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Abstract Eighty-two percent of sexually active women
aged 15-44 have used oral contraceptive pills (OCP) in the
United States. The OCP, an exogenous source of synthetic
forms of steroid hormones, prevents ovulation. Hormone
changes during the menstrual cycle (MC) are believed to
have an impact on anterior cruciate ligament (ACL) laxity
due to estrogen. Because the estrogen receptor § resides on
human connective tissue, OCP may have potential impact on
tendon and ligament synthesis, structure, and biomechani-
cal properties. Temperature has also been known to have
an effect on tissue elasticity. Therefore, the purpose of this
study was to investigate the differences in ACL elasticity,
force to flex the knee (FFK), and knee flexion—extension
hysteresis (KFEH) between OCP users and non-OCP users.
To investigate these changes, two different knee tempera-
tures were measured. Nineteen young females were divided
into two groups: OCP users and non-OCP users. Blood for
estradiol serum concentration (E2) was taken before begin-
ning the tests. ACL elasticity, FFK, and KFEH were assessed
both at ambient temperature (22 °C) and after 38 °C warm-
ing of the leg to stabilize tissue temperature. Assessments
were performed four times during the MC. Throughout the
MC, ACL elasticity, FFK, and KFEH fluctuated in non-
OCP users, but not in OCP users. At ambient temperature,
ACL elasticity was significantly lower and FFK and KFEH
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were significantly higher in OCP users than non-OCP users
(p < 0.05). But, no significant differences in FFK and KFEH
between the two groups were found after warming to 38 °C.
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Introduction

Women have a greater incidence of Anterior Cruciate Liga-
ment (ACL) injury than men (Vauhnik et al. 2008; Zazulak
et al. 2006; Arendt et al. 1999; Griffin et al. 2000). This gen-
der difference is commonly assumed to be due to anatomi-
cal, neuromuscular, movement patterns in women as well
as hormonal influences (Griffin et al. 2000; Barber-Westin
et al. 2009). Regarding hormonal factors, numerous studies
have found a correlation between reproductive hormones and
ACL injury risk (Vauhnik et al. 2008; Zazulak et al. 2006;
Arendt et al. 1999; Griffin et al. 2000). The role of estrogen
in possibly causing ACL injuries has recently been studied
at the cellular level and the presence of 17-beta estradiol
receptors in human ACL and muscle has been investigated
(Yu et al. 1999; Liu et al. 1997; Hansen et al. 2009); Shultz
et al. 2004). Previous studies have examined the changes in
the levels of estrogen in blood as related to ACL laxity dur-
ing the menstrual cycle and a correlation between ACL lax-
ity and estrogen was detected (Yu et al. 1999; Liu et al. 1997;
Hansen et al. 2009; Shultz et al. 2004).

The number of women using OCP has constantly
increased. Eighty-two percent of sexually active women
aged 15-44 have used the oral contraceptive pill (OCP) in
the United States and 14 % of women have used OCP for
non-contraceptive purposes such as cycle regulation, treat-
ment of dysmenorrhea and amenorrhea (Kenny et al. 2008).
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OCP consists of combined estrogen and progesterone as
synthetic steroids and it plays a role in suppressing pitui-
tary Follicle-stimulating hormone (FSH) and Luteinizing
hormone (LH) production and preventing ovulation from
occurring (Kenny et al. 2008; Pokorny et al. 2000). This
exogenous source of synthetic forms of the hormone pre-
vents ovulation by maintaining more consistent hormone
levels (Krishnan and Kiley 2010). The 17-beta estradiol
receptors on human connective tissue are well known and,
therefore, the OCP may have an impact on tendon and liga-
ment synthesis, structure, and biomechanical properties.
Also, Martineau and colleagues have shown that OCP users
have less ACL laxity than non-OCP users (Martineau et al.
2004).

It is not surprising that many people do a warm-up exer-
cise before sports activities to increase muscle and tendon
extensibility to prevent injuries (Pasanen et al. 2009). Tem-
perature is another factor that influences tendon and liga-
ment of collagen synthesis. In healthy young adults, core
temperature changes approximately 0.5 °C throughout the
day. In women with a regular menstrual cycle, their core
temperature fluctuates not only throughout the day but also
during the menstrual cycle (Petrofsky et al. 2007). It peaks
during the luteal phase while in the follicular and at ovula-
tion it is relatively low (Petrofsky et al. 1976, 2007; Janse
et al. 2012). The elevated thermoregulatory set point dur-
ing the luteal phase is the most accepted explanation for
the observed change in core temperature (Carpenter and
Nunneley 1988; Cunningham and Cabanac 1971). Since
soft tissue extensibility changes with different levels of tis-
sue temperature, the menstrual cycle has dramatic effects
on tissue extensibility. However, because hormones do not
change in OCP users, their core temperature may change
little during the menstrual cycle. In addition, Rogers and
Baker have shown that OCP users have higher core temper-
ature compared to non-OCP users due to exogenous forms
of progesterone in OCPs (Rogers and Baker 1997).

Thus, the effect of estrogen on ACL elasticity and mus-
cle and tendon flexibility is probably a complex interaction
between the hormone and tissue temperature. Therefore,
the purpose of this study was to investigate the differences
in ACL elasticity, force to flex the knee (FFK), and knee
flexion—extension hysteresis (KFEH) between OCP users
and non-OCP users. To investigate these changes, two dif-
ferent knee temperatures were measured.

Methods
Subjects

Nineteen non-athletic young healthy females volunteered
to participate in this study. Subjects were divided into two
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groups: subjects with a regular menstrual cycle and those
who are taking OCP according to their self-reporting.
Subjects were 18-30 years of age with a Body Mass Index
(BMI) between 15 and 30 who had a regular menstrual
cycle or currently using low-dose OCP (<50 pg-ethinyl
estradiol) for at least 6 months. Subjects had no history
of pregnancy, neuropathy, myopathy or knee injury, and
were not taking any medication that would affect sex hor-
mones other than OCPs. All procedures and protocols
were approved by Institutional Review Board of Loma
Linda University and all subjects signed an informed
consent.

Procedures

Subjects performed a total of four different tests through-
out one full menstrual cycle. In the non-OCP group, test-
ing occurred at menstruation (1-3 days after onset of
menstruation), follicular phase (9-11 days after onset
of menstruation), ovulation (13-16 days after onset of
menstruation), and luteal phase (21-24 days after onset
of menstruation). Since these phases do not occur in the
OCP group, testing occurred at menstruation and match
days with non-OCP group for OCP group. Subjects were
asked to report the days of their cycle at the beginning
of the study. OCP users were screened by questionnaire,
which included questions regarding brand name, type,
and the length of taking OCP. At the beginning of the
study, subjects signed an informed consent before they
participated in the study. Since the estradiol serum con-
centration in blood and body temperature fluctuates dur-
ing the day, the various tests were performed at the same
time each day.

On the first day, before beginning the experiment,
height, weight, BMI, and self-reported menstrual cycle
were measured. Upon arriving at the laboratory, subjects
rested comfortably in a regulated temperature room at
22 °C for 20 min to stabilize their body temperature in a
neutral environment. Blood samples (4 cc) were taken to
analyze estradiol serum concentration before measuring leg
skin temperature. Next, ACL elasticity, FFK, and KFEH
were measured. After this, two 38 °C heat pads were placed
on the subject’s quadriceps and knee for 20 min to stabi-
lize their leg temperature. Skin temperature, ACL elasticity,
FFK, and KFEH measurements were repeated.

Measurements

All measurements were performed by a trained researcher.
The outcome variables assessed were ACL elasticity,
force to flex the knee (FFK), knee flexion—extension hys-
teresis (KFEH), leg skin temperature, and estradiol serum
concentration.
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Estradiol (E2) serum concentration

Estradiol serum concentration was analyzed using the
TOHSO E2 ST AIA assay (Fisher Healthcare, Inc., Hou-
ston, TX, USA). Four ml of blood was obtained from an
antecubital vein with a 23-guage needle and centrifuged
for separating serum from the whole blood. The centri-
fuge rotated at 3,000 rpm for 10 min (Beckman Coulter
Inc., Brea, CA, USA). Once serum was separated, it was
stored at —80 °C until all samples of serum were col-
lected for the hormone analysis. The mean (SD) intra-
assay concentration was 94.9 (9.0) with a coefficient
variation percent (CV %) of 9.5. On the other hand, the
mean (SD) inter-assay concentration was 100.5 (5.3)
with a CV % of 5.3.

Leg skin temperature

Leg skin temperature was measured using the forward
looking infrared 660 IR Camera (FLIR systems, Danderyd,
Sweden). This device has been validated to deliver accu-
rate temperature measurements (Al-Nakhli et al. 2012).
To acquire best images, the readings were done at a per-
pendicular angle and at a distance of 1 m away from the
skin. Measurements were performed in the room illumi-
nated with light emitting diode (LED) lights to minimize
any infrared interference (Al-Nakhli et al. 2012). The IR
camera was calibrated in a water bath prior to the experi-
ments and checked against a standard thermometer. Skin
blood Baseline leg skin temperature was taken after stabi-
lizing leg temperature at a neutral environment for 20 min
and after applying 38 °C heat immediately when the heat
pads were removed.

Anterior cruciate ligament elasticity

KT-2000 knee arthrometer (MEDmetric Corp, San Diego,
California) was used to measure knee laxity of the anterior
cruciate ligament. The measurement of the anterior knee
ligament laxness was performed by one experienced exam-
iner for consistency. The measurement tool was shown to
be reliable over time, with an ICC of 0.92 (p = 0.0001)
(Van Lunen et al. 2003). Subjects were asked to lay supine
in a predetermined position. A strain gauge bridge arranged
in a load cell was used to measure the force necessary to
generate an anterior glide of the proximal end of the tibia
on the femoral condyles. This generated a force versus
displacement curve for the anterior cruciate ligaments.
The process was accomplished by supporting both limbs
with a firm, comfortable platform placed proximal to the
popliteal space. This helped keep the subject’s knee flex-
ion angle constant for the duration of the test. Along with
this device, a foot support accessory supplied with the

Fig. 1 Experimental setup for measuring ACL elasticity. The subject
was positioned supine with the knee flexed to 25°

ARTHROMETER® positioned the feet symmetrically
allowing the leg position to be optimal for the test while
reducing external rotation. For the most comfortable posi-
tion during the flexion angle test, knee flexion angle was
initially at 25° and the only movement was the tibia in
relation to the patella (Fig. 1). A thigh strap controlled hip
external rotation while offering support to help relax the
subject. Force used for the experiment was applied at 30 lbs
(133 N) of force. The force displacement data were shown
on an X-Y plotter. The vernier caliper was used to measure
anterior tibial displacement (ATD) graph.

Muscle and tendon flexibility

The force measured to extend the knee from 90° to 125°
was recorded. Elevated off the floor and in a seated posi-
tion, the subject’s leg hung at an initial angle of 90°. To pas-
sively move the knee through 35° of flexion and extension,
an ankle strap was connected to a linear actuator (Fig. 2).
The measurement was recorded at a rate of movement of
45° in 7.5 s. The force in flexion and extension was meas-
ured with a strain gage bridge arranged as a load cell. The
bridge was excited by 5 V. The output amplified with a gain
of 500 (DAC 100, Bio Pac Systems, Goleta California).
The output was then digitized at 2,000 Hz with a resolution
of 24 bits on an MP150 Bio Pac data acquisition system
(Bio Pac Systems, Goleta California). The knee goniom-
eter, using a ruby bearing 360° 5,000 ohm potentiome-
ter, measured the angle of the knee to calculate the force
needed per degree moved. The previous study used by this
CPM machine showed data were very constant. Overall,
measurement errors from day to day did not exceed 1 %.
The difference between the FFK and force to extend the
knee (FEK), called KFEH, was then calculated. Potential
elastic energy stored during the loading (flexion) is greater
than that of unloading (extension); thus, flexing the knee
required greater force than extending the knee (Nordez
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Fig. 2 Experimental setup for measuring FFK and KFEH of the knee.
The subject was positioned sitting with the hip and knee flexed to 90°

et al. 2009). A lower elastic hysteresis value means more
elasticity of the muscle and tendon (Fig. 3).

Control of quadriceps and knee temperature
Quadriceps and knee temperature were controlled with a
Berg’s polar care therapy heat exchange unit (Berg Inc. East

Carlsbad, CA, USA) maintained at 40 °C by a water bath.
On the water bath, a heating water bath circulator (Fisher

Fig. 3 The elastic hysteresis

scientific Inc. Pittsburgh, PA, USA) was attached to control
temperature. Since water temperature dropped about 2 °C
throughout the unit, water temperature was kept at 40 °C to
give 38 °C heat on subject’s knee and quadriceps.

Data analysis

Data were summarized using means and standard devia-
tion (SD). An independent ¢ test was conducted to com-
pare general characteristics between OCP users and
non-OCP users. One-way repeated measures analysis of
variance (ANOVA) was used to examine changes in mean
estradiol serum concentration, leg skin temperature, ACL
elasticity, FFK, and KFEH at four different phases of the
menstrual cycle. For significant findings, LSD pairwise
comparisons test for multiple comparisons was used to
compare means of variables between any two different
phases. For all data collected over the phases within each
test, a mixed factorial ANOVA was conducted to compare
cycle phases with respect to the effect of estradiol con-
centration on ligament elasticity, FFK, and KFEH at room
temperature and 38 °C in each group. The level of signifi-
cance was set at p < 0.05.

Results

Nineteen subjects were enrolled in the study. However,
one subject from the OCP group was excluded because
the estradiol level was similar to that of a normal men-
strual cycle subject. There were no significant differences
in mean age, weight (kg), height (cm), BMI (kg/mz), and
length of cycle (p > 0.05, Table 1). The subject’s menstrual
phase was determined by their self-reporting and estradiol
serum concentrations. Mean (SD) of the ATD, FFK, and

curve, which is the difference
between the FFK and KFEH, as

measured by CPM
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Table 1 Mean (SD) of general characteristics (n = 19)

Non-OCP users OCP users p value*
(n=10) (n=9)
Age (years) 24.7 (2.0) 25.1(3.3) 0.74
Height (cm) 164.6 (3.4) 165.7 (5. 1) 0.59
Weight (kg) 57.1 (5.0) 59.4 (7.0) 0.35
BMI (kg/m?) 21.0(1.3) 21.6 (4.1) 0.48
Cycle length (d) 29.5(3.2) 28.6 (1.1) 0.38

SD Standard deviation, OCP Oral contraceptive pills
* Independent ¢ test

KFEH at ambient temperature and 38 °C warming in four
different phases during the menstrual cycle is shown in
Tables 3, 4, 5.

Estradiol (E2) serum concentration

Mean and SD of estradiol serum concentrations in four dif-
ferent phases during the menstrual cycle is displayed in
Table 2. There were significant changes in estradiol serum
concentration across the menstrual cycle in the OCP user
group (p < 0.001), but not in OCP group (Fig. 4; Table 2).
The lowest estradiol concentration was found during men-
struation (51.4 £ 9.0 pg/ml) and the highest estradiol
concentration was found during ovulation (175.8 £ 45.9
pg/ml) in non-OCP user group (Table 2).

Leg skin temperature

Both knee and quadriceps skin temperatures were signifi-
cantly lower during ovulation compared to luteal phase
in non-OCP users (31.5 + 0.8 vs. 31.8 £ 0.5, p = 0.04,
31.6 £ 0.7 vs. 31.9 £ 0.7, p = 0.04, Table 2).

Also, no significant differences in temperature were
detected between OCP users and non-OCP users in all
phases (p > 0.05),when two heat pads were applied on
the knee, and quadriceps skin temperature significantly
increased and held at 38 °C warming.

Anterior knee ligament elasticity

Anterior knee ligament elasticity was measured by ATD. The
results of the ATD changes in four different phases during
the menstrual cycle at ambient temperature and after 38 °C
warming in non-OCP and OCP users are shown in Fig. 5.
Among non-OCP users, the effect size within subjects was
0.23 for menstrual phase and 0.02 for OCP users. When com-
paring ATD in four different phases of the menstrual cycle,
ATD was significantly lower in OCP users compared to non-
OCP at both temperatures (Fig. 5). The greatest ATD was
found at ovulation and the least ATD was found at menstrua-
tion in non-OCP users (Table 3). At ambient temperature, the
ATD decreased by 10 % from ovulation to menstruation and
the ATD differences between ovulation and menstruation
were not significant in OCP users (p > 0.05, Table 3). After
applying 38 °C warming, there were significant differences
in ATD between OCP users and non-OCP users (p > 0.05).
There was a significant difference in ATD between ovula-
tion and menstruation in OCP users (6.0 £ 1.8 mm versus
5.6 = 1.6 mm, p = 0.01, Table 3; Fig. 5).

Measurement of quadriceps muscle and tendon flexibility
Force to flex the knee (FFK)
The effect size for menstrual phase within subjects was

0.13 for non-OCP users and 0.03 for non-OCP users. The
FFK decreased by 15 % from menstruation to ovulation

Table 2 Summary of outcome

; N 4 Outcome measure M F (6] L p value
variables in four different test
phases during the menstrual Mean (SD) Mean (SD) Mean (SD) Mean (SD)
cycle (n = 19) Number of days
Non-OCP users (n = 10) 2.2 (0.8) 10.2 (1.3) 14.2 (2.2) 234 (2.4) <0.001
OCP users (n=9) 2.1(0.5) 9.1 (0.9) 13.8 (1.2) 22.9 (1.6) <0.001
Estradiol (pg/ml)
Non-OCP users 51.4 (8.9) 82.5(17.6) 175.8 (45.9) 130.3 (38.8) <0.001
OCP users 29.6 (5.3) 348 (11.1) 31.309.7) 32.7(9.9) 0.42
Knee skin temperature (°C)
SD Standard deviation, M Non-OCP users 31.8(0.7) 31.7 (1.0) 31.5(0.8) 31.8 (0.5)* 0.43
Menstruation F Follicular, O OCP users 31.8(0.3) 31.8(0.3) 31.7 (0.3) 31.9(0.5) 0.74
Ovulation, L Luteal, OCP Oral Quadriceps skin temperature (°C)
contraceptive pill Non-OCP users 31.8(09)  31.8(L1) 31.6 (0.7) 31.9 (0.7)° 0.52
* Significant changes from OCP users 31907 31.8(0.8) 32.0 (1.3) 319 (0.9) 0.88

ovulation
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Fig. 4 Mean + SD of estradiol concentration measured in four dif-
ferent phases of the menstrual cycle in non-OCP users and OCP
users. M Menstruation, F Follicular, O Ovulation, L Luteal, OCP
Oral contraceptive pills

at ambient temperature in non-OCP users (p = 0.04,
Table 4). However, there were no significant changes in
the FFK across the phases at 38 °C warming (p > 0.05).
Also, a significant difference was found in the FFK
between the ambient temperature and 38 °C warming in
all phases except ovulation in which estradiol concentra-
tions were relatively higher than those in other phases
(Table 4). Both at ambient temperature and 38 °C warm-
ing, the FFK of OCP users was greater than non-OCP
users in all phases (Table 4; Fig. 6). There was no sig-
nificant difference in the FFK between pre and post heat
in OCP users. On average, 9.5 % decrease was shown
in OCP users versus 5.4 % decrease in non-OCP users
(Table 4).

Knee flexion—extension hysteresis (KFEH)

The effect size for menstrual phase within subjects was
0.37 for non-OCP users and 0.04 for OCP users. At
ambient temperature, the KFEH was significantly lower
in OCP users than in non-OCP users. During ovulation,
the KFEH was significantly lower in non-OCP users
than in OCP users (27.0 £ 6.0 N versus 34.9 + 11.2 N,
p < 0.01, Table 5). Across phases, there were no signifi-
cant changes in the KFEH in non-OCP users (p = 0.01)
but not in OCP users (p = 0.72). The KFEH increased
by 24 % from ovulation to menstruation at ambient tem-
perature in non-OCP users. In addition, there were no
significant changes in the KFEH across the menstrual
cycle at 38 °C warming in OCP users (p > 0.05). In
both groups, the KFEH was significantly lower at 38 °C
warming when compared to ambient temperature in all
phases except ovulation. After 38 °C warming the KFEH
decreased 21.1 % in OCP users and 14.0 % in non-OCP
users (Fig. 7; Table 5).
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Fig.5 Mean =+ SD of the ATD measured in four different phases of
the menstrual cycle at ambient temperature and after 38 °C warm-
ing in non-OCP users and OCP users. M Menstruation, F Follicular,
O Ovulation, L Luteal, OCP Oral contraceptive pills

Discussion

ACL elasticity and muscle and tendon flexibility are major
risk factors for knee injuries during sports (Eastlack et al.
1999; Musahl et al. 2012). Women have fluctuating estro-
gen during the menstrual cycle and are more susceptible
to have injuries (Chaudhari et al. 2007). In previous stud-
ies, women had greater knee laxity during ovulation at a
time when estrogen level peaks (Park et al. 2009a, b; Heitz
et al. 1999). These results are supported by the finding that
estrogen receptors are found in connective tissue and thus it
changes the mechanical properties of its tendons and liga-
ments (Liu et al. 1997; Heitz et al. 1999). However, OCP
makes women’s hormone level more consistent during the
menstrual cycle. If it is true that female reproductive hor-
mones cause connective tissue laxness, female OCP users
should show more stable tissue extensibility. Therefore, it
is of no surprise that the few studies addressing the effects
of OCP on knee injury prevention show little change in
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Table 3 Mean (SD) of the ATD measured in four different phases of the menstrual cycle at ambient temperature and after 38 °C warming in

non-OCP users and OCP users (n = 19)

Anterior tibial displacement (mm)

Group Non-OCP users (n = 10) OCP users (n =9)

Phase Pre heat mean (SD) Post heat mean (SD) p value* Pre heat mean (SD) Post heat mean (SD) p value®
M 5.1(1.5) 5.5(1.6) <0.01 4.4(0.8) 4.5(1.0) 0.51

F 54 (1.7) 5.6 (1.7) 0.24 4.3(0.9) 4.5(0.9) 0.16

(0] 5.9 (1.7)%4 6.0 (1.8)° 0.41 4.4(0.9) 4.6 (0.9) 0.08

L 5.7 (1.7)¢ 5.8 (1.6) 0.67 4.4 (0.6) 4.6 (0.8) 0.32

p value? <0.01 0.44 0.89 0.97

SD Standard deviation, M Menstruation, F' Follicular, O Ovulation, L Luteal, OCP Oral contraceptive pills

& p values for the null hypothesis that there is no difference between pre and post heat

b p values for the null hypothesis that there is no difference across four phases of the menstrual cycle

¢ Significant changes from menstruation

4 Significant changes from follicular phase

Table 4 Mean (SD) of the FFK measured in four different phases of the menstrual cycle at ambient temperature and after 38 °C warming in

non-OCP users and OCP users (n = 19)

Force to flex the knee (N)

Group Non-OCP users (n = 10) OCP users (n =9)

Phase Pre heat mean (SD) Post heat mean (SD) p value® Pre heat mean (SD) Post heat mean (SD) p value®
M 126.0 (35.4) 113.2 (23.8) 0.04 132.5 (26.1) 118.0 (25.6) <0.01

F 116.6 (38.0) 110.9 (34.6) 0.01 128.2 (28.1) 117.1 (23.5) 0.04
(0] 111.2 (24.6)° 109.0 (25.9) 0.36 130.9 (30.0) 117.6 (24.5) <0.01

L 115.2 (18.4) 108.9 (30.2) 0.21 129.8 (32.3) 119.2 (24.9) 0.02
p value® 0.24 0.89 0.92 0.99

SD Standard deviation, M Menstruation, F' Follicular, O Ovulation, L Luteal, OCP Oral contraceptive pills

# p values for the null hypothesis that there is no difference between pre and post heat

® p values for the null hypothesis that there is no difference across four phases of the menstrual cycle

¢ Significant changes from menstruation

ligament elasticity during the menstrual cycle (Ruedl et al.
2009; Bell et al. 2011). Researchers, however, have reached
different conclusions on the relationship between OCP and
knee laxity (Martineau et al. 2004; Bell et al. 2011).

In the present investigation, ACL elasticity, FFK, and
KFEH were measured during four different phases of the
menstrual cycle with subjects exposed to ambient tem-
peratures. In addition, to stabilize temperature fluctuation
from the day, the experiments were repeated by warming
the leg to 38 °C in both young healthy OCP and non-OCP
users. We have found that non-OCP users have a greater
ACL elasticity, less FFK, and KFEH in all phases com-
pared to OCP users at ambient temperature. We further
found that non-OCP users’ biomechanical outcome vari-
ables were altered throughout the menstrual cycle, but not
in OCP users during the menstrual cycle. When comparing

estradiol serum concentration between the two groups,
OCP users’ estradiol levels were lower in all phases and did
not alter during the menstrual cycle. These results imply
that estradiol serum concentration has an impact on human
ligament, muscle, and tendon. In other words, more knee
stiffness was found in women on OCP. Here estradiol was
lower in blood.

Tissue temperature is one of the factors that alter knee
elasticity (Jarosch 2011) and heat is commonly used to
reduce soft tissue stiffness (LaBella et al. 2011). Since
basal body temperature fluctuates during the menstrual
cycle, it is used to accurately detect if women are ovulat-
ing. This change is also influenced by progesterone and
estrogen during the menstrual cycle (Buxton and Atkinson
1948; Devi and Reddy 1956) but not in OCP users. Previ-
ous research found that muscle temperature increased on
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Fig. 6 Mean £ SD of the FFK measured in four different phases of
the menstrual cycle at ambient temperature and after 38 °C warming
in non-OCP users and OCP users. M Menstruation, F' Follicular, O
Ovulation, L Luteal, OCP Oral contraceptive pills

ovulation and it continuously remaind elevated during the
luteal phase (Petrofsky et al. 1976, 2007). Please check and
confirm the edit in the following sentence: To increase cen-
tral core temperature, the skin removes less heat to reduce
body temperature. In non-OCP users, muscle and shell tis-
sue temperature fluctuate during the menstrual cycle; thus
playing an important role in knee elasticity.

In addition, there were heat effects on muscle and ten-
don flexibility both in non-OCP and OCP users. The FFK
and KFEH significantly decreased after 38 °C warming
of the leg in all phases in OCP users. In a similar man-
ner, knee flexibility was significantly reduced after using
heat in all phases of the menstrual cycle except ovula-
tion, where estradiol serum concentration was relatively
higher in non-OCP users. These results imply that mus-
cle and tendon flexibility is more affected by tempera-
ture than estrogen. Interestingly, we found that FFK and
KFEH decreased more after 38 °C warming in OCP users
compared to non-OCP users during the menstrual cycle.
This indicated more effect of heat on FFK and KFEH in
OCP users. Thus, using heat increases knee flexibility in
OCP users and is still beneficial to non-OCP users dur-
ing menstruation where estradiol levels are relatively
low. However, for the ACL, the effects of estradiol were
different. The ATD did not significantly decrease after
38 °C warming in both groups of subjects. Also, it was
significantly higher during ovulation than menstruation
after heat.

ACL elasticity, muscle and tendon flexibility are related
to knee injuries (Li et al. 2002). Women who are taking
OCP have less knee laxity due to estradiol effects during
menstruation. Previous studies have examined the associa-
tion between ACL injuries and use of oral contraceptives

Table S Mean (SD) of the KFEH measured in four different phases of the menstrual cycle at ambient temperature and after 38 °C warming in

non-OCP users and OCP users (n = 19)

Knee flexion—extension hysteresis (V)

Group Non-OCP users (n = 10) OCP users (n =9)

Phase Pre heat mean (SD) Post heat mean (SD) p value* Pre heat mean (SD) Post heat mean (SD) p value*
M 34.49.1) 28.4 (8.0) <0.01 38.0 (14.9) 29.3 (8.0) 0.02

F 28.9 (7.4)° 25.0(9.2) 0.03 35.3(14.0) 28.2 (11.0) 0.04

(0] 27.0 (6.0)° 24.2 (8.7) 0.44 34.9(11.2) 28.1(11.2) 0.07

L 30.0 (7.0)¢ 25.6 (5.3) 0.02 36.0 (11.1) 28.1(6.9) 0.02

p value® 0.01 0.45 0.72 0.95

SD Standard deviation, M Menstruation, F Follicular, O Ovulation, L Luteal, OCP Oral contraceptive pill

# p values for the null hypothesis that there is no difference between pre and post heat

® p values for the null hypothesis that there is no difference across four phases of the menstrual cycle

¢ Significant changes from menstruation

4 Significant changes from ovulation
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(B) Knee Flexion-Extension Hysteresis (KFEH)
(38 °C warming)
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Fig. 7 Mean + SD of the KFEH measured in four different phases of
the menstrual cycle at ambient temperature and after 38 °C warming
in non-OCP users and OCP users. M Menstruation, F' Follicular, O
Ovulation, L Luteal, OCP Oral contraceptive pill

(Ruedl et al. 2009; Bennell et al. 1999). However, results
from these studies were perhaps inconclusive because they
did not examine the effect of both knee elasticity and tissue
temperature. It is not easy to examine the effects of OCP
on ACL injuries only with ACL elasticity. Other factors
should be considered such as tissue temperature. Thus, in
further investigation, both estrogen and tissue temperature
should be considered as key risk factors that can cause ACL
injuries during menstrual cycle in both OCP and non-OCP
users.

In addition, interestingly, it is common to do a warm
up prior to exercise to reduce injuries since less elasticity
is related to tissue tears. However, in women, the reverse
seems to be true. Perhaps, the structure strength (e.g. col-
lagen cross bridges) is also altered by estrogen. This may
explain differences in the results of some studies on women
versus men. These knee injuries may be caused by changes
in collagen strength not just elasticity. Estrogen may not
only alter ACL elasticity, but may cause a change in the
breaking strength of the ACL. Just as bone can fracture

due to glycogen crosslinking even when it is dense, there
may be a similar relationship with collagen in ligaments
whereby they may tear even if elastic. This would involve a
shift in the force—stress curve for the ACL making the elas-
tic region shorter and the plastic region larger due to estro-
gen. There are no studies on structural strength of the ACL
in relation to estrogen, only elasticity. It will be interesting
to see if there are collagen structure strength changes dur-
ing the menstrual cycle and its relationship to incidence of
knee injuries in OCP users and non-OCP users.

Conclusion

Throughout the MC, ACL elasticity, FFK, and KFEH fluc-
tuated in non-OCP users but not in OCP users. At ambient
temperature, ACL elasticity was significantly lower and
FFK and KFEH were significantly higher in OCP users than
in non-OCP users. However, no significant differences in
FFK and KFEH between the two groups were found after
warming to 38 °C. These imply that muscle and tendon flex-
ibility is more affected by temperature than estrogen. Also,
we found that FFK and KFEH decreased more after 38 °C
warming in OCP users and it indicated more effect of heat on
FFK and KFEH in OCP users but no ACL elasticity changes
after 38 °C warming in both groups of subjects. Thus, using
heat increases knee muscle and tendon flexibility in OCP
users and is still beneficial to non-OCP users during men-
struation where estradiol levels are relatively low.
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