post-surgery). Week seven was considered a terminal point of the experiment based on the
result of the pilot study conducted. The fracture was considered to have delayed union when radiographic evidence
shows persistent fracture line at 7-week post-surgery as described by Gomez-Barrena et al. [30].

2.4. Assessment of the Pattern of Fracture Produced

The pattern and consistency of fracture created was evaluated to determine if the fracture is transverse, spiral or
obligue with or without communition. The anatomical location of the fracture was also assessed and determined using
radiographic evidence within 24 hrs. post-surgery. Fracture angulations were also quantified as described by Lamraski
et al. [31] and Auregan et al. [15] using radiographic evidence with Image J software version 1.50d (NIH, Maryland;
USA).

2.5. Evaluation of Fracture Consolidation

Fracture consolidation was assessed and evaluated based on two parameters; callus index and fracture line
disappearance in the course of the healing period. The callus index was measured by taking the ratio of the callus
diameter against the diameter of the counter lateral normal limb (callus diameter/normal bone diameter) as described
by Porter et al. [32]. The callus diameter was measured under the dissecting stereo-microscope (Huvitz; HSZ-645TR,
Korea) fitted with 3.1 mega pixel digital camera (VIS imaging; UC3010; Malaysia) and VIS plus ver.3.50 image
analysis and measurement software; Canada. The diameters of the callus and normal bones were measured in
millimeter (mm) at x 6.5 objective magnification according to the standard procedure described by Abubakar et al.
[33]. The radiographic evaluation fracture line disappearance was determined, according to Auregan et al. [15] at
different radiographic evaluation periods of the study.

2.6. Histological and Radiographic Assessment of Healing

Both fractured and the corresponding counter lateral metatarsal bones were dissected and harvested after the rats
were euthanized at different healing intervals, as indicated earlier. The bones were decalcified with 10 % formic acid
(Sigma-Aldrich, USA) for four days, every 24 hrs., the formic acid solution was discarded and replaced with a new
stock solution and the bones were fixed in 10% buffered formalin (Sigma-Aldrich, USA). They were dehydrated
through a series of ethanol solution using (TP 1020 semi-closed benchtop tissue processor; Leica, Singapore), then
embedded in paraffin wax using standard procedure described by Duttmeyer [34]. Four (4 um) serial sections were
obtained using Reichert-Jung 2045 multicut rotary microtome, USA. The sections were then mounted on poly-L-
lysine coated microscope slides (Menzel-Glaser, Germany). After de-parafinization with xylene and rehydration with
decreasing concentration of ethanol solution (100% and 70%) the sections were stained with hematoxylin and eosin (H
and E), air-dried and mounted with a cover slip.

The histological and radiographic assessment score was carried out by two independent assessors that were blinded
to the experimental design. The histological slides were assessed and healing was scored at week seven when the
experiment was terminated, healing was scored using five-point modified scoring criteria described by Shoji et al.
[35]. The histological features used for the scoring were; pseudoarthrosis formation (score 0), incomplete cartilaginous
union with fibrous remnant within callus (score 1), complete cartilage union (score 2), bony union less than complete
due to presence of a small amount of cartilage in the callus (score 3), and complete bony union (score 4).
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Radiographic features of healing were assessed and scored using modified five-point grading criteria described by
Estai et al. [36]. The radiographic assessment score was carried out by two independent assessors that were blinded to
the experimental design. The radiographic features used for the scoring were; no evidence of healing (score 0),
evidence of callus formation but fracture gap not bridged (score 1), callus formation evidence with a possible bridge of
fracture gap (score 2), callus formation evidence with the good bridging of fracture gap (score 3), evidence of fracture
union (score 4).

2.7. Data Analysis

Data were presented in the form of tables and graphs. Comparison between two sets of data was carried out using
Student’s t-test or a suitable non-parametric test if the data set were not normally distributed. Time-course experiments
were analyzed with a one-way ANOVA for which appropriate post hoc-tests for comparisons was conducted. The
analysis was carried out using IBM SPSS for Windows, version 22.0, while graphs were plotted using GraphPad
Prism 7. Non-scoring data were presented as mean and standard error of the mean (SEM). P values <0.05 were
considered significant.

3. Results

3.1. Fracture complications

All the 28 rats (100%) operated survived to their allocated euthanasia period; there was no case of infection of the
surgical site recorded. Feed and water intake were reduced by 20% within the first 72 hrs., and by 10% within 96 hrs.
post-surgery. Normal feed and water intake were restored at six days post-surgery. Radiographic and histological
results at fifth and seventh weeks post-surgery indicate no evidence of delayed union at the fracture site (Figure 3).

Figure 3. The representative of radiographic and light micrographic features of the fracture healing at week 5 and 7 post
operation indicating non delayed union healing. (A and B) anterior posterior (AP) view of 3rd metatarsal healing at week 5
and 7 respectively, arrows indicate the fracture line bridged with mineralized bone. (C), histological features at week 5, the
arrows indicates woven bone (WB), lamilar bone (LB) and non-mineralized bone (NMB). (D), histological healing at week 7,
the arrows indicate predominant lamilar bone structures. Scale bar =100 um in all panels, X10 objective. Slides were
stained with H and E

Varying degrees of weight-bearing lameness was recorded immediately after anesthetic recovery. The lameness
disappeared at maximum day 6 post-operation. The maximum weight bearing score was recorded within the first 12
hrs. post-surgery. The weight bearing lameness scores subsequently declined and reaches a minimum score on day
five post-surgery. By day six post-surgery, there was no weight-bearing lameness observed. There was a significant
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difference of weight-bearing scores (P< 0.05; Kruskal-Wallis one-way ANOVA) among the median scores at different
healing intervals (Figure 4).

2.5 +

15 4

Median weight bearing scores
*®

0.5 4

12h D1 D2 D3 D4 D5 D6

Healing periods

Figure 4. The line graph indicating trends of median weight bearing scores as the fracture healing progress *Denotes
significant differences (P <0.05; nonparametric Kruskal-Wallis one-way ANOVA) from D5 among median weight bearing
scores at different healing intervals. (n=28) rats were evaluated for the weight bearing score from 12hrs to day 5, whereas
(n=24) rats were evaluated on day 6 post surgery.

Significant variation of soft tissue damages was recorded, the maximum soft tissue damage score was observed
within 24 hrs. post-surgery. The soft tissue damage score significantly declined as the healing progresses; the least
score was recorded at day 10 post-surgery. On the 11™M-day post-operative, there was no soft tissue damage observed
(Figure 5).
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Figure 5. Photograph and graphical comparative appearance of surgical site at day 11 post surgery and graphical trend of
soft tissue damage scores during healing. (A) Soft tissue injury comparison between fractured limb (indicated by arrow)
and the counter lateral control limb at day eleven post operation when visible signs of soft tissue injury disappeared. (B)
Trend of soft tissue damage from 12 hrs post operation to its disappearance. *Denotes significant differences (P <0.05;
nonparametric Kruskal-Wallis one-way ANOVA) from D10 among degree of soft tissue damage at different healing
periods.

The soft tissue damage score maintains a constant peak reading between 12 to 24 hrs. postoperative. There were
significant differences (P<0.05, non-parametric Kruskal-Wallis one-way ANOVA) in median soft tissue damage
scores among the post-operative scoring intervals.
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3.2. Pattern of Fracture Produced

All fracture generated on the twenty-eight rats were transverse. However, 17% of the transverse fractures were
anatomically located at proximal /5 of the metatarsal shaft whereas 10% of the fractures generated were located at
distal ¥/; of the metatarsal shaft. Significant percentages (73%) of the fracture produced were anatomically located at
the midshaft of the metatarsal bone. There were minimal fracture angulations along the axis of the bone using anterior-
posterior (AP) and lateral radiographic views taken immediately post-surgery within 0-12 hrs. after the operation.
Image J measurement of the fracture angles revealed a greater degree of angulations in lateral view (0.78 + 0.17°)
compared to the anterior-posterior view (0.48 + 0.09 ©). Paired student t-test showed no significant difference (P>
0.05) between mean AP views angulations and L views angulations (Figure 6).
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[&)
(4]
5 03
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S 02
=
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O .
AP view L view

G Radiographic views

Figure 6. The radiographic, gross appearance and graphical presentation of the pattern of fracture produ ced. Lateral (L)
and anteri or posterior (AP) views of representative radiographic with evidence of mid shaft fracture produced. A is a
lateral view, (B, C and D) AP view radiographic with evidence of fracture angulations, (G) graphical presentation of
radiographic degree of fracture angulations in lateral and anterior posterior view. There was no significant difference
between two radiographic views. A, B, C and E radiographs were taken immediately after surgery, while E was taken 1
week after surgery. F is a gross appearance of fractured and control bones 2 weeks after surgery showing gross angulations.

3.3. Fracture Healing Consolidation

The callus index (Cl) was determined at 6 different points of healing intervals in order to observe the trend of
fracture healing progress. It was observed that callus index was very low at day four postoperative (1.2 + 0.05), it then
significantly increased at week one (1.97 £ 0.09), and peaked at week two (2.02 + 0.1) postoperative. The callus index
then gradually starts to decline at week three, by week seven, when the experiment was terminated, it was drastically
reduced to (1.1 + 0.04). There was a significant difference (P< 0.05) among the means callus index at weeks 1, 2 and 3
when compared with initial mean index recorded at day four postoperative (Figure 7).
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Figure 7. Graphical presentation of fracture consolidation recorded evidence by the trend of callus formation and
resorption in the course of the fracture healing. *Denotes significant difference (P< 0.05, one-way ANOVA) from D4 among
the mean callus index at different healing intervals. Data were presented as Means = SEM.

Radiographic evidence of fracture line disappearance at different healing intervals revealed that fracture line started
to disappear at week one with 10% of the radiographic fractured metatarsal has no fracture line. The percentage
fracture lines disappearance progressively increased at week three, four and five post-operative. There was no fracture
line observed at week seven (Table 1).

Table 1. Percentage radiographic evidence of fracture line disappearance

Radiograph intervals (Weeks) W2 W3 w4 W5 w7
No. of rats with fracture lines appearance 18 11 4 1 0
No. of rats with fracture lines disappeared 2 5 8 7 4
Total no. of rats examined 20 16 12 8 4

% of rats with fracture lines disappearance 10 31.25 66.7 87.5 100

3.4. Radiological and Histological Healing Evaluation

The mean healing scores based on lateral view radiograph was apparently higher than that of anterior-posterior
views 3.75 + 0.25 and 3.5 + 0.29 out of the maximum 4 point score respectively. However, paired student t-test
showed no significant differences between the mean scores of the two radiographic views. The mean histological
healing score was 3.5 + 0.13 out of the maximum 4 point score (Figure 8).
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Figure 8. The radiographic, graphical and light micrographs of healing assessment at week 7 of fracture healing. (A and B)
representative radiographic features of healing at week 7, arrows on the radiographs indicate point of fractures, (C)
graphical presentation of radiographic AP, L views and histological healing scores showing no significant differences among
the 3 healing scoring parameters. D and E are histological features of controlled and fractured bones respectively at week 7
of fracture healing showing cortical bridging of the fracture line with few woven bones (WB) mixed in the predominant
lamella bones (LB). Scale bar =100 pm in all panels, X10 objective. Slides were stained with H and E.

Kruskal-Wallis one way ANOVA shows no significant difference among the means of the anterior-posterior score,
lateral views scores and the histological healing scores. The Pearson correlation coefficient between the histological
and radiographic healing scores shows a positive correlation with an r-value of (r = 0.577).

4. Discussions

Most of the fracture models for biomedical investigation using rodents were performed by creating a closed
fracture of either femur or tibia using various types of blunt object to generate the fracture [10, 15]. Few others were
created by direct osteotomy of the femur or tibia after surgical exposure of the targeted bones [22, 37]. Creating a
fracture using either blunt objects or direct osteotomy techniques in either femur or tibia regions implies traumatizing
the soft tissue surrounding the bones because both regions are heavily surrounded with soft muscle tissues that play
important physiological roles during movement. Therefore, it is evident that the soft tissues surrounding the fracture
and the periosteum play a crucial role in the fracture healing events as reported by Claes et al. [38]; Zhang et al. [39];
li et al. [40]. Due to this reason, the use of anatomical location like metatarsal regions where there are less soft tissues
mass will be preferable to avoid massive soft tissue injury that disrupt the fracture healing. Foster et al. [23] reported
that apart from the disruption of fracture healing, the complications may lead to localized infection of both soft and
bonny tissues around the affected area and if care is not taken it will result in septicemia.

The use of the guillotine-like device and other three-point bending apparatus to generate closed fracture models as
described by numerous investigators [10, 11, 12, 15, 19] have multiple recurrent cases of the animal being excluded
from the studies, because the fracture produced was not at the target anatomical location proposed earlier. For
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example, 15%, 9% and 12% of the rats were excluded by Jackson et al. [11]; Manigrasso and O’Connor, [41];
Auregan et al. [15] respectively. In a recent study conducted by Shi et al. [20], the complications of closed tibial
fracture was categorized into type | to Ill, with type Ill having the severe localized injuries ranging from muscles
avulsion, vascular rupture, ischemia of distal extremities and bonny comminution. These limitations make the
techniques of these popular fracture models to be a little bit difficult to be reproducible without modifications.
Although the force (Kgms?), the mass of the object (grams) and distances (centimetre) at which the blunt object is
thrown to generate the fracture at the desired anatomical location is controlled, still in few cases, the fracture is not
generated at the first attempt, which makes it necessary to make several attempts in order to produce the closed
fracture, this multiple attempts also affect the integrity of the soft tissues surrounding the targeted bone as reported by
Auregan et al. [15].

Some of the criteria used to assess complications of fracture created from an animal model are; the inability of the
animal to resume normal feed and water intake within short duration postoperative [42], degree of weight-bearing
lameness and its persistence, the existence of soft tissue injury and its persistence [39]. The present study has shown
that normal feed and water intake were observed to be minimally affected within the first five days postoperative, this
could be associated with the stress coupled with the quantum of pain, even though analgesic was given to relieve the
pain. Although, there is currently no fracture model study that quantifies the intake of feed and water as criteria for
evaluating complication. This study suggested that feed and water intake could be affected within five days after
generation of fracture model. This in-turn may affect the bone healing process through a decline in nutrients supply
that is necessary for energy production.

Acute complete weight-bearing lameness was recorded within the first 12 hrs. and drastically reduced within 24 hrs
post-operative and finally disappeared at day five postoperative. Previous literature reported acute weight-bearing
lameness for up to 48 hrs. with persistence partial weight-bearing lameness for up to 2-3 weeks as normal [17]. This
study revealed that partial lameness was resolved completely after day 5 post-surgery. This may suggest that our
procedure has inflicted minimal complication, hence resumption of normal ambulatory at day six -post-operation. Otto
et al. [17] reported persistent partial lameness until 2 weeks post-operation. The early resumption of ambulatory
observed might have helped enhance the healing process of the bone. It was reported by Morshed, [43]; Bigham-
Sadegh and Oryan, [44] that, micro-motion within fracture environment due to early attempt to bear partial weight on
fracture limb may bring about mechanical stimulation that can promote healing. The early weight-bearing may also
prevent disuse atrophy of the fractured limb.

Moderate soft tissue injury score was recorded within the first 24 hrs. post-operation, which continues to decline
progressively and completely seize at 10-day -post-operation. The continued decline of the soft tissue injury score is a
strong indication that the muscle and ligaments tissues surrounding the fractured bone were not severely traumatized
to the extent that the bone healing process was compromised. It was reported by Claes et al. [38] and Rotter et al. [45
that severe soft tissue injury causes disturbance of microcirculation which may interfere with inflammatory cell
response by increasing permeability of the micro-vasculatures. Claes et al. [38] reported moderate soft tissue damage
that persisted for more than ten-day post-operative, which brought about delayed fracture healing in their
investigation. It was also reported that soft tissue trauma could delay periosteal response to healing [46, 47]. The
findings of this study agreed with that of Shi et al. [20] where soft tissue injury persisted for seven days postoperative.
Although the severity of the soft tissue damage they recorded was greater when compared to this study, the likely
reason why they have severe soft tissue injury is that the fracture model they generated was the closed type. Therefore,
compared with these existing models, our approach would have been more useful in secondary fracture healing
research because we produce a model with minimal soft tissue injuries in a rat metatarsal fracture model with high
reproducibility.

The anatomical location (proximal, mid-shaft or distal) of the fracture generated from the animal model and pattern
of the fracture (transverse, oblique or spiral) are very important criteria to assess the quality of the fracture produced.
The target of most if not all investigators, when producing a fracture model in laboratory animal is to generate
transverse midshaft diaphyseal fracture of the targeted bone. Majority of the fracture generated in this study met these
criteria because 100% of the fractures that we generated were transverse in the pattern. However, seventy-three per
cent (73%) of the fractures were correctly located at mid shaft. In contrast, 10% and 17% of the fractures were located
more to the proximal and distal part of the metatarsal bone, respectively. The total 27% of the fracture produced out of
the targeted area could be associated to the inadequate space to manipulate the 3 (middle metatarsal) bone because it
is anatomically bounded laterally by the 2™ and 4" metatarsal bones, this may likely make it a bit difficult to explore
the target metatarsal bone. This could be one of the limitations of this present fracture model. Li et al. [48]; Auregan et
al. [15] reported that 85.8 % and 88% of the femoral closed fractures produced were transverse with little deviation
from the targeted mid shaft location.

Minimal fracture angulations were recorded that are more prominent on lateral views of the radiograph. This is
contrary to the findings of Auregan et al. [15], where fracture angulations were prominent on the anterior, posterior
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views. However, the degree of fracture angulations we reported was lower than those recorded in a closed fracture
model in which the fractured limbs were stabilized with K-wires [15, 17]. The high fracture angulations reported in a
closed fracture model could be associated with the impact of the blunt object used for the fracture induction on the
targeted bone; this is because the intramedullary pin is usually pre-inserted in place before fracture induction. The
lower fracture angulations record in this study could be explained by the bilateral support of the fractured metatarsal
bone provided by the 2" and 4" metatarsal bone, which makes the fracture edges to be stabilized even though without
an intramedullary pin or other implants support. The low degree of angulations recorded could also be associated with
the rapid healing observed, along with progressive fracture consolidation recorded evidence by low callus index
observed at week seventh postoperative. Many investigators are considering the high degree of fracture angulations as
a deformity that may prolong the duration of fracture healing time [49]. The findings of low fracture angulations in
this study corroborate with that of the study conducted by Williams et al. [19] in a mouse model where low fracture
angulations were recorded in a closed femoral fracture model.

Although the aim of this study was not to keep the rats until the complete healing process has taken place, an
attempt was made to assess the degree of the healing process at week seventh when animal experimentation was
terminated. The histological and radiographic assessments of bone healing are among the most important qualitative
and quantitative criteria used for evaluating fracture healing process as reported by Morshed, [43]; Gomez-Barrena et
al. [30]; Porter et al. [32]. The radiological healing evaluation results of both lateral and anterior-posterior views
revealed good, advance healing process with the majority of the radiological feature showed good bridging of the
fracture gap. Similarly, quantitative histological healing scores revealed advanced healing process evidence by a small
amount of cartilage within the fracture micro-environment. The high quantitative healing scores recorded both in
radiological and histological assessments at week seventh signified rapid healing process, which could be associated
possibly with early weight-bearing response, moderate inflammatory response linked to mild soft tissues injury
recorded and possible stabilization support provided by the bilateral 2" and 4™ metatarsal bones. The positive degree
of correlation between the histological and radiographic healing assessment is also an indication that there are
agreements between the two healing assessment employed. The positive correlation found between the radiographic
and histological healing assessment in this study agree with that of the study conducted by Aurégan et al.; Williams et
al.; Haffner-Luntzer et al. [15, 19, 49].

5. Conclusion

Transverse fracture model of 3" metatarsal mid-shaft was successfully produced in rats. The model has minimal
complications that may likely delay fracture healing or causes the death of experimental animals, hence can be
reproduced. The normal feed and water intake were resumed within five days after generation of the fracture when
compared with the existing models. Normal limb ambulation was also restored within five days of generation of
fracture. The fracture generated has a minimal angulation that is acceptable for bone healing. The radiographic and
histological healing assessments of this model indicate rapid healing devoid of any clinical complication. The major
limitation of this model was the inability to produce 100% mid-shaft metatarsal fracture, because of the limited space
between the 3 and 2", as well as 3@ and 4" metatarsal bones. Nevertheless, 73% of the open fracture generated in
28 rats that were used was targeted at the mid-shaft diaphysis of the metatarsal bone. Therefore the model could be
considered to be suitable for laboratory investigation of secondary fracture healing.
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