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Abstract 

Background  Rodent models are commonly employed to validate preclinical disease models through the evaluation 
of postoperative behavior and allodynia. Our study investigates the dynamic interplay between pain and functional 
recovery in the context of traumatic osteotomy and surgical repair. Specifically, we established a rat model of tibial 
osteotomy, followed by internal fixation using a 5-hole Y-plate with 4 screws, to explore the hypothesis that histologi-
cal bone healing is closely associated with functional recovery.

Objective  Our primary objective was to assess the correlation between bone healing and functional outcomes 
in a rat model of tibial osteotomy and plate fixation.

Methods  Seventeen male Sprague–Dawley rats underwent a metaphyseal transverse osteotomy of the proximal 
tibia, simulating a fracture-like injury. The resultant bone defect was meticulously repaired by realigning and stabiliz-
ing the bone surfaces with the Y-plate. To comprehensively assess recovery and healing, we performed quantitative 
and qualitative evaluations at 2, 4, 6, and 8 weeks post-surgery. Evaluation methods included micro-CT imaging, X-ray 
analysis, and histological examination to monitor bone defect healing. Concurrently, we employed video recording 
and gait analysis to evaluate functional recovery, encompassing parameters such as temporal symmetry, hindlimb 
duty factor imbalance, phase dispersion, and toe spread.

Results  Our findings revealed complete healing of the bone defect at 8 weeks, as confirmed by micro-CT and his-
tological assessments. Specifically, micro-CT data showed a decline in fracture volume over time, indicating pro-
gressive healing. Histological examination demonstrated the formation of new trabecular bone and the resolution 
of inflammation. Importantly, specific gait analysis parameters exhibited longitudinal changes consistent with bone 
healing. Hindlimb duty factor imbalance, hindlimb temporal symmetry, and phase dispersion correlated strongly 
with the healing process, emphasizing the direct link between bone healing and functional outcomes.

Conclusions  The establishment of this tibia osteotomy model underscores the association between bone healing 
and functional outcomes, emphasizing the feasibility of monitoring postoperative recovery using endpoint measure-
ments. Our overarching objective is to employ this model for assessing the local efficacy of drug delivery devices 
in ameliorating post-surgical pain and enhancing functional recovery.
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Introduction
Long-bone fracture is one of the most common mus-
culoskeletal injuries across all populations [1–3]. Tibia 
fractures, of which distal location of injury is the most 
common (37.8% [4]), have a high incidence of complica-
tions such as delayed union, nonunion [5, 6] and frac-
ture-related infection [7]. The extent of injury and the 
difficulty in healing the tibia is due to multiple biologi-
cal and biomechanical factors such as the involvement of 
soft tissue damage, the difficulty in wound coverage, the 
high incidence of periosteal damage and interruption of 
the intramedullary blood supply [8]. These fractures are 
associated with postoperative pain that can significantly 
affect the patients’ quality of life [9] and result in serious 
consequences such as loss of long-term income [10]. Data 
from clinical studies have shown that severe postopera-
tive pain is associated with an increased risk of complica-
tions, a slow recovery process, delayed return to normal 
function, prolonged hospital stay, increased readmission 
rates, and higher total costs [11]. Thus, addressing pain 
associated with tibia fractures is significant. There is a 
need to improve the animal models relating to fracture 
with additional functional outcome measures to assess 
the efficacy of pain management. This can increase the 
translational value of preclinical studies which test differ-
ent treatment tools and methods to address pain. While 
existing studies have focused extensively on bone heal-
ing, there is a need to explore the relationship between 
bone healing and functional recovery. Our study aims 
to address this need by investigating the use of the func-
tional outcome measures of gait analysis and weight 
bearing in a rat tibia fracture model.

Small animal models present the advantage of studying 
long-bone fractures in a cost-effective and timely manner. 
We have chosen to use the rat due to the relative ease of 
placing implant materials locally and studying gait. The 
study of pain and pain-related behavior is most common 
in the rat in disease models of osteoarthritis; bone healing 
is not a focus in these models [12]. For modeling of long-
bone metaphyseal fracture in the rat, the distal femur and 
the proximal tibia are the most widely used fracture sites. 
The proximity of the fibula to the tibia makes the creation 
of a tibial fracture/defect more difficult compared to that 
in the femur, requiring good surgical technique and sta-
ble plate fixation to avoid fibula damage. There are a vari-
ety of methods for the fixation of tibia fractures including 
K-wires, degradable rods, wire cerclage, T-shaped mini-
plate, and Y-shaped miniplate fixation [10]. Studies have 
shown high union rates and low incidences of infection, 
malunion, nonunion, and malalignment with plate fixa-
tion for the distal tibia fracture [13, 14]. We chose to use 
a standardized rat tibia osteotomy model to simulate 
a tibia fracture; using a Y-shaped miniplate for fracture 

fixation [10, 15] with a small modification of abutting the 
bone surfaces of the osteotomy instead of the 1-mm oste-
otomy gap used previously. We aimed to establish longi-
tudinal assessment of pain and function in this long-bone 
fracture and healing model.

Most studies of long-bone fracture focus on bone heal-
ing [16–18] or fracture pain using allodynia [19]. Few ani-
mal models have applied postoperative function to study 
specifically postsurgical fracture pain and subsequent 
longitudinal recovery [20]. Our prior success in develop-
ing a rat model for periprosthetic joint infection incor-
porating gait analysis, and evaluation of weight-bearing 
symmetry, to gauge postoperative function in this ortho-
pedic complication, has laid the groundwork for our cur-
rent approach [21]. We hypothesize that the recovery 
of function following osteotomy and plate fixation can 
be assessed through gait analysis, with functional out-
comes correlated to bone healing. In our investigation, 
we scrutinize the temporal progression and extent of 
bone healing through histology and micro-CT, respec-
tively. Simultaneously, we analyze gait patterns, and 
weight-bearing asymmetry to comprehensively evaluate 
functional recovery and establish potential correlations 
between these parameters. Our overarching objective is 
to ultimately evaluate various local treatment regimens 
for pain management as part of a multifaceted strategy 
for enhancing pain control and functional recovery in the 
context of long-bone fractures.

Materials and methods
Animals and study timeline
This study was approved by the Institutional Care and 
Use Committee of Massachusetts General Hospital 
(2019N000031). The study is reported in accordance with 
ARRIVE guidelines. Seventeen adult male Sprague–Daw-
ley rats were given facility chow and water ad libitum and 
randomly assigned (n = 3–5 per time point; 350-400  g; 
Charles River, Wilmington, MA). Diet supplementation 
was given a couple days after surgery to help rats recover 
their weight after an observed weight decline. The time-
line of all procedures is shown in Figure S1. Animals 
were acclimatized for three days preoperatively. On the 
day before surgery, we performed preoperative baseline 
measurements. Postoperatively, video recording was per-
formed for gait analysis as well as weight bearing meas-
urements and serum α-2-Macroglobulin (α2M) ELISA 
analysis for inflammation. Euthanasia was carried out by 
administering an intraperitoneal injection of pentobarbi-
tal euthanasia solution (Euthasol®) at a dosage of 100 mg/
kg on days 14, 28, 42, and 56 (with n = 3–5 for each 
timepoint), followed by the collection of bone samples. 
Micro-CT imaging and histology was performed ex vivo. 
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One animal assigned to be euthanized at day 14 died pre-
maturely due to causes unrelated to the trauma.

Surgical procedure: tibia osteotomy and plate fixation
Rats (body weight: 250–350 g; age 10–11 weeks) received 
preoperative buprenorphine (0.05  mg/kg, IP) 30  min 
before isoflurane anesthesia (1–3% isoflurane in 1L of O2/
min for maintenance). Leg fur on the surgical limb (right 
leg) was shaved, and the skin was scrubbed with 10% pov-
idone-iodine solution. A 3–4 cm skin incision was made, 
and the muscle was cleaned from the bone to expose the 
knee joint and the middle tibia of the right leg. During 
surgery, a metaphyseal transverse osteotomy of the proxi-
mal tibia was created by TPS Sagittal Saw (Stryker, MI, 
USA) 5  mm distal to the tibia plateau, and it was fixed 
by abutting the bone surfaces with a 2.3  cm long and 
0.7  mm thick 5-hole Y-plate (Synthes, CO, USA), using 
four screws (Synthes, CO, USA) (Fig. 1). The wound was 
closed using 5–0 Vicryl deep dermal sutures, and the skin 
was closed using staples. All animals received postopera-
tive buprenorphine (0.05 mg/Kg, IP) at 12-h intervals for 
72 h.

In‑vivo endpoint measurements
Blood collection and analysis
The animals were weighed to ensure their overall health 
(Figure S2). Blood (~ 150 μL) collected from the lateral 
tail vein was centrifuged at 1500 g for 15 min. The serum 
was stored at -20 °C. The α2M ELISA (ab157730, Abcam) 
was performed to determine the concentration of α2M 
in serum. The concentration ratios were calculated using 
the baseline concentration for each rat. The number of 
measurements per timepoint are shown in Supplemen-
tary Table S1.

Static weight‑bearing
Hindlimb weight-bearing protocol was guided by pre-
vious literature [22]. Subjects were placed in an acrylic 
enclosure over a pressure sensing mat (Walkway, TekS-
can, Inc.). Recording was conducted for 2 min to obtain 
a ten-second stationary window for all four paws. Vid-
eos were analyzed by taking the ratio of pressure units 
between right and left hind limbs. Pressure readings were 
averaged over the selected static weight-bearing window. 
The number of measurements per timepoint are shown 
in Supplementary Table S2.

Gait analysis
A walking arena was built for gait analysis as per guid-
ance provided in the GAITOR Suite [23]. Gait videos 
were recorded at 400 fps and approximately 1350 micro-
seconds of exposure time (PROMON U750, AOS Tech-
nologies, Switzerland). Data collection occurred on the 
pre-operative day and postoperative days 1, 3, 7, 14, 28, 
42, and 56. The number of animals and the number of 
gait observations for each timepoint are shown in Sup-
plementary Table S3. All gait trials occurring within 
10 min of arena time were recorded for each individual. 
We maintain a database of healthy animals without injury 
to determine normal ranges (140 animals) and to calcu-
late residuals for velocity- and weight-dependent metrics. 
Analyzed metrics included duty factor, temporal symme-
try, spatial symmetry, and phase dispersion determined 
using toe-off (TO) and foot strike (FS) timepoints [21].

Gait videos were analyzed by ImageJ. Using the dorsal 
view, frames depicting flush contact of each paw with the 
glass floor were identified. Using the ventral view camera, 
1–5 and 2–4 toe spread (5 measurements per animal) 
were measured manually. The ratio of these measure-
ments between surgical (right) and control (left) paw was 

Fig. 1  Photograph of tibia right after the surgery. Orientation from proximal (P) to distal (D). Fracture (F) was created and fixed with 5-hole Y-plate 
and screws (S)
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calculated. The number of observations for toe spread 
measurements are shown in supplementary Table S4.

X‑ray
Lateral radiographs of all operative knees were obtained 
on the first day after the surgery (POD 1). The rats were 
anesthetized with isoflurane (1–3% isoflurane in 1L of 
O2/min) and placed on a high-resolution digital radio-
graphic plate (Cuattro Hub, Heska, Loveland, CO). The 
output voltage was 54kVp and the exposure time was 
0.075 s.

Ex‑vivo endpoint measurements
Micro‑CT
The screws were removed from the tibias at sacrifice, 
which were imaged using X-ray and μ-CT (Siemens 
Inveon) with 720 projections (1600  ms exposure time/
projection) with an 80 kV, 500 μA x-ray tube and recon-
structed using a modified Feldkamp cone-beam recon-
struction algorithm (COBRA, Exxim Inc., Pleasanton, 
CA) into a 512 × 512 × 800 matrix with 41.8-micron iso-
tropic voxels. Parameters were measured on a 5  mm 
section and segmented using a combination of thresh-
olding and manual segmentation (Amira) to determine 
total volume (TV), total bone volume (BV), bone vol-
ume fraction BV/TV, cortical and osseous callus volume 
(Ct.V and Cl. V, respectively), and osseous callus and 
cortical callus densities (Cl.BMD and Ct.BMD, respec-
tively). Osseous callus fraction (Cl.V/total Cl.v, where Cl. 
V included the soft callus) was also calculated. For each 
sample in the 5 mm section, we manually drew a region 
of interest (ROI). One ROI was placed in the soft tissue 
(marrow), while another was placed at the center of the 
cortical bone to avoid partial volume effects. Soft tissue 
was designated as having Hounsfield units (HU) within 3 
standard deviations of that of the soft tissue ROI. Bone 
was designated at least 3 standard deviations above the 
mean of the soft tissue ROI and cortical bone was desig-
nated to within 3 standard deviations below that of the 
mean of the cortical bone ROI. The callus was manu-
ally segmented with threshold separation between the 
soft and hard callus and osseous and cortical callous 
boundaries were determined in the manner described 
above. The fracture volume was manually drawn in only 
the soft tissue region (with the upper boundary value 3 
standard deviations within the soft tissue and the lower 
boundary as the lowest value within the image since the 
fracture can just be air within the image). In this par-
ticular fracture there was a bone fragment in the middle 
of the fracture cavity that was unattached to either side 
of the cortex and that was included in the fracture vol-
ume. The soft tissue is also visible in the fracture cavity. 

The number of observations for bone healing parameter 
measurements are shown in Supplementary Table S5.

Histological analysis
The tibias were harvested and fixed in 4% formalin for 
24-48  h, followed by decalcification in Versenate ethyl-
enediaminetetraacetic acid (EDTA) decalcification solu-
tion (American MasterTech Scientific, Lodi, CA) at room 
temperature for 28  days. After histological processing, 
and embedding in paraffin, coronal Sects.  (5 um) were 
cut through the fracture region and stained with hema-
toxylin and eosin (H & E) or Giemsa. Representative 
images were scanned and analyzed using high resolution 
image analysis software (NanoZoomer Digital Pathol-
ogy, Meyer Instruments, Houston, TX). The staining was 
conducted for qualitative assessment, providing a broad 
understanding of cellular presence and distribution with-
out quantitative cell counting.

Statistical analyses
We followed the method of Kloefkorn et al. [24] to adjust 
stride length and step width for the animals’ velocity 
and weight. Data for each rat were averaged over each 
trial per day so that each animal contributed at most 
one observation per study day. We present descriptive 
statistics by study day and experimental group for each 
parameter of interest. We used paired t-test (paramet-
ric) and Wilcoxon Signed Rank test (non-parametric) 
to compare the change from pre-op on each study day. 
To assess the correlation between each study param-
eter (i.e., gait, toe spread) we used Pearson’s correlation 
coefficient with Fisher’s Z transformation to provide 
95% confidence intervals. For the micro-CT analysis, we 
employed ANOVA with Dunnett’s test for pairwise com-
parisons (comparing the week 6 and 8 timepoints to week 
4), Welch’s correction for unequal variances to determine 
the significance of the observed differences. To detect a 
between-group difference of approximately 1.25 stand-
ard deviations with 80% power and alpha = 0.05 requires 
a sample size of 12 animals per group. Four animals per 
group provides > 80% power to detect a between group 
difference of 2.5 standard deviations.

Results
Bone healing evaluation
The radiographs showed that all plates were appropri-
ately fixed within the tibia. There were obvious fracture 
gaps until week 6, after which there were no fracture lines 
(Figure S3).

Cortical bone healing
Micro-CT was performed on the long bone column 
including the stabilizing soft tissue and callus. None of 
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the samples, including the 2-week bone was unstable 
and showed any distinct movement. Designated ROI was 
overlaid on a μ-CT image cross-section for quantification 
(Figure S4). Total bone volume, total tissue volume, and 
bone volume fraction (BV/TV) did not differ between 
groups (Figure S5). Cortical bone volume increased with 
time, but its density did not change (Figure S6). Frac-
ture volume declined through week 8 (Fig.  2a-c). We 
encountered limitation in obtaining data and making 
reasonable comparisons at week 2 and at week 8 due to 
no healing and significant healing, respectively. This led 

to a challenge in observing the fracture site and quanti-
fying fracture volume and callus formation (continuity of 
the data values). Consequently, we had a large variation 
in the fracture volume at week 2 and did not have meas-
urable data for the fracture and callus volumes at week 
8 for most of the animals. Histologically, both the newly 
formed and existing cortical bone volume increased until 
week 8 (Fig.  3). On visual assessment of the images, it 
appeared that on the plated side, cortical bone growth 
was relatively less, and the neocortex appeared thinner 
compared to the other side at all timepoints except at 

Fig. 2  Quantitative analyses of tibia fracture volume at the osteotomy site. Designation of regions of interest for quantification overlaid 
on a micro-CT image cross-section (a); Fracture volume (b) and 3D representation of tibia with μCT (c). The fracture volume continued to decline 
through week 8. In this particular fracture, there was a bone fragment in the middle of the fracture cavity that was unattached to either side 
of the cortex and that was included in the fracture volume. The soft tissue is also visible in the fracture cavity

Fig. 3  H&E stained coronal section of a tibia fracture. (scale bar = 2.5 mm) On the plated side of the images, cortical bone growth was less, 
and the neocortex was thinner compared to the other side (arrow)
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week 8, where they seemed to be similar. It is important 
to note that these observations are qualitative in nature 
and based on visual assessment rather than quantitative 
measurements.

Intramedullary bone healing
The volume of both the soft and hard calluses (Fig. 4a-c) 
was highest at 2 weeks, after which it decreased steadily 
until 8 weeks (Fig. 4d). Histologically, there was a larger 
amount of newly formed callus at week 2 and week 4 
compared to that at week 6 and week 8. The thickness of 
the newly formed trabecular bone increased within the 
bone marrow canal until 8 weeks (Fig. 3). Giemsa staining 
highlights cellular dynamics in the tissue samples. Osteo-
blasts are stained blue in Giemsa staining and defined as 
cubically shaped cells of intermediate size residing on 
the bone surface (Fig.  5). There is plenty of osteoblasts 
around the defect surfaces at weeks 2 and 4. We also 
observed many osteoclasts in the unhealed cortical bone 
at weeks 6 and 8 (Fig. 5). There was no hypercellularity in 
the histological sections of bone at 8 weeks (Fig. 6).

Inflammation analysis
The concentrations of serum α2M increased initially 
after surgery and gradually decreased until 8 weeks with 
recovery to baseline at day 28 (Fig. 7). The α2M ratio was 

significantly lower than that at baseline on POD 7, 14, 
and 56 (*p < 0.05, **p < 0.01, ***p < 0.001; Fig. 7).

Functional measurements
All rats showed partial weight bearing throughout the 
study. The ratio was significantly lower than that at base-
line on POD 1, 3, 7, 14, and 28 (p < 0.05; Figure S7).

After surgery, both the 1–5 and 2–4 toe spread ratios 
were lower compared to that at baseline in all groups. 
The 1–5 toe spread was significantly lower than that at 
baseline at all time points (Fig.  8a), while the 2–4 toe 
spread had recovered to a level not significantly different 
from that at baseline by POD 28 (Fig. 8b).

The animals showed a hindlimb duty factor imbalance 
outside the normal range until POD 28, and the ani-
mals showed an imbalance for the duration of the study 
(Fig. 9a and b). The differences between pre-op and post-
op were significant for POD 1, 3, and 14 (Fig. 9b; p < 0.05). 
Simultaneously, the absolute value of the duty factor on 
the left (non-surgical side) was slightly elevated above 
the normal range (Fig.  9c). The difference between the 
groups was significant at POD 1, 7, 14, and 28 (Fig. 9d, 
p < 0.05). In contrast, right (surgical hindlimb) duty factor 
was below the normal range until POD 14 (Fig. 9e). The 
difference between the groups was significant at POD 1 
(Fig. 9f, p < 0.05).

Fig. 4  Quantitative analyses of tibia at the osteotomy site. Designation of regions of interest for quantification overlaid on a micro-CT image 
cross-section (a); total callus volume (b); soft callus volume (c) and hard callus volume (d). Asterisks indicate difference between groups (p < 0.05)
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Hindlimb temporal symmetry of the animals 
increased after the surgery and recovered to the normal 
range during the study period (Fig. 10a). The difference 

from the baseline was statistically significant at POD 1 
and 7 (Fig.  10b, p < 0.05). Hindlimb spatial symmetry 
increased right after surgery and then decreased below 

Fig. 5  Giemsa staining of the fracture callus. (scale bar = 1 mm upper; scale bar = 25 um lower) Osteoblast (arrowhead) and osteoclast (arrow) are 
stained as blue. 1 represented fracture region; 2 represented bone integration during remolding. For samples with better healing and no discernible 
fracture line at day 42 and 56, we focused on any unhealed regions

Fig. 6  H&E staining of callus tissue. The hypercellular tissue turned to normal bone tissue after eight weeks. Scale bar = 2.5 mm, 25 μm

Fig. 7  Post-sacrifice biomarker readings of alpha-2 macroglobulin (ng/mL) (*p < 0.05 vs. baseline). The inflammation marker alpha-2-macroglobulin 
decreased to the baseline by day 28
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the normal range (Fig.  10c). The difference from the 
baseline was statistically significant at POD 1 (Fig. 10d, 
p < 0.05).

The right fore-left hind (RFLH) phase dispersion 
was not different from the pre-operative values for all 
groups (Fig.  11a and b). Meanwhile, the right hind-
left fore (RHLF) phase dispersion increased and was 
outside the normal range until POD 14 (Fig. 11c). The 

difference from the baseline was significant at POD 1 
(Fig. 11d, p < 0.05).

We performed correlation analyses between bone 
healing parameters and other endpoint measurements, 
between functional parameters (gait parameters, toe 
spread and weight bearing), and between well-being 
parameters (toe spread, inflammation) (Table S6 and 
Figure S8). The plots of strongly correlated parameters 

Fig. 8  1–5 and 2–4 toe spread (*p < 0.05 vs. baseline). Shaded region indicates margin of error for database from healthy subject trials (1.01 ± 0.07 
and 0.99 ± 0.11)

Fig. 9  a, b Hindlimb duty factor imbalance presented as difference in duty factor percentage between left and right hindlimb (L-R). c, d Duty factor 
of the left (non-surgical) hindlimb. e, f Duty factor of the right (surgical) hindlimb. Asterisks indicate difference between groups (p < 0.05). Shaded 
area is the margin of error from database of healthy animals (0.00 ± 0.10, 0.71 ± 0.08, and 0.70 ± 0.07). Error bars are ± 1 SD
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(Pearson coefficient > 0.6) were plotted in Figs. 12, 13 and 
14. Among bone healing parameters, hard callus volume 
had a negative correlation with stride length (Fig.  12a), 

soft callus volume had strong negative correlations with 
phase dispersion RHLF and hindlimb spatial symmetry 
and a strong positive correlation with hindlimb temporal 

Fig. 10  a, b Hindlimb temporal symmetry; values above 50% indicate delayed footstrike in right (surgical) limb. c, d Hindlimb spatial symmetry; 
values below 50% indicate right limb understepping. Asterisks indicate difference between groups (p < 0.05). Shaded area is the margin of error 
from database of healthy animals (0.50 ± 0.06 and 0.50 ± 0.08). Error bars are ± 1 SD

Fig. 11  a, b RFLH (right fore-left hind) and (c, d) RHLF (right hind-left fore) diagonal phase dispersion. Asterisks indicate difference between groups 
(p < 0.05). Shaded area is the margin of error from database of healthy animals (-0.19 ± 0.64 and 0.15 ± 0.14). Error bars are ± 1 SD
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symmetry (Fig.  12b-d). Among functional parameters, 
hindlimb duty factor imbalance showed a strong negative 
correlation with 1–5 toe spread (Fig.  13a), the forelimb 

stride length and the hindlimb stride length showed a 
strong positive correlation (Fig. 13b) and temporal sym-
metry of the hindlimbs was positively correlated with 

Fig. 12  Correlations between bone healing and other parameters

Fig. 13  Correlations between functional parameters
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duty factor imbalance and right hind-left fore (RHLF) 
phase dispersion (Fig.  13c, d). Finally, systemic inflam-
mation had strong correlations with hindlimb temporal 
symmetry (Fig. 14a) and hindlimb duty factor imbalance 
(Fig. 14b).

Discussion
Plate fixation can be a stable and reproducible tool to 
perform reliable union [25]. We used Y-shape plate fixa-
tion (Fig.  1), which is widely practiced clinically. The 
healing of bone defects, which is slow [18], results from 
membranous bone produced by the mesenchymal stem 
cells of the trabecular bone marrow. In our study, declin-
ing fracture volume (Fig. 2) with variable comprehensive 
healing at six weeks (Figs. S3 and 3) indicated that union 
was achieved but healing continued until 8 weeks. Cor-
tical bone growth in the tibia was slower and the neo-
cortex was thinner on the plate side (Fig.  3), indicating 
that load-sharing by the plate limited callus formation 
surrounding the intramedullary defect. These results are 
consistent with the literature, where the amount of callus 
has been shown to be inversely proportional to the extent 
of immobilization [26]. Despite this delay in bone heal-
ing, plate fixation resulted in union for all animals.

Endochondral bone formation during fracture healing 
comprises the early inflammatory, repair and remodeling 
stages. Mechanical injury leads to an acute inflamma-
tory response followed by osteoclast-mediated resorp-
tion [27]. Generally, α2-macroglobulin (α2M) acts as a 
protease inhibitor and negatively regulates coagulation 
by suppressing the activation of thrombin. α2M report-
edly behaves as a carrier protein that binds with some 
cytokines or growth factors to harmonize the immune 
system. We have chosen to use it because it is a good 
analogue in rats for acute systemic inflammation (espe-
cially in infection) [21], akin to C-reactive protein (CRP) 
in humans. Previous research has indicated its role as 
an acute-phase reactant and a broad marker of sys-
temic inflammation [28, 29]. Moreover, in the context of 

fracture healing, serum α-2-macroglobulin’s potential to 
reflect the systemic inflammatory milieu may hold rel-
evance beyond its direct association with fracture repair. 
Systemic inflammation was significantly increased at 
2  weeks and recovered to baseline after 4  weeks, sug-
gesting that the acute early inflammatory phase of bone 
defect healing was complete by this time. This is consist-
ent with histological results (Fig.  6), which showed no 
inflammatory cell infiltration and more bone tissue for-
mation after 4 weeks. Normal recruitment of inflamma-
tory cells, which is critical in the bone healing response 
without complications, was observed. A conversion of 
the preliminary soft callus to a hard callus was in pro-
gress at 2 weeks with a medullary callus supporting the 
bridging soft callus (Fig. 4). There was less cortical callus 
volume around 4 weeks, while its density also increased 
after 4 weeks (Fig. 4b), suggesting that repair and remod-
eling started at around 4 weeks and continued through-
out the study. Clinically, bony callus formation has been 
shown to occur between days 11 to 28 [30]. Osteoblasts 
directly generated from mesenchymal stem cells play a 
crucial role in the maintenance and regeneration of bone 
mass in fully stabilized defects. Figure 5 shows the osteo-
blast cells along the bone surfaces adjacent to the defect 
surfaces at weeks 2 and 4, consistent with the clinical 
scenario. Remodeling the bony callus is traditionally con-
sidered the last stage of bone fracture repair [31]. Bone 
degradation by osteoclasts, which is an essential compo-
nent of callus remodeling [31, 32] starts around day 18 
and can last months to years. We found many osteoclasts 
on the unhealed cortical bone until week 8 as indicators 
of continued remodeling.

The systemic inflammatory markers, weight-bearing 
asymmetry analysis, and toe-spread present a compre-
hensive evaluation of the animals’ wellbeing. All rats 
lost weight after the surgery, a reasonable outcome for 
acute and systemic inflammation associated with the 
trauma and surgery (Figure S2). Although weight bear-
ing was asymmetric throughout the study (Figure S7), the 

Fig. 14  Correlations between inflammation and other parameters
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rats exhibited near-normal weight bearing close to the 
healthy range after 4 weeks. Full weight bearing has been 
associated with critical ossification of the osteotomy gap 
[33], supporting the direct bone healing data discussed 
above and suggesting that the critical ossification of this 
defect was observed around 4 weeks. Toe-spread (Fig. 8) 
was established as a good indicator of the animals’ recov-
ery in our previous study on periprosthetic infection [21]. 
We confirmed its use in the present model of traumatic 
injury and recovery after surgical stabilization.

Our study investigated to what extent gait outcomes 
correlated with fracture healing progression. We have 
identified hindlimb duty factor imbalance, hindlimb 
temporal symmetry, and the right (surgical) hindlimb 
to left forelimb (RHLF) phase dispersion to be the best 
indicators of the function of the animals (Figs.  9, 10 
and 11). Gait changes observed during the healing pro-
cess may be influenced, in part, by critical ossification; 
there was a lot of variation in gait and weight bearing 
before 2 weeks and most significant imbalances recov-
ered close to healthy ranges at 4 weeks (Figs. 9, 10 and 
11). Based on the state of the bone healing observed 
via micro-CT and histology (Fig.  3), hard callus vol-
ume greatly influenced load bearing, the association of 
which has been suggested [17]. In terms of the correla-
tion of bone healing parameters to gait, weight bearing 
parameters, reflex response and inflammation, hard 
and especially soft callus volume both correlated well 
with temporal and spatial parameters of gait (Fig. 12), 
with higher callus volume causing a larger varia-
tion from normal function. The strong correlation of 
duty factor imbalance with 1–5 toe spread (Fig.  13a) 
confirms the use of toe spread as a versatile tool for 
assessing well-being and also suggested that it can be 
a functional parameter. In addition, similar to our pre-
vious work, the gait parameters; temporal symmetry 
of the hindlimb, duty factor imbalance and phase dis-
persion correlations (Fig.  13), supported their use as 
appropriate gait parameters in this model to evaluate 
functional recovery.

The fact that the 1–5 toe spread did not recover to 
normal range in 8 weeks despite (1) both showing posi-
tive correlations with duty factor imbalance, (2) the val-
ues of 1–5 toe spread at 8 weeks being lower than that at 
6 weeks and (3) that the spatial symmetry staying lower 
than the normal range at 8 weeks. This results suggested 
incomplete and continuing recovery in the soft tissues 
surrounding the injury. The strong effect of inflamma-
tion on the time-dependent gait parameters (Fig.  14a 
and b) showed that functional deficits in the first 2 weeks 
(Figs.  9 and 10), where inflammation was high (Fig.  8), 
were largely influenced by it. These results support the 

complementary use of these parameters in understand-
ing the recovery timeline with respect to bony and soft 
tissue healing. In addition, combined with our earlier 
work on periprosthetic infection, these results clarify 
the relative importance of each endpoint measurements 
in the tibia fracture model (via osteotomy) compared to 
joint replacement.

Given the study design of sacrificing animals at differ-
ent days, the statistical power for detecting within ani-
mal changes is greater for the earlier timepoints (with 
more animals) compared to later timepoints that had 
fewer animals (e.g., 5 animals at day 56); the micro-CT 
analyses were conducted on 15 animals. Even with 4 
animals, the assessment of longitudinal changes were 
sufficiently powered (to detect 2 standard deviation dif-
ferences). However, we do note that we did not adjust 
for multiple testing. We do not have a treatment group 
in this study; the number of animals required for the 
comparison of treatments would also depend on the 
treatment effects. Although this is a long-term consid-
eration and requires a pilot study, our data from our 
periprosthetic infection model using gait suggests that 
6–8 animals would be sufficient for comparing treat-
ments at different time points.

The present study has limitations. The clinical treat-
ment of tibia fractures in the trabecular bone is more 
likely to be repaired by plate fixation. We could not differ-
entiate this type of treatment in the rat. Besides, humans 
are not allowed to bear weight after fracture fixation for 
several weeks to hinder any significant migration of bone 
surfaces and we did not remove immobilization during 
the study; thus, the timeline of functional recovery would 
differ in the human. Finally, the rat’s quadrupedal bio-
mechanics are not representative, and gait analysis is not 
meant to be directly translated to humans.

No animal models have applied postoperative func-
tion (gait) to study fracture pain and subsequent lon-
gitudinal recovery. The rat model developed at the 
AO institute [34, 35] has several factors that are dif-
ferentiated from the current model; it is a femur frac-
ture model, it involves a segmental defect aiming to 
simulate non-union, and it focuses on determining the 
trajectory of bone healing using radiographic, histo-
logical, and biomechanical techniques, but not func-
tion (gait). We are fundamentally interested in the 
tibia because of our long-term goal of studying tibia-
specific complications. The long-term goal of devel-
oping this model is to compare the efficacy of locally 
administered non-opioid analgesics to current pain 
management methods in addressing post-surgical 
function/pain in a tibia osteotomy while preserving 
bone healing.
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Conclusions
In this study, we developed a rat tibia fracture model sta-
bilized with plate fixation and conducted assessments 
of bone healing and functional recovery. Our findings 
indicate a progressive bone healing process correlated to 
functional parameters. The model’s direct translational 
implications to human tibia fractures are limited given 
inherent anatomical differences.
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