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Partial anterior cruciate ligament (p-ACL) rupture is a common injury, but the impact of a p-ACL injury on
in vivo joint kinematics has yet to be determined in an animal model. The in vivo kinematics of the ovine
stifle joint were assessed during ‘normal’ gait, and at 20 and 40 weeks after p-ACL transection (Tx). Gross
morphological scoring of the knee was conducted. p-ACL Tx creates significant progressive post-
traumatic osteoarthritis (PTOA)-like damage by 40 weeks. Statistically significant increases for flexion
angles at hoof-strike (HS) and mid-stance (MST) were seen at 20 weeks post p-ACL Tx and the HS and
hoof-off (HO) points at 40 weeks post p-ACL-Tx, therefore increased flexion angles occurred during stance
phase. Statistically significant increases in posterior tibial shift at the mid-flexion (MF) and mid-
extension (ME) points were seen during the swing phase of the gait cycle at 40 weeks post p-ACL Tx.
Correlation analysis showed a strong and significant correlation between kinematic changes (instabili-
ties) and gross morphological score in the inferior-superior direction at 40 weeks post p-ACL Tx at
MST, HO, and MF. Further, there was a significant correlation between change in gross morphological
combined score (DGCS) and the change in location of the helical axis in the anterior direction (DsAP) after
p-ACL Tx for all points analyzed through the gait cycle. This study quantified in vivo joint kinematics
before and after p-ACL Tx knee injury during gait, and demonstrated that a p-ACL knee injury leads to
both PTOA-like damage and kinematic changes.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Anterior cruciate ligament (ACL) ruptures are common knee
injuries, with an estimated 250,000 ruptures a year in the United
States alone (Griffin et al., 2006). Concomitant injuries and seque-
lae including damage to the meniscus, medial collateral ligament,
and articular cartilage are also common (Lohmander et al., 2007;
Murrell et al., 2001; Noyes et al., 1980). ACL rupture leads to
relative joint instability and, if left untreated, can result in tissue
damage and lead to the development of post-traumatic
osteoarthritis (PTOA) (Lohmander et al., 2007). However, although
most patients opt for ACL reconstruction in attempt to restore the
biomechanical function of the knee joint, this does not reliably pre-
vent PTOA despite the restoration of relative joint stability
(Barenius et al., 2014; Leiter et al., 2014).

The ACL is comprised of two distinct functional bundles: the
anterior medial (AM) bundle and posterior lateral (PL) bundle. Act-
ing together, the bands of the ACL are the primary restraints to
anterior displacement of the tibia relative to the femur, and as a
secondary stabilizer to tibial rotation. Partial ACL (p-ACL) ruptures
are commonly seen clinically, making up between 10–28% of all
ACL tears (Sonnery-Cottet and Colombet, 2016; Temponi et al.,
2015). Currently, there is no consensus on what defines a p-ACL
rupture. While complete ACL rupture can be diagnosed through
clinical examination (Amis and Dawkins, 1991), p-ACL rupture is
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usually more difficult to diagnose. Typically, imaging examination
(plain radiographs and magnetic resonance imaging) and arthro-
scopic investigation (when indicated) are required to diagnose a
p-ACL (Temponi et al., 2015). Further, ACL tears involving 50–
75% of the ligament have been shown to have a significant proba-
bility of progressing to a complete tear and can be associated with
further meniscal, ligamentous, and osteochondral injuries (Noyes
et al., 1989). Thus, surgical reconstruction of a p-ACL rupture is
often performed, but is challenging as the surgery requires both
precise positioning of the bone tunnel and conservation of the
remaining torn bundle (Temponi et al., 2015).

Multiple studies have assessed motion of the knee joint during
normal gait and following ACL injury in human (Andriacchi and
Dyrby, 2005; Beynnon et al., 2002; Wu et al., 2010; Zhang et al.,
2003) and laboratory animal studies (Atarod et al., 2014b; Tapper
et al., 2008; Tapper et al., 2006; Tashman et al., 2004). These stud-
ies have demonstrated that after ACL rupture there is increased
anterior translation and increased internal rotation of the tibia rel-
ative to the femur. Increased tibial medial translations and valgus
rotations (Li et al., 2009) and articular cartilage contact kinematics
in the medial-lateral direction have also been reported (Yin et al.,
2017). More recently, a few studies have analyzed finite helical
axes in human knees, specifically in relation to ACL injury
(Dhaher and Francis, 2006; Grip et al., 2015; Mannel et al., 2004).
Although p-ACL ruptures are common and clinically relevant
(Sonnery-Cottet and Colombet, 2016; Temponi et al., 2015), only
a few studies have used p-ACL transection (Tx) in animal models
to study partial knee injury (Bozynski et al., 2015; Mifune et al.,
2013; Tochigi et al., 2011). In vivo kinematics has been studied to
analyze effects from ACL and medial collateral ligament transec-
tion (Shekarforoush et al., 2018), none that we are aware of have
studied the impact of p-ACL Tx on in vivo joint kinematics, and
attempted to quantify detailed information on the resultant
biomechanical alterations. Furthermore, none have studied the
combination of gross PTOA-like changes after p-ACL Tx and
changes to knee kinematic integrity over time. The rationale for
using a p-ACL Tx model was to simulate a human p-ACL rupture,
and study the effects of AM band Tx and the biomechanical func-
tioning of the PL band after such injuries (Atarod Pilambaraei
et al., 2012). In our model, p-ACL Tx was defined as transecting
the AM band completely through its mid-substance, and leaving
the PL band completely intact. Thus, we considered the p-ACL
injury to be ‘50%’ ruptured.

The objective of the present study was to (1) examine ovine
in vivo knee kinematics pre- and post- p-ACL Tx during gait and
to (2) investigate the alterations in the finite helical axes (FHA)
variables and the absolute translational change of the bones in
the tibiofemoral joint after p-ACL Tx. We hypothesized that (1)
AM band deficiency would alter the in vivo kinematics during gait
in both translational and rotational degrees of freedom (DOF) and
(2) there would be a correlation between change in kinematic vari-
ables and PTOA-like damage, irrespective of the large inter-animal
variability.
2. Methods

2.1. Animal model and surgical intervention

All animal surgeries and procedures were approved by the
University of Calgary Animal Care Committee and comply with
the guidelines of the Canadian Council on Animal Care. Skeletally
mature, 3 to 5-year-old female Suffolk-cross sheep (n = 5) were
trained to walk on a treadmill at 2.0 mph. Surgeries were per-
formed on the right stifle joint, with the left joint serving as an
internal control. Two stainless steel modified bone fracture plates
(Zimmer, Warsaw, IN, USA) were surgically implanted on the lat-
eral side of the femur and the medial side of the tibia, and fixed
as close to the stifle joint as possible. Animals were given at least
four weeks to recover before undergoing assessment of intact
kinematics.

Four weeks after intact kinematic collection (explained subse-
quently), under arthroscopic guidance, an orthopedic surgeon
made two small incisions on the anterior aspect of the knee joint.
The AM band of the ACL was then transected sharply, through the
full thickness. The PL band was left intact and was visualized the
entire time to ensure the p-ACL Tx.

2.2. Recording 3-Dimensional in vivo kinematics

The 3D motion of the femur relative to the tibia (the stifle joint
motion) during normal and pathological gait was recorded accu-
rately using an instrumented spatial linkage (ISL) (0.3 ± 0.1 mm,
0.3 ± 0.1 deg). As described previously (Atarod et al., 2014b;
Rosvold et al., 2015), the ISL was attached rigidly to the implanted
plates on the bones for motion capture. The kinematics of the stifle
joint motion was defined while the sheep walked on a standard
treadmill (2.0 mph) and the data was collected for a minimum of
250 strides. Kinematics was measured before p-ACL Tx, and at 20
and 40 weeks after p-ACL Tx.

2.3. Gross morphological grading

All animals were sacrificed at 40 weeks post p-ACL Tx. The ani-
mals’ hind limbs were disarticulated and then the tissue was har-
vested. Gross morphological grading of the patella, femoral groove,
femoral condyles, and tibial plateau was conducted by two expert
observers for gross defects (Drez et al., 1991), osteophyte forma-
tion (Cummings et al., 2002), and meniscal damage (Hellio Le
Graverand et al., 2001).

2.4. Kinematic data processing

As described previously (Atarod et al., 2014b), the joints were
digitized using a portable coordinate measuring machine (FaroArm
Platinum, Faro Technologies, Lake Mary, FL, USA; accuracy
0.025 mm) and anatomically relevant coordinate systems were
defined on the femur and tibia (Grood and Suntay, 1983). The
anatomical degrees of freedom, i.e. flexion–extension (FE), abduc-
tion–adduction (AA), and internal-external (IE) rotations and the
medial–lateral (ML), posterior-anterior (PA) and inferior-superior
(IS) translations were defined by defining the joint coordinate sys-
tem (Grood and Suntay, 1983). The periods between successive
hoof-strikes were calculated and used for normalization (0–100%
gait cycle).

In addition, the finite helical axis (FHA) was defined from four
variables n, s, / and t as previously described by Spoor and Veld-
paus (Spoor and Veldpaus, 1980). The orientation of the FHA is
defined by n ([h1,h2,h3] = [ hML,hML,hIS]), the unit vectors along the
FHA, while the location of the FHA is defined by s ([s1,s2,s3] =
[sML,sML,sIS]), the vector of the line from the location of the closest
point on the FHA to the origin of the TCS. / and t are the angle of
rotation about and the translation along the FHA, the details pro-
vided by Shekarforoush et al. (2018). Finally, the magnitude of
the change of the translation vector from intact after injury was
defined as the tibiofemoral absolute translational change
(Shekarforoush et al., 2018).

2.5. Statistics

Mann-Whitney tests were used to investigate the changes in
gross morphological damage between the 40 weeks post p-ACL



Fig. 1. The kinematic variables are defined at six points in the gait cycle: Hoof strike (HS), mid-stance (MST) and hoof-off (HO) during the stance phase of the gait cycle, and
mid-flexion (MF), mid-swing (MSW), and mid-extension (ME) during the swing phase.
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Tx group and non-operative control group. Paired Wilcoxon signed
ranked tests were used to investigate the alterations in kinematics
between groups at the six distinct gait points (hoof strike (HS),
mid-stance (MST), hoof off (HO), mid-flexion (MF), mid-swing
(MSW) and mid-extension (ME); Fig. 1). Spearman rank correla-
tions were used to investigate correlations between kinematic
changes at these gait points and adjusted gross morphological
combined score (DGCS). Statistics were conducted using SPSS
(IBM Software, Armonk, NY, USA) and significance for the statisti-
cal test was accepted at p � 0.05.
3. Results

3.1. Gross morphological grading

p-ACL Tx resulted in significant gross joint damage compared to
the non-operative control group (Fig. 2). There was considerable
meniscal damage and osteophyte formation in the 40 weeks post
p-ACL Tx group (Barton et al., 2018a), whereas the control group
rarely exhibited osteophyte formation and sustained no meniscal
damage (Fig. 2C and G).

3.2. Joint angles and joint translations during gait

All animals, with the exception of animal 2, shifted to a more
flexed position particularly in the stance phase of the gait cycle
after 20 and 40 weeks post p-ACL Tx and the patterns continued
to change over time (Fig. 3). The increases in flexion angles were
statistically significant at HS and MST at 20 weeks post p-ACL Tx
(both p = 0.043) and HO and MF at 40 weeks post p-ACL-Tx (both
p = 0.043). In the AA component, animals 1–4 shifted to a more
abducted position overall post injury, with statistically significant
changes at HS both 20 and 40 weeks after injury (both p = 0.043).
For the IE rotation, there was a shift from intact to 20 weeks and
another shift from 20 weeks to 40 weeks but there was a variation
between the subjects and the changes were not statistically signif-
icant (Fig. 3).

In the ML degree, there was a considerable shift from intact to
20 weeks to 40 weeks in all sheep; however, the changes were
not statistically significant as there was large individual variability
in the direction and magnitude of change from pre-injury (Fig. 4).
Further, there was a statistically significant increase in the poste-
rior direction at MF and ME points during swing phase of the gait
cycle at 40 weeks post p-ACL Tx (both p = 0.043).

3.3. Knee finite helical axes during gait

For the p-ACL Tx group, the orientation of the FHA significantly
changed during the stance phase of the gait cycle. There was a con-
sistent significant decrease in DhML and DhAP at the HS and MST
points 40 weeks after p-ACL Tx. The inter-subject variation in the
inferior-superior direction (DhIS) was higher than in the other
two directions (Fig. 5), but no significant alterations were detected
between groups for the points analyzed during the gait cycle.
Moreover, the locations of the helical axes were changed 20 and
40 weeks after p-ACL Tx with high inter-subject variation. Varia-
tion in the IS direction was higher than the other two directions
(Fig. 5). Rotation about the FHA (/) was increased in early part of
the stance phase at HS and also at the MST point of the gait cycle
after p-ACL Tx; the increase was significant at 20 weeks (Fig. 5).
No significant alterations were detected for translation along the
FHA (Dt) (Fig. 5). Variations of the finite helical axis variables
throughout the gait cycle for one representative subject from the
p-ACL Tx group is represented in Fig. 6.

3.4. Correlation between gross combined morphological score and
in vivo kinematics variables

There was no correlation between rotational degrees of freedom
and change in DGCS at the selected gait points analyzed. However,
there was a significant correlation between an increase in the tibial
superior direction and gross morphological combined score (DGCS)
at 40 weeks post p-ACL Tx (MST, HO, and MF; Fig. 7). Besides, there
were correlations between DGCS and the absolute translational
change (|Dd|) at 4/6 points analyzed through the gait cycle (signif-
icant at the ME point and trends for the HS, MF and MSW points)
(Fig. 7). Considering FHA variables, there was a significant
correlation between DGCS and change in the location of the helical



Fig. 2. Gross morphological combined score of the ovine stifle joint for the 40 weeks post p-ACL Tx group and the non-operative control group (A). Adjusted combined gross
morphological score (D GCS) of the ovine stifle joint for the 40 weeks post p-ACL Tx group and the non-operative control group (B). DGCS breakdown of the ovine stifle joint
for meniscal damage, osteophytes, and articular cartilage damage for the 40 weeks post p-ACL Tx group and the non-operative control group (C). Data are reported as
mean ± SD. * = significantly different. Images of the femoral condyles and tibial plateaus during gross morphological scoring for osteophytes and articular cartilage damage for
the non-operative control group (D, F) and 40 weeks post p-ACL Tx group (E, G). White arrows indicate irregularities, osteophytes, and cartilage damage.
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axis in the anterior direction (DsAP) for all six points analyzed
through the gait cycle (Fig. 8). Although, increase of DsAP was only
significant at 1/6 gait point analyzed, closer inspection of animals’
data for DsAP at the other 5 gait points showed that there was an
increase at the same 4/5 animals.

4. Discussion

In the present study, we examined the change in ovine in vivo
joint 6 DOF kinematics and FHA variables before and after p-ACL
Tx. Similar to previous ovine ligament studies (Atarod et al.,
2014a; Tapper et al., 2009) and human studies (Chaudhari et al.,
2008; Decker et al., 2011; Georgoulis et al., 2010), there was con-
siderable inter-subject variability in both damage and kinematics
following a knee joint injury. Also, there appeared to be ‘copers’
and ‘non-copers’ after knee injury in the ovine model (Barrance
et al., 2007); with some of the animals demonstrating significant
kinematic changes after the p-ACL Tx knee injury, whereas others
with the same knee joint injury either progressed more slowly over
time or did not progress much at all. This could be due to several
contributing factors: bone and meniscal shapes, musculature and
neuromuscular control mechanisms, or biological changes to speci-
fic tissues after p-ACL Tx (Smith et al., 2012a, b). Thus, multiple
aspects contribute to the knee joint acting as an organ system
(Frank et al., 2004; Loeser et al., 2012).

Clinically, this study demonstrates that even partial damage to
the ACL can lead to PTOA-like changes. Of interest, considerable
osteophyte formation and minor meniscal damage was present
in the surgical limbs. This is consistent with previous ovine
(Atarod Pilambaraei, 2013) and lapine (Tochigi et al., 2011) models
of full ACL injury and p-ACL injury, respectively, where it was
shown that damage develops progressively over time with knee
instability.

The most significant kinematic change across all p-ACL Tx sheep
was the increase in joint flexion, particularly during the stance
phase of the gait cycle. The increased flexion might be due to
quadriceps weakness, during the early phase of stance; as quadri-
ceps function to avoid shock to the knee, its weakness can result in
increased flexion angles. Also, the weight, and therefore torque, of
the ISL may be a factor as well. Relevant to this point, previous



Fig. 3. The three rotational degrees of freedom in vivo kinematics (in degrees) of the ovine stifle joint of all animals (1–5) during gait, before (black hashed line), at 20 weeks
post p-ACL Tx (red line), and 40 weeks post p-ACL Tx (blue line). Data are reported as median stride ± standard deviation. Positive Y values indicate increased joint flexion,
adduction, internal tibial rotation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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literature has reported quadriceps weakness after ACL injury (Hart
et al., 2010; Kim et al., 2016; Konishi et al., 2011; Thomas et al.,
2013). Contrary to our expectation, none of these significant
changes in these degrees of freedom were correlated to the devel-
opment of PTOA-like changes in the subjects. This suggests that
kinematic variables were not the critical factor for initiation of
PTOA in these subjects.

Interestingly, the changes in the IS degree of freedom, in MST,
HO, and MF points, were significantly correlated to the PTOA-like
change and increased posterior tibial translation was significantly
correlated with DGCS. The main reason was probably an increase
in the pressure distribution on the cartilage surfaces as a result
of increased tibial posterior translation (equivalent to joint nar-
rowing). Consequently, normal stress on the cartilage increases.
Future studies are needed to evaluate other potential mechanical
pathways including altered pressure distribution and shear stres-
ses, altered contact locations, and altered surface interactions
(such as increased frictional force and cartilage wearing).



Fig. 4. The three translational degrees of freedom in vivo kinematics (in millimetres) of the ovine stifle joint of all animals (1–5) during gait, before (black hashed line), at
20 weeks post p-ACL Tx (red line), and 40 weeks post p-ACL Tx (blue line). Data are reported as median stride ± standard deviation. Positive Y values indicate increased lateral
tibial translation, anterior tibial translation, and superior tibial translation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Addressing the above mechanical factors could provide insight into
other mechanical contributors to PTOA development.

Another interesting finding was the significant correlation
between DGCS and the change in location of the helical axis in
the anterior direction (DsAP) after p-ACL Tx for all points analyzed
through the gait cycle (Figs. 7 and 8). Although, increases in DsAP
was only significant at 1/6 gait point analyzed, closer inspection of
the animal data for DsAP at the other 5 gait points showed that
there was an increase at the same 4/5 animals. In a recent longitu-
dinal study on ACL-reconstructed patients, the abnormality in the
PA shift of the knee’s centre of rotation, which is equivalent to a
two-dimensional axis of rotation, was correlated with clinical out-
comes up to 8 years after surgery (Titchenal et al., 2017). Besides,
there were correlations between DGCS and the absolute transla-
tional change (|Dd|) at 4/6 points analyzed through the gait cycle
(significant at the ME point and trends for the HS, MF and MS



Fig. 5. The mean values ± standard deviation of the alterations in the finite helical axis (FHA) parameters (A-H) from the intact after 20 weeks post p-ACL Tx (dark grey) and
40 weeks post p-ACL Tx (light grey). Data presented are for six points during the gait cycle, i.e. hoof-strike (HS), mid-stance (MST), hoof-off (HO), mid-flexion (MF), mid-swing
(MSW) and mid-extension (ME). * = significantly different.

Fig. 6. Variations of the finite helical axis variables throughout the gait cycle for one representative subject from the p-ACL Tx group, before (black line), at 20 weeks post p-ACL
Tx (red line), and 40 weeks post p-ACL Tx (blue line). The orientation of the FHA is defined by the [h1,h2,h3] = [hML,hML,hIS] and the location of the FHA is defined by
s = [s1,s2,s3] = [sML,sML,sIS], which is the vector from the location of the closest point on the FHA to the origin of the tibial coordinate system (TCS). / and t are the angle of rotation
about and the translation along the FHA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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points) (Fig. 7). Moreover, Shekarforoush et al. reported that PTOA-
like morphological damage after complete ACL and MCL transec-
tion was more critically correlated to the absolute tibiofemoral
translational change than each translational degrees of freedom
(Shekarforoush et al., 2018). Overall these results suggest that shift
of the location of the FHA in the PA direction and the tibiofemoral
absolute translational change might be more important kinematic
risk factor than each translational DOF, such as PA instability, for
PTOA development after the ACL injury.
This study is not without limitations. First, as described previ-
ously (Atarod et al., 2014b; Beveridge et al., 2011; Frank et al.,
2012; Tapper et al., 2008, 2006, 2004), the kinematic surgery and
testing is, to some extent, invasive. Although other techniques offer
less invasive approaches for kinematic collection, the method we
utilized is extremely precise. It should be noted that, unlike our
previous studies using arthrotomy, we used arthroscopy for the
current model, and thus, the intervention aimed to mimic real liga-
ment injuries during sport activities. Second, during kinematic col-



Fig. 7. Correlation of gross morphological score and in vivo kinematics in the inferior-superior (IS) direction at mid-stance (MST) (A), hoof-off (HO) (B), and mid-flexion (MF)
(C). Kinematic variables are 6 degrees of freedom kinematics (i.e. flexion-extension (FE), abduction-adduction (AA), internal-external (IE), medial-lateral (ML), posterior-
anterior (PA), IS), finite helical axis variables (i.e. the orientation of the FHA n ([h1,h2,h3] = [ hML,hML,hIS]), the location of the FHA s ([s1,s2,s3] = [sML,sML,sIS]), / and t) and the
absolute tibio-femoral translational change (|Dd|) (D). The Spearman correlation analyses between the change of finite helical axis variables after injury and adjusted D gross
morphological combined score (DGCS) at hoof-strike (HS), MST, HO, MF, mid-swing (MSW) and mid-extension (ME) during the gait cycle (E). * = significantly different.

Fig. 8. Scatter plots of DsAP (the location of helical axis in the anterior-posterior direction) versus Dgross combined score (DGCS) at all points of the gait cycle, hoof-strike
(HS), mid-stance (MST), hoof-off (HO), mid-flexion (MF), mid-swing (MSW), and mid-extension (ME), analyzed 40 weeks post p-ACL Tx (A). * = significant correlation.
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lection, the animal has the ISL (1 kg) attached directly to the previ-
ously implanted then pooled the data to determine trends. Third,
drawing human applications by extension from the ovine stifle
joint model is a limitation; however, the ovine model has been
shown to be a suitable biomechanical model (Allen et al., 1998;
Osterhoff et al., 2011; Tapper et al., 2008, 2009). Fourth, there
was large inter-animal variability and a low sample size (n = 5).
However, this is also commonly seen and observed in humans as
there can be ‘copers’ and ‘non-copers’ after knee injury (Barrance
et al., 2007). To overcome this limitation, we evaluated each animal
individually utilizing a single-subject design initially. We also then
pooled the data to determine trends. Lastly, we acknowledge that
sham groups are commonly used to investigate the effects of walk-
ing patterns on the stifle joint, however we decided not to include
this group in this present study based on results from previous
studies that have shown shams do not to differ from the controls
(Beveridge et al., 2011; Tapper et al., 2008, 2009).

This study quantified in vivo kinematics in a p-ACL rupture
model. Two strengths of this study are that it quantified gait longi-
tudinally over time and that it allows animals to be compared to
themselves, so that trajectories of kinematic change and gross
damage could be studied over bone plate and could alter their ‘nor-
mal’ gait patterns. This research lays the foundation for future
studies, highlighting the necessity of addressing individual
responses and adaptations to identical knee ligament injuries, as
there is substantial individual variation. We demonstrated that in
this p-ACL Tx model, PTOA develops and is progressive over time
(Barton et al., 2018b), and there is correlation between change in
the location of the FHA axis in the AP direction and PTOA damage.
Correlation analysis showed a strong and significant correlation
between kinematic changes (instabilities) and gross morphological
score in the IS direction at 40 weeks post p-ACL Tx at MST, HO, and
MF. In addition to the mechanical factors, the biological factors
especially acute joint inflammation should be assessed; studies
investigating glucocorticoid intervention, with the aim of mitigat-
ing acute injury-induced inflammation, need to be conducted in
the p-ACL Tx model. The results indicate that a p-ACL knee injury
can lead to PTOA-like damage and kinematic changes over time.
In summary, this study has provided further understanding for
the function of the knee joint following p-ACL Tx in an ovine
model.
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