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Background: Anterior cruciate ligament (ACL) injury has been reported to have a higher incidence in women than in men.

Purpose/Hypothesis: The purpose was to examine the relationship of anterior knee laxity (AKL), stiffness, and generalized joint
laxity (GJL) with respect to the menstrual cycle. It was hypothesized that AKL and GJL would increase during the ovulation phase,
when estrogen levels are high.

Study Design: Descriptive laboratory study.

Methods: A total of 15 female university students aged >20 years and with normal menstrual cycles were evaluated. AKL was
measured as anterior tibial displacement of the femur after application of 44-, 89-, and 133-N loads to the tibia. Stiffness was
calculated as A force/A displacement at loads between 44 and 89 N and between 89 and 133 N. The University of Tokyo joint laxity
test was used for evaluation of GJL. The participants’ menstrual cycle was divided into the early follicular, late follicular, ovulation,
and luteal phases using the basal body temperature method and an ovulation kit; AKL and GJL were measured once during each
phase. Participants were also stratified according to the presence or absence of genu recurvatum (GR).

Results: There was no significant difference in AKL, stiffness, or GJL among the menstrual phases. In the GR group, AKL values at
89 N and 133 N were significantly higher in the ovulation phase than in the early follicular phase (P = .025 and P =.018,
respectively); there were no significant differences in AKL among the phases in the non-GR group. In addition, the GR group in the
ovulation phase had significantly higher AKL values at 44 N, 89 N, and 133 N compared with the non-GR group (P = .013, P = .005,
and P = .010, respectively). There were no significant differences in GJL among the phases in the GR or non-GR groups.
Conclusion: Women with GR may have increased AKL in the ovulation phase when compared with the early follicular phase, which
may be a risk factor for ACL injury.

Clinical Relevance: The results of this study suggest that the ovulation phase may be related to the greater incidence of ACL
injuries in women.

Keywords: menstrual cycle; anterior knee laxity; generalized joint laxity; genu recurvatum

of ACL injury."*%2%3° The menstrual cycle is controlled

Anterior cruciate ligament (ACL) injury, which is one of the
most common sports injuries, has been reported to have a
higher incidence in women than in men.*” Sex differences
in the incidence of ACL injury include extrinsic factors
(physical and visual perturbations, bracing, and shoe-
surface interaction) and intrinsic factors (anatomic, neuro-
muscular, and biomechanical differences between the
sexes), which may be multifactorial in nature.® Among the
intrinsic factors, the effects of female hormones are also
thought to play a role in sex differences in the incidence

The Orthopaedic Journal of Sports Medicine, 9(3), 2325967121993045
DOI: 10.1177/2325967121993045
© The Author(s) 2021

mainly by cyclic fluctuations of estradiol and progesterone®
and is classified primarily into the follicular, ovulatory, and
luteal phases. Several studies investigating the timing of
ACL injury in the menstrual cycle have reported that ACL
injuries often occur during the follicular’® and ovulation
phases.2®3% Therefore, understanding the relationship
between the menstrual cycle and ACL injury may help pre-
vent the occurrence of ACL injuries in female athletes.
Regarding the relationship between the menstrual cycle
and tissue structure of ACL, it has been reported that estro-
gen receptors are present in the human ACL!” and that
female hormones affect the tissue structure of the ACL,3%32
In vitro tissue culture studies with human ACLs have
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shown that fibroblast proliferation and procollagen type 1
synthesis are increased within 1 to 3 days of increases in
estradiol concentration.?2 In vivo studies have reported
that anterior knee laxity (AKL) increases during the ovu-
lation'%2¢ and luteal phases.?>?® However, other in vivo
studies have found no cyclic changes in AKL.>5%!! Thus,
although estrogen affects collagen structure and metabo-
lism, there is no consensus on the effects of female hor-
mones on AKL.

In recent years, generalized joint laxity (GJL) also has
been shown to be a risk factor for ACL injury.'®2128 Stet-
tler et al?” reported higher values for AKL in individuals
with higher GJL scores compared with those with normal
mobility. In addition, GJL scores are higher in women
than in men'®; this difference between men and women
has been attributed to differences in sex hormone levels.
Shultz et al?® examined changes in AKL, genu recurva-
tum (GR), and GJL during the early follicular phase and
early luteal phase of the menstrual cycle, but they did not
examine these parameters throughout the menstrual
cycle. Furthermore, changes in GJL during the menstrual
cycle and the relationship of GJL with AKL remain poorly
understood.

The purpose of the present study was to examine the
relationship of AKL, stiffness, and GJL with respect to the
menstrual cycle. For the purpose of this study, the men-
strual cycle was divided into 4 phases: early follicular, late
follicular, ovulation, and luteal phases. We also examined
the presence or absence of GR with respect to menstrual
phase. Our hypothesis was that AKL and GJL would
increase during the ovulation phase, when estrogen levels
are high.

METHODS
Participants

This study was approved by a university ethics review com-
mittee. In addition, this study complied with the Declara-
tion of Helsinki and was conducted only after written
informed consent was obtained from the study participants,
who had been fully informed (in both oral and written form)
of the nature of the experiment.

Between February and April 2019, we recruited female
students from a single university for this study. The inclu-
sion criteria for these students were as follows: (1) no his-
tory of injury involving the osteochondral surface,
ligament, tendon, capsule, or menisci; (2) no use of oral
contraceptives or other hormone-stimulating medications
in the preceding 6 months?®; and (3) physically active less
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than 3 times per week. A total of 49 students were initially
recruited and surveyed using a questionnaire and
interview.

Menstrual Cycle Recording

Of the initial 49 participants, 26 who had regular men-
strual cycles were asked to measure and record their basal
body temperature (BBT) every morning for 1 to 2 months
before the start of the experiment. The participants were
provided with basal thermometers (Citizen Electronic
Thermometer CTEB503L; Citizen Systems Co. Ltd) for this
purpose. To estimate the ovulation date, the participants
were provided with ovulation kits (Doctor’s Choice One
Step Ovulation Test Clear; Beauty and Health Research,
Inc) that were used from the day after the end of menstru-
ation. As luteinizing hormone (LH) levels in urine and
serum have been shown to be correlated,'? the ovulation
date was estimated using the ovulation kit results as a
substitute for blood sampling.

A BBT table was prepared as a recording sheet, and daily
BBT, menstrual period, and ovulation kit results were
recorded. Based on these data, the first day of menstruation
was assigned as the nominal day 1, and the mean BBT up to
day 6 was calculated. When the BBT for 3 consecutive days
after ovulation (as determined via the ovulation kit) was at
least 0.2°C greater than this mean value, it was judged that
the participant showed a biphasic cycle of low and high
temperatures.18

Participants with biphasic cycles were classified as hav-
ing a normal ovulatory pattern, whereas those with mono-
phasic cycles were considered to have an anovulatory
pattern.®® Of the 26 participants whose menstrual cycles
were monitored, 2 were excluded because their BBT was
monophasic; AKL and GJL were measured in the remain-
ing 24 participants. In addition, 9 other participants were
excluded for the reasons indicated in Figure 1.

The final enrolled study population consisted of 15 par-
ticipants. The participants had a menstrual cycle length of
25 to 38 days®® (mean + SD, 30.3 + 2.4 days) and biphasic
BBTs during the cycle in which AKL and GJL measure-
ments were performed (Figure 1).

Timing of Measurements

Measurements were taken once in each of the 4 phases of
the menstrual cycle (early follicular, late follicular, ovula-
tion, and luteal phases). AKL and GJL were measured in
the early follicular phase, from 3 to 4 days after the start of
menstruation; in the late follicular phase, from 3 to 4 days
after the end of menstruation; in the ovulation phase, from
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Female participants
recruited
(n=49)

Excluded:
Did not meet inclusion criteria (n=21)
Declined participation (n=2)

Checked menstrual cycle
(n=26)

Excluded:
Monophasic basal body temperature (n=2)

AKL, stiffness, GJL
measured (n=24)

Excluded:

Measurement date gap (n=2)
Monophasic basal body temperature (n=5)
Menstrual cycle >38 days (n=1)
Measurement data error (n=1)

Participants enrolled
(n=15)

Figure 1. Participant selection flowchart. AKL, anterior knee
laxity; GJL, generalized joint laxity.

2 to 4 days after the day when the ovulation kit gave a
positive result; and in the luteal phase, from 5 to 10 days
after the start of the high temperature phase. Taking into
account possible diurnal variations, all measurements in
all participants were performed between 8 AM and noon.?*

Measurement Methods

AKL was measured as the anterior displacement (in milli-
meters) of the tibia relative to the femur when loads of 44 N,
89 N, and 133 N were applied to the tibiaZ; displacement
was measured using the KS Measure (cruciate ligament
function tester, KS Measure KSM-100; Japan Sigmax Co,
Ltd). The measurement was performed on the pivot (non-
dominant) foot. Participants were placed in the supine posi-
tion per the manufacturer’s guidelines, and knee joint
flexion was set to about 30° using a goniometer (Nishika-
washinwa). A knee support was placed on the posterior part
of the distal thigh, and a foot support was placed under the
foot. The position of the KS Measure was adjusted so that
the patella-contacting part was at the knee center and the
ankle-fixing part was at the ankle center; the ankle was
fixed using a lower limb—fixing belt, and the lower leg was
fixed using a traction belt. After instructing the participant
to relax the leg muscles, the load handle was operated to
perform the measurement (Figure 2). Measurement was
performed 5 times, the high and low values were excluded,
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Figure 2. Joint angle measurement position. Supports were
placed under the thigh and foot to position the knee at a
flexion angle of approximately 30°. The KS Measure (cruciate
ligament function tester, KS Measure KSM-100; Japan Sig-
max Co, Ltd) was positioned so that the patellar contact area
was in the center of the knee and the ankle fixation area was in
the center of the ankle. After instructing the participant to
relax, the load handle was operated, and measurements were
recorded.

and the average of the 3 remaining values was used. Knee
joint angle measurement and load handle operation were
performed by a single researcher (S.M.), and the KS
Measure panel was performed by another researcher
(T.Y.). Stiffness was recorded as A force/A displacement at
loads between 44 N and 89 N and between 89 N and 133 N.

GJL was measured using the University of Tokyo joint
laxity test'® (Figure 3). Mobility was measured at the spine
and bilaterally at the hip, knee, ankle, shoulder, elbow, and
wrist, for a total of 7 positions. The assessment criteria
were (1) thumb touches the forearm, (2) hyperextension of
the elbows >15°, (3) gripping fingers behind the back,
(4) hyperextension of the knee >10°, (5) passive dorsiflexion
of the ankle > 45°, (6) forward flexion of the trunk with the
knees straight in the standing position and the palms of
the hands resting on the floor, and (7) external rotation of
the hip in the standing position and the toes open >180°.
Each item was assigned a value of 1 point; for bilateral
positions, the left and right sides were assigned a value of
0.5 point each. For items with joint angle as the criterion,
the joint angle was measured using a goniometer. Joint
angle measurements were performed by 1 operator (T.Y.)
and recorded by another operator (S.M.).

GR was defined in this study as hyperextension of the
knee >10° (item 4 in the GJL test). Depending on the pres-
ence or absence of GR, participants were classified into the
GR group or non-GR group. Participants with GR in the
measured limb (nondominant foot) with AKL were included
in the GR group.

Intrarater Reliability

To assess the interrater reliability of AKL measurements,
we recruited 10 adult male participants (mean age,
21.0 years + 0.0; mean = SD height, 176 + 6.5 cm; mean +
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Figure 3. The University of Tokyo joint laxity test.'® The laxity at 6 major joints of the body (bilaterally at the hip, knee, leg, shoulder,
elbow, wrist) and of the spine was examined. The assessment criteria were (1) thumb touches the forearm, (2) hyperextension of the
elbows >15°, (3) gripping fingers behind the back, (4) hyperextension of the knee >10° (genu recurvatum), (5) passive dorsiflexion
of the ankle >45°, (6) forward flexion of the trunk with the knees straight in the standing position and the palms of the hands resting
on the floor, and (7) external rotation of the hip in the standing position and the toes open >180°. Each item was assigned a value of
1 point (0.5 point each for the left and right sides for bilateral joints), for a total of 7 points.

SD weight, 68.9 + 6.3 kg) without orthopaedic diseases or
pain in the lower limbs. AKL measurements were performed
using the above-described method; again, the measurement
was performed 5 times, the high and low values were
excluded, and the average (mean) of the remaining 3 mea-
surements was used. The measurement was repeated on 2 or
more separate days within 1 week, and the intraclass corre-
lation coefficient (ICC) (1,3) was calculated.

Statistical Analysis

One-way repeated-measures analysis of variance was used
to compare AKL, stiffness, and GJL for each menstrual
phase as well as to compare AKL and GJL of each phase
between the GL and non-GL groups. The Bonferroni
method was used as a post hoc test. Comparisons of AKL
in the ovulation phase between the GR and non-GR groups
were performed using the Student ¢ test. The level of sig-
nificance was 5%. Statistical analyses were performed
using SPSS (Version 24.0; SPSS Japan Inc).

RESULTS

The mean *+ SD age of the 15 study participants was 21.0 £
0.2 years, their mean = SD height was 159.0 £ 4.4 ¢cm, and
their mean = SD weight was 51.9 £ 5.9 kg. AKL and

TABLE 1
Changes in AKL and Stiffness During the Menstrual Cycle
of Participants (N = 15)*

Early Late
Follicular  Follicular Ovulation Luteal
Phase Phase Phase Phase
AKL, mm
44 N 2.1+0.9 26+1.1 2.8+1.3 26+1.2
89N 42116 46+1.9 5.0+1.8 5.0+1.9
133 N 6.2+2.1 6.5+2.6 7.0+22 7.0x£2.5
Stiffness, N/mm
44-89 N 29.4+26.6 34.7+35.7 25.7+15.6 229+ 11.1
89-133 N 28.3+18.0 33.6+30.6 27.8+21.9 26.7+14.9

“Data are presented as mean = SD. There were no significant
differences in results among the phases. AKL, anterior knee laxity.

stiffness did not vary significantly among the phases
(Table 1). In GJL, no significant differences were found
among the menstrual phases, and there were no differences
in the rate of the GR items in each phase (Table 2).

Seven participants were classified into the GR group,
and 8 were classified into the non-GR group. However, the
phase in which each participant in the GR group showed
GR varied (Table 3). In the GR group, there were no
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TABLE 2
Changes in GJL During the Menstrual Cycle of
Participants (N = 15)¢
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TABLE 4
Changes in AKL and GJL During the Menstrual Cycle in
the GR and Non-GR Groups®

Early Late
Follicular Follicular Ovulation Luteal
Phase Phase Phase Phase

Early Late
Follicular Follicular Ovulation Luteal
Phase Phase Phase Phase

GJL score, 22+10 26+10 28+12 26+1.1
mean + SD

Participants with 6 4 5 4
GR, n

GR-positive rate, % 40.0 26.7 33.3 26.7

“There were no significant differences in results among the
phases. GJL, generalized joint laxity; GR, genu recurvatum.

TABLE 3
Presence of GR During the Menstrual Cycle for
Participants in the GR Group (n = 7)*

Early Late

Follicular Follicular Ovulation Luteal
Participant Phase Phase Phase Phase
1 _ _ _
13 + - + +
17 + - + -
18 + + + +
19 + - - -
21 + + + +
24 + + + +

“GR, genu recurvatum; +, presence of GR; —, absence of GR.

significant differences in AKL at 44 N, but AKL values at
89 N and 133 N were significantly higher in the ovulation
phase than in the early follicular phase (P = .025 and .018,
respectively) (Table 4). In contrast, there were no signifi-
cant differences in AKL among the phases in the non-GR
group. In addition, the GR group had significantly higher
AKL values at 44 N, 89 N, and 133 N than did the non-GR
group (P =.013, P =.005, P = .010, respectively) only in the
ovulation phase. There were no significant differences in
GJL among the phases in the GR and non-GR groups.

The resulting ICC (1,3) for AKL measurements was
0.866 to 0.956. According to the criteria of Landis and
Koch,'* reproducibility is considered to be almost perfect
when the ICC is 0.81 or more. Therefore, the reproducibility
of AKL measurement in this study was considered to be
high.

DISCUSSION

This study investigated the relationship between AKL and
GJL during the menstrual cycle in female university stu-
dents who had a regular menstrual cycle and a biphasic
BBT. Several previous studies have examined the relation-
ship between ACL injury and laxity of the knee joint,%%28
but the relationship between the menstrual cycle and GJL
and the relationship between AKL and GJL have not been

GR group (n =17)

AKL, mm
44 N 22+1.0 27+11 36+14° 26+14
89N 42+17 48+21 63+16> 50+21
133 N 61+21 7.0+28 85+18% 7.0£25
GJL score 23+11 28+1.0 3.0%+1.0 2.6+1.3

Non-GR group

(n=28

AKL, mm
44 N 20+10 24+12 21+0.6 26+1.1
89N 42+17 44+19 39%+11 50£20
133 N 62+22 61+26 57+1.7 71+26
GJL score 21+10 24+11 27+14 26+1.1

“Data are presented as mean + SD. AKL, anterior knee laxity;
GJL, generalized joint laxity; GR, genu recurvatum.

bStatistically significant difference compared with the non-GR
group (P < .05).

“Statistically significant difference compared with early follic-
ular phase (P < .05).

sufficiently investigated. The main findings of this study
were that AKL, stiffness, and GJL did not change during
the menstrual cycle. However, when the participants were
classified into a GR group and a non-GR group, AKL of the
GR group was significantly higher in the ovulation phase
than in the early follicular phase.

The results of this study showed that, compared with the
respective values, AKL and stiffness did not change signif-
icantly among the phases of the menstrual cycle. Regarding
AKL, the results were consistent with those of previous
studies®®!! indicating that AKL does not change during
the menstrual cycle. It has been reported that ACL injuries
often occur during the follicular phase'® and ovulation
phase,?>3° but such injuries do not always coincide with
the time of peak AKL. Therefore, the cyclic fluctuation of
risk factors other than AKL may be involved in the occur-
rence of ACL injury during the menstrual cycle. Regarding
stiffness, the present results were consistent with those of
Shultz et al®® who indicated that stiffness also does not
change during the menstrual cycle. Therefore, the men-
strual cycle may not affect the changes in the mechanical
properties of ligament structure.

In GJL, no significant differences were found among the
phases of the menstrual cycle, and there were no differ-
ences in the presence of GR in each phase. This result was
different from that of Shultz et al,2® who reported that the
largest mean difference in GJL occurred between day 1 of
menses and day 5 of the early luteal phase.

On the other hand, in the GR group, AKL at 89 N and
133 N was significantly higher in the ovulation phase than
in the early follicular phase. In addition, the GR group had
significantly higher AKL than did the non-GR group only in
the ovulation phase. Furthermore, there were no
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significant differences in GJL between each phase in the
GR and non-GR groups. Therefore, women with GR who
show cyclic changes in AKL may be more sensitive to the
effects of estrogen. Shultz et al?® reported that the average
daily pattern of change in AKL, GR, and GJL was quite
similar among variables but the magnitude and pattern
of cyclic changes varied considerably among women. Shultz
et al?® also observed that the correlation coefficients for the
relationships between laxity variables at the individual
level were —0.07 for AKL and GJL and 0.16 for GR and GJL
but were 0.43 for AKL and GR. Therefore, it will be neces-
sary to further investigate the relationship between AKL
and GR as a parameter of local laxity around the knee joint.

Regarding the method of measuring GR, the present
study evaluated the GR of the GJL test while the partici-
pants were in a standing position; in contrast, Shultz et al*®
conducted measurements while the participants were in a
supine position contracting their quadriceps and maxi-
mally extending their knees. However, given that quadri-
ceps muscle strength is high during the ovulation phase,??
it is possible that quadriceps muscle strength affects the
GR value. Therefore, we should measure GR using a
method that excludes the contraction of the quadriceps,
permitting examination of the relationship between AKL
and GR.

Uhorchak et al®® found that relative risk ratios associ-
ated with having 1 or more risk factors ranged from approx-
imately 1.0 to 37.7, indicating that some combinations of
factors led to a risk of noncontact ACL injury that was
40 times higher than was observed when those combina-
tions of factors were not present. Thus, the present results
suggest that changes in AKL during the menstrual cycle
may be associated with the presence or absence of GR; this
observation indicates that these parameters may represent
risk factors for ACL injury.

Several limitations must be considered in this study.
First, the menstrual cycle was not classified by measure-
ments of hormone concentrations. Instead of measuring
hormone concentrations by blood sampling, the present
study performed cycle classification by the combination of
an ovulation kit, which is an inexpensive and noninvasive
method, and the BBT method. As a correlation has been
shown between urinary LH and serum LH levels, it was
inferred that the ovulation phase could be defined clearly
by using the ovulation kit in this study. In addition, the use
of the BBT procedure enables the identification of ovulatory
and anovulatory cycles.®'® Thus, by including participants
whose BBT was biphasic, it was expected that those with
normal ovulatory cycles, whose menstrual cycle could be
classified into 4 phases, would be selected. However, the
timing and phases of estrogen and progesterone concentra-
tion changes vary considerably across the menstrual
cycle.?32426 For future studies, it may be necessary to clas-
sify the menstrual cycle according to hormone concentra-
tions in serum, urine, or saliva.

The second limitation is the selection of participants who
are not at risk of ACL injury. To observe the simple effects
of the menstrual cycle, female students with a normal men-
strual cycle, no use of oral contraceptives, and low levels of
physical activity were selected for this study. Lee et al'®
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reported that women who used oral contraceptives had sig-
nificantly lower AKL values than those who did not use oral
contraceptives. De Crée et al® reported lower plasma estra-
diol levels after strenuous exercise in untrained female par-
ticipants. The results of the present study may be
applicable to a nonactive cohort of individuals, but they
do not provide any insight into those at risk for ACL injury.
In addition, AKL increased during the ovulation phase in
women with GR, but it is unclear whether the incidence of
ACL injury also increased during the same period. Prospec-
tive observation of women with risk factors for ACL injury
is necessary to determine the relationship between changes
in women’s body structure during the menstrual cycle and
the incidence or timing of ACL injury.

The third limitation is the sample size. The total number
of participants in this study was 15. The GR group was also
small, with only 7 participants. This may limit the inter-
pretation and robustness of the results of this study; there-
fore, a larger sample size is needed.

CONCLUSION

In this study, the relationships of AKL, stiffness, and GJL in
menstrual cycle were investigated; the cycle itself was
divided into 4 phases based on a combination of the BBT
method and the results of an ovulation kit. AKL, stiffness,
and GJL did not vary significantly among the phases of the
menstrual cycle. However, in the GR group, AKL values at
89 N and 133 N were significantly higher in the ovulation
phase than in the early follicular phase. In addition, the GR
group had significantly higher AKL values than did the non-
GR group only in the ovulation phase. These results sug-
gested that changes in AKL during the menstrual cycle in
women with GR may be a risk factor for ACL injury. In the
future, it will be necessary to classify the menstrual cycle by
measuring hormone concentrations and to include partici-
pants at risk of ACL injury in order to fully examine the
effects of the menstrual cycle on other risk factors for ACL
injury.
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