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Abstract

Background—Age at menarche impacts patterns of pubertal growth and skeletal development.
These effects may carry over into variation in biomechanical profiles involved in sports-related
traumatic and overuse knee injuries. The present study investigated whether age at menarche is a
potential indicator of knee injury risk through its influence on knee biomechanics during normal
walking.

Objective—To test the hypothesis that earlier menarche is related to post-pubertal biomechanical
risk factors for knee injuries, including a wider, more immature gait base of support, and greater
valgus knee angles and moments.

Design—Cross-sectional observational study.

Setting—University research facility.
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Participants—Healthy, post-menarcheal, adolescent females.

Methods—Age at menarche was obtained by recall questionnaire. Pubertal growth and
anthropometric data were collected using standard methods. Biomechanical data were taken from
tests of walking gait at self-selected speed. Reflective marker position data were collected using a
three-dimensional quantitative motion analysis system, and three force plates recorded kinetic
data.

Main Outcome Measures—Age at menarche; growth and anthropometric measurements; base
of support; static knee frontal plane angle; dynamic knee frontal plane angles and moments during
stance.

Results—Earlier menarche was significantly correlated with abbreviated pubertal growth and
post-pubertal retention of immature traits, including a wider base of support. Earlier menarche and
wider base of support were both correlated with more valgus static knee angles, more valgus knee
abduction angles and moments at foot-strike, and a more valgus peak knee abduction angle during
stance. Peak knee abduction moment during stance was not correlated with age at menarche or
base of support.

Conclusions—Earlier menarche and its effects on growth are associated with retention of a
relatively immature gait base of support and a tendency for static and dynamic valgus knee
alignment. This biomechanical profile may put girls with earlier menarche at higher risk for
sports-related knee injuries.

Introduction

Compared to male peers playing the same sports, adolescent and young adult females have a
higher incidence of knee-related overuse and traumatic injuries, including iliotibial band
syndrome (ITBS), patellofemoral pain syndrome (PFPS), and non-contact anterior cruciate
ligament (ACL) tears [1-5]. Each injury is associated with significant pain, reduced physical
activity, interrupted sports participation, and, in some cases, increased risk for
musculoskeletal diseases such as osteoarthritis [4,6-11]. There is, accordingly, substantial
clinical interest in early identification of high-risk individuals for the purposes of prevention
[9,12-15].

The injury disparity between females and males may arise in part from sex differences in
frontal plane knee biomechanics. Females tend to exhibit greater knee abduction angles and
moments in the stance, or plant limb, during a variety of movements compared to males
[16-20]. The female tendency toward greater knee abduction places elevated tensile strain on
the iliotibial band [21], increases patellofemoral joint contact forces [5,12,17,22-24], and
elevates shear stress on the ACL [25-29]. This specific biomechanical pattern is therefore
likely to be broadly involved in the etiology of knee injuries among young females.

Fortunately, not all young females will sustain overuse or traumatic knee injuries, and,
likewise, not all females exhibit exaggerated knee abduction angles or moments during
movement. It is therefore important to assess variability within females in order to identify
key factors that affect knee biomechanics, and, by proxy, elevate individual injury risk. One
promising avenue of research is to examine relationships between variation in pubertal
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developmental timing and patterns of movement. This approach is derived from the
observations that sex differences in both knee injury risk and frontal plane knee
biomechanics first emerge during puberty [13,30-34].

Given that puberty has a strong effect on biomechanical differentiation between females and
males, it stands to reason that variation in pubertal timing and progression within females
also affects intra-sex variability in movement patterns and therefore injury risk. In females,
the age at menarche (first onset of menses) provides a clear indicator of pubertal timing
[35,36], and varies considerably between individuals [37]. Menarche is associated with the
slowing and eventual cessation of skeletal growth [38-40], and may therefore have important
implications for lower limb alignment and biomechanics. Specifically, it is possible that
earlier menarche stops growth processes prematurely, resulting in the post-pubertal retention
of immature traits.

The following study explores relationships between age at menarche, knee biomechanics,
and knee injury risk factors through the framework of gait base of support, which we
quantify as the ratio of pelvic breadth to step width during normal walking [41]. This
framework has three advantages. First, base of support includes aspects of ankle and hip
positioning, and is a determinant of overall lower limb alignment which has implications for
knee alignment and biomechanics [42]. Variation in base of support can thus provide an
indicator of the effects of puberty on dynamic lower limb frontal plane alignment [42]
reflecting variability in pelvic and lower limb growth, and in the development of
neuromuscular control of the knee and ankle [43,44].

Second, our recent research [45] shows that base of support matures during puberty,
developing from the more immature condition of wider steps to the more mature pattern of
narrower steps relative to pelvic breadth. Females undergo a substantial degree of pubertal
change in base of support, and the age at which base of support reaches static adult levels is
variable (mean age is 14.3 £ 1.2 years). Some of the variation in post-pubescent base of
support, as well as in the age at which it is reached, may be related to variability in age at
menarche. If earlier menarche results in an early halt to musculoskeletal and neuromuscular
developmental processes, this may affect variation in base of support and its relationship to
knee alignment and biomechanics.

Third and finally, walking gait base of support can be easily measured in clinical settings.
Pelvic breadth can be measured with a set of calipers, and step width can be assessed
inexpensively and quickly using a short metric walkway and ink pads [46]. If base of support
is correlated with lower limb alignment and biomechanical injury risk factors, then this
simple measure could be used to pre-screen adolescent girls prior to sports participation, and
encourage those at greater risk to engage in preventive training programs [9]. Age at
menarche itself may also provide an easily assessed indicator of risk, although if obtained by
recall it is ideally recorded within 6-12 months of its occurrence [47].

The present study analyzed a sample of healthy adolescent females from the Fels
Longitudinal Study (Fels). This long-running longitudinal study of human growth and
development has had over 1200 serial participants [48] since 1929, many of whom had
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walking gait data collected between 2003 and 2009. Fels participants are mainly of
European ancestry, live chiefly in southwest Ohio, and theoretically represent normal
population variation since they have not been selected for any specific disease or trait. The
Fels study has traditionally focused on patterns of childhood and adolescent growth in
biomedical and public health contexts, and the present study represents an extension of that
tradition into the realm of sports medicine, rehabilitation, and musculoskeletal injury
prevention.

We tested two hypotheses in this sample. Hypothesis 1: earlier age at menarche is correlated
with post-pubescent retention of a wider, more immature base of support. Hypothesis 2:
earlier age at menarche and wider base of support are related to more valgus static knee
alignment, as well as greater knee abduction angles and external moments during the stance
phase of normal walking. If these hypotheses are supported, it would indicate that earlier
menarche and wider base of support are related to lower limb biomechanical profiles that
increase risk for knee injury in adolescent and young adult females.

All procedures, including the present data analysis, were approved by the local Institutional
Review Board. All participants provided informed parental consent and individual assent
before testing. The present analysis used a cross-sectional sample, incorporating data from
only the most recent available test visit with gait data. This approach was meant to include
only the oldest available age at measurement visit, and thus the greatest available level of
overall developmental maturity, for each participant.

Any post-menarcheal female Fels participant with at least one gait test between the ages of
11-18 years was eligible for inclusion in the study. Participants were excluded for
abnormally early or late menarche (< 11.0 years; > 15.0 years [49,50]), obesity (body mass
index > 95t percentile for age [51]), toe-walking, prescription shoe inserts, or chronic
musculoskeletal conditions. Given these criteria, a total of 52 individuals were initially
eligible. Participants were then removed from the sample if they reported any recent (< 6
months before gait test) lower limb, pelvic, or vertebral musculoskeletal injury, or any
history of ITBS, PFPS, or ACL tear (6 individuals), resulting in a total sample of 46
uninjured post-menarcheal females with normal gait.

Data collection and processing

Age at menarche was assessed by self-report, typically within six months of its occurrence,
therefore minimizing potential recall bias [47]. Standard methods were used for
anthropometric measurements [52], which included stature, sitting height, and bicristal
breadth (all to the nearest mm), and weight to the nearest 0.1 kg. Body mass index (BMI; kg
- m2) was calculated as (weight / stature?). Subischial leg length was calculated as (stature —
sitting height). Skeletal age, an indicator of the degree of maturation of the skeleton, was
assessed from hand-wrist radiographs using the FELS method [53]. Relative skeletal age
was calculated as (skeletal age — chronological age) to express the degree of acceleration or
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delay in skeletal maturation compared to population average expectations for chronological
age. Age at onset of the pubertal growth spurt was derived from longitudinal stature
measurements in a subset of individuals with sufficient data (N = 29). Both age at onset
itself, as well as the amount of time between age at onset and age at menarche, were used to
analyze the timing and duration of pubertal growth relative to menarche and growth
cessation [54].

Three-dimensional quantitative gait analysis was performed in our Motion Analysis
Laboratory. The lab is equipped with six high-speed Hawk cameras (Motion Analysis Corp.,
Santa Rosa, CA) synchronized with three force plates which are embedded in a 15m
walkway (two AMTI OR6-7-1000, Advanced Medical Technology, Inc., Watertown, MA,;
one Kistler Type 9281B11, Kistler Instruments, Winterthur, Switzerland). External passive
reflective markers were placed on joints and body segments using the Helen Hayes system
[55], and motion capture was performed using EvArt software (Motion Analysis Corp.,
Santa Rosa, CA). Five-second static trials were recorded with the participant standing, feet
shoulder-width apart and arms spread laterally. Walking trials at self-selected “normal”
speed were then recorded for each participant. Three trials with clean force plate strikes and
high-fidelity marker recognition were analyzed and averaged for subsequent analyses.

Data were processed using OrthoTrak software (Motion Analysis Corp., Santa Rosa, CA)
with hip joint centers calculated as offsets from anterior superior iliac spine (ASIS) and
sacral markers [56]. To simplify analysis, data were restricted to the dominant limb, defined
as the most frequent leadoff limb during the walking trials (participants were instructed to
begin with whichever leg felt most comfortable) [57]. If neither limb was dominant, values
for both limbs were averaged. Static trials were used to calculate inter-ASIS breadth (a
measure of pelvic development), lower limb segmental lengths (distances between joint
centers: hip-knee = thigh segment length; knee-ankle = shank segment length), and static
knee frontal plane angle (see [42]). Step width from walking trials was used to calculate base
of support as (bicristal breadth / step width). To further quantify maturity of base of support,
we also calculated age-specific residuals from our previously published equations [45].
Dynamic knee frontal plane angle and moment at foot-strike, as well as peak abduction
angle and moment during stance phase, were derived from walking trials. The knee frontal
plane moments described here are external moments, calculated using inverse dynamics and
normalized for body weight.

Statistical analysis

Results

Statistical analysis was performed in SAS 9.3 (SAS Inc., Cary, NC) with a = 0.05.
Descriptive statistics and Shapiro-Wilk tests of normality were computed for each variable.
Correlations between variables were analyzed using Pearson's product moment correlation
(or Spearman's rank order correlation where appropriate) and ordinary least squares
regression analysis.

To interpret the results, the following data conventions should be noted:
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1. Base of support is calculated as bicristal breadth / step width. Smaller values
therefore indicate a wider base of support relative to the breadth of the pelvis,
which is the more immature condition.

2. Negative values of residual base of support indicate a relatively immature base of
support for one's age.

3. For kinematic and kinetic variables negative values indicate valgus/abduction and
positive values indicate varus/adduction.

Table 1 provides descriptive statistics for the anthropometric and developmental variables in
this sample, as well as statistics for their degree of correlation with age at menarche. Mean
age at menarche was 12.5 + 0.8 years (median = 12.5 years, 25! percentile = 11.9 years,
75t percentile = 13.0 years), which is similar to the overall U.S. population [49]. Mean age
at test visit was 16.2 + 1.6 years, and was not correlated with age at menarche (p=.59). In
other words, data from participants with earlier menarche were not collected at
systematically younger chronological ages, thereby reducing or eliminating any age bias in
the analyses. Sensitivity analyses controlling for age in partial correlations confirmed the
lack of age bias in the study (data not shown).

Several growth-and-development variables were significantly correlated with age at
menarche (see Table 1 for r~values). Earlier age at menarche was associated with an earlier
age at the onset of the pubertal growth spurt and a shorter period of time between the onset
of accelerated pubertal growth and menarche (for each, p<.01). Earlier age at menarche was
also correlated with greater relative skeletal age (p<.01). Stature, subischial leg length, and
thigh segment length were all significantly shorter with earlier menarche (for each, p<.05),
whereas inter-ASIS breadth was significantly wider with earlier menarche (for each, p=.02).
Earlier menarche was also related to greater BMI (p=.02). Bicristal breadth was not
significantly correlated with age at menarche (p=.89).

Hypothesis 1

Age at menarche was significantly correlated with base of support (r= 0.44; p=.002) and
residual base of support (r=0.43; p=.003; see Fig. 1). The results for base of support and
residual base of support were essentially identical, so we report only results for base of
support below. The majority of variation in base of support was associated with variability in
step width (r=-0.95; p<.001; see Fig. 1), and base of support was not related to variation in
bicristal breadth (r=0.01; p=.94). Base of support was not significantly correlated with
pubertal duration (r=0.32; p=.09), but each of its two subcomponents were (step width: r=
-0.44; p=.02; bicristal breadth: r=-0.39; p=.04).

Hypothesis 2

Descriptive statistics for gait and biomechanical variables are presented in Table 2. Static
knee frontal plane alignment was slightly valgus in the sample as a whole, and was
significantly correlated with both age at menarche (7= 0.28; p=.05; see Table 1) and base of
support (r=0.38; p=.008; see Fig. 1). Static knee frontal plane angle was also significantly
correlated with the length of the pubertal growth spurt, such that a shorter period of growth
was associated with more valgus alignment (7= 0.48; p=.009). Knee kinematic and kinetic
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values were overwhelmingly significantly correlated with age at menarche and base of
support. Knee frontal plane angle and moment at foot-strike were each significantly related
to age at menarche (respectively: r=0.42; p=.004; r=0.33; p=.02; see Fig. 2). The same
was true for peak knee abduction angle during support (r= 0.45; p=.002), but not peak knee
abduction moment (r=-0.16; p=.30; see Fig. 3). Knee frontal plane angle and moment at
foot-strike were also each significantly related to base of support (respectively: r=0.41; p=.
005; r=0.33; p=.03; see Fig. 2), as was peak knee abduction angle during stance (r= 0.38;
p=.01), but not peak abduction moment (r=-0.17; p=.25; see Fig. 3).

Discussion

This study tested two hypotheses on relationships between age at menarche, musculoskeletal
development, and frontal plane knee biomechanics in walking gait. These issue are of
clinical relevance in the context of overuse and traumatic knee injuries including ITBS,
PFPS, and ACL tears. In our sample of healthy, uninjured girls, earlier age at menarche was
correlated with post-pubescent retention of a relatively immature, wider base of support.
Earlier age at menarche and wider base of support were also both related to increased static
and dynamic knee abduction angles and external moments during the stance phase of normal
walking. These results indicate that variation in age at menarche is related to variation in
biomechanical parameters that are risk factors for knee overuse and non-contact traumatic
injuries.

Age at menarche has important effects on pubertal growth, and these effects explain
associations between menarche and walking gait biomechanics. Females with earlier
menarche tended to retain immature-looking traits after puberty relative to their peers with
later menarche, including a wider base of support, which, in this sample, was related to a
more valgus knee under static and dynamic conditions. A key observation is that earlier
menarche was associated with both an earlier start to puberty and a shorter overall period of
pubertal growth (see Table 1). Comparing age at menarche quartiles shows that girls in the
earliest quartile started pubertal growth on average 1.6 years before their peers in the latest
quartile (7.7 £ 0.4 vs. 9.3 £ 0.4 years), and had an accelerated period of growth from onset
to menarche that was 0.5 years shorter (3.8 £ 0.5 vs. 4.3 = 0.5 years, respectively). This
points to an early start, but also an early stop, to pubertal growth in girls with earlier
menarche. Their musculoskeletal systems are therefore likely to be more immature when
they begin puberty, and have less time to mature during puberty, resulting in overall
retention of immature traits once they cease developing at the accelerated pubertal rate.

Given that menarche is linked to the onset of epiphyseal closure [40], a shorter period
between the onset of rapid growth and menarche theoretically provides less time for long
bones and other bony structures to continue longitudinal extension. Consistent with this
explanation is the suite of relatively immature post-pubescent skeletal traits related to earlier
menarche in this sample. These include shorter stature, shorter thigh segment (i.e., femur)
lengths, and shorter overall subischial leg lengths. Wider inter-ASIS breadth with earlier
menarche may also indicate retention of relative pelvic immaturity, given patterns of iliac
apophyseal closure that allow for medially-directed extension of the ASIS with prolonged
growth [58]. Furthermore, earlier menarche in this sample was associated with higher values
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of relative skeletal age, indicating a more advanced stage of skeletal maturation for their age
relative to their peers with later menarche. Again, this observation is consistent with the idea
that earlier menarche is concomitant with an earlier start to epiphyseal closure, resulting in a
younger age at which longitudinal bone growth ceases relative to peers who have a later
onset of the growth spurt, later age at menarche, and an extended period of pubertal growth.

In terms of gait kinematics, earlier menarche is correlated with postpubescent retention of a
wider, more immature base of support, which may also be a product of premature
curtailment of developmental processes. Again, comparing this sample's earliest and latest
age at menarche quartiles helps illustrate this point. Girls in the earliest quartile had an
average age at measurement of 16.2 years, but compared to our previous study's results [45],
their average base of support was 2.62, typical of females aged 11.2 years in the Fels
sample. In contrast, the latest quartile was measured at an average age of 16.4 years, and had
mean base of support of 3.28, narrower than expected for the typical postpubescent female.
Although it may be coincidental, it is interesting to note that the average age at menarche in
the earliest quartile was 11.4 years, very similar to the expected age for individuals with
their type of postpubescent base of support.

A relatively immature pelvic and lower limb skeleton and a wider base of support both
contribute to greater knee abduction angles and moments in girls with earlier menarche.
Greater knee abduction angles during walking associated with earlier menarche and wider
base of support are related to wider foot placement under both static and dynamic
conditions. The tendency toward valgus alignment with earlier menarche is likely related to
both anatomical constraints and aspects of neuromuscular control. For example, the angles
of each femoral epiphysis relative to the diaphysis develop during puberty, reaching a
plateau at an average age of 13 years [59]. If earlier menarche leads to a premature end to
this process, it may result in femoral morphology that contributes to more valgus anatomical
knee alignment. With regard to neuromuscular development, there is evidence that ankle
control matures from child-like to adult-like between the ages of 8-18 [43], such that earlier
menarche may result in retention of more immature ankle strategies related to wider base of
support.

The wider base of support and more valgus knees in females with earlier menarche are also
coupled with more laterally placed ASIS. This combination of factors may explain the
relationship between age at menarche, base of support, and greater external knee abduction
moments at foot-strike, which may in turn be ultimately related to injury risk. Greater valgus
knee alignment and a more laterally-placed ASIS are indicative of a greater Q-angle, which
is consistent with a larger lateral force vector exerted by the quadriceps at the knee [60,61].
In particular, larger Q-angles indicate a more valgus moment arm for the vastus lateralis, the
largest sub-component of the quadriceps with the lateral-most force vector at the knee [62].
Zhang and Wang [63] demonstrated that the overall valgus moment arm of vastus lateralis
tends to resist external knee adduction loads. The converse is thus that vastus lateralis
contraction exacerbates external valgus loading of the knee, whereas the medial
musculature, including vastus medialis, resists valgus loading [64].
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Females in general tend to exhibit greater contraction in vastus lateralis relative to vastus
medialis during jumping and landing tasks, a pattern associated with higher peak knee
abduction moments and angles [62,65]. Females also tend to be quadriceps dominant, with
relatively weak hamstrings that further limit the ability resist external abduction loads on the
knee [3,65,66]. These findings suggest that female-typical quadriceps co-contraction
patterns are in and of themselves risky with regard to knee injuries, relative to males. Within
females, this general pattern may be exaggerated in individuals with earlier menarche due to
their lower limb skeletal alignment. Because a greater Q-angle is associated with an
increased lateral component of the quadriceps force vector, the alignment patterns associated
with earlier menarche should tend to increase the lateral, or valgus, moment of the vastus
lateralis, while diminishing the magnitude of the varus moment of the vastus medialis.
Together, these factors likely contribute to a lower overall ability of the quadriceps to resist
external valgus loads, which is consistent with the observed kinetics at foot-strike in this
sample and indicative of greater injury risk.

A seeming paradox is that a wide base of support is the pre-pubescent norm in both males
and females, and yet knee injuries are much rarer prior to puberty than afterward. If a wider
base of support is associated with riskier biomechanical profiles, then why are prepubescent
females and males not at high risk of injury? As previous researchers have noted, the
increase in injury risk after puberty is at least in part attributable to an increase in the length
of the moment arms of the lower limb musculature, the addition of mass, and changes in
mass distribution [67]. All of these alterations to the body increase the loads experienced by
the lower limb, including at the knee. Additionally, the tendency for quadriceps dominance
in females develops during puberty [67,68], and extensive research has demonstrated a
significant reduction in neuromuscular control of the knee in post-pubescent vs. pre-
pubescent females [13,32-34,44,68,69]. Therefore, it seems that having a wider base of
support in a child's body may not be especially risky, but keeping a wide base of support in
an adolescent or young adult female's body may increase knee injury risk.

A limitation of this study is its retrospective, observational nature, with a focus on healthy
participants. We cannot present any data on direct relationships between age at menarche,
base of support, knee biomechanics, and actual injury incidence. We do, however, have
interesting anecdotal data from six individuals secondarily exc/uded from the study sample
for overuse or traumatic knee injuries. Of these six individuals, five reported previous or
current ITBS, PFPS, or ACL tears. Their ages at menarche were 11.0, 11.2, 11.3, 12.0, and
13.7 years, meaning that 80% of them fell below the median age at menarche for the overall
sample, and 60% were in the earliest age at menarche quartile. This pattern is provocative in
its consistency with the results of the study, and points toward a potentially higher incidence
of knee-related injuries among females with earlier menarche, at least within the Fels
sample. Two of these individuals also have post-pubescent, pre-injury walking gait data in
the Fels database, and our future research plans include exploring their knee biomechanics
as a case series.

This study is also limited in that it is focused on walking rather than the higher-impact
conditions under which most overuse and traumatic knee injuries develop or occur. The
stress of walking is generally well below the threshold for injury to most musculoskeletal
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tissues (e.g. [70]), and so actual injury risk may be difficult to gauge from walking
biomechanical profiles. Still, the general biomechanical profile associated with early
menarche mirrors high-risk kinematic and kinetic profiles during other activities [28,62] and
thus merits further investigation. If walking gait patterns anticipate biomechanical responses
to higher loads under which knee injuries occur (and a recent study suggests they do: [71]),
then we would expect that gait profiles typical of earlier menarche would signify greater
injury risk. We are in the process of testing this hypothesis in a sample of young adult
female athletes by analyzing the degree of correspondence between walking gait
biomechanics and landing strategies in a drop-vertical jump test.

Finally, it is worth noting that in addition to skeletal and gross biomechanical traits, age at
menarche is related to variation in body composition, with possible downstream hormonal
effects that impact tissue biomechanics. Girls with earlier menarche in this sample tended to
have higher BMI, consistent with previous findings [72]. This is noteworthy because adult
premenopausal women with earlier menarche and greater BMI have been shown to exhibit
elevated levels of circulating estradiol across the menstrual cycle, compared to peers with
later menarche and lower BMI [73]. Higher estradiol levels are associated with increased
ligamentous laxity [74,75] (but see [76]) as well as changes in multiple parameters related to
neuromuscular control [77-81]. It is therefore plausible that in addition to its effects on
musculoskeletal development, estradiol may have an acute impact on injury risk which may
be exacerbated in cases of higher childhood BMI and earlier menarche. Although not
addressed directly in the present study, these relationships have especially important
implications for girls who are obese as children and then go on to play sports in adolescence.
Higher cyclical exposure to estradiol may place these individuals at greater injury risk via
effects on tissue biomechanics and on neuromuscular control.

Conclusion

In conclusion, this study demonstrates a relationship between earlier age at menarche, a
wider, more immature base of support, and walking gait knee biomechanical profiles
consistent with risk for overuse and non-contact traumatic knee injuries under higher-
intensity conditions. These findings provide preliminary support for new screening strategies
to identify females at increased injury risk prior to or during puberty. Tracking of age at
menarche and walking gait base of support during puberty are clinically quite feasible, and
may enhance the ability of clinicians to identify individuals at high biomechanical risk.
Early identification of such individuals allows for the timely initiation of interventions to
modify base of support and other movement strategies [15,82,83]. Ultimate, such strategies
can help maximize the benefits of female sports participation by preventing injuries and
avoiding their long-term health consequences [14,84].
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Fig. 1.

Rglationships of base of support to age at menarche, step width, and static knee frontal plane
angle. Base of support was significantly correlated with age at menarche (r= 0.44; p=.002),
such that earlier menarche was associated with a wider base of support. Step width
explained the majority of variation in base of support with a quadratic best fit line (/= 0.91;
p<.001; the correlation coefficient ris not reported as it is not appropriate for a quadratic
relationship). Static knee frontal plane angle was also significantly correlated with base of
support (r=0.38; p=.008), such that wider base of support was related to more valgus knee
alignment.
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Fig. 2.
Knee frontal plane angle at foot-strike was significantly correlated with both age at

menarche (r=0.42; p=.004) and base of support (r= 0.41; p=.005). The knee frontal plane
moment at foot-strike was also significantly correlated with both age at menarche (r= 0.33;
p=.02) and base of support (r=0.33; p=.03). Overall, earlier menarche and wider base of
support were associated with more valgus knee angle and a tendency toward an external
abduction moment at foot-strike.
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The peak knee abduction angle during stance phase was significantly correlated with both
age at menarche (r= 0.45; p=.002) and base of support (r=0.38; p=.01). Peak knee
abduction moment during stance, however, was not significantly correlated with either age at
menarche (r=-0.16; p=.30) or base of support (r=-0.17; p=.25). Earlier menarche and
wider base of support were therefore associated with a more valgus peak knee frontal plane

angle during stance.
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Table 1
Sample descriptive statistics and correlations with age at menarche

N =46 Mean = SD Range Pearson'sr
Age at menarche (y) 125+0.8 (11.0-14.1)
Age at visit (y) 16.2+1.6 (11.4-18.5) 0.06
Skeletal age at visit (y) 16.8+1.6 (12.8 - 18.0) -0.11
Relative skeletal age at visit (y) 07+07 (-0.6 -2.9) -0.46 **
Age at onset of the pubertal growth spurt (y) ™ 84+08 (7.3-10.0) 0.80
Time between age at onset and age at menarche (y) " 4.1+05 (32-53) 0.54
Weight (kg) 61.0+9.7  (44.7-85.3) -0.17
Height (cm) 1644+7.4 (152.6 - 179.9) 029
Sitting height (cm) 87.3+3.7 (80.6 - 96.4) 0.17
Subischial leg length (cm) 77.3+4.6 (70.0 - 89.9) 031"
Thigh segment length (cm) 422+33 (35.7 - 50.1) 042 *
Shank segment length (cm) 38.1+25 (33.6-43.3) 0.13
Inter-ASIS breadth (cm) 249+21 (21.0-29.2) 033~
Bicristal breadth (cm) 276+18 (23.1-32.6) 0.02
Static knee frontal plane angle (°) -20+3.1 (-9.3-5.4) 028~

*
Significantly correlated with age at menarche: p<.05.

Hk
Significantly correlated with age at menarche: p<.01.

Hok:

Data only available for a subset of 29 individuals.
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Table 2

Gait variable descriptive statistics

Mean = SD Range

Step width (cm) 956+198 (6.32-15.51)
Base of support* 2.99 £ 0.57 (2.02 - 4.30)

Residual base of support ™ 0.09+057  (-0.89 - 1.39)
Knee frontal plane angle at foot-strike (°) -2.73+243  (-8.35-2.40)
Knee frontal plane moment at foot-strike (Nm - kg™%) 0.04+0.05 (-0.09 - 0.14)
Peak knee abduction angle during support (°) -4.26+3.01 (-10.77 - 1.76)
Peak knee abduction moment during support (Nm - kg1) -0.50+0.34  (-1.41--0.02)

Page 19

*
Because of the way it is calculated, smaller values of base of support indicate wider step widths relative to pelvic breadth. This is important to

note because is not necessarily intuitive. A wider base of support (i.e. a smaller value) is the more immature condition.
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