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Abstract
Background: The study was performed to determine whether idealized anterior cruciate ligament
reconstruction (IACL-R) restores normal gait features, and whether in�ammatory factors are involved in
the pathogenesis of post-traumatic osteoarthritis (PTOA).

Methods: Fourteen mature female minipigs were allocated to a sham group (n = 7) or an IACL-R group (n
= 7). Load asymmetry during gait was recorded using a pressure-sensing walkway measurement system
to evaluate the gait features of the right knee joint before and after surgery. In�ammatory factors
(including interleukin [IL]-1α, IL-1β, IL-2, IL-6, IL-8, IL-18, tumor necrosis factor-α, and granulocyte–
macrophage colony-stimulating factor) in synovial �uid were measured using Luminex assays before
and after surgery. Cartilage integrity and the subchondral bone plate of the right knee were evaluated
using histology and imaging at 3 months postoperatively.

Results: Swing time and stance time returned to their preoperative values on day 31, while maximum
force, contact area, peak force ,and impulse returned to their preoperative values on day 45 after the
surgery in the IACL-R group (P = 0.073, 0.053, 0.107, 0.052, 0.152, and 0.059, respectively).Thus, IACL-R
restored normal gait. Compared with their preoperative concentrations, all tested in�ammatory factors
showed signi�cantly increased concentrations in the synovial �uid in the IACL-R group, especially at 3, 7,
and 15 days postoperatively. X-ray, computed tomography, magnetic resonance imaging, and histological
data showed severe cartilage damage in the IACL-R model.

Conclusion: IACL-R restored normal gait features but caused signi�cant cartilage damage, indicating that
signi�cantly elevated in�ammatory factors maybe crucial for the pathogenesis of PTOA.

Background
Post-traumatic osteoarthritis (PTOA) is considered to be a consequence of the biological and mechanical
effects of a joint injury[1]. Anterior cruciate ligament (ACL) rupture, one of the most common joint injuries
in young people, is conventionally treated using surgical ACL reconstruction (ACL-R) with a graft to
restore the biomechanical stability of the joint. However, even with the best surgical techniques available,
these patients remain at a high risk for PTOA [2-5]. Although it is quite clear that both mechanics and
biological factors affect PTOA, the relative contribution of each is unknown. A better understanding of the
underlying mechanism may lead to the formulation of therapies that prevent PTOA

Recently, Han et al[6]. developed an “idealized” ACL autograft reconstruction (IACL-R) model in minipigs.
In this model, the femoral attachment of the native ACL is cored out and immediately reattached as an
ideal graft to restore the normal biomechanics of the joint. Surprisingly, the authors found that cartilage
degeneration still occurred despite this reconstruction. However, the authors could not conclusively prove
that their IACL-R model fully restored joint kinematics as compared to ACL-intact control knees.
Additionally, it was not possible to elucidate the precise in�ammatory changes that occurred in the IACL-R
model, especially in the “golden stage,” i.e. the early postoperative period. Therefore, the purpose of the
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present study was to clarify the gait characteristics and roughly or indirectly evaluate the changes in joint
kinematics in the IACL-R model by using gait analysis, as well as to evaluate the early changes in
in�ammatory factors and assess their role in the pathogenesis of PTOA. Furthermore, cartilage integrity
and the subchondral bone plate were evaluated using imaging and histological examination. We
hypothesized that the IACL-R model can functionally restore joint gait features, and that a signi�cant
increase in in�ammatory factors triggers cartilage degradation in this model.

Methods
Study Design

All procedures for animal research in this study were approved by the Ethics Committee of the Second
Hospital of Shanxi Medical University (no. 2017046). All minipigs were purchased from the Beijing
Shichuang Century Minipig Breeding Base (Certi�cate number: SCXX(jing)2013-0008). Fourteen mature
female minipigs (age, 18 ± 1.58 months; weight, 42.8 ± 3.97 kg) were randomized to two groups based on
animal ear numbers: an IACL-R group (n = 7) and a sham group (n = 7). Unilateral surgery was performed
on the right hind limbs (RHs) of all minipigs. All animals were housed individually in adjacent pens at the
China Institute for Radiation Protection (Certi�cate number: SYXK(Jin)2016-0002). All animals were
euthanized with a pentobarbital overdose at 3 months after the surgery. Speci�c information on animal
care can be found in Additional text (Text A).All subjective scores were independently completed by two
experienced examiners, who were blinded to the animal number and experimental condition

Surgical Technique

The speci�c operation in the IACL-R group was performed as described by Han et al[6] (Fig 1).The
minipigs in the sham group underwent a similar arthrotomy procedure with temporary patellar
dislocation.

Quadruped Gait Assessment

Before testing, the Tekscan operating system software was equilibrated and calibrated[7]. Six gait
indicators related to biomechanics, namely, maximum force, contact area, peak force, impulse, stance
time, and swing time, were determined [8-10]. We carefully checked each image (frame) to ensure the
accuracy of the results (Additional Fig 1). To rule out differences in learning skills and walking states
between the two groups of minipigs, each animal was subjected to over 10 successful training sessions
per day for 10 consecutive days before the surgery, and all indicators were expressed as a ratio of the
average values for the left hind limb (LH) divided by the average values for the RH. Gait data were
collected preoperatively (day 0) and postoperatively on days 8, 16, 31, 45, 61, 75, and 90. All the results
are the average values of 5 successful repeated walkway trials performed at each time point for each
animal.

Synovial Fluid Collection
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Synovial �uid from the RH of all the animals were collected preoperatively (day 0) and postoperatively on
days 3, 7, 15, 30, 60 and 90. Preoperatively, synovial �uid lavages were collected after anesthesia. 2ml of
isotonic saline solution was injected intra-articularly using a sterile syringe inserted through the inferior
patellar tendon. The knee was then manually cycled through �exion and extension twenty times to
distribute the �uid within the joint before collection via joint aspiration[11].. Postoperatively synovial �uid
was directly collected after anesthesia induction.

Luminex Assay

The Millipore Porcine Cytokine Magnetic Bead Panel (EMD Millipore, No. PCYTMAG-23K) was used to
measure the levels of interleukin [IL]-1α, IL-1β, IL-2, IL-6, IL-8, IL-18, tumor necrosis factor-α(TNF-α), and
granulocyte–macrophage colony-stimulating factor( GM-CSF). Luminex assay as described previously6.

Imaging Assessment

At 3 months after the surgery, the minipigs were euthanized with a pentobarbital overdose, and their RHs
were severed from the hip joint. Each RH was immediately subjected to X-ray examination, computed
tomography (CT), three-dimensional CT reconstruction (3D CT), and magnetic resonance imaging (MRI).
The speci�c imaging parameters are listed in the Additional text (Text B).

We determined the Kellgren-Lawrence grade of the RH of each animal by examining the X-ray �lm[12, 13].
The CT values and thickness of the subchondral bone plate were determined[14]. To avoid interference by
metal artifacts, we obtained CT scans in only the middle plane of sagittal from medial femoral condyle
(MFC) and medial tibial plateau (MTP) of the RH. We also determined the whole-organ MRI score
(WORMS) of the MFC and MTP of the RH[15, 16]. The ordinal scores ranged from 0 (normal thickness, no
signal enhancement) to 6 (diffuse full-thickness defect, >75% of the area), and the WORMS sum ranged
from 0 to 12.

Macroscopic Cartilage and Osteophyte Assessment

Macroscopic damage to the articular cartilage surfaces and osteophyte formation on the MFC, MTP,
lateral femoral condyle (LFC), lateral tibial plateau (LTP), and trochlea were scored according to the
Osteoarthritis Research Society International (OARSI) recommendations for the sheep and goats[17].

Histological Assessment

Histological samples were obtained by drilling (φ8 mm; MOC Medizinische Gerate Gmbh, Fedderingen,
Germany) the middle region of the MTP. The tissue sections were stained with safranin O and fast green
to evaluate the cartilage using the OARSI guidelines [17].

Immunohistochemical Assessment
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Tissue sections from the MTP were used to detect the distribution of type II collagen (Col-II) and matrix
metalloproteinase (MMP)-13 in the cartilage. Speci�c antibodies against Col-II (ab34712, Abcam) and
MMP-13 (K009743P, Solarbio) were used. The detailed immunohistochemical procedure has previously
been described[18].

Statistical Analysis

SPSS v13.0 statistical software was used to analyze the collected data. Differences in gait and
in�ammatory factor levels between the preoperative (day 0) and postoperative time points in the same
group were analyzed using t test-paired. Differences in gait, in�ammatory factors, CT values and
thickness of the subchondral bone plate ,T2 values at the same time point between the sham and IACL-R
groups were estimated using the two-group t test-unpaired. Differences in macroscopic cartilage and
osteophyte scores, microscopic cartilage scores, and WORMS between the sham group and IACL-R group
were estimated using nonparametric tests (Wilcoxon rank sum test). Differences in Kellgren-Lawrence
grades between the sham and IACL-R groups were estimated using Fisher probabilities. Statistical
signi�cance was determined at P < 0.05.

Results
Total weight gain during the 90-day study period was similar between the sham (6.3 ± 2.26 kg) and IACL-
R (5.87 ± 2.43 kg) groups (P = 0.351). All animals recovered from the anesthesia and were fully awake
within 4 h after the surgery. Humane endpoints did not occur during this study. There were no instances
of infection or death occurred outside of planned euthanasia or humane endpoints.

Quadruped Gait Analysis

In the sham group, the values of swing time (P = 0.051) from day 8 until euthanasia did not signi�cantly
differ from their values on day 0. Similarly, the values of contact area (P = 0.051), and stance time (P =
0.050) from day 16 until euthanasia did not signi�cantly differ from their values on day 0. The values of
maximum force (P = 0.051), peak force (P = 0.194) and impulse (P = 0.055) from day 31 until euthanasia
did not signi�cantly differ from their values on day 0 (Fig 2; Additional Table 1).

In the IACL-R group, the ratios of all gait parameters of the LH to those of the RH initially showed an
increasing trend, then a decreasing trend, and �nally, an increasing trend again. The values of swing time
on day 16 (P = 0.073) did not differ from their values on day 0. The values of stance time (P = 0.053) on
day 31 did not differ from their values on day 0.The values of maximum force (P = 0.107), contact area
(P = 0.052), peak force (P = 0.152), and impulse (P = 0.059) on day 45 did not differ from their values on
day 0. These �ndings indicated that the above gait parameters returned to their normal status at the
speci�ed time points. However, on day 75, the parameters maximum force (P = 0.002), contact area (P <
0.001), peak force (P = 0.021), impulse (P < 0.001), and stance time (P = 0.002) showed a deteriorating
trend. Signi�cant differences in their values, as compared to day 0, began to appear again and these
differences persisted until the animals were euthanized. (Fig 2; Additional Table 1).
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The gait parameters of the LH and RH were similar under healthy conditions (day 0) for symmetric. The
LH:RH ratios of all gait parameters, were similar and close to 1, and did not signi�cantly differ between
the sham and the IACL-R groups before the surgery. While the postoperative ratios of the gait parameters
were signi�cantly greater than 1 in both groups, the values in the IACL-R group were signi�cantly greater
than those in the sham group, especially on days 8 and 16. The LH:RH ratio of the gait parameters was
close to 1 on days 45 and 61, indicating that there were no signi�cant differences between the two
groups. On day 75, this ratio began to rise in the IACL-R group but remained constant in the sham group,
and a signi�cant difference again appeared between the two groups. On day 90, all gait parameters other
than swing time signi�cantly differed between the sham and IACL-R groups  (Fig 2; Additional Table 1).

 

In�ammatory Factors Analysis

In the sham group, the concentrations of in�ammatory factors (IL-1α P=0.111 , IL-1β P=0.055 , IL-6
P=0.069 , IL-8 P=0.369 , and TNF-α P=0.087 ) from day 30 until euthanasia did not signi�cantly differ

from the preoperative values. On day 60, the IL-2 P=0.199 IL-18 P=0.208 and GM-CSF P=0.053 levels
did not signi�cantly differ from their preoperative values (Fig 3).

In the IACL-R group, the concentrations of all in�ammatory factors, except for IL-18, showed a
dramatically increasing trend and then a decreasing trend. The IL-8 concentration showed a signi�cant
rebound from day 60 to 90. The IL-18 level progressively increased after the surgery until euthanasia, and
thus, peaked on day 90. The concentrations of all in�ammatory factors from day 3 until euthanasia
signi�cantly differed from their preoperative values. The IL-1α (P<0.001) IL-6 (P<0.001) and IL-8
(P<0.001) concentrations peaked on day 3; the IL-1α (P<0.001), IL-1β (P<0.001), and GM-CSF (P<0.001)
concentrations peaked on day 7, while the IL-2 (P<0.001) and TNF-α (P<0.001) concentrations peaked on
day 15. These results suggest that the levels of in�ammatory factors increase immediately after joint
trauma, and thus, preventive anti-in�ammatory strategies should be adopted as soon as possible (Fig 3).

On day 0, the concentrations of all the in�ammatory factors in the sham group and the IACL-R group were
very low, with no signi�cant between-group difference. After the surgery, although the trends of the
in�ammatory factor concentrations in the two groups were similar, the increase was more obvious in the
IACL-R group. At all time points after the surgery, the concentrations of all in�ammatory factors were
signi�cantly higher in the IACL-R group than in the sham group. (Fig 3).

 

Imaging Assessment

In the IACL-R group, X-ray examinations showed the joint spaces were not clearly de�ned. Furthermore,
mild osteophyte formation was observed. Occasionally, narrowing of the joint space, especially in the
medial compartment, was seen (Fig 4a-4d). The Kellgren-Lawrence grades did not signi�cantly differ
between the sham and IACL-R groups (P=0.132; Table 1). The CT values (water: 0, bone: 1000) of the
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subchondral bone plate at the MFC (P<0.001) and MTP (P<0.001) were signi�cantly higher in the sham
group than in the IACL-R group (Fig 5a). The thickness of the subchondral bone plate at the MFC (P=
0.051) and MTP (P=0.023) was higher in the sham group than in the IACL-R group (Fig 5b). Three-
dimensional CT reconstruction showed that all joint surfaces were smooth and �at in the sham group,
whereas in the IACL-R group, the joint surfaces, especially the patellofemoral surface, were rough and
uneven. (Fig 4e-4h).

In the sham group, MRI OSag-fs PD showed that the cartilage layer was intact, continuous, and uniform
in thickness and signal intensity. In contrast, in the IACL-R group, the cartilage continuity was poor, with
obvious local defects and signal variations, especially, in the middle plane (Fig 4i, 4k). The WORMS
values of the MFC (P=0.015) and MTP (P=0.049) were higher in the IACL-R group than in the sham group
(Table 2, Fig 5c-5e). Osag T2MAP showed that the articular cartilage was intact and relatively uniform in
color (orange) in the sham group. In the IACL-R group, the cartilage showed poor continuity, as indicated
by the focally mixed, irregular color and blue-green plaques (Fig 4j, 4l). The T2 values of the MFC
(P<0.001) and MTP (P<0.001) were signi�cantly higher in the IACL-R group than in the sham group (Fig
5f).

 

Macroscopic Cartilage and Osteophyte Assessment

All the animals in the IACL-R group showed macroscopic degeneration of the articular surfaces. Large
erosions down to the subchondral bone were observed occasionally (Fig 6). Finally, the macroscopic
cartilage scores of the MFC (P=0.008), LFC (P=0.023), MTP (P=0.038), LTP (P=0.036), trochlea (P=0.003)
and sum (P=0.004) were signi�cantly higher in the IACL-R group than in the sham group.. (Table 2,
Additional Fig 2a-2f).

The edges of the MFC, LFC, MTP and LTP were smooth in both the sham and IACL-R groups. Mild
irregular protrusions were found on both sides of only the trochlea in the IACL-R group (Fig 6). Thus, the
macroscopic osteophyte scores of the MFC (P=0.275), LFC (P=0.645), MTP (P=0.645), and LTP (P=0.591)
did not differ between the IACL-R and sham groups. Only the score of the trochlea (P=0.018) was
signi�cantly higher in the IACL-R group than in the sham group. Finally, the macroscopic osteophyte sum
scores was signi�cantly higher in the IACL-R group than in the sham group (P=0.009) (Table 2, Additional
Fig 2g-2l). 

Histological Assessment

In the sham group, we observed a slight decrease in safranin O staining and slight surface �brillation. In
the IACL-R group, however, we observed a moderate increase in chondrocyte density, increased
chondrocyte cloning, severely increased �brillation, and occasional erosions to the subchondral bone (Fig
7a). The microscopic OARSI cartilage scores, both the sum scores (P=0.004) and the scores for single
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indicators, other than demark score P= 0.072 showed that the cartilage damage was more severe in the
IACL-R group than in the sham group (Table 2, Additional Fig 2m-2r).

Immunohistochemical staining showed that Col-II expression was signi�cantly lower and MMP-13
expression was signi�cantly higher in the IACL-R group than in the sham group. This is consistent with
reduced osteoarthritis damage in the minipigs in the sham group (Fig 7b)

Discussion
PTOA is a degenerative disease of the articular cartilage caused by complex biomechanical and
biochemical factors[1]. Some clinical evidence indicates that patients who undergo ACL-R are prone to
developing symptoms of PTOA in the long term, despite have a relatively stable joint structure[19].
However, whether biochemical factors contribute to the development of PTOA after ACL-R is largely
unknown since no effective animal model or precise experimental method was available so far. To
independently evaluate the effects of in�ammation on cartilage degeneration after joint injury, Han et al
[6].developed the IACL-R model. Their IACL-R model was created using minipigs, which are commonly
used in orthopedic studies, as they have considerable advantages [20-23]. In this study, the porcine model
developed osteoarthritis, as noted on imaging and histology, at 3 months after IACL-R, despite the
animals showing normalization of gait. Furthermore, Luminex assay showed high concentrations of
many in�ammatory factors in the IACL-R group after surgery, especially in the early stage. This suggests
that in�ammatory reaction may play a crucial role in the development of PTOA after ACL-R.

Gait analysis is a relatively sensitive test for abnormal biomechanics and pain in the knee joint[24-26].
The minipigs in the sham group underwent only arthrotomy and temporary patellar dislocation, which
preserved the normal joint biomechanics. Therefore, the gait index quickly returned to normal by 16–31
days after the surgery. In the IACL-R group, although the joint-stabilizing structures were intact, the
minipigs underwent IACL-R. The surgical trauma was greater, and the surgical legs were extremely
maladaptive. This may have caused the maximum force of the surgical leg to signi�cantly decrease by
day 8. As a compensatory mechanism, the maximum force of the contralateral leg increased. This
phenomenon is consistent with the changes seen in clinical practice[27]. Hence, the contralateral leg :
surgical leg ratio was signi�cantly greater than 1 on day 8. With time, the pain in the surgical leg may
have decreased with constant adaptive training. Then, the maximum force of the surgical leg gradually
returned to normal, and the contralateral leg:surgical leg ratio was close to 1 on day 45, with no
signi�cant difference from the ratio on day 0. Furthermore, there was no signi�cant difference in
maximum force between the IACL-R and sham groups at this time. Therefore, we concluded that the IACL-
R model can restore the normal maximum force of the knee joint. This model can be used to
independently study the in�ammatory reaction associated with PTOA. It should however be noted that in
the IACL-R group, the maximum force of the surgical leg continued to signi�cantly decrease on days 75
and 90. The reason may be that in�ammatory factors triggered knee cartilage degeneration and induced
more severe pain symptoms. The contact area of the surgical leg was the smallest on day 8. It was
possibly due to pain and inadaptation of the surgical leg. The trend of the changes in the contact area ,
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peak force and impulse were similar to that of the changes in maximum force, possibly owing to
essentially the same underlying reasons. The gait cycle consists of a stance phase and a swing
phase[28, 29]. During the stance phase, the surgical leg was in a weight-bearing state and more affected.
So, a signi�cant difference in stance time, as compared to its preoperative value, appeared again on day
75. However, during the swing phase, the surgical leg was in a non-weight-bearing state and less affected.
Therefore, the swing time of the surgical leg recovered faster, and no signi�cant differences from the
preoperative value were seen in this parameter from day 16 until euthanasia.

In�ammatory factors are tightly associated with the pathogenesis of PTOA[30]. This study is the �rst to
focus on the changes in in�ammatory factors in the early postoperative period in minipigs. Studies have
shown that when activated, synovial cells, mononuclear macrophages, and articular chondrocytes secrete
a variety of in�ammatory factors, particularly IL-1[31]. Abnormally elevated IL-1 levels can induce
chondrocytes to synthesize excessive nitric oxide, reduce proteoglycan synthesis, and accelerate
chondrocyte apoptosis[32]. In addition, IL-1 can stimulate the secretion of matrix metalloproteinases and
induce cartilage matrix degradation. Furthermore, IL-1 can stimulate synovial cell degeneration,
proliferation, and secretion of other in�ammatory factors[33]. The minipigs in the IACL-R group
underwent IACL-R and the surgical trauma was greater. Therefore, all the tested in�ammatory factors
were signi�cantly increased in the early postoperative period. Over time, the immune response was
activated, granulation tissue continued to form, and the expression of in�ammatory factors was
signi�cantly reduced, leading to the beginning of the chronic in�ammation stage. Finally, the
in�ammatory factor levels dropped signi�cantly, though IL-18 levels continued to rise after surgery until
euthanasia. Our preliminary inference was that IL-18 may be positively correlated with the degree of
articular cartilage degeneration. In summary, the elevated in�ammatory factors may have interacted with
each other, and ultimately triggered irreversible degradation of the articular cartilage.

The minipigs in the IACL-R group showed moderate osteoarthritis on imaging tests despite the restoration
of normal joint gait features. These changes may be attributable to the severe in�ammatory reaction in
the knee joint. However, the Kellgren-Lawrence grades did not signi�cantly differ between the IACL-R and
sham groups. This result may be attributable to the assessment being carried out on disconnected and
non-weight-bearing RHs, which could not truly re�ect joint stenosis. In addition, at 3 months after the
operation, the PTOA may still have been in an early stage. Changes in the microenvironment of the
subchondral bone are important in osteoarthritis. Our �ndings are consistent with those of Burr and
Sniekers[34, 35] in that the density and thickness of the subchondral bone plate were reduced in an
animal model of osteoarthritis. Changes, including the decreases of the thickness and density of the
subchondral bone plate and the increases of its porosity, promotes the invasion of blood vessels into the
cartilage and the diffusion of in�ammatory factors, accelerating the pathological circulation between
bone and cartilage, and exacerbating the occurrence of osteoarthritis. MRI OSag-fs PD showed that the
highest regions of the MFC and MTP showed more severe changes, which may be due to the fact that the
articular surface was not covered by the meniscus and bore a greater force. Under the catalysis of
in�ammatory reactions, lesions developed �rst on the highest regions of the MFC and MTP and were
consequently more severe, which is consistent with the results of long-term investigations in a porcine
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model[36]. The T2 value of Osag T2MAP is associated with free water content in cartilage tissue. The
more severe the cartilage damage, the more free water and the higher the T2 value; thus, the T2 value is
an objective and reliable marker[37]. The results of Osag T2MAP and their underlying causes were similar
to those of OSag-fs PD.

The minipigs from the IACL-R group were found to have developed severe cartilage degeneration on
histological examination, despite the restoration of normal joint biomechanics. The loss of GAGs and
Coll-II was more severe in the IACL-R group than in the sham group. In contrast, the MMP-13 level was
signi�cantly higher in the IACL-R group. Osteophytes are a compensatory response to long-term
mechanical joint instability[38]. At 3 months after the operation, the knee joint may have been
mechanically stable, and the PTOA may have been at an early stage, so no obvious osteophyte formation
was seen.

Some limitations of this study must be acknowledged. First, all imaging examinations were performed
with the RH disengaged and in a non-weight-bearing state. In particular, X-ray examination cannot
accurately re�ect the progression of PTOA. Second, PTOA is a cartilage degenerative disease that can
last for decades in humans[39]. However, all animals in our study were euthanized at 3 months after the
surgery, which did not permit the assessment of the entire process of PTOA. Third, the state of tension of
the ACL and the smaller motions of the joint in the IACL-R model cannot be detected using gait analysis.

Conclusion
In summary, the IACL-R model in the minipig reliably results in PTOA at 90 days after surgery, despite
normalization of the gait parameters. This suggests that signi�cantly elevated in�ammatory factors may
be a crucial factor in the pathogenesis of PTOA, and we hope that this will lead to the development of
novel therapies for preventing PTOA.
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Tables
Table 1. Kellgren-Lawrence grades on X-ray examination at 3 months (n = 7)

Group Grade 0 Grade Grade Grade Grade P

Sham 3 3 1 0        0 0.132  

IACL-R 0 2 3 2 0  
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 Table 2. WORMS , macroscopic cartilage score, osteophyte score and microscopic cartilage score,

Parameter Sham IACL-R Sham/IACL-R

  Median (Q1, Q3) Median (Q1, Q3) P value

WORMS sum (0–12) 2 (2, 3.5) 4 (3.5, 5.5) 0.004

MFC score (0–6) 1 (1, 2) 2.5 (2, 3) 0.015

MTP score (0–6) 1 (1, 1) 2 (1, 2.5) 0.049

Macroscopic OARSI score (0–20) 4(3, 7) 8 (10, 12) 0.005

MFC score (0–4) 1 (1, 2) 3 (2, 3) 0.008

LFC score (0–4) 1 (0, 1) 1 (1, 2) 0.023

MTP score (0–4) 1 (1, 2) 2 (2, 2) 0.038

LTP score (0–4) 1 (0, 10) 1 (1, 2) 0.036

Trochlea score (0–4) 1 (1, 1) 3 (2, 3) 0.003

Osteophyte OARSI score (0–15) 1 (1, 1) 3 (3, 3) 0.009

MFC score (0–4) 0 (0, 1) 1 (0, 1) 0.275

LFC score (0–4) 0 (0,1) 0 (0, 1) 0.645

MTP score (0–4) 0 (0,1) 0 (0, 1) 0.645

LTP score (0–4) 0 (0,0) 0 (0,1) 0.591

Trochlea score (0–4) 0 (0, 1) 1 (1, 2) 0.018

Microscopic OARSI score (0–23) 3 (2, 5) 10 (7, 14) 0.004

Structure score (0–10) 2(1, 3) 4 (3, 6) 0.027

Chondrocyte density score (0–4) 0 (0, 1) 1 (1, 2) 0.018

Cell cloning score (0–4) 0 (0, 1) 1 (1, 2) 0.031

GAG score (0–4) 1 (0, 1) 2 (1, 3) 0.018

Demark score (0–3) 0 (0, 1) 1 (0, 2) 0.072

Data are presented as median (Q1, Q3), n = 7.

MFC, medial femoral condyle; LFC, lateral femoral condyle; MTP, medial tibial plateau; LTP, lateral tibial
plateau; GAG, glycosaminoglycan



Page 17/21

Figures

Figure 1

The surgical procedure performed on the right hind limb of a minipig in the IACL-R group. a: An S-shaped
incision was made across the knee joint. b: The ACL was exposed (arrow). c: The ACL reconstruction
guide was positioned at a 45° angle (arrow) to the longitudinal axis of the femur. d: The tendon-bone
segment was completely freed (arrow). e: The tendon-bone segment was �xed in situ with two crossed
Kirschner wires. f: The incision was sutured layer by layer
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Figure 2

Line charts of gait analysis. a: Maximum force; b: Contact area; c: Peak force; d: Impulse; e: Stance time;
f: Swing time * indicates signi�cant differences between the sham and IACL-R groups at the same time
point (P < 0.05). # indicates signi�cant differences between the preoperative (day 0) and postoperative
values (days 8, 16, 31, 45, 61, 75, and 90) in the sham group (P < 0.05). & indicates signi�cant differences
between the preoperative (day 0) and postoperative values (days 8, 16, 31, 45, 61, 75, and 90) in the IACL-
R group (P < 0.05). The bars show the mean ± SD (n = 7).
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Figure 3

Line charts of In�ammatory factors in synovial �uid. a: IL-1α; b: IL-1β; c: IL-2; d: IL-6; e: IL-8; f: IL-18; g:
TNF-α; h: GM-CSF * indicates signi�cant differences between the sham and IACL-R groups at the same
time point (P < 0.05). # indicates signi�cant differences between the preoperative (day 0) and
postoperative values (days 3, 7, 15, 30, 60 and 90) in the sham group (P < 0.05). & indicates signi�cant
differences between the preoperative (day 0) and postoperative values (days 3, 7, 15, 30, 60 and 90) in
the IACL-R group (P < 0.05). The bars show the mean ± SD (n = 7)

Figure 4
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Imaging assessments. (a–d):X-ray examination (e–h):three-dimensional CT reconstruction (i, k)  MRI
OSag fs PD of MFC and MTP  (j, l): MRI OSag T2MAP of MFC and MTP. MFC, medial femoral condyle;
MTP, medial tibial plateau. The white arrows indicate irregularities, osteophytes, and cartilage defects.

Figure 5

a:The CT values of the subchondral bone plate. sham group (MFC,749.17 ± 55.46; MTP, 850.79 ± 48.94)
;IACL-R group (MFC, 610.22 ± 49.50; MTP, 705.72 ± 47.45). b: The thickness of the subchondral bone
plate. sham group (MFC, 1.47±0.09(mm); MTP, 1.68 ± 0.13(mm)) ;IACL-R group (MFC, 1.33 ± 0.12(mm);
MTP, 1.50 ± 0.11(mm)). (c-e) Quanti�cation of the MRI OSag fs PD results using the WORMS guidelines.
f:Quanti�cation of the T2 values obtained using MRI sag T2MAP. Sham group( MFC, 45.08 ±5.06; MTP,
44.80 ± 4.18); IACL-R group( MFC, 64.85 ± 4.95; MTP, 55.6 ± 3.83). MFC, medial femoral condyle; MTP,
medial tibial plateau. The bars show the mean ± SD.* = P < 0.05.

Figure 6
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Images of the trochlea, femoral condyle, and tibial plateau for the macroscopic cartilage and osteophyte
assessment according to OARSI guidelines. The white arrows indicate cartilage damage, irregularities,
and osteophytes.

Figure 7

a: Slight decrease in safranin O staining and slight surface �brillation are seen in the sham group as
compared with the IACL-R group. b: Type II collagen expression was higher in the sham group than in the
IACL-R group. In contrast, matrix metalloproteinase-13 (MMP-13) expression was lower in the sham group
than in the IACL-R group. The right panels show higher-magni�cation views of the boxed areas in the left
panels.
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