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Background: The temporomandibular joint interposal study (TEMPOJIMS) is a rigorous preclinical trial
divided in 2 phases. In phase 1 the authors investigated the role of the TMJ disc and in phase 2 the
authors evaluated 3 different interposal materials. The present work of TEMPOJIMS - phase 1, investi-
gated the effects of bilateral discectomy and discopexy in sheep mastication and rumination.
Methods: This randomized, blinded and controlled preclinical trial (in line with the ARRIVE guidelines)
was conducted in 9 Black Merino sheep to evaluate changes in mastication and rumination after bilateral
discectomy and bilateral discopexy, by comparing with a sham surgery control group. The outcomes
evaluated were: (1) absolute masticatory time; (2) ruminant time per cycle; (3) ruminant kinematics,
and (4) ruminant area. After baseline evaluation and surgical interventions, the outcomes were recorded
over 3 successive days, every 30 days, for 6 months.
Results: The first month after intervention seemed to be the critical period for significant kinematic
changes in the discectomy and discopexy groups. However, 6 months after the bilateral interventions, no
significant changes were noticed when compared with the control group.
Conclusions: In this study, bilateral discectomy and discopexy had no significant effect in mastication and
ruminatory movement. The introduction of kinematic evaluation presents a new challenge that may
contribute to the improvement of future studies on the TMJ domain.

© 2017 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

The area of temporomandibular joint (TMJ) bioengineering is
growing fast, and the potential for developing a TMJ interposal disc
is immense. Rigorous preclinical trials are therefore needed for
the normal progress of translational medicine. However, before
using valuable resources and funds for TMJ bioengineering, it is
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important to improve our understanding of the effects induced at
the temporomandibular joint by common surgical interventions.

TMJ discectomy is the most performed intracapsular surgery.
With good overall results, this technique remains a reasonable
choice for internal derangement not responding to nonsurgical
treatment (Nyberg et al., 2004; Eriksson and Westesson, 2001;
Mazzonetto and Spagnoli, 2001; Bjørnland and Larheim, 2003;
Trumpy and Lyberg, 1995). Nevertheless, it still is a controversial
technique because it does not restore structural or biological prop-
erties of the TMJ (Takaku et al., 2000). TMJ discopexy is a less
invasive surgery technique used to restore ideal TMJ disc position,
but with variable results (Sharma et al., 2010).
Elsevier Ltd. All rights reserved.
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Despite the large number of discectomy and discopexy proced-
ures performed annually, to the best of our knowledge there have
been no randomized, blinded, controlled trials that have investi-
gated, in human or animal, the jaw movement implications of
bilateral discectomy and bilateral discopexy.

Small-size, mid-size, and large animal models have been used
to investigate the histological effects of unilateral discectomy
(Bjørnland and Haanaes, 1999; Dimitroulis and Slavin, 2006; Ogi
et al., 1999; Sato et al., 2002; Tong and Tideman, 2000), leading
to diverse results, from minor degenerative changes to TMJ anky-
losis. This heterogeneous results are probably due to limitations
regarding animal choice, study design, and the use of a unilateral
approach with the contralateral side as a control, which may have
induced bias in available results (Cohen et al., 2014).

As reported in a survey, commissioned by the National Centre
for the Replacement, Refinement and Reduction of Animals in
Research (NC3Rs) (Kilkenny et al., 2009), only 59% of the 271
randomly chosen articles assessed stated the hypothesis or objec-
tive of the study, and the number and characteristics of the animals
used (i.e., species/strain, sex, and age/weight). Most of the papers
surveyed did not report using randomization (87%) or blinding
(86%) to reduce bias in animal selection and outcome assessment.
Only 70% of the publications that used statistical methods fully
described them and presented the results with a measure of pre-
cision or variability (Kilkenny et al., 2009). These findings are a
cause for concern, and are consistent with reviews of many
research areas, including clinical studies, published in recent years
(Kilkenny et al., 2009; Sharma et al., 2010; Van der Worp et al.,
2010). Furthermore, most of the previous studies have focused on
histological and imaging differences, but additional inputs are
essential to obtain a clear understanding of TMJ functionality.

In this paper the authors report, for the first time, on a high-
quality, preclinical study that evaluates the impacts of bilateral
discectomy and bilateral discopexy on mastication and rumination
kinematics in black Merino sheep, in comparison with a sham
surgery control group.

The evaluation of mastication and rumination kinematics of the
sheep jawwas based on the normal processes used by ruminants to
break downparticulate drymatter: (1) initial chewing during eating
and (2) further chewing during rumination (Pearce, 1967). The
authors discriminated between the two processes and analyzed
them separately. To analyze the initial chewing the authors exam-
ined the time taken to eat a dose of dry pellets, naming this outcome
absolute masticatory time. With this outcome the authors expected
to determine if TMJ surgical interventions could induce significant
changes in the initial chewing time. To analyze the ruminant
chewing phase, a special cagewas created and 15 ruminant chewing
cycles were recorded with a video camera. Using Foundry Nuke (2D
tracking) and Image J software, ruminant movements in the frontal
plane were analyzed to obtain: (1) rumination time per cycle, (2)
rumination kinematics, and (3) rumination area.

The temporomandibular joint interposal material study
(TEMPOJIMS) was planned with a rigorous design, in line with the
ARRIVE guidelines (Kilkenny et al., 2009). A Randomized, preclin-
ical study with blinded outcomes, was needed in this field in order
to increase the quality of further TMJ studies, improve future
treatment options for patients undergoing surgery for TMJ disc
replacement, and facilitate interpretation of future studies
regarding TMJ interposal materials using TEMPOJIMS design.

2. Materials and methods

TEMPOJIMS study was a preclinical study divided into two
phases (Ângelo et al., 2017). This paper focuses on the kinematic
outcomes of phase 1, aiming to understand the impact of TMJ
bilateral discectomy versus TMJ bilateral discopexy, in comparison
with a sham surgery control group, on black Merino sheep.

2.1. Study design

The rationale and protocol for the TEMPOJIMS preclinical trial
are publicly available (Ângelo et al., 2017).

2.2. Study population and sample

A variety of strains/breeds of sheep have been used in previous
TMJ investigations. To reduce biological variability, the authors per-
formed this study in a blackMerino sheep strain (Angelo et al., 2016).
In phase 1 the authors used 10 black Merino sheep with the
following inclusion criteria: certified blackMerino sheep, adult (aged
between 2 and 5 years), female, good health condition (veterinary
checks were performed on all animals), and normal dentition (with
32 teethd8 mandibular incisors, 12 premolars, and 12 molars).

2.3. Randomization

The randomization process was performed by a statistical team
not involved in the outcome assessments. Ten sheep were
randomly allocated to intervention groups as follows: bilateral
discectomy group (n ¼ 3), bilateral discopexy group (n ¼ 3), sham
surgery group (n ¼ 3), and back-up group (n ¼ 1). The one back-up
sheep was in case of death occurring as a result of anesthesia or
other complications not related to surgical intervention. The allo-
cation to each randomized group was performed preoperatively
using sealed envelopes (Fig. 1).

2.4. Procedures

Ten eligible sheep were assigned to their baseline pilot sec-
ondary outcomes, measured at days 11, 10, and 9 before surgery in
TEMPOJIMS facilities (Fig. 2). Transportation to surgical facilities
occurred 5 days before surgery to avoid animal stress and allow
familiarization with temporary accommodation. The surgical team
was not blinded to treatment allocation, given the type of inter-
vention; however, the surgical teammembers were not involved in
outcome assessment. Serious adverse events were defined as
events that were fatal or that resulted in life-threatening or
persistent disability, more than 10% weight loss per week, or clin-
ically significant hazards/harm to the animal.

2.5. Anesthesia protocol

Fasting and water restriction were required 24 h before surgery.
Sedationwas performedwith diazepam (0.5 mg/kg IV), followed by
anesthesia induction with ketamine (5 mg/kg IV). Oral intubation
was performed and anesthesia was maintained with isoflurane
(1.5e2%). To assure animal analgesia, Meloxicam (0.5 mg/kg IV/bid)
was administered on the surgery day and over the following 4 days.
Antibiotic prophylaxis with amoxicillin and clavulanic acid was
administrated for 5 days.

2.6. Surgical intervention

(A) Bilateral discectomy group (n ¼ 3): during general anes-
thesia, the surgical team performed a preauricular incision
and a blunt dissection of the soft tissue covering the joint.
The joint area was disclosed and the articular capsule was
incised. The disc and its attachments were identified. The
medial, anterior, posterior, and lateral disc attachments were



Fig. 1. TEMPOJIMS phase 1 enrolment (Ângelo et al., 2017). Baseline assessments: (1) absolute masticatory time a dose of 150 g of dry pellets (Rico Gado A3) was introduced in the
feeder and the time taken to eat all the pellets was measured; (2) rumination time per cycle (the authors used a Canon 7D video camera to record 15 rumination cycles approximately
4 h after the 150 g feed; (3) rumination kinematics and (4) rumination area (the authors used Foundry Nuke software (2D tracking) to track the jaw and used After Effects software to
convert the 2D tracking into a geometric form).
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detached and discectomy was performed. The wound was
closed in layers with Vicryl 3/0.

(B) Bilateral discopexy group (n ¼ 3): during general anesthesia,
the surgical team performed a preauricular incision and a
blunt dissection of the soft tissue covering the joint. The joint
area was disclosed and the articular capsule was incised. The
disc and its attachments were identified. The lateral and
posterior disc attachments were detached and sutured with
PDS 3/0. The wound was closed in layers with Vicryl 3/0.

(C) Sham surgery group (n ¼ 3): during general anesthesia, the
surgical team performed a preauricular incision and a blunt
dissection of the soft tissue covering the joint. The TMJ
Fig. 2. Flow chart of TEMPOJIMS e
articular capsule was not incised. The wound was closed in
layers with Vicryl 3/0.
2.7. Follow-up assessments

Baseline assessment (T0) was performed before surgery on
days �11, �10, and �9 (Table 1). Ten days after surgery, animals
were transported to TEMPOJIMS facilities. Follow-up recording of
outcomes began on days 19, 20, and 21 after surgery (T1) and was
repeated every 30 days for 6 months (Fig. 2). T0eT6 were based on
the means of the three measurements. The assessments were
phase 1 (Ângelo et al., 2017).



Fig. 3. Ruminant cycle kinematics (A) e initial position (B) e maximum open mouth (C) e maximum lateral movement (D) e end of ruminant cycle.

D.F. Ângelo et al. / Journal of Cranio-Maxillo-Facial Surgery 46 (2018) 346e355 349
performed by two specially trained assessors who were not affili-
ated with the interventions. All animals had bilateral scars to
reduce possible bias.

2.8. Kinematic outcomes

Kinematic outcomes evaluated were: (1) absolute masticatory
time; (2) ruminatory time per cycle; (3) ruminatory kinematics;
and (4) ruminatory area.

To measure the referred outcomes, a specific cage was built with
a frontal window and a feeder. All assessments were performed by
researchers blinded to surgical intervention, and were designed to
evaluate masticatory time changes and to ruminatory kinematics.
These outcomes were as follows:

(1) Absolute masticatory time: based on the assessment time-
table (Fig. 2), at 9:00 am the 10 sheep were placed in their
individual cages. A dose of 150 g of dry pellets (Rico Gado A3)
was introduced in the feeder and the time taken to eat all the
pellets was measured with a chronometer.

(2) Ruminatory time per cycle: based on the assessment time-
table (Fig. 2), we recorded 15 ruminant cycles approximately
4 h after the 150g feed. We used a Canon 7D video camera to
record images at 25 frames per second. The number of
frames per cycle was then divided by 25 to obtain time in
seconds per cycle.

(3) Ruminatory kinematics: we used Foundry Nuke (2D
tracking) software to track jaw movements and calculate the
average ruminant cycle. Using After Effects software, we
converted the 2D tracking into a geometric form.

(4) Ruminatory area: we determined an average for 15 cycles,
and created a geometric representation. Using the software
Image J, we performed a quantitativemeasurement, in pixels,
of the average ruminatory area.

2.9. Statistical analysis

The TEMPOJIMS phase 1 randomized, controlled, preclinical
trial used ten black Merino sheep, with a 6-month follow-up. The
primary analysis tested the effects of the independent variable (IV)
for three experimental conditions: 1 ¼ bilateral discectomy;
2¼ bilateral discopexy; 3¼ sham surgery, using a series of pre-tests
(T0) and post-tests (T1 to T6). The dependent variables (outcome
measures) were: the time to eat 150 g of pellets; the ruminant time
per cycle; and the ruminant area. These events were measured
three times in the pre-tests to promote invariance in the outcome
measures before surgical intervention (IV). The secondary tests
(post-tests) analyzed the outcomes using three measurements, at
six time intervals (T1 to T6), at the same place, and hour as the pre-
tests (Fig. 2).

All statistical analyses were performed using the Statistical
Package for Social Sciences (IBM SPSS, version 22.0). Shapir-
oeWilk tests were performed for pre-tests (T0) and post-tests (T1
to T6), showing a normal distribution in all groups for all tests
(p > 0.05), except for T4 and T6 rumination areas for discopexy
(ShapiroeWilk ¼ 0.761 and 0.384; p < 0.05).



Table 1
Baseline descriptive statistics.

Sheep ID Birth date Baseline Mean of three measures Allocation randomized
process

Weight/kg Absolute
masticatory time/sa

Rumination kinematics
and average area/pixelsb

Rumination
time per cycle/sc

8298 11.01.11 56.0 85.0 6449 0.74 Discopexy

9705 02.04.12 70.3 90.7 5252 1.21 Discectomy

8264 19.07.10 56.3 79.3 7223 0.87 Sham

9982 02.09.12 56.0 76.0 6591 0.94 Discectomy

3969 30.10.09 57.0 89.7 7768 0.90 Sham

8284 16.02.11 68.0 97.7 6904 0.93 Discopexy

8267 13.07.10 75.7 71.7 8846 0.73 Discectomy

9701 07.04.12 63.0 108.7 10354 1.14 Discopexy

1903 25.12.12 52.0 101.3 6007 0.74 Sham

❖ No significant differences between sheep for the reported characteristics were found at baseline; p > 0.10.
a The absolute masticatory time was measured from 9:00 am, when a dose of 150 g of dry pellets (Rico Gado A3) was introduced in the feeder, until all pellets were eaten.
b Ruminant kinematics refers to the average tracking of 15 ruminant cycles and the creation of a geometric form using the software Image J.
c A Canon 7D video camera set at 25 frames per second was used to record 15 ruminatory cycles approximately 4 h after the 150 g feed. The number of frames per cycle was

divided by 25 to obtain the time in seconds per cycle.
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Additionally, Levene statistics were performed to test the ho-
mogeneity of variances. Statistically significant results were found
at T1, T2, and T5 for rumination area (Levene statistics ¼ 8.59, 6.35,
and 7.82; p < 0.05), which led to non-parametric tests being
calculated for these times. For the pre-tests and other time groups,
variances were homogeneous (p > 0.07), leading to parametric
tests.

A one-way analysis of variance (ANOVA) (or the non-parametric
equivalent KruskaleWallis test) was performed for cross-sectional
analysis to compare the outcome variables at the three levels of
the IV before and after the random treatment group assignment.
Fisher LSD and Games-Howell Post-hoc tests were performed for
equal variances assumed and not assumed, respectively. For lon-
gitudinal analysis, Mauchly's test of sphericity was non-significant
for absolute masticatory time (Mauchly's W ¼ 0.004; p ¼ 0.589),
allowing a parametric one-way ANOVA test with repeated mea-
sures, taking as within-subject effects observations before (T0) and
after (T1 to T6) surgery for bilateral discectomy, bilateral discopexy,
and sham surgery conditions. For rumination area, a Greenhouse-
Geisser corrected test was used, due to a Mauchly's W value of
0.000; p ¼ 0.011.

3. Results

Descriptive baseline statistics are presented in Table 1. Four
outcomes were analyzed: (1) absolute masticatory time; (2)
ruminatory time per cycle; (3) ruminatory kinematics; and (4)
ruminatory area.



Table 2
Absolute masticatory time for T0 (baseline) to T1eT6 (post-test): descriptive one-way ANOVA for T0 and T3eT6, and KruskaleWallis test for T1 and T2; effect-sizes (h2

p) and
observed power (1 � b).

T0 T1 T2 T3 T4 T5 T6

x±dp x±dp x±dp x±dp x±dp x±dp x±dp

Discectomy 79.4 ± 10.0 102.1 ± 6.5 86.0 ± 17.6 79.3 ± 13.2 85.2 ± 11.9 78.3 ± 7.2 74.7 ± 5.0
Discopexy 97.1 ± 11.8 108.2 ± 5.4 90.7 ± 9.2 95.4 ± 15.7 98.2 ± 18.0 95.0 ± 12.1 92.6 ± 7.6
Sham 90.1 ± 11.0 89.22 ± 5.5 80.3 ± 10.8 84.7 ± 16.2 94.9 ± 13.7 82.6 ± 11.7 85.6 ± 18.2
F(2,5)* 1.98 0.89 0.63 2.02 1.76
KeW X2(2) 5.54* 0.80
h2

p 0.397 0.74 0.14 0.23 0.17 0.40 0.37
1 � b 0.27 0.80 0.10 0.14 0.11 0.27 0.24

*p ¼ 0.03; one-tailed test.
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(1) Absolute masticatory time

Cross-sectional analysis: The authors compared the absolute
masticatory times for the three groups each month, post-surgery
(T1 to T6). A one-way ANOVA (or the non-parametric equivalent
KruskaleWallis test) was performed, showing significant differ-
ences between the three groups only in T1dp ¼ 0.03 (one-tailed),
effect size of h2p ¼ 0.736 (1 � b) ¼ 0.804 (Table 2)ddue to
the higher values for discopexy in comparison with sham surgery,
as shown using a Games-Howell post-hoc test (p ¼ 0.028).
Throughout the baseline and the remaining follow-up period
(T2eT6), no statistically significant differences were found between
discectomy, discopexy, and sham surgery conditions (p > 0.20).

Longitudinal analysis: A one-way ANOVA with repeated mea-
sures was performed, taking as within-subject effects months
before (T0) and after surgery (T1 to T6) for discectomy, discopexy,
and sham surgery conditions. Significant effects across time
were found for discectomydF(6, 12) ¼ 5.67, p ¼ 0.005, h2p ¼ 0.739
(1 � b) ¼ 0.947dbut not for discopexy and sham
surgerydF(6, 12) ¼ 2.65 and 1.59, p > 0.07, h2p ¼ 0.570 and 0.443
(1 � b) ¼ 0.635 and 0.403, respectively. Considering the differences
in relation to the baseline (Table 3), the within-subject contrasts
identified a statistically significant increase only for discectomy
between T0 and T1 (effect size of 90%; observed power of 0.60) and
between T0 and T4 (effect size of 93%; observed power of 0.74). For
discopexy and sham surgery, despite the effect sizes and consid-
ering the low observed powers, the differences in relation to the
baseline were not statistically significant. Fig. 4 represents absolute
masticatory time for the baseline and from T1 to T6.

(2) Rumination time per cycle

Cross-sectional analysis: Rumination time per cycle rate did not
vary across groups both in the pre-test (T0) and in all times for the
post-test (p > 0.20), as shown in Table 4.

Longitudinal analysis: A one-wayANOVAwith repeatedmeasures
was performed, taking as within-subject effects the baseline and the
6 months after surgery for discectomy, discopexy, and sham surgery
(see Table 5). A significant effect across timewas found for discopexy
Table 3
Comparison of absolute masticatory times between baseline and T1eT6: within-subject

Comparison with baseline (T0) Discectomy

F(1,2) h2
p 1 � b

T1 vs T0 17.63* 0.90 0.60
T2 vs T0 1.22 0.38 0.10
T3 vs T0 0.00 0.00 0.05
T4 vs T0 26.25* 0.93 0.74
T5 vs T0 0.47 0.19 0.07
T6 vs T0 1.50 0.43 0.12

*p � 0.05.
and sham surgerydF(6, 6) ¼ 6.87 and 4.11, p < 0.018, h2p ¼ 0.773
and 0.673 (1 � b) ¼ 0.977 and 0.845, respectivelydbut not for
discectomydF(6, 6) ¼ 2.70, p ¼ 0.126, h2p ¼ 0.730 (1 � b) ¼ 0.455.

The comparison of rumination time per cycle rate between
the baseline and months after the surgery identified two differ-
ences for discopexy, (T5 vs. T0) with an acceptable power (effect
size of 95%). For discectomy and sham surgery no significant dif-
ferences were found in relation to baseline. Fig. 5 illustrates
the rumination time per cycle rate in the baseline, and from T1 to
T6. As can be seen, lower scores were obtained for times T1, T2, and
T3, suggesting that sheep TMJ recovery started at T4.

(3) Ruminatory kinematics and area

Descriptive results for rumination kinematics and average area
of rumination are presented in Fig. 6.

Cross-sectional analysis: Rumination areas only varied across
groups in T3 and T4. For T3, the Fisher LSD post-hoc test identified a
significant superiority for the discopexy area compared with the
discectomy area (p ¼ 0.008) (see Table 6).

Longitudinal analysis: A one-way ANOVA with repeated mea-
sures, with Greenhouse-Geisser correction, taking as within-
subject effects the baseline and the 6 months after surgery (T1 to
T6) for discectomy, discopexy, and sham surgery, did not show
statistically significant differences for the three conditions
(p > 0.10). The differences between pre-test and post-test times
were also not statistically significant (p > 0.05), with low power,
since (1 � b) < 0.80, as can be seen in Table 7. Fig. 7 represents
rumination area for T0 (pre-test) and T1 to T6 (post-test), for dis-
cectomy, discopexy, and sham surgery. The baseline results are
similar for the three experimental conditions. After surgery, rumi-
nation areas were lower in the discectomy condition, although the
differences were not statistically significant.

3.1. Adverse events

No serious adverse events were reported, apart from one sheep
in the discectomy group that stopped rumination in T1 and T2, but
returned to normal function in T3 to T6.
s contrasts, effect-sizes (h2
p), and observed power (1 � b).

Discopexy Sham surgery

F(1,2) h2
p 1 � b F(1,2) h2

p 1 � b

5.03 0.72 0.26 0.02 0.01 0.05
0.96 0.32 0.09 4.73 0.70 0.25
0.06 0.03 0.05 0.40 0.17 0.07
0.03 0.02 0.05 0.56 0.22 0.08
0.10 0.05 0.05 1.44 0.42 0.11
1.56 0.44 0.12 0.15 0.07 0.06



Fig. 4. Absolute masticatory time from T0 (baseline) to T1eT6 (post-test) in discectomy, discopexy, and sham surgery conditions.

Table 4
Rumination time per cycle for T0 to T1eT6: descriptive, one-way ANOVA; effect-sizes (h2

p), and observed power (1eb).

T0 T1 T2 T3 T4 T5 T6

x±dp x±dp x±dp x±dp x±dp x±dp x±dp

Discectomy 0.93 ± 0.03 0.79 ± 0.01 0.91 ± 0.06 0.69 ± 0.03 0.89 ± 0.09 0.98 ± 0.20 1.01 ± 0.18
Discopexy 0.69 ± 0.10 0.76 ± 0.11 0.83 ± 0.12 0.62 ± 0.09 0.89 ± 0.05 0.91 ± 0.06 0.98 ± 0.15
Sham 0.80 ± 0.13 0.72 ± 0.12 0.85 ± 0.17 0.66 ± 0.07 0.76 ± 0.11 0.88 ± 0.21 0.84 ± 0.08
F(2,5)* 3.02 0.29 0.20 0.67 2.02 0.10 1.92
h2

p 0.547 0.103 0.075 0.210 0.446 0.037 0.434
1 � b 0.351 0.076 0.068 0.112 0.249 0.059 0.239

*No significant effects; p > 0.05.
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4. Discussion

Themain goal of this studywas to analyze the effects of different
types of surgery on sheep mastication and rumination. The pro-
posed methodology has proven to be feasible and sensitive to the
interventions. Homogenous conditions were obtained in baseline
and the animals behaved naturally in front of the camera, guaran-
teeing the quality of the kinematic assessments (Fig. 3).

The measurement of kinematics was designed to advance un-
derstanding of the implications of TMJ surgery on jaw movements.
Theoretically, bilateral TMJ surgery may cause jaw movement
changes, but these outcomes need to be quantified.

Regarding absolute masticatory time, it was expected that, after
bilateral discectomy, the animals would require more time to eat
the 150 g of pellets (Ingawale and Goswami, 2009). Accordingly, the
Table 5
Comparison of rumination time per cycle rate between baseline and T1eT6: within-sub

Comparison with baseline (T0) Discectomy

F h2
p 1 � b

T1 vs T0 2.69 0.57 0.17
T2 vs T0 1.19 0.37 0.10
T3 vs T0 1225.00*** 0.99 1.00
T4 vs T0 0.54 0.21 0.07
T5 vs T0 0.04 0.02 0.05
T6 vs T0 0.35 0.15 0.07

*p � 0.05;
***p < 0.001.
discectomy group increased the masticatory time by 28% in T1. This
could be related to TMJ pain, leading to a slower food intake. By the
end of the study these animals were able to recover to baseline
values (74.67 s) (Fig. 4). As mentioned previously, there is a lack of
studies evaluating the effects of interventions on functionality of
the TMJ. Thus, it was not possible to compare this masticatory
outcome measured with other results. Although there were no
statistical differences between masticatory time before and after
surgery (i.e. T0 vs T1), the difference was noticeable. After T1, the
subsequent recover to baseline values suggests that sheep pre-
sented the ability to adapt to the induced constraints, highlighting
the importance that function has over form (Poveda et al., 2007).
Sheep, as with other animals, have the ability to adapt in order to
survive, even in the case of TMJ major interventions, where severe
dysfunction could lead to disastrous consequences for the animal.
jects contrasts, effect-sizes (h2
p), and observed power (1 � b).

Discopexy Sham surgery

F h2
p 1 � b F h2

p 1 � b

17.29* 0.90 0.59 2.63 0.57 0.16
4.20 0.68 0.23 1.68 0.46 0.12
11.26 0.85 0.45 7.69 0.79 0.35
7.62 0.79 0.34 0.33 0.14 0.07
38.76* 0.95 0.86 2.61 0.57 0.16
6.75 0.77 0.32 0.42 0.17 0.07



Fig. 5. Rumination time per cycle for T0 (baseline) to T1eT6 (post-test) in bilateral discectomy, discopexy, and sham surgery conditions.

Fig. 6. Rumination geometry and average area of rumination for T0 (baseline) to T1eT6 (post-test) in bilateral discectomy, discopexy, and sham surgery conditions. *No rumination
cycles were detected e rumination area value assumed to be zero.

Table 6
Rumination area for T0 (baseline) to T1eT6 (post-test): descriptive one-way ANOVA for T0 and T3eT6, and KruskaleWallis test for T1 and T2; effect-sizes (h2

p) and observed
power (1 e b).

Surgery

Time

T0 T1 T2 T3 T4 T5 T6

x±dp x±dp x±dp x±dp x±dp x±dp x±dp

Discectomy 6896.33 ± 1816.3 5015.33 ± 4410.09 4708.33 ± 4083.33 4904.00 ± 533.44 5908.67 ± 1672.19 6850.67 ± 578.53 6343.67 ± 731.19
Discopexy 7906.00 ± 2141.67 7087.67 ± 1194.40 8657.33 ± 1119.25 9573.67 ± 2447.16 7989.33 ± 908.83 7987.67 ± 1823.40 9655.67 ± 2475.69
Sham 6999.33 ± 901.55 8009.67 ± 198.65 8859.00 ± 1357.04 7635.33 ± 216.32 9544.33 ± 1336.32 8736.33 ± 267.64 9407.33 ± 1149.81
F(2, 6) 0.32 - - 7.84* - - -
KeW X2(2) - 1.07 5.42a - 5.07a 2.49 4.36
h2

p 0.096 0.252 0.454 0.723 0.649 0.420 0.561
1 e b 0.081 0.156 0.324 0.777 0.625 0.288 0.469

a p < 0.08.
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Table 7
Comparison of rumination areas between baseline and T1eT6: within-subjects contrasts, effect-sizes (h2

p), and observed power (1 � b).

Comparison with baseline (T0) Discectomy Discopexy Sham surgery

F h2
p 1 � b F h2

p 1 � b F h2
p 1 � b

T1 vs T0 0.29 0.13 0.06 0.19 0.09 0.06 3.99 0.67 0.22
T2 vs T0 0.42 0.17 0.07 1.61 0.45 0.12 3.55 0.64 0.20
T3 vs T0 2.37 0.54 0.15 0.95 0.32 0.09 2.52 0.56 0.16
T4 vs T0 0.25 0.11 0.06 0.01 0.00 0.05 12.85a 0.87 0.49
T5 vs T0 0.00 0.00 0.05 0.00 0.00 0.05 9.07 0.82 0.39
T6 vs T0 0.61 0.23 0.08 2.04 0.51 0.14 15.02b 0.88 0.54

a p < .05.
b p < .001.

Fig. 7. Rumination area for T0 (baseline) to T1eT6 (post-test) in discectomy, discopexy, and sham surgery conditions.
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The authors agree that it would be interesting in the future to
analyze this outcome for a longer period.

Regarding the rumination time per cycle, notable results were
achieved. In the discectomy group one animal stopped rumination
through T1 and T2. This suggests a need for future investigations in
this field, to understand for example if TMJ could have a more
important impact on rumination than on mastication. The authors
believed at first that ankylosis might develop after bilateral dis-
cectomy, but at T3 all animals were ruminating. This outcome
suggests that in spite of an initial slow down related to food intake,
rumination area, and even one animal being unable to ruminate,
the sheep were able to readapt and return to normal particulate
breakdown. When analyzing Fig. 5, it is noticeable that all groups
reduced the rumination time per cycle in T3, without knowing the
cause of any event leading to that result. However, in T4eT6 the
sheep reassumed expected values. The animals from both dis-
cectomy and discopexy groups in T5 and T6 needed more time to
achieve a ruminatory cycle, suggesting a less effective rumination
process.

Regarding rumination area, it is noticeable that a faster rumi-
nant cycle is obtained through a smaller rumination area. Another
interesting detail is that in T3 and T4 a normalization of the
rumination kinematics was observed for the discectomy group. This
outcome suggests that remodelling and adaptation occurs 3e4
months after TMJ surgical intervention. Although ruminant areas
were reduced in the discectomy group after surgery, the differences
were not statistically significant.

The evaluation of trajectory and area of rumination was inter-
esting because it was possible to identify a pattern. Each animal
showed a favorite side for rumination but switched sides inde-
pendently of the intervention. Every animal displayed a triangular
trajectory, similar to the jaw movements demonstrated in
anesthetized rabbits (Hidaka et al., 1997).

Further research should be able to examine possible associa-
tions between these results and histological, imaging, and weight
outcomes (Zhao et al., 2010).

5. Conclusions

The authors are not aware of any previous randomized, blinded,
preclinical studies of the TMJ domain that follow the ARRIVE
guidelines. Using black Merino sheep, with age and gender selec-
tion, a publicly available protocol, sham control group, and a
bilateral approach, we intended to minimising possible bias. The
bilateral approach also avoided any adverse effects of the unoper-
ated contralateral joint, as have been reported with unilateral
procedures (Dimitroulis and Slavin, 2006). The proposed baseline
outcomes were homogeneous and the sham control group per-
formed effectively.

The first month after intervention seems to be the critical period
regarding kinematic changes, with modifications related to abso-
lute masticatory time, rumination time per cycle, and rumination
area, both in discectomy and discopexy groups. After 1 month, TMJ
bilateral discopexy does not seem to have an important kinematic
impact in black Merino sheep. TMJ bilateral discectomy does seem
to have a significant impact, mostly in T1 and T2, but from T3 to T6
normalization of results is observed.

The authors agree that the rigorous study design, the animal
model, and bilateral intervention were the main advantages of this
research. The limitations were mostly due to the small sample size,
so further research should aim for larger samples. The introduction
of kinematic evaluation highlights the importance of kinematics



́ ́ ́ ́ ́
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study in TMJ domain, and represents a new approach for future
studies.

Ethical Approval
Portuguese National Authority for Animal Health; registration

number 026618.

Funding
Portuguese Grünenthal Grant for Pain Research.

Competing Interests
None declared.

Patient Consent
Not required.

Acknowledgements

We would like to acknowledge Miguel Virgilio for his valuable
work on rumination analysis.

References
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