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Context: Of the individuals able to return to sport participa-
tion after an anterior cruciate ligament(ACL) injury, up to 25%
will experience a second ACL injury. This population may be
more sensitive to hormonal fluctuations, which may explain this
high rate of second injury.

Objective: To examine changes in 3-dimensional hip and
knee kinematics and kinetics during a jump landing and to
examine knee laxity across the menstrual cycle in women with
histories of unilateral noncontact ACL injury.

Design: Controlled laboratory study.

Setting: Laboratory.

Patients or Other Participants: A total of 20 women (age =
19.6 = 1.3 years, height =168.6 = 5.3 cm, mass =66.2 = 9.1
kg) with unilateral, noncontact ACL injuries.

Intervention(s): Participants completed a jump-landing task
and knee-laxity assessment 3 to 5 days after the onset of
menses and within 3 days of a positive ovulation test.

Main Outcome Measure(s): Kinematics in the uninjured
limb at initial contact with the ground during a jump landing, peak
kinematics and kinetics during the loading phase of landing,

anterior knee laxity via the KT-1000, peak vertical ground
reaction force, and blood hormone concentrations (estradiol--
17, progesterone, free testosterone).

Results: At ovulation, estradiol--17 (t = -2.9, P = .009),
progesterone (t=-3.4, P =.003), and anterior knee laxity (t=
—2.3, P=.03) increased, and participants presented with greater
knee-valgus moment (Z = -2.6, P = .01) and femoral internal
rotation (t=-2.1, P =.047). However, during the menses test
session, participants landed harder (greater peak vertical
ground reaction force; t= 2.2, P = .04), with the tibia internally
rotated at initial contact (t=2.8, P=.01) and greater hip internal-
rotation moment (Z = —-2.4, P = .02). No other changes were
observed across the menstrual cycle.

Conclusions: Knee and hip mechanics in both phases of
the menstrual cycle represented a greater potential risk of ACL
loading. Observed changes in landing mechanics may explain
why the risk of second ACL injury is elevated in this population.

Key Words: hormones, estrogen, vertical ground reaction
force, knee-valgus moment

fluctuations and asymmetrical limb loading.
possibly increasing the risk of second ACL injury.
participation.

ACL injuries.

Key Points

« Clinicians should be aware of the high rate of second injury and biomechanical consequences of many factors
related to return to sport participation after anterior cruciate ligament (ACL) injury, including sensitivity to hormonal

» The biomechanical profiles of women with ACL injury changed during the preovulatory phase of the menstrual cycle,
» Women with ACL reconstructions should have their landing mechanics evaluated before returning to sport
» Anterior knee laxity and jump-landing biomechanics changed across the menstrual cycle in women with unilateral

» Both menstrual cycle phases had biomechanical variables associated with ACL loading.

ligament (ACL) injury is not equal across the

menstrual cycle." The menstrual cycle consists of
the follicular, ovulatory, and luteal phases, which have
markedly different hormonal profiles. The follicular phase
is associated with the lowest concentrations of estrogen,
progesterone, and testosterone. Ovulation, which follows
the follicular phase, occurs between days 9 and 20 and is

T he risk of sustaining a noncontact anterior cruciate

associated with a spike in luteinizing hormone and then a
spike in estrogen.’ This is the largest concentration of
estrogen during the menstrual cycle. The final phase of the
menstrual cycle is the luteal phase, which is associated with
prolonged elevated estrogen levels. Progesterone also
increases substantially during this phase. Researchers®’
have reached consensus that the preovulatory phase (from
the follicular phase to ovulation) of the menstrual cycle
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presents the highest risk for noncontact ACL injuries. The
risk of injury is thought to result from hormonal
fluctuations influencing tissue that, in turn, affects neuro-
muscular characteristics during dynamic tasks, such as
landing from a jump.®° Differences across menstrual cycle
phases have been identified in variables believed to be
associated with joint stability, including laxity,>!*!! muscle
stiffness,’ strength,'>'* proprioception,'® and muscle-acti-
vation patterns.!® However, this area is not without
controversy, with other researchers'”2° observing no
change across the menstrual cycle in similar variables.

Reproductive hormones seem to influence ACL laxity in
females with normal menstrual cycles and physiologic
levels of estrogen and progesterone.>!?'"25 Numerous
authors have concluded that anterior laxity differs between
sexes, with males having less laxity than females.?>>!
Again, this area is not without controversy, as several
authors have concluded that anterior knee laxity does not
change across the menstrual cycle.'®3*3¢ However, nega-
tive correlations have been observed between ACL stiffness
and estrogen concentration in active females, indicating
that an increase in estrogen is associated with lower levels
of ligament stiffness.?! Additionally, evidence®*’® has
suggested that ACL laxity may influence muscular response
during dynamic activity. Park et al® collected biomechan-
ical data on 26 participants and initially observed no change
in kinematic and kinetic variables across the 3 phases of the
menstrual cycle. However, when they reorganized partic-
ipants based on their relative levels of knee laxity into low-,
medium-, and high-laxity time points, the authors found
that the high-laxity group had a 30% increase in adduction
impulse, 20% increase in adduction moment, and 45%
increase in external rotation compared with the medium-
and low-laxity groups.® This information demonstrates that
knee laxity can influence joint loading and potentially
influence noncontact ACL injury.

Besides knee laxity, other biomechanical factors are
associated with ACL loading and ACL injury during
jumping and landing. Landing with decreased sagittal-plane
motion or moment (knee and hip extension) and increased
frontal- and rotational-plane motion of the hip (adduction
and internal rotation) and knee (valgus and internal
rotation) contribute to ACL loading.>® Researchers®**+!
have examined changes in jump-landing mechanics across
the menstrual cycle in healthy female populations without
histories of ACL injury. These authors observed no change
in jump-landing hip and knee mechanics across the
menstrual cycle, leading them to conclude that injury rates
were most likely due to other factors, including strength or
ligament properties.*! One limitation of these studies is that
some women may be more responsive to hormonal
fluctuations than others (ie, responders versus nonrespond-
ers).>'! We theorize that females with histories of ACL
injury may be responsive to hormonal fluctuations, and this
increased sensitivity may have a greater effect on tissue and
ultimately landing mechanics. Additionally, up to 25% of
individuals who sustain primary ACL ruptures will have
second ACL injuries, with many second injuries occurring
in the contralateral limb.*>** In a recent paper on second
ACL injuries, Paterno et al** examined athletes who were
returning to high-level sports and observed that 75% of
second ACL injuries occurred in the contralateral limb and
88% of individuals sustaining these injuries were females.

The rate of second injury is particularly high for individuals
returning to sport participation even after successfully
completing rehabilitation programs.** This warrants further
investigation because underlying risk factors, such as
hormones, could play a role in the rates of second injury
in the contralateral limb. Therefore, the purpose of our
study was to examine anterior knee laxity and 3-
dimensional hip and knee kinematics and kinetics across
the menstrual cycle in a population of women with previous
unilateral, noncontact ACL injuries. We hypothesized that
biomechanical variables assessed during a jump landing
would be altered at ovulation in ways that would increase
ACL loading and laxity compared with menses. We based
this theory on research in which investigators™* have
identified increased ligamentous laxity at ovulation.
Additionally, we hypothesized that hip and knee kinematics
and kinetics during a jump landing would change in ways
associated with increased ACL loading.>-*®

METHODS

Participants

Twenty-four women were enrolled in the study, with 20
participants (age = 19.6 £ 1.3 years, height = 168.6 = 5.3
cm, mass = 66.2 = 9.1 kg) completing the protocol. Three
participants had anovulatory cycles, and 1 withdrew
because of scheduling conflicts. To be included in the
study, participants had to satisfy the following criteria: 18
to 25 years of age; no history of pregnancy or neurologic
disorder; self-reported normal menstrual cycle at the time
of injury and at the time of testing; no use of hormone-
altering contraception for 6 months before testing; no use of
hormone-altering contraception at the time of ACL injury;
sustained a unilateral, noncontact ACL injury, which was
defined as “forces applied to the knee at the time of injury
resulted from the athlete’s own movements and did not
involve contact with another athlete or object™; and
cleared by a physician to return to participation. All data
were collected from the nonreconstructed or contralateral
limb to eliminate reconstruction as an influence and the
unknown state of the hormone receptors in the reconstruct-
ed ACL.

Participants described their injury histories, mechanisms
of injury (eg, landing, cutting), and surgical repair methods
to the primary investigator (Table 1). The time from ACL
injury to testing ranged from 7 to 52 months (average =
25.7 = 12.6 months), menstrual cycle length ranged from
25 to 34 days (average = 28.9 = 2.3 days), and time from
the onset of menses to a positive ovulation test ranged from
8 to 21 days (average = 13.6 = 3.5 days). The types of
grafts used for reconstruction varied; the bone-patellar
tendon-bone autograft (n = 9) was the most common,
followed by the semitendinosus-gracilis autograft (n = 6)
and allograft (n = 4). One participant was ACL deficient.
Soccer was the most common sporting activity in which
participants sustained their injuries, and cutting was the
most common mechanism of injury. Participants had an
average International Knee Documentation Committee
(IKDC) 2000 subjective score of 83.9 = 8.2. All
participants provided written informed consent, and the
study was approved by the Institutional Review Board of
the University of North Carolina at Chapel Hill.
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Table 1.

Anterior Cruciate Ligament Injury History for Each Participant (N = 20)

Injured Time From Reconstruction Mechanism Sport Participation at

Limb to Testing, mo of Injury Time of Injury Graft Type

Right 18 Landing Gymnastics Hamstrings

Right 52 Pivoting Softball Bone-patellar tendon-bone
Left 42 Pivoting Soccer Bone-patellar tendon-bone
Right 16 Landing Basketball Hamstrings

Right 7 Cutting Soccer Bone-patellar tendon-bone
Right 34 Cutting Soccer Allograft

Right 33 Cutting Soccer Allograft

Left 12 Cutting Flag football Bone-patellar tendon-bone
Right 45 Landing Basketball Bone-patellar tendon-bone
Left 17 Landing Long jump Bone-patellar tendon-bone
Left 29 Cutting Soccer Hamstrings

Left 142 Cutting Field hockey Not applicable®

Left 24 Cutting Flag football Allograft

Right 26 Landing Volleyball Allograft

Right 38 Cutting Soccer Bone-patellar tendon-bone
Left 17 Cutting Soccer Bone-patellar tendon-bone
Right 36 Tumbling or landing Gymnastics Hamstrings

Right 13 Cutting Handball Hamstrings

Right 14 Cutting Soccer Hamstrings

Right 26 Cutting Flag football Bone-patellar tendon-bone

a Indicates time from injury to testing.
b Participant was anterior cruciate ligament deficient.

Based on previously collected data from our laboratory, we
performed an a priori power analysis. This analysis revealed
that, assuming a moderate to large effect size, a sample size of
20 was needed to achieve a power greater than 0.80 to
determine differences among menstrual cycle phases for most
variables of interest. Additionally, the inclusion criteria for

this study were stringent, and we anticipated difficulty in
finding participants who met all criteria. Therefore, we
attempted to enroll 25 participants to properly power the
study and to allow for withdrawal. The Figure depicts the
total number of participants with ACL injuries who were
contacted and how the final numbers were achieved.

Anterior cruciate ligament
injured population found

N =59
Declined participation
n=7
Not cleared by physician
n=3
Did not qualify: bilateral anterior
cruciate ligament injuries
n=11 Contact mechanism of injury
n=2
Did not qualify: hormone-
altering contraceptive use
n=12
Enrolled in study
n=24
Did not complete Withdrew: anovulatory
n=1 menstrual cycle
n=3
Enrolled in study
n=24

Figure. Flow chart depicting the total number of participants with anterior cruciate ligament injury contacted and how the final study

enrollment was achieved.
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Procedures

Participants were tested at 2 time points during their
menstrual cycles, which corresponded with low levels of
estrogen and progesterone (menses) and high levels of
estrogen and low levels of progesterone (ovulation). The 2
time points were 3 to 5 days after the onset of menses and
within 3 days after a positive test using a urine-based
ovulation prediction test (Earth’s Magic, Cary, NC).*4
Test phases were counterbalanced to avoid an order effect,
with the first test session occurring at menses in 11
participants and at ovulation in 9 participants. We tested
participants during the same time of day for each session
and instructed them not to eat 2 hours before testing and not
to exercise the day of testing. The primary investigator was
blinded to the menstrual cycle phase of each participant.
Each participant had a venous blood specimen analyzed for
select reproductive hormone levels (estradiol-B-17, proges-
terone, and free testosterone) using previously reported
methods.***” Participants completed all testing wearing the
same pair of their personal athletic shoes for each session.

Kinematic and Kinetic Assessment. Lower extremity
kinematics and kinetics were collected using an
electromagnetic tracking system (Ascension Technologies,
Inc, Burlington, VT) with a nonconductive force plate
(Bertec Corporation, Columbus, OH) synchronized with the
kinematic data. The MotionMonitor software system
(Innovative Sports Training, Inc, Chicago, IL) was used
to record kinematics at 144 Hz and kinetics at 1440 Hz.
Electromagnetic tracking sensors were placed on each
participant over the apex of the sacrum, midpoint of the
lateral thigh, and medial tibia. The biomechanical model
used in this study has been shown to provide a valid
assessment of peak lower extremity kinetics even with the
foot segment omitted.** The following bony landmarks
defined the segment endpoints and joint centers of the lower
extremity segments: medial and lateral femoral condyles,
medial and lateral malleoli, and left and right anterior-
superior iliac spines. The malleoli defined the ankle joint
center, and the femoral condyles defined the knee joint
center. The hip joint center was determined by the Bell et al
method.*® A static trial was recorded from a neutral
position.

Participants completed 5 trials of a jump-landing task on
a box that was 30 cm high and positioned at 50% of their
heights from the edge of a force plate. They jumped
forward and landed on both feet with the test limb on the
force plate. Immediately after landing, participants jumped
as high as possible. The trials were averaged and used for
analysis. All kinematic and kinetic variables had good
intrasession reliability (ICC[2,k] > 0.80).

Knee-Laxity Assessment. Knee laxity was defined as the
amount of anterior tibial displacement resulting from an
anterior drawer force of 133 N using a KT-1000 knee
arthrometer (MEDmetric Corp, San Diego, CA).> We
positioned participants supine with the knee in 25° of
flexion. Their ankles were placed in a cradle, and a thigh
strap was added to control rotation of the thighs. The KT-
1000 was placed on the anterior shank, aligned with the
joint line, and secured to the lower limb using hook-and-
loop straps. Two practice trials were used to ensure that the
participant was relaxed and the KT-1000 was secured
properly. Five trials were recorded and averaged. All laxity
measurements were completed by the primary investigator,

who was blinded, and excellent intrarater reliability was
established before data collection (intrasession: ICC[2,k] =
0.98, standard error of the mean = 0.43 mm; intersession:
ICC[2,k] = 0.88, standard error of the mean = 0.40 mm).

Data Reduction

Kinematic data were filtered using a fourth-order, zero-
phase-lag Butterworth low-pass filter at 14.5 Hz.>* We used
Euler angles to calculate joint angles with flexion-extension
about the y axis, valgus-varus about the x axis, and internal
and external rotation about the z axis. Kinematic and
kinetic data were exported into customized MATLAB
software programs (version 7.0; The MathWorks, Inc,
Natick, MA) for data reduction. The kinematic neutral
stance was subtracted from each trial to account for sensor
placement between phases.>! Ground reaction forces were
normalized to body weight (N), and moment data were
normalized to the product of body weight and height
(BW-BH). Ground reaction forces defined the landing
phase of the jump-landing task. Initial contact was defined
as the point at which the vertical ground reaction forces
(VGRFs) exceeded 10 N, and toe-off was defined as the
point at which VGRFs dropped below 10 N. Three-
dimensional hip and knee kinematics were assessed at
initial contact for each trial. Additionally, peak hip and
knee kinematics and kinetics were calculated during the
landing phase of the jump landing, which occurred from
initial contact to peak knee flexion. Peak VGRF also was
examined during the jump landing. We calculated joint
moments, which are internal, using standard inverse
dynamic procedures.>>

All variables were inspected to ensure that they met the
statistical assumptions before analysis. Special attention
was given to the ACL-deficient participant to ensure she
was not identified as an outlier and to verify that she did not
have undue influence on the data. The participant was not
identified as an outlier and fit all other inclusion criteria;
therefore, we had no compelling reason to exclude her from
the analysis. Individual paired ¢ tests or the Wilcoxon
signed rank tests were used to compare each dependent
variable between menstrual cycle phases. Effect sizes were
calculated using the Cohen d statistic. We used SPSS
(version 20.0; IBM Corporation, Armonk, NY) to perform
all data analyses and set the o level a priori at .05.

RESULTS

Descriptive statistics for select reproductive hormones
and knee laxity are presented in Table 2. Estradiol-B-17
(Cohen d = 1.2) and progesterone (Cohen d = 1.5) levels
and anterior knee laxity (Cohen d = 0.5) increased at
ovulation, but no changes were observed for testosterone.
Descriptive values and statistics for joint kinematics and
kinetics are presented in Tables 3 and 4. Tibial rotation was
the only kinematic variable that changed at initial contact,
and participants were in a more internally rotated position
at menses than at ovulation (Cohen d = 0.6). Peak
differences during the loading phase included increased
knee-valgus moment at ovulation (Cohen d = 0.9),
increased hip internal-rotation position at ovulation (Cohen
d=0.4), and greater hip internal rotation moment at menses
(Cohen d = 0.3). No other kinematic and kinetic findings
were different; however, a statistical trend was identified
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Table 2. Reproductive Hormone Concentrations of and Anterior Knee Laxity at the Selected Time Points (Mean + SD)
Menses, 95% Confidence Interval Ovulation, 95% Confidence Interval
Menses Ovulation Lower Upper Lower Upper t P
Estradiol-p-17, pg/mL 31.1 £13.7 70.4 = 547 245 37.7 44.0 96.7 —-2.9 .009?
Progesterone, ng/mL 0.5+ 0.3 39 42 0.4 0.6 1.9 5.9 -3.4 .003*
Free testosterone, pg/mL 0.8 = 0.3 09 *0.2 0.7 0.9 0.8 0.9 -0.8 .41
Laxity, mm 66 14 73+13 5.9 7.2 6.7 7.9 -23 .03

2 Indicates difference between menstrual cycle phases.

for peak tibial internal rotation (P < .10, Cohen d =0.6) at
menses. Finally, participants had increased peak VGRF
during the menses test session (Cohen d = 0.30).

DISCUSSION

The goal of this study was to evaluate jump-landing
mechanics and anterior knee laxity across the menstrual
cycle in the uninjured limb of women with histories of
unilateral ACL injury. We concluded that anterior knee
laxity and jump-landing biomechanics changed across the
menstrual cycle in this population. Both menstrual cycle
phases had biomechanical variables associated with ACL
loading. That is, the positions and moments observed
during each session have been associated with increased
ACL loading or increased risk of ACL injury. At menses,
participants had greater peak VGRF and tibial internal
rotation at initial contact and tended to have greater peak
tibial internal rotation and hip internal-rotation moment.
However, variables associated with ACL loading at
ovulation included peak knee-valgus moment, hip internal
rotation, and increased anterior knee laxity.

These findings tend to agree with our hypothesis that
ovulation would be associated with a biomechanical profile
that favors increased ACL loading and injury mechanisms.
Our hypothesis was based on previous findings that
indicated greater amounts of estradiol-B-17 and progester-
one would negatively influence ligamentous laxity’* and
muscle stiffness’ and these factors would alter biomechan-
ical profiles at ovulation. However, we are not the first
group to observe altered performance at menses. Friden et
al> noted better performance on a hop test (greatest number
of jumps) at ovulation than at menses. The hop test
challenges neuromuscular coordination and postural con-
trol, both of which may be impaired in females with a
history of ACL injury.**3*3° The idea of improved
performance at ovulation also was supported by Dedrick
et al,'® who showed better cocontraction between the
gluteus maximus and semitendinosus at ovulation than at

Table 3. Kinematic Variables at Initial Contact, ° (Mean += SD)

the late luteal phase of the menstrual cycle. Yet a limitation
in comparing these studies with our study is that these
authors examined uninjured populations rather than popu-
lations with a history of ACL injury. It is unclear how these
variables would be influenced after reconstruction, rehabil-
itation, and return to sport participation.

Knee rotation was altered in the contralateral limb in
women with unilateral ACL injuries during the jump
landing. One potential explanation for this landing position
is that hormonal fluctuations may influence knee laxity,
which can influence tibial rotational position during
landing.®%¢ At menses, the tibia was internally rotated at
initial contact (Cohen d = 0.6). Tibial internal rotation is a
provocative ACL-loading mechanism, especially when
associated with low knee-flexion angles.”’* Additionally,
researchers®® have demonstrated that the contralateral limb
in individuals with ACL injuries has greater internal-
rotation motion than in uninjured control participants. This
supports the idea that rotational motion could play a role in
ACL injury. Our findings disagree with those of au-
thors®*%4! who have investigated similar variables across
the menstrual cycle, specifically regarding rotational
kinematics. We observed no changes in sagittal-plane or
frontal-plane kinematics across the menstrual cycle, which
agrees with the findings reported for populations with no
history of ACL reconstruction.®4%4!

During the ovulation test session, participants landed
with increased knee-valgus moment and greater hip internal
rotation. This disagrees with findings of researchers®4%4!
studying participants with no histories of ACL reconstruc-
tion. Peak knee-valgus moment was 67% greater (Cohen d
= 0.9) at ovulation during the jump landing. Knee-valgus
moment has been identified as a prospective risk factor for
noncontact ACL injury®® and is associated with ACL
loading.®! Frontal-plane loading is vital to ACL injury, as
researchers®® have demonstrated that sagittal-plane knee-
joint moments alone are not sufficient to rupture the ACL.
McLean et al®> used forward dynamic musculoskeletal
modeling simulations to conclude that sagittal-plane

Menses, 95%
Confidence Interval

Ovulation, 95%
Confidence Interval

Kinematic Variable Menses Ovulation Lower Upper Lower Upper t P
Knee flexion (+) 21154 21074 18.6 23.7 17.6 245 -0.1 .94
Knee valgus (—) -13%£39 -09=*=53 -3.1 0.6 -3.5 1.5 -03 .77
Knee rotation (+ internal rotation/— external rotation) 1673 -33*81 -1.8 4.9 -741 0.5 28 .012
Hip flexion (—) —414+89 -435*6.6 —41.6 -37.2 —46.6 —40.4 09 .34
Hip abduction (—) -34+49 -87=x55 -5.7 -1.1 -6.3 -1.2 03 .79
Hip rotation (+ internal rotation/— external rotation) —22*x86 -06=x78 —6.2 1.9 —-4.2 3.1 09 .33

2 Indicates difference between phases.
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Table 4. Peak Kinematic and Kinetic Variables During the Loading Phase of the Jump Landing (Mean + SD)

Menses, 95%
Confidence Interval

Ovulation, 95%
Confidence Interval

Variable Menses Ovulation Lower Upper Lower Upper torZ P
Kinematics, °©
Knee flexion 93.7 = 8.9 92.7 = 124 89.5 97.8 86.9 98.5 0.7 49
Knee valgus -13.2 = 10.6 —-124 +79 —18.2 8.3 —16.1 -8.7 0.4 .67
Knee internal rotation 92 *+75 53 +87 5.7 12.7 1.2 9.4 1.9 .07
Hip flexion 777 £ 123 —80.8 = 16.8 —-83.5 -71.9 —88.6 -72.9 1.2 .25
Hip adduction 0.9 =59 09 =6.3 -1.9 3.6 -2.0 3.8 —0.024 .98
Hip internal rotation 29 £ 87 6.2 £ 6.8 -1.2 6.9 3.3 9.4 2.1 .047°
Kinetics, internal moment normalized
to body mass height
Knee extension -0.21 £ 0.06 —-0.21 = 0.07 -0.24 -0.18 -0.24 -0.18 0.4 .68
Knee valgus —0.02 = 0.03 —0.06 = 0.06 -0.04 —0.002 -0.08 —0.03 —2.62 .01b
Knee internal rotation 0.03 = 0.03 0.03 = 0.03 0.02 0.04 0.02 0.05 -0.52 .62
Hip extension -0.31 £ 0.23 —0.35 = 0.40 —-0.42 -0.21 —-0.54 -0.16 -0.8 41
Hip adduction 0.12 £ 0.10 0.12 £ 0.13 0.07 0.16 0.06 0.18 —-1.02 .63
Hip internal rotation 0.17 £ 0.18 0.12 £ 0.15 0.09 0.26 0.06 0.19 —2.42 .02°
Forces
Vertical ground reaction force, N® 1968.3 = 623.8 1775.8 = 6429 1676.4 2260.3 1474.9 2076.7 2.2 .04P

@ Wilcoxon signed rank test.
b Indicates difference between phases.

moments cannot injure the ACL and that valgus loading is
an important mechanism of injury, specifically in females.
Collectively, these results demonstrate the importance of
knee-valgus loading in ACL injury and point to the
ovulatory phase of the menstrual cycle, when this variable
is greatest. During the loading phase of landing, the hip was
internally rotated at ovulation. This motion is associated
with dynamic knee valgus and valgus collapse and is
associated with the “position of no return,” which has been
described as a common mechanism of injury associated
with noncontact ACL injury.®® Our inclusion criterion of
previous unilateral ACL reconstruction is perhaps one of
the most important reasons we were able to demonstrate
observable changes in these variables across the menstrual
cycle.

Our knee-laxity values were approximately 1.5 mm
greater than previously reported values.!! This is an
interesting finding considering the study population had a
history of ACL injury. Greater generalized joint laxity has
been noted in a population with ACL injuries.®* Uhorchak
et al®® found that 24 military cadets with ACL injuries had
greater generalized joint laxity and also had knee-laxity
measures more than 1 standard deviation greater than
cadets without ACL injuries. Increased joint laxity may be
one of the potential explanations for the high rate of injury
in this population. This evidence suggests that increased
joint laxity is present in our population and is exacerbated
at ovulation.

The average magnitude of change in knee laxity across
the menstrual cycle was 0.7 mm of displacement, which is a
10% increase in anterior knee laxity. This change in knee
laxity is similar to values reported by Shultz et al,’> who
found the average magnitude of knee laxity change across
the menstrual cycle was 3.2 mm. Our values are less than
this reported range but are associated with a moderate
effect size (Cohen d =0.5). The primary difference between
these studies is that Shultz et al’> measured knee laxity for
multiple days around ovulation to ensure they could capture

the peak laxity assessment, whereas we were limited to 1
time point around ovulation. However, we removed a threat
of internal validity by blinding the primary investigator to
the menstrual cycle phase of each participant during testing.

We observed appreciable increases in estradiol-B-17 and
progesterone levels at ovulation. Minimal concentrations of
estrogen and progesterone have been found to be important
predictors of the response of knee laxity to hormonal
fluctuations across the menstrual cycle.'® Specifically, low
levels of estrogen and higher minimal levels of progester-
one during the early follicular phase of the menstrual cycle
influenced knee laxity.'” The relationship between minimal
levels of estrogen and progesterone may be similar for
muscle, as well. However, the roles of estrogen and
progesterone in ligament are better understood®®¢® than the
way in which these hormones influence muscle.***” More
research is needed to better understand the role these
hormones play in muscle and how they influence landing
mechanics.

To our knowledge, we are the first to examine jump-
landing biomechanics across the menstrual cycle in women
with a history of ACL reconstruction. The findings of our
research demonstrate that the biomechanical profiles
change across the menstrual cycle in a complex manner
and, depending on the variable of interest, exhibit high risk
at both menses and ovulation. Clinicians working with
individuals who have had ACL reconstruction should be
aware of the implications of returning this population to
sport, and a clinical assessment of high-risk motions should
occur as part of the return-to-sport criteria. Whereas
hormonal changes will not directly change biomechanics,
these individuals might be more sensitive to hormonal
fluctuations causing altered tissue mechanics, which could
influence landing mechanics.

Our participants had histories of unilateral, noncontact
ACL injury and represent a population at increased risk of
second ACL injury.**** However, we cannot extrapolate
these findings to the original mechanism of noncontact
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ACL injury. Additionally, we could not control for factors
related to differences in rehabilitation and surgery,
including graft type. The number of months from ACL
injury to testing ranged from 7 to 52 months (average =
25.7 = 12.6 months), but all participants were cleared to
return to sport by their physicians. To our knowledge, no
evidence exists to suggest that graft type influences the
kinematics or kinetics of the contralateral limb, but
researchers should consider these factors. Another limita-
tion is that we did not include a control group, which would
allow for increased confidence in our results. However, our
study has several strengths, such as randomization of
testing sessions and blinding of the primary investigator,
which is a limitation of previous investigations in this area.
Finally, the biomechanical model that we used omitted the
foot segment that may have produced kinetic values slightly
higher than a model in which the foot segment is
included.*® However, this omission most likely had a
negligible effect on the results of our study given the
repeated-measures design.

CONCLUSIONS

Our study highlighted the importance of biomechanical
profiles in individuals with ACL reconstruction. Whereas
this population often returns to sport participation,
clinicians should be aware of the high rate of second injury
and biomechanical consequences of multiple factors related
to return to sport participation, including sensitivity to
hormonal fluctuations and asymmetrical limb loading.
Biomechanical profiles of these individuals change during
the preovulatory phase of the menstrual cycle, and these
changes may increase the risk of second ACL injury. We
recommend that individuals with ACL reconstruction have
landing mechanics evaluated as part of return-to-sport
criteria. Low-cost clinical tools, such as the Landing Error
Scoring System, are available to evaluate jump-landing
mechanics using a standardized method.
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