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Objectives

Ligaments which heal spontaneously have a healing process that is similar to skin wound
healing. Menopause impairs skin wound healing and may likewise impair ligament healing.
Our purpose in this study was to investigate the effect of surgical menopause on ligament
healing in a rabbit medial collateral ligament model.

Methods

Surgical menopause was induced with ovariohysterectomy surgery in adult female rabbits.
Ligament injury was created by making a surgical gap in the midsubstance of the medial
collateral ligament. Ligaments were allowed to heal for six or 14 weeks in the presence or
absence of oestrogen before being compared with uninjured ligaments. Molecular
assessment examined the messenger ribonucleic acid levels for collagens, proteoglycans,
proteinases, hormone receptors, growth factors and inflammatory mediators. Mechanical
assessments examined ligament laxity, total creep strain and failure stress.

Results

Surgical menopause in normal medial collateral ligaments initiated molecular changes in all
the categories evaluated. In early healing medial collateral ligaments, surgical menopause
resulted in downregulation of specific collagens, proteinases and inflammatory mediators at
6 weeks of healing, and proteoglycans, growth factors and hormone receptors at 14 weeks of
healing. Surgical menopause did not produce mechanical changes in normal or early healing
medial collateral ligaments. With or without surgical menopause, healing ligaments exhibited
increased total creep strain and decreased failure stress compared with uninjured ligaments.

Conclusions

Surgical menopause did not affect the mechanical properties of normal or early healing
medial collateral ligaments in a rabbit model. The results in this preclinical model suggest
that menopause may result in no further impairment to the ligament healing process.
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The purpose of this study was to investi-
gate the effect of surgical menopause on
ligament healing in a rabbit medial collat-
eral ligament model.

We hypothesised that surgical meno-
pause would impair ligament healing and
result in inferior mechanical properties.

Key messages

Surgical menopause did not affect the
mechanical properties of normal or early
healing medial collateral ligaments in a
rabbit model.

gest that menopause may resultin no fur-
ther impairment to the ligament healing
process.

Strengths and limitations

Established surgical, molecular and
mechanical methods were used.

A preclinical model was used to evaluate
ligament healing at different early healing
intervals after surgical medial collateral
ligament gap injury with or without sur-
gical menopause.
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Study flow chart. Molecular and mechanical assessments were performed on six groups with different combinations of ovariohysterectomy (OVH) surgery
(No OVH, OVH) and/or bilateral medial collateral ligament (MCL) gap surgery (No scar, 6 week scar, 14 week scar).

Introduction

Some ligaments, such as the medial collateral ligament
(MCL), heal spontaneously with a process that has three
overlapping stages comprising bleeding and inflamma-
tion, cell proliferation with matrix production, and matrix
remodeling.! Ligament healing involves similar cellular
and matrix processes to those for skin wound healing.'?
Menopause impairs skin wound healing.>* Post-meno-
pausal human female patients have a delayed rate of skin
wound healing.>* In rodent models, oestrogen defi-
ciency from surgical menopause induced by ovariectomy
leads to impaired skin wound healing with delayed re-
epithelialisation, increased wound size and decreased
collagen deposition.>*

Oestrogen receptors are present in ligaments, like the
MCL and anterior cruciate ligament (ACL),>” in addition to
being present in other knee connective tissues, such as the
menisci,® cartilage,” and synovium.8 Furthermore, in vitro
studies have indicated that oestrogen receptors are capa-
ble of influencing matrix metalloproteinase expression
and oestrogen can modulate such expression.'® Surgical
menopause induced by ovariectomy in a rabbit model
resulted in reductions in serum oestrogen levels."'#

Given the detrimental effect of oestrogen deficiency on
skin wound healing, the similarities in the healing pro-
cesses for skin and ligaments like the MCL, and the pres-
ence of oestrogen receptors in ligaments like the MCL and
ACL, our purpose was to investigate the effect of surgical
menopause on ligament healing in a rabbit MCL model.
First, we examined the effect of surgical menopause on the
molecular and mechanical properties of normal and heal-

ing ligaments. Second, we examined the effect of ligament
healing with and without surgical menopause on the
molecular and mechanical properties of the ligament. We
hypothesised that surgical menopause would impair liga-
ment healing and result in inferior mechanical properties.

Materials and Methods

A total of 57 female one-year-old (sexually and skeletally
mature) New Zealand White rabbits were used in this study
approved by the University of Calgary Animal Care Commit-
tee, and all experiments were conducted in compliance
with Animal Care Committee approval. Molecular and
mechanical assessments were performed on six groups with
different combinations of ovariohysterectomy (OVH) sur-
gery (No OVH, OVH) and/or bilateral MCL gap surgery (No
scar, 6 week scar, 14 week scar) (Fig. 1): (1) No OVH—No scar,
(2) No OVH-6 week scar, (3) No OVH-14 week scar;
(4) OVH—No scar, (5) OVH-6 week scar, (6) OVH-14 week
scar. For the OVH surgery, surgical menopause was induced
by the removal of the ovaries and uterus.®'> A minimum of
eight weeks after the OVH surgery, the rabbits underwent
the bilateral MCL gap surgery or underwent molecular and
mechanical assessments (minimum eight weeks, maximum
15 weeks). For the bilateral MCL gap surgery, a small seg-
ment (2.0 mm % 0.5 mm) of the MCL midsubstance from
each hind limb was removed which resulted in a 4.0 mm +
0.5 mm gap due to retraction of the ligament ends.'®" The
six week and 14 week healing intervals were assessed
because these early healing intervals generally relate to the
cell proliferation with matrix production and matrix
remodeling stages, respectively.'
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Molecular. A total of 32 rabbits were assigned to molecu-
lar assessment (Fig. 1) in groups comprising (1) No OVH-
No scar (n = 5), (2) No OVH-6 week scar (n = 5), (3) No
OVH-14 week scar (n = 5), (4) OVH-No scar (n = 5), (5)
OVH-6 week scar (n = 6), (6) OVH-14 week scar (n = 6).
Baseline molecular data for No OVH—No scar and OVH-
No scar MCLs were described in Hart and Achari.®
Immediately after the rabbits were killed, the MCL was
removed and immediately frozen until processed.® The
TRIspin method was used to isolate total ribonucleic acid
(RNA)'® which was quantified using SYBR Green reagent
(Molecular Probes, Eugene, Oregon). Total RNA (1 pg)
from each ligament was initially reverse transcribed with
random primers and then assessed by polymerase chain
reaction (PCR) using rabbit-specific primers.'1920
Aliquots of RNA were all reverse transcribed at the same
time and later underwent PCR at the same time to mini-
mise variation. Following amplicon separation on 2%
agarose gel with ethidium bromide staining, Quantity 1
1-D analysis software (BioRad, Hercules, California) deter-
mined band density. The levels of the molecules of inter-
est were normalised to the levels of the B-actin
housekeeping gene. A second aliquot of RNA was ana-
lysed, and the results obtained were nearly identical to
the results presented. As reported previously,’?' real-
time PCR analysis and results obtained as detailed above
are comparable for a subset of the molecules assessed.
The 21 molecules of interest included matrix molecules
where the collagens were collagen I, collagen Il and col-
lagen V, and the proteoglycans were biglycan and deco-
rin.'® The proteinases were matrix metalloproteinases
(MMP1, MMP3, MMP13)'?20 and cathepsin K proteinase
(CathK)." The hormone receptors were oestrogen recep-
tor and progesterone receptor.'® The growth factors were
connective tissue growth factor (CTGF), basic fibroblast
growth factor (bFGF), insulin-like growth factor type 1
(IGF1), nerve growth factor (NGF), transforming growth
factor beta (TGFB) and vascular endothelial growth factor
(VEGF)."® The inflammatory mediators were cyclooxygen-
ase 2 (COX2), interleukin 1 beta (IL1B), inducible nitric
oxide synthase (iNOS), and tumour necrosis factor alpha
(TNFa)."
Mechanical. A total of 25 rabbits were assigned to
mechanical testing (Fig. 1) in groups comprising (1) No
OVH-No scar (n = 4), (2) No OVH-6 week scar (n = 4),
(3) No OVH-14 week scar (n = 4), (4) OVH-No scar
(n=4), (5) OVH-6 week scar (n = 5), and (6) OVH-14
week scar (n = 4). One MCL from each animal was tested
mechanically, and its contralateral MCL was used to tune
the mechanical testing system or for a different study.
Immediately after the rabbits were killed, hind limbs were
disarticulated at the hip and ankle, and soft tissues were
removed except menisci and ligaments. The femur and
tibia were cut to accommodate the grips for the mechanical
testing system (MTS Systems Corporation, Minneapolis,
Minnesota).'® The tibia was secured in the upper grip

which was then attached to a 500 N load cell on the hydrau-
lic actuator and positioned with the MCL aligned with the
load axis of the actuator. Load was set to zero before the
femur was secured in the lower grip, with the knee at 70° of
flexion. Displacement was then set to zero.

The knee joint underwent two cycles of 5 N compres-
sion and 2 N tension at T mm/min. The lateral collateral
ligament, menisci, and cruciate ligaments were removed
to isolate the MCL. Two additional compression—tension
cycles were stopped at 0.1 N tension to establish ‘liga-
ment zero’ and measure ligament laxity. Ligament geom-
etry (MCL length and cross-sectional area) was then
measured.’>?> Once the environment chamber was
installed and equilibrated at 37°C and 99% relative
humidity, two compression—tension cycles were per-
formed to re-establish ligament zero.

Cyclic creep testing loaded the ligament for 30 cycles at
1 Hz from ligament zero to a force corresponding to a
stress of 4.1 MPa. Static creep testing loaded the ligament
to a force corresponding to 4.1 MPa and held that force
for 20 minutes. After a 20-minute recovery period, the lig-
ament was elongated to failure at 20 mm/min.

Ligament laxity was defined as the displacement of the

isolated MCL between where compression was first
detected (0.1 N compression) and tension was first
detected (0.1 N tension). Strain was defined as deforma-
tion divided by MCL length. Total creep strain was
defined as the increase in strain from the peak of the first
cycle in cyclic creep to the end of 20 minutes of static
creep. Failure stress was defined as the maximum force
achieved in the monotonic failure test divided by cross-
sectional area.
Statistical analysis. The effect of surgical menopause
compared OVH-No scar with No OVH-No scar, OVH-6
week scar with No OVH-6 week scar, and OVH-14 week
scar with No OVH-14 week scar. The effect of ligament
healing without surgical menopause compared No OVH-
6 week scar with No OVH—No scar, and No OVH-14 week
scar with No OVH—No scar. The effect of ligament healing
with surgical menopause compared OVH—6 week scar
with OVH-No scar, and OVH-14 week scar with OVH-No
scar. Analysis of variance with linear contrasts for the spe-
cific comparisons of interest were performed, where signif-
icance was set at p < 0.05.

Pilot data for the effect of surgical menopause on healing
ligaments were not available, therefore we estimated the dif-
ference to detect for the effect of surgical menopause on
healing ligaments to be 30% of the difference between nor-
mal and healing ligaments, based on previous data compar-
ing normal MCLs and six week bilateral MCL scars for total
creep strain?* and failure stress.?> For total creep strain, we
required n =4 independent samples to detect a difference of
0.42, with a standard deviation of 0.21 (power = 0.80 and
alpha = 0.05). For failure stress, we required n = 4 indepen-
dent samples to detect a difference of 24, with a standard
deviation of 12 (power = 0.80 and alpha = 0.05).
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Graphs showing surgical menopause in normal and healing ligaments for a) collagens, proteoglycans, proteinases, hormone receptors and b) growth factors
and inflammatory mediators. (* OVH different from No OVH; p < 0.05. Horizontal reference line is 100% OVH as a percentage of No OVH; bFGF, basic fibroblast
growth factor; Big, biglycan; CathK, cathepsin K proteinase; COL, collagen; COX2, cyclooxygenase 2; CTGF, connective tissue growth factor; Dec, decorin; ER,
oestrogen receptor; IGF1, insulin-like growth factor type 1; IL1, interleukin 1 beta; iNOS, inducible nitric oxide synthase; MMP, matrix metalloproteinase; NGF,
nerve growth factor; OVH, ovariohysterectomy; PR, progesterone receptor; TGF, transforming growth factor; TNF, tumour necrosis factor; VEGF, vascular endo-

thelial growth factor).

Results

Molecular. Surgical menopause in normal MCLs revealed
eight significant differences comparing OVH-No scar
with No OVH—No scar (p < 0.05; Fig. 2). Surgical meno-
pause in early healing MCLs revealed three significant dif-
ferences comparing OVH-6 week scar with No OVH-6
week scar, and three separate significant differences com-
paring OVH-14 week scar with No OVH-14 week scar
(p = 0.05; Fig. 2). For normal MCLs, upregulation of
messenger (m) RNA levels for collagen lll, collagen V,
biglycan, MMP3, oestrogen receptor, CTGF, VEGF, and
COX2 were observed with surgical menopause. For early
healing MCLs, collagen V, CathK and TNFa were down-
regulated for six week scars, and biglycan, progesterone
receptor and VEGF were downregulated for 14 week scars
with surgical menopause.

Ligament healing without surgical menopause revealed
11 significant differences comparing No OVH-6 week scar
with No OVH—No scar, and 11 significant differences com-
paring No OVH-14 week scar with No OVH-No scar
(p < 0.05, Table I). For both 6 and 14 week scars, upregula-
tion of mMRNA levels for collagen I, collagen lll, collagen V,
biglycan, MMP1, MMP13 and IGF1, and downregulation
of mMRNA levels of decorin and bFGF were observed with
injury. CathK and TNFa were upregulated in six week scars
only, whereas oestrogen and progesterone receptors were
upregulated in 14 week scars only.

Ligament healing with surgical menopause revealed 12
significant differences comparing OVH-6 week scar with
OVH-No scar, and ten significant differences comparing
OVH-14 week scar with OVH—No scar (p < 0.05, Table II).
The changes that were common to both OVH-6 week scar
and OVH-14 week scar were downregulation of mRNA lev-
els for decorin, MMP3, oestrogen receptor, CTGF, bFGF,

Table 1. Ligament healing without surgical menopause

No OVH—6 week scar/ No OVH-14 week scar/

Molecules No OVH—No scar (%) No OVH—No scar (%)
Collagens

Collagen | 639 (68)" 484 (48)
Collagen IlI 194 (25)" 148 (12)"
Collagen V 267 (23)" 154 (1)
Proteoglycans

Biglycan 352 (52)" 334 (23)"
Decorin 31 (5)" 53 (4)
Proteinases

MMP1 199 (52)" 193 (32)"
MMP3 81 (14) 97 (14)
MMP13 231 (30)° 186 (13)"
CathK 155 (29)" 98 (10)
Hormone receptors

Oestrogen receptor 95 (14) 141 (11)"
Progesterone receptor 110 (76) 149 (10)"
Growth factors

CTGF 69 (13) 68 (9)
bFGF 26 (3)" 66 (8)"
IGF1 243 (29)" 209 (14)
NGF 94 (9) 108 (7)
TGFB 99 (10) 88 (4)
VEGF 102 (11) 109 (10)
Inflammatory mediators

COX2 110 (32) 148 (28)
g 147 (34) 127 (21)
iNOS 134 (22) 161 (22)
TNFa 190 (28)" 151 (25)

* (p < 0.05) Data are shown as a percentage of No OVH-No scar (standard
error of the mean).

bFGF, basic fibroblast growth factor; CathK, cathepsin K proteinase; COX2,
cyclooxygenase 2; CTGF, connective tissue growth factor; IGF1, insulin-like
growth factor type 1; IL1B, interleukin 1 beta; iNOS, inducible nitric oxide syn-
thase; MMP, matrix metalloproteinase; NGF, nerve growth factor; TGFB, trans-
forming growth factor beta; TNFa, tumour necrosis factor alpha; VEGF,
vascular endothelial growth factor.

VEGF and COX2. For OVH-6 week scar only, upregulation
of mRNA levels for collagen |, collagen V, MMP1, MMP13
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Table II. Ligament healing with surgical menopause

OVH-6 week scar/ OVH-14 week scar/

Molecules OVH-No scar (%) OVH-No scar (%)
Collagens

Collagen | 247 (29)" 155 (12)
Collagen lll 98 (9) 62 (3)"
Collagen V 143 (12)" 119 (9)
Proteoglycans

Biglycan 101 (17) 52 (4)
Decorin 27 (1) 49 (5)°
Proteinases

MMP1 203 (28)" 178 (23)
MMP3 51(7) 56 (6)"
MMP13 184 (17)" 113 (6)
CathK 128 (6) 150 (12)
Hormone receptors

Oestrogen receptor 59 (8)" 60 (6)
Progesterone receptor 89 (8) 63 (5)"
Growth factors

CTGF 30 (2)" 45 (6)"
bFGF 25(3)" 42 (3)"
IGF1 157 (10)" 116 (6)
NGF 93 (12) 71 (8)
TGFB 86 (5) 81 (4)
VEGF 55 (6)" 51 (3)"
Inflammatory mediators

COX2 40 (3)" 50 (6)"
L 112 (19) 111 (10)
iNOS 122 (18) 87 (14)
TNFa 112 (76) 93 (16)

*(p < 0.05) Data are shown as a percentage of OVH-No scar (standard error
of the mean).

bFGF, basic fibroblast growth factor; CathK, cathepsin K proteinase; COX2,
cyclooxygenase 2; CTGF, connective tissue growth factor; IGF1, insulin-like
growth factor type 1; IL1B, interleukin 1 beta; iNOS, inducible nitric oxide
synthase; MMP, matrix metalloproteinase; NGF, nerve growth factor; OVH,
ovariohysterectomy; TGFB, transforming growth factor beta; TNFa, tumor
necrosis factor alpha; VEGF, vascular endothelial growth factor

and IGF1 were observed. For OVH-14 week scar only,
downregulation of mRNA levels for collagen lll, biglycan
and progesterone receptor were observed.

Mechanical. Surgical menopause in normal MCLs (OVH-—
No scar versus No OVH-No scar) revealed no differences
in cross-sectional area, ligament laxity, total creep strain,
or failure stress (Figs 3 to 6). Likewise, surgical meno-
pause in early healing MCLs (OVH-6 week scar versus No
OVH-6 week scar, and OVH-14 week scar versus No
OVH-14 week scar) revealed no differences in cross-sec-
tional area, ligament laxity, total creep strain, or failure
stress (Figs 3 to 6).

Without surgical menopause, ligament healing
resulted in an increased cross-sectional area comparing
No OVH-6 week scar and No OVH-14 week scar with No
OVH-No scar (p < 0.05, Fig. 3). No differences were
detected for ligament laxity (Fig. 4). No OVH—6 week scar
and No OVH-14 week scar had increased total creep
strain compared with No OVH-No scar (p < 0.05, Fig. 5).
No OVH-6 week scar and No OVH-14 week scar had
decreased failure stress compared with No OVH-No scar
(p < 0.05, Fig. 6).
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Graph showing cross-sectional area of normal and healing ligaments with
or without surgical menopause (* different from No scar with same condi-
tion of No OVH or OVH; p < 0.05; OVH, ovariohysterectomy).
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Graph showing ligament laxity of normal and healing ligaments with or with-
out surgical menopause (OVH, ovariohysterectomy).

As with healing without surgical menopause, liga-
ments healing with surgical menopause showed
increased cross-sectional area and total creep strain when
comparing OVH-6 week scar and OVH-14 week scar with
OVH-No scar (p < 0.05; Figs 3 and 5). No differences were
detected for ligament laxity (Fig. 4). Like healing without
surgical menopause, ligaments healing with surgical
menopause had decreased failure stress when comparing
OVH-6 week scar and OVH-14 week scar with OVH-No
scar (p < 0.05, Fig. 6).

Discussion

Early ligament healing after surgical menopause resulted
in increased total creep strain and decreased failure stress,
which was similar to the findings for early ligament heal-
ing without surgical menopause. Surgical menopause
did not produce changes in total creep strain or failure
stress in either normal or early healing MCLs. However,
normal MCLs with surgical menopause exhibited
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Graph showing total creep strain of normal and healing ligaments with or
without surgical menopause (* different from No scar with same condi-
tion of No OVH or OVH; p < 0.05; OVH, ovariohysterectomy).

changes in mRNA levels for molecules from all categories
evaluated including collagens, proteoglycans, protein-
ases, hormone receptors, growth factors, and inflamma-
tory mediators. Interestingly, early healing MCLs with
surgical menopause had fewer changes, with collagens,
proteinases and inflammatory mediators showing a dif-
ference at six weeks of healing, and proteoglycans,
growth factors and hormone receptors showing a differ-
ence at 14 weeks of healing.

Surgical menopause did not alter healing ligament
mechanical properties. The low-load and high-load
mechanical properties were not different when comparing
ligament injuries that healed with or without surgical
menopause. The mechanical properties of healing liga-
ments were inferior to normal ligaments, regardless of
whether surgical menopause was induced or not. Consis-
tent with previous findings, increased total creep strain'®2*
and decreased failure stress'’?> were found when compar-
ing healing MCLs to normal MCLs. Decreased failure stress
of healing ligaments was detected, even though one OVH—
No scar MCL triggered the load cell safety limit before com-
plete failure and the maximum recorded force was used as
a conservative estimate (Fig. 6). Most ligaments failed in the
midsubstance, with four healing ligament failures at or near
the tibial insertion, which is similar to previous findings."
Surgical menopause did not affect the failure properties of
MCLs in these rabbits that underwent ovariohysterectomy,
which was consistent with findings for MCLs from rabbits
that underwent ovariectomy?® as well as MCLs and ACLs
from sheep that underwent ovariectomy,?” ACLs from mon-
keys that underwent ovariectomy,?® and ACLs from rats at
different stages of the oestrous cycle.” Furthermore, surgi-
cal menopause did not further impair mechanical proper-
ties of healing ligaments compared with ligaments that
healed without surgical menopause. This lack of mechani-
cal change occurred despite significant molecular changes.
Interestingly, significant molecular changes without

150+ [ No OVH [ OVH|
< T
S 100+
5 R —
v 50 * * * *
=1 i
W=
i =
04
No scar 6 week scar 14 week scar

Fig. 6

Graph showing failure stress of normal and healing ligaments with or with-
out surgical menopause (* different from No scar with same condition of No
OVH or OVH; p < 0.05; OVH, ovariohysterectomy).

corresponding mechanical changes were observed when
pregnancy occurred during ligament healing in this same
model.?’ Ligament injury and subsequent healing had a
greater influence on mechanical behaviour than hormonal
changes.

The findings presented in this study raise the question of
why surgical menopause does not impair healing of an
injured knee ligament, but does appear to modify skin
wound healing.* Firstly, the rabbits used were otherwise
young (one year old) and healthy. Therefore, healing of lig-
aments may be influenced more by factors other than sys-
temic sex hormones (e.g. ageing). Secondly, the
mechanical environment in the ligament healing process
may be very different from that of skin and the impact of
such mechanical loading may override biological factors.
Thirdly, and related to the second point, is the observation
that OVH led to many significant alterations in cell metab-
olism (as evidenced by mRNA levels for relevant molecules)
at six and 14 weeks post-injury, but these changes did not
translate into overtly altered recovery of mechanical integ-
rity. However, future studies should investigate whether
these mRNA changes were reflected in protein alterations.
In spite of this limitation, it would appear that mechanical
considerations may trump biology in this timeframe.

Other study limitations relate to the preclinical model.
Rabbits have oestrous cycles, rather than human men-
strual cycles, and are induced ovulators, having basal oes-
trogen levels when not induced. This animal model
allowed for the evaluation of ligament healing at different
intervals following surgical menopause. The well-
documented MCL gap injury model was assessed at
six week and 14 week healing intervals, which generally
relate to cell proliferation with matrix production and
matrix remodeling stages, respectively.! Although molec-
ular and mechanical assessments were undertaken in the
current  study, morphological and biochemical
assessments could have been performed to investigate
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the effect of surgical menopause, as with the effect of lig-
ament healing (reviewed in Thornton et al'). Serum oes-
trogen levels were not measured for rabbits that
underwent ovariohysterectomy in the current study;
however, previous studies have demonstrated decreased
serum oestrogen levels in rabbits that underwent ovariec-
tomy at time points varying from two to 14 weeks follow-
ing surgical menopause.'’"™ If the data from the current
study were used as pilot data for a future study on the
effect of surgical menopause on healing ligaments, the
minimum sample size required for a power of 80% would
be 73 for comparisons of total creep strain and failure
stress. A study with this sample size is not likely to be con-
sidered practical or ethical.

In conclusion, healing ligaments had inferior mechani-
cal properties compared with uninjured ligaments,
whether surgical menopause was induced or not. Surgi-
cal menopause did not affect the mechanical properties
of normal or early healing MCLs in a rabbit model. The
results in this preclinical model suggest that menopause
may result in no further impairment to the ligament heal-
ing process.
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