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Abstract

Introduction: Puberty substantially alters the body's mechanical properties,
neuromuscular control, and sex differences therein, likely contributing to
increased, sex-biased knee injury risk during adolescence. Female adolescents
have higher risk for knee injuries than male adolescents of similar age engag-
ing in similar physical activities, and much research has investigated sex differ-
ences in mechanical risk factors. However, few studies address the
considerable variation in pubertal growth (timing, pace), knee mechanics, and
injury susceptibility within sexes, or the impact of such growth variation on
mechanical injury risk.

Objectives: The present study tested for effects of variation in pubertal growth
on established mechanical knee injury risk factors, examining relationships
between and within sexes.

Methods: Pubertal growth indices describing variation in the timing and rate
of pubertal growth were developed using principal component analysis and
auxological data from serial stature measurements. Linear mixed models were
applied to evaluate relationships between these indices and knee mechanics
during walking in a sample of adolescents.

Results: Later developing female adolescents with slower pubertal growth had
higher extension moments throughout stance, whereas earlier developers had
higher valgus knee angles and moments. In male adolescents, faster and later
growth were related to higher extension moments throughout gait. In both
sexes, faster growers had higher internal rotation moments at foot-strike.
Conclusions: Pubertal growth variation has important effects on mechanical
knee injury risk in adolescence, affecting females and males differently. Ear-
lier developing females exhibit greater injury risk via frontal plane factors,
whereas later/faster developing males have elevated risk via sagittal plane

mechanisms.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. American Journal of Human Biology published by Wiley Periodicals LLC.
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1 | INTRODUCTION

Puberty is a life history period characterized by wide-
spread changes in the body's spatial dimensions, includ-
ing increases in stature, limb segment lengths, and
proportionality. Pubertal accrual of muscle and fat tissue
also alters body composition, body mass, and mass distri-
bution, while modifying force production capacity. More-
over, puberty marks the onset of divergent male and
female growth trajectories, resulting in average sex differ-
ences in postpubertal body size, shape, and composition,
as well as muscular strength, power, and fatigability
(Courtright et al., 2013; Hunter, 2009). Together, these
shifts mean that pubertal growth has important conse-
quences for the body's mechanical properties, which
occur in the additional context of ongoing nervous sys-
tem maturation related to coordination, control, and cog-
nitive components of movement planning and execution.
These many interacting changes result in pubertal neuro-
muscular adaptations (Quatman et al., 2006) and modi-
fied kinematic solutions to motor tasks such as walking
(Alderson et al., 2019; Corporaal et al., 2016; Froehle
et al, 2013; Kraan et al, 2017), running (Davies &
Rose, 2000; Taylor-Haas et al., 2022), jumping (Davies &
Rose, 2000; Hewett et al., 2015), and throwing (Davies &
Rose, 2000).

Understanding processes and patterns of variation in
pubertal development between and within sexes is of
interest to practitioners in various fields, attracting con-
siderable attention in particular from clinical researchers
studying musculoskeletal injury risk. This interest follows
from the observation that modified movement strategies
arising during puberty appear to be related to elevated
musculoskeletal injury risk during adolescence and
young adulthood, especially involving the knee (Beck
et al., 2017; Csintalan et al., 2008; Dugan, 2005; Hewett
et al., 2016; Knowles, 2010; Murphy et al., 2003; Myer
et al., 2010; Seil et al., 2016; Taunton et al., 2002). From a
behavioral perspective, injury exposure increases natu-
rally along with a tendency for greater participation in
organized, competitive sports during late childhood and
early adolescence in many cultures, but this alone is
unlikely to fully explain increased injury rates. Instead,
multiple aspects of pubertal growth, maturation, and
development are linked to the emergence or exacerbation
of several key injury risk factors.

The observation that knee injury risk increases during
and immediately following puberty is perhaps unsurpris-
ing. The joint lacks bony stability, yet is subjected to very
high loads as it joins the two longest levers in the body,
both of which lengthen substantially during puberty. Fur-
thermore, under conditions of single-limb support com-
mon to a variety of motions, the knee bears the entire

body's weight, the center of which becomes more distant,
and more top-heavy, as stature increases during puberty.
The knee is also subject to loading by the large, strong
muscle groups of the thigh, which grow and change in
terms of relative strength across puberty (Myer
et al., 2008). As a result, pubertal mechanical changes
have been implicated in risk for various knee injuries
and overuse conditions, including non-contact injury of
the anterior cruciate ligament (ACL) (e.g., Hewett
et al., 2015), patellofemoral pain syndrome (PFPS) (Myer
et al, 2010, 2015), iliotibial band syndrome (ITBS)
(Taylor-Haas et al., 2022), and tibial tuberosity traction
apophysitis (i.e., Osgood Schlatter disease; OSD) (Circi
et al., 2017; Enomoto et al., 2019), each associated with
multiple negative short- and long-term sequelae
(Campbell et al., 2014; Dugan, 2005; Hewett et al., 2012;
Lohmander et al., 2004, 2017; Mather et al., 2013; Natri
et al., 1998; Noehren et al., 2013; Schmale et al., 2014;
Taunton et al., 2002).

Importantly, risk for knee injuries and their conse-
quences is not evenly distributed across all individuals.
Sex has been established as one of the key factors biasing
risk, with studies frequently reporting higher rates of
knee injuries in female athletes compared to male ath-
letes engaging in the same physical activities at similar
intensity levels (Beck et al., 2017; Dugan, 2005; Ford,
Shapiro, et al., 2010; Knowles, 2010; Murphy et al., 2003;
Taunton et al., 2002; Voskanian, 2013; Wild et al., 2012).
Furthermore, as with most secondary sex differences,
these disparities arise during puberty and are well-
established by adolescence (Andrish, 2001; Gallagher
et al., 2011; Hewett et al., 2004, 2015; Myer et al., 2010;
Quatman et al., 2006). The suite of high-risk traits gener-
ally associated with post-pubertal females, but not males,
is thus thought to be a product of diverging pubertal
developmental trajectories (Ford, Shapiro, et al., 2010;
Hass et al., 2005; Hewett et al., 2015; Holden et al., 2016;
Kim & Lim, 2014; Quatman et al., 2008; Quatman-Yates
et al., 2013; Shelbourne & Kerr, 2001; Wild et al., 2016).
Sex, however, is simply a relatively-easy-to-assess proxy
for what are likely multiple underlying risk factors,
including variation in knee mechanics. Thus, in the inter-
est of reducing injury rates and developing cost-effective,
timely preventive interventions, substantial research
effort has been devoted to identifying pubertal changes in
knee mechanics that likely underlie sex-specific risk
(Campbell et al., 2014; Foss et al, 2018; Hewett
et al., 2012, 2015; Martinez et al., 2017; Myer et al., 2013;
Powers, 2010).

Most of the relevant data come from clinical studies
of sex disparities in ACL injuries and related mechanics
during various movements, including jumping/landing,
sidestep cutting, and running. Such studies have shown
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that on average across puberty, females develop increased
sagittal plane stiffness (Chia et al., 2021; Ford, Myer,
et al., 2010; Wild et al., 2016) along with higher peak
knee abduction angles and moments (Chia et al., 2021;
Ferber et al.,, 2003; Ford et al., 2005; Ford, Shapiro,
et al., 2010; Hass et al., 2005; Hewett et al., 2015; Holden
et al., 2016; Jacobs et al., 2007; Kim & Lim, 2014; McLean
et al., 2004; Nakagawa et al., 2012; Wild et al., 2016).
These mechanical patterns are likely related to pubertal
shifts in neuromuscular control of the knee, including
increases in extensor (quadriceps) strength without corre-
sponding  strengthening of flexors (hamstrings)
(Quatman-Yates et al., 2013), reductions in hip abductor
strength (Quatman-Yates et al., 2013), and medio-lateral
imbalances in preparatory co-contraction of the vastus
muscles and hamstrings (Palmieri-Smith et al., 2008,
2009; Wild et al.,, 2016). Collectively, these changes
increase tensile loading in the sagittal plane while also
elevating shear stress in the frontal plane, which the ACL
is ill-equipped to withstand (Fukuda et al., 2003; Hewett
et al., 2005; Kanamori et al., 2000; Kiapour et al., 2015;
Lloyd & Buchanan, 2001; Markolf et al., 1995). As a
result, “valgus collapse” is the most commonly observed
pattern of non-contact ACL injury in female adolescents
and young women (Hewett et al., 2005; Quatman &
Hewett, 2009; but see Krosshaug et al., 2016 for an alter-
native view).

Male adolescents similarly exhibit an average sagittal
plane stiffening during puberty (Ford, Myer, et al., 2010).
In the frontal plane, however, males maintain stability or
even show reductions in dynamic valgus kinematics and
loading (Chia et al., 2021; Ford, Shapiro, et al., 2010;
Hewett et al., 2015; Wild et al., 2016), accompanied by
balanced development of quadriceps and hamstrings
strength, and roughly equal medio-lateral activation
(Palmieri-Smith et al., 2009). These tendencies have been
interpreted as being protective against knee overuse con-
ditions and injuries in male adolescents and young men,
thus partially explaining their lower relative injury rates
(Hewett et al., 2015; Wild et al., 2012). However, many
male adolescents and young men do still experience knee
injuries, and it appears that sagittal plane factors are cen-
tral to male injury risk. Tensile loading of the ACL in the
sagittal plane can be quite high during a variety of move-
ments, particularly when the quadriceps rapidly produces
large amounts of tension, and within 30° of full extension
(Demorat et al., 2017, Markolf et al., 1995, Yu &
Garrett, 2007). Data show that males tend to maintain
stiffer, less flexed knees than females during a drop verti-
cal jump task, and previously injured males land more
stiffly than uninjured males (Lam & Valovich
McLeod, 2014). Furthermore, when males experience
non-contact ACL injuries, their knees tend to be

significantly more extended at the time of injury than in
females (Krosshaug et al., 2017).

This body of past work has substantially improved
our understanding of broad trends in the effects of sex
and pubertal development on mechanical risk factors for
knee injury. There are a number of limitations, however,
that collectively, restrict interpretation of the results. The
overarching issue is that no one study directly compares
males and females by pairing measurements of growth
with mechanical data, while also addressing the consider-
able interindividual variation that occurs in all such vari-
ables. For example, many previous studies are limited by
cross-sectional designs, but even those measuring serial
data tend not to directly measure or analyze growth (with
the exception of Hewett et al., 2015), instead using sec-
ondary sexual characteristics as a proxy for maturation
(e.g., Tanner stages and related methods). The limitation
of this approach is that it assumes sexual maturity has
the same effect on the body's mechanical properties for
all individuals, which is likely inaccurate.

Further, by not investigating interindividual variation
within sexes, interpretations of the effects of puberty and
sex can become reductive, in some cases leading to rela-
tively simplistic, often binary constructions (i.e., males do
this, females do that; see, e.g., Sokolove, 2009). Examin-
ing coefficients of variation (CV) reveals a great deal of
interindividual variability in pubertal timing (CV: 6%-
13%) and change in stature (CV: 40%-50%), as well as in
muscle strength (15%-50%) and knee mechanical vari-
ables (20%-180%) (Froehle et al., 2017, Froehle
et al, 2020; Hewett et al, 2015; Quatman-Yates
et al., 2013; Steffensmeier et al., 2020). Moreover, the
degree of variability in some of these factors is not the
same in males and females, or differs between pubertal
and postpubertal subjects, so that even the degree of vari-
ation varies with sex and maturity. Generally, CVs in this
range are considered to indicate a high level of variation
and low consistency between individual measurements
(Gilchrist et al., 2016), and it is reasonable to assume that
this variation is also related to variation in injury risk.
For the most part, this assumption remains uninvesti-
gated. Although some studies have examined variation
within females to derive mechanical thresholds for injury
risk (Bates et al, 2020; Hewett et al., 2005; Myer
et al., 2015), none have connected the mechanical data to
variation in the timing or pace of pubertal growth.

Our own recent work has attempted to address some
of these limitations, examining interindividual variation
within sexes in pubertal development, injury outcomes,
and mechanics. That work has uncovered relationships
between variation in pubertal timing and outcomes
related to knee injuries, with earlier menarche in female
adolescents related to higher valgus angles and loading
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during walking (Froehle et al., 2017), and a higher inci-
dence of ACL injuries among collegiate athletes (Froehle
et al., 2020). In young adult males, a later end to pubertal
growth was related to stiffer landings during a drop verti-
cal jump task (Steffensmeier et al., 2020). However,
despite focusing on interindividual variation, our studies
suffer from some of the same limitations as previous
research, namely cross-sectional study designs, use of
recall for growth and maturation data, and not compar-
ing males and females directly using the same movement
task. Thus, additional research is needed to more fully
understand the influences of sex and variability in puber-
tal growth on interindividual variation in knee mechani-
cal factors related to injury risk.

To that end, the present study investigates the impact
of sex and variation in pubertal growth on knee mechan-
ics during a common motor task, namely, walking. While
the moderate task of walking is not typically associated
with risk for knee injury (as opposed to jumping, landing,
and cutting tasks used in most previous research), we
assert that it can nonetheless provide valuable informa-
tion on relationships between pubertal growth and neu-
romotor maturation. Although most children achieve
proficient walking gait by age 7-8 y (Sutherland, 1997),
walking continues to mature during puberty alongside
ongoing growth and neuromuscular maturation (Froehle
et al., 2013). It is also reasonable to expect that individu-
alized joint mechanical patterns developed during a task
as fundamental to human locomotion as walking are at
least moderately correlated with mechanical patterns in
more vigorous movements. In other words, aspects of
skeletal alignment, muscle strength, and neuromuscular
coordination underlying individual mechanical outcomes
should apply similarly under multiple movement condi-
tions. Although published data speaking directly to this
assumption are limited, a recent study showed remark-
able consistency in knee frontal plane angles between
static alignment, walking, running, and a single leg drop-
landing task (Barrios et al, 2016), suggesting that
mechanical patterns observed in walking carry over to
other more vigorous movements. Further, walking gait
assessment is relatively simple to perform, is a task famil-
iar to most people (vs. e.g., a drop vertical jump task,
which can present difficulty in terms of correct perfor-
mance), and low-risk compared to more vigorous tasks.
Gait may thus be appealing as a more widely applicable
screening tool for understanding and evaluating injury
risk. Studying relationships between variability in puber-
tal growth and walking mechanics can thus provide a
window into the ways in which growth relates to neuro-
motor control more broadly.

The dataset used in the present study was available as
part of a larger, long-running longitudinal study on

growth, development, and aging (see methods for
details), which includes serial measurements of stature
used to derive growth curves and related auxological vari-
ables across childhood and adolescence. Other data
included additional anthropometric measures, measures
of maturation including skeletal age and ages at key
developmental milestones (e.g., menarche, adult stature),
as well as health history and physical activity question-
naire responses. Finally, each subject participated in at
least one walking gait assessment, in which three-
dimensional quantitative methods were used to collect
detailed kinematic and kinetic data. Thus, this dataset
provides a powerful tool to test the present study's
hypotheses related to pubertal growth patterns and
injury-risk-related knee mechanics. We define mechani-
cal risk as a tendency toward stiffer, more extended knees
in the sagittal plane, and toward higher valgus angles
and loading in the frontal plane. On the basis of our pre-
vious findings, we hypothesize that earlier maturing
females will exhibit riskier mechanics, while in males we
hypothesize that later maturation is associated with risk-
ier mechanics.

2 | METHODS

2.1 | Felslongitudinal study participants
Samples for the present analysis were drawn from existing
data on participants in the Fels Longitudinal Study, which at
the time of data collection (2002-2009) was the world's larg-
est and longest-running longitudinal study of growth, body
composition, and physical function (Sherwood &
Duren, 2013). The study included over 1200 serial partici-
pants, who were neither recruited into or excluded from the
study on the basis of any specific trait or condition. This
recruitment process generated a community-based study of
normal population variation, albeit in a demographically
constrained group of participants. Fels participants were
overwhelmingly of European descent, and the majority were
born in, and living in or near, southwest Ohio at the time of
data collection. For the present study we utilized data from
N = 342 study participants to develop growth indices. Gait
biomechanics data were then taken from a subset of this
sample (N = 52) for analysis. All study procedures were
approved by the Wright State University Institutional Review
Board at the time of data collection and analysis.

2.2 | Anthropometry and auxology

Childhood and pubertal growth curves rely on serial
measurements of stature, which were taken at set
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intervals in Fels participants. Children and adolescents
from ages 1-18 years (y) were measured every 6 months,
and every 2 y in early adulthood (18-24 y). During data
collection, participants wore light athletic clothing
(shorts and tank top) and were unshod. Stature was mea-
sured to the nearest 0.1 cm with a stadiometer, as was sit-
ting height using a stool of known height. Subischial leg
length was calculated as (stature-sitting height). Body
mass was measured to the nearest 0.1 kg using a digital
scale, and body mass index (BMI,; kg/mz) was calculated
as (body mass/stature?). Bicristal pelvic breadth was mea-
sured to the nearest 0.1 cm using an anthropometer
(Lohman et al., 1988). Marker and joint center spatial
coordinates from static trials prior to walking gait motion
capture (see below) were used to calculate Euclidean seg-
ment lengths for the thigh (hip joint center to knee joint
center) and shank (knee joint center to ankle joint cen-
ter), standing knee varus/valgus alignment (frontal plane
angle between thigh segment and shank segment), and
inter-anterior superior iliac spine (inter-ASIS) pelvic
breadth. Crural index was calculated as (shank segment
length-100/thigh segment length).

Age at reaching mature stature was determined using
serial stature data and a two-component piecewise linear
regression model, in which the flexion point identified
the age when stature ceased increasing (see Froehle
et al., 2013 for similar modeling). Mature values for stat-
ure, sitting height, subischial leg length, and bicristal
breadth were derived from the first visit after this age.
For each serial visit preceding age at mature stature, the
age-specific percent of mature stature achieved was cal-
culated as (current stature/mature stature). Skeletal age

at each childhood and adolescent visit was calculated
from hand-wrist radiographs until achieving skeletal
maturity (i.e. skeletal age = 18y), using the FELS
method (Chumela et al., 1989; Nahhas et al., 2013). For
visits prior to skeletal maturity, relative skeletal age was
calculated as (skeletal age-chronological age), such that
negative values indicate delayed skeletal maturity, and
positive values indicate accelerated skeletal maturity.

Growth velocity curves were fit to serial stature data
using a triple logistic Bock-Thissen-du Toit [BTT (Bock
et al.,, 2003) model in AUXAL 3.1 software, Scientific
Software International, Inc.]. Growth periods were
defined as follows: early childhood (2 to <6 y), middle
childhood (6 to <10 y), puberty (10 to <14 y), and late
adolescence (14-18 y). Auxological variables included
middle childhood maximum growth velocity (cm/y), age
at middle childhood maximum growth velocity (y), mid-
dle childhood slope (i.e., rate of growth acceleration dur-
ing middle childhood, in cm/y?), growth velocity at
takeoff (i.e., onset of the pubertal growth spurt; cm/y),
age at takeoff (y), peak height velocity (PHV; cm/y), age
at PHV (y), adolescent slope (cm/y?), and adolescent
increment (i.e., total contribution of adolescent growth to
mature stature; cm). Additional details on auxological
methods in this sample have been published previously
(Towne et al., 2008), and (Figure 1) provides a visual dis-
play of the variables discussed above.

For female participants, age at menarche was also
included in the dataset, assessed by menstrual status
questionnaires administered at each six-month visit
beginning at age 9 y (Demerath et al., 2004). All partici-
pants also completed questionnaires on health history
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and physical activity (PA). The former was used to screen
participants in the present study in order to exclude for
conditions affecting gait (see below). The latter was
designed specifically for use in children and includes a
sports PA index, which was used here to determine if sex
differences in study outcomes were related to differences
in PA. This sports index has been shown to be valid and
reliable, especially in high school students (Treuth
et al., 2005).

2.3 | Growth index principal component
analysis

Principal component analysis (PCA) is a multivariate sta-
tistical technique which generates linear combinations of
interrelated variables (principal components) summariz-
ing underlying, salient relationships among those vari-
ables (Hatcher, 1994). Each component provides a
unique index of variation, and an individual's score for a
given index describes their relative, standardized position
in multivariate space, and thus their particular expression
of the underlying phenotypic vector encompassed by the
index. These dimensionless data can then be analyzed to
determine the influence of the latent vectors on other
phenotypic outcomes. In the present study, we used PCA
to reduce the set of nine auxological variables to a smal-
ler set of growth indices, which we then analyzed for
effects on knee mechanics during walking.

All Fels participants with serial stature measurements
were eligible for inclusion in the PCA sample. Partici-
pants were excluded if they had incomplete auxological
data or were obese at any time during childhood or ado-
lescence (Freedman et al., 2005), resulting in a total eligi-
ble sample of n = 348 (males: n = 235; females: n = 113).
This sample size was sufficient for the study's purposes,
since the general rule of thumb is to have a minimum of
five observations for each variable included in the PCA
(Hatcher, 1994). With 10 variables (nine auxological vari-
ables listed above, plus age at mature stature), the sample
of n = 348 provided nearly 35 observations per variable.

The PCA was run using SAS 9.4 PROC FACTOR
(SAS Institute, Cary, NC). The analysis was performed on
the covariance matrix, which allows for differences in
variance between the variables and can be used when the
variables are on similar scales and thus do not need to be
standardized (Hatcher, 1994). Principal components were
retained if they had an eigenvalue >1, were positioned to
the left of the first break in the scree plot, and accounted
for >5% of the total variance in the sample
(Hatcher, 1994; Khattree & Naik, 2000). All output was
preliminarily rotated to an oblique solution using the
promax method, since growth-related components are

expected to be correlated with one another; however, if
component correlation values were <0.32 then varimax
orthogonal rotation was used to generate the final model
(Tabachnick & Fidell, 2019). Rotated factor loadings were
interpreted qualitatively using the criteria that meaning-
ful loadings were those that were >|0.35|. The rotated
model coefficients were then used to calculate growth
index values in the PCA sample, as well as in the gait
sample (see below). The outcomes of these procedures
are described below in the Results section.

It is important to note that males and females were
ultimately pooled into a single sample for PCA, following
a preliminary sex-specific analysis that found only mar-
ginal differences in factor loading magnitudes and direc-
tions between males and females. This should not be
interpreted to mean that males and females did not differ
for pubertal growth variables—indeed they did, as
expected, particularly for variables related to timing (see
Table 1). What it does suggest, however, is that the over-
all underlying domains of variation in pubertal growth
are similar between sexes, as is the manner in which each
individual variable contributes to those domains. Thus,
although there are well-established sex differences in
especially the timing of pubertal growth, these differ-
ences can be captured in indices derived from PCA while
also describing variation within and between sexes con-
tinuously rather than dichotomously.

On the basis of this latent similarity, we decided that
using pooled PCAs in subsequent analyses of gait
mechanics would provide several analytical and interpre-
tive advantages. First, the pooled analysis would allow
for growth variation and its relationships to gait mechan-
ics to be described along the same axes in both sexes, and
according to the same general principles of variability in
growth timing and pace. This approach also allowed us
to test specifically for the independent effects of sex on
growth-gait mechanics relationships by including sex as
an independent variable in subsequent statistical analyses
(see below). Finally, the pooled analysis provided addi-
tional statistical power over the alternative, that is, run-
ning two separate sex-specific analyses in smaller sub-
samples. As an additional safeguard, we ran a sensitivity
analysis of gait mechanics using the sex-specific PCAs to
determine if growth-gait outcomes differed from the
pooled PCA analysis. The results of the sensitivity analy-
sis did not differ substantively from the pooled analysis,
and thus only the latter results are presented below.

2.4 | Walking gait

Analysis of walking gait at self-selected speed was
performed from 2002 to 2009 on all Fels participants
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TABLE 1

Variable
Values at gait analysis visit
Age (y)
Skeletal age (y)
Relative skeletal age (y)
Stature (cm)
Percent of mature stature (%)
Sitting height (cm)
Subischial leg length (cm)
Thigh segment length (cm)
Shank segment length (cm)
Crural index
Static knee varus/valgus alignment (°)
Bicristal breadth (cm)
Inter-ASIS breadth (cm)
Body mass (kg)
Body mass index (kg - m™2)
Sport physical activity index
Age at menarche (y)
Values at maturity
Mature stature (cm)
Mature sitting height (cm)
Mature subischial leg length (cm)
Mature bicristal breadth (cm)
Auxological variables
Age at mature stature (y)
Middle childhood maximum growth velocity (cm/y)
Age at middle childhood maximum growth velocity (y)
Middle childhood slope (cm/y?)
Growth velocity at takeoff (cm/y)
Age at takeoff (y)
PHV (cm/y)
Age at PHV (y)
Adolescent slope (cm/y?)

Adolescent increment (cm)

Anthropometric and auxological traits in the gait sample

Male adolescents Female adolescents

(n = 25) (n=27)

Mean + SD Mean + SD p-Value*
153 +21 16.7 + 1.1 0.005
156 £2.2 175+ 1.0 <0.001

03+1.1 1.0+ 0.8 0.009

169.7 +12.3 162.7 + 6.8 0.015
94.2 + 6.2 99.6 +£ 0.5 <0.001
87.2+6.6 86.4 + 3.7 0.622
82.5+6.3 76.2 +4.2 <0.001
46.1 +3.0 42.0 +£3.2 <0.001
40.3 + 3.8 37.5+ 24 0.003
88.5+ 8.0 89.6 + 6.4 0.587
—-1.5+3.1 —2.7+25 0.167
26.8 +2.4 27.5+13 0.181
239 +25 247 +2.1 0.178
60.6 + 13.5 60.3 + 8.4 0.934
20.8 + 3.2 229+33 0.027

3.0+0.6 2.8+0.6 0.310
- 12.5+0.9 -

180.1 + 5.2 1634 + 7.1 <0.001
93.9 + 2.8 87.3+39 <0.001
86.2 + 3.7 76 + 4.3 <0.001
295+ 21 287+ 21 0.180
16.3 +1.0 13.5+0.9 <0.001

6.7+ 0.4 6.8 +0.5 0.323
6.4+0.4 52+04 <0.001
6.5+04 6.5+ 0.6 0.960
50+0.8 56+0.5 <0.001
10.9 £ 1.0 83+0.8 <0.001
87+13 8.1+0.8 0.043
14.0 + 1.0 11.2+0.8 <0.001
9.4+15 8.8+0.9 0.105
36.5+5.5 36.1 + 3.7 0.777

*p-Value for independent samples ¢-tests comparing female and male adolescents.

over age 8 y who were able to walk. Data were
collected using a three-dimensional motion analysis
system consisting of six high-speed (120 Hz) digital
cameras (Hawk, Motion Analysis Corp., Santa
Rosa, CA) synced with three force plates (one

Kistler Type 9281B11, Kistler Instruments, Winter-
thur, Switzerland; two AMTI OR6-7-1000, Advanced
Mechanical Technology, Inc., Watertown, MA) em-
bedded in a 15m walkway. Cameras captured the
motion of external retroreflective markers placed at
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anatomical landmarks following the Helen Hayes
marker system (Kadaba et al., 1990), using Cortex
software (Motion Analysis Corp., Santa Rosa, CA) to
process and record data. Prior to walking trials, each
participant completed a static trial, standing with
their feet at shoulder width, knees fully extended,
and arms outstretched laterally. Participants were
then asked to walk at their preferred speed from one
end of the walkway to the other, with no other
instructions. Walking trials were repeated until the
participant had naturally (i.e. without reaching or
altering gait) completed at least five trials with one
clean force plate strike per foot (foot-strike to toe-off,
single foot on any one force plate at a time).

The three best trials (high-fidelity marker recognition,
clean force plate strikes) were selected for further post-
processing in Cortex, which included smoothing marker
data using a 6 Hz low-pass Butterworth filter and interpo-
lating data to percentages of the gait cycle. OrthoTrak
software (Motion Analysis Corp., Santa Rosa, CA) was
used to extract gait parameters for analysis. Spatiotempo-
ral properties of gait included in this study's analyses
were forward velocity (m/s) and step width (cm). Base of
support, which normalizes step width for body size, was
calculated as (bicristal breadth/step width) (Sutherland
et al., 1980). Residual base of support, an indicator of gait
maturity in the frontal plane during late childhood/early
adolescence was calculated using previously published
equations (Froehle et al., 2013).

Knee joint osteokinematic motion was modeled as
motion of the shank segment relative to the thigh seg-
ment, with three rotational degrees of freedom: flexion/
extension (sagittal plane), varus/valgus (frontal plane),
and internal/external rotation (IR/ER; transverse plane).
Segment longitudinal axes were defined using joint cen-
ter estimates from static trials for the hip (three-
dimensional linear offsets from the mid-ASIS point and
positions of the two ASIS and single mid-sacral markers,
following Harrington et al.,, 2007), knee (mid-point
between knee medial and lateral epicondylar markers),
and ankle/talocrural (mid-point between the medial and
lateral malleolar markers). The thigh segment longitudi-
nal axis was defined as the line from the hip joint center
to the knee joint center, and the shank segment longitu-
dinal axis was defined as the line from the knee joint cen-
ter to the ankle joint center. Ground reaction forces
collected from the force plates were used to calculate
peak vertical ground reaction force normalized to body
weight (VGRF/body mass-g). Net external knee joint
moments, adjusted for body mass (Nm/kg), were calcu-
lated using measured values of ground reaction forces,
force moment arms, segment velocities and accelerations,

along with calculated segment inertial properties (follow-
ing Dempster, 1955).

Knee kinematic and kinetic variables analyzed in this
study included flexion/extension, varus/valgus, and inter-
nal/external rotation angles and moments at foot-strike,
as well as peak stance phase values for flexion, extension,
varus, valgus, internal rotation, and external rotation
angles and moments. Directional signing conventions for
each rotational axis are as follows: positive = flexion,
varus, and internal rotation; negative = extension, val-
gus, and external rotation. Right and left side data for
each kinetic and kinematic variable were compared using
paired t-tests, which found no significant inter-limb
asymmetry for any variable (for each, p > 0.081). Thus,
the averages of the right and left sides for each variable
were used in all subsequent analyses.

For inclusion in the walking gait sample, participants
had to have had at least one visit with gait analysis under
the age of 19 y at which they had achieved >90% of
mature stature (i.e., past age at PHV—see Sanders
et al., 2017). Inclusion also required each participant to
have had a sufficient number of childhood and adoles-
cent stature measurements to derive a growth velocity
curve and related auxological variables, as these were
needed to calculate growth index values. Participants
were excluded if they were obese at the time of gait data
collection (Freedman et al., 2005), if they were toe-
walkers, wore prescription shoe inserts, reported a
chronic gait-related neurological or musculoskeletal con-
dition, reported sustaining any significant musculoskele-
tal, tendon, ligament, or joint injury to the spine, pelvic
girdle, or lower extremity within 6 months prior to the
selected gait visit, or reported a history of lower-extremity
overuse injuries prior to the gait visit, such as ITBS,
PFPS, OSD, or acute soft tissue injuries such as ACL
tears. However, participants excluded for a knee overuse
condition or injury were retained separately for a subana-
lysis comparing them to the main sample for aspects of
pubertal growth. Female participants were also excluded
for premature menarche (<10 y), as this is often associ-
ated with other developmental abnormalities (McLean
et al., 2015).

The dataset for gait analysis included a single visit
from each eligible participant. Where a participant had
multiple qualifying visits, the visit at the oldest available
age was selected if none of the visits occurred after the
age at achieving mature stature. Where one or more qual-
ifying visits occurred past the age of achieving mature
stature, the visit closest to and past the age at mature stat-
ure was selected. Screening led to a final sample of
N = 52 (male adolescents: n = 25; female adoles-
cents: n = 27).
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2.5 | Statistical analysis

All statistical analysis was performed in SAS 9.4 (SAS
Institute, Cary, NC) with significance set to @ = 0.05.
Independent samples t-tests were used to determine if
sex-specific mean values for each growth index in the gait
sample differed from the PCA sample (the “population”),
to gain an understanding of how representative the gait
sample was. Relationships between growth indices and
anthropometric traits were evaluated using Pearson cor-
relation coefficients, and sex differences in growth index
means were analyzed using independent samples t-tests.
Independent samples t-tests were also used to test for sex
differences in anthropometric traits, growth variables,
and gait mechanics. A multiple linear mixed models
approach was used to test for the effects of growth indices
and sex on gait mechanical variables, initially testing for
the effect of the interaction between sex and all growth
indices. Where those interactions were not significant,
they were removed from the models, and the two-way
interactions between sex and each growth index were
tested. Finally, for gait variables where none of the inter-
action effects were significant, the independent main
effects of sex and each growth index were analyzed.

3 | RESULTS

3.1 | Growth indices

The PCA produced nine principal components (PCs), two
of which were retained: PC1 and PC2. These PCs
explained 75.0% and 19.2% of the sample variance,
respectively (cumulative explained variance = 94.2%;
eigenvalues: PC1 = 19.94; PC2 = 5.10). A discernible
break in the slope of the scree plot occurred at the posi-
tion of PC3 (both PC1 and PC2 were positioned to the left
of this break), and PC3 explained just 3.1% of the vari-
ance with an eigenvalue of 0.83. We therefore removed
PC3 and all subsequent PCs from further analysis. The
retained PCs 1 and 2 were initially rotated using the pro-
max approach, but due to a correlation between the PCs
of 0.06, the final model was rotated to an orthogonal
solution using the varimax approach. See Figure 2 for
rotated factor loadings in each auxological variable in the
retained components.

Meaningful factor loadings (loading value >|0.35|)
and their directions on PC1 included age at middle child-
hood maximum growth velocity (40.65), growth velocity
at takeoff (—0.82), age at takeoff (4+0.99), age at PHV
(+0.98), and age at mature stature (4+0.94). Ages at key
growth events all had strong positive effects on PC1, such
that later ages were associated with higher, more positive

values of the index, and earlier ages were associated with
more negative values of the index. There was an inverse
relationship between growth timing and growth velocity
at takeoff, such that higher index values were also related
to slower velocities at the onset of the pubertal growth
spurt.

Qualitatively interpreting these factor loadings as a
collective whole, we named PC1 the Pubertal Timing
Index. Higher values of this index indicated later ages at
the onset of pubertal growth (age at takeoff), its peak
(age at PHV), and its end (age at mature stature), with
faster childhood growth, but a slower initial rate of
growth at the onset of pubertal growth. In other words,
higher positive values of this index were associated with
later developers who may have grown faster during mid-
dle childhood, but who started pubertal growth slowly.
On the other hand, lower and negative values were asso-
ciated with earlier developers who grew more slowly dur-
ing childhood, but began to grow rapidly at the onset of
the pubertal growth spurt. The association between
slower childhood growth and an earlier, faster onset of
pubertal growth, has been previously demonstrated, but
generally in the context of adolescent catch-up growth in
response to chronic childhood undernutrition (Campisi
et al., 2018), which is unlikely to apply to this study sam-
ple. Still, the observed associations between these vari-
ables are of interest. With respect to sex differences in
pubertal timing, this index clearly separated males and
females into later and earlier developing clusters, respec-
tively (see below), while also delineating an axis of early-
to-late development within each sex.

For PC2, meaningful factor loadings (loading value
>|0.35]) and their directions included middle childhood
maximum growth velocity (—0.41), age at middle child-
hood maximum growth velocity (4+0.50), middle child-
hood slope (—0.43), PHV (40.90), adolescent slope
(+0.84), and the adolescent increment (+0.98). Aside
from age at middle childhood maximum growth velocity,
all of the remaining meaningful loadings were related to
the rate of growth and accumulated increases in stature
during defined time periods.

Qualitatively interpreting these factor loadings as a
collective whole, we named PC2 the Growth Rate Index.
As in PC1, the loading directions for PC2 described an
apparent tradeoff between childhood growth vs. pubertal
growth. In this case, higher positive values of the index
indicated faster rates of pubertal growth and greater ado-
lescent stature gain, but slower childhood growth. In con-
trast, lower and negative values were associated with
more rapid childhood growth, and slower adolescent
growth with less adolescent addition of stature. Slower
childhood growth was also related to a later age at middle
childhood maximum growth velocity. Again, this pattern
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is consistent with catch-up growth, but not in the context
of stunting or chronic undernutrition. Instead, it appears
to describe normal variation in terms of the percentage of
adult height achieved during childhood vs. during
puberty. Higher values of this index identify individuals
who gain a relatively larger proportion of their adult stat-
ure during puberty, whereas lower index values identify
individuals who gain a relatively smaller proportion of
their ultimate adult stature during the pubertal growth
spurt.

Within the gait sample, mean (+SD) calculated index
values in male and female adolescents, respectively, were
0.67 + 0.90 versus —1.42 + 0.66 for the Pubertal Timing
Index (p < 0.001), and 0.15 + 1.23 versus —0.35 + 0.81
for the Growth Rate Index (p = 0.093). Males in the gait
sample did not differ significantly from the PCA popula-
tion for either index (Pubertal Timing Index: p = 0.253;

Growth Rate Index: p = 0.580). Females in the gait sam-
ple had a significantly more negative mean Pubertal Tim-
ing Index compared to the population (p = 0.006), but
did not differ for the Growth Rate index (p = 0.374). See
Figure 3 for index score distributions within these
groups.

3.2 | Gait sample anthropometric and
auxological traits

Complete statistical results for analysis of sex differences
in anthropometric traits and auxological variables in the
gait sample are presented in Table 1. Of the variables
measured at the gait analysis visit, significant sex differ-
ences were found for age, skeletal age, relative skeletal
age, stature, percent of mature stature, subischial leg

85U8017 SUOWIWIOD 3AERID 3(qedt|dde au Aq peuprob ale sajone VO ‘88N Jo Sa|nl Joj ArIq1T8UlUO AB]1M UO (SUOTIPUOD-PUE-SULBIW0D™ A8 | 1M AlRIq U1 UO//SdNY) SUORIPUOD PUe SIS | 84} 89S *[£202/0T/ST] Uo Ariqi7auliuo A1 ‘suonsinboy Ariqi lequng AiseAluN alis WBLUM Aq £58€Z°qU f/200T 0T/I0p/wW00 A8 |im Arelq1jpuljuo//Sdiy Woiy papeojumod ‘G ‘€202 ‘00£9025T



FROEHLE T AL. ﬁ\}& American Journal of Human Biology_Wl LEY 11 of 22
(A) (B)
0.014 0.014
PCA "Population” — \ales PCA "Population” Males
0.012 - Females 0.012 - Females
0.010 - 0.010
> >
g 0.008 - g 0.008 -
[} [}
> =]
g g
i 0.006 - i 0.006 -
0.004 - 0.004 -
0.002 - 0.002 -
0.000 T : T T T T . 0.000 T T T T T T : .
40 -30 -20 -10 00 10 20 30 40 -40 -30 -20 10 00 10 20 3.0 40 50
Pubertal Timing Index Growth Rate Index
(©) (D)
0.014 0.014
Gait Sample = Males Gait Sample Males
Females
0.012 - SRS 0.012 -
0.010 A 0.010 A
> >
S 0.008 - g 0.008 - /\
[} [}
> >
3 3
B 0.006 - o 0.006 -
0.004 - 0.004 -
0.002 - 0.002 -
0000 = ==/ N M 0000 4=/ \'/\
40 -30 -20 -10 00 10 20 30 40 -40 -3.0 -20 -1.0 O. 10 20 3.0 40 50
Pubertal Timing Index Growth Rate Index
FIGURE 3 Distributions of principal component scores for each index, within each sex (males: Black lines; females: Gray lines), and

within the two groups of participants: The “population” of n = 348 (235 males, 113 females) on which the PCA was run (panels A and B),
and the smaller gait sample of n = 25 males adolescents and n = 27 female adolescents (panels C and D). Within the PCA population, sex-
specific means (+SD) in males and females, respectively, were 0.49 + 0.73 versus —1.02 + 0.67 for the pubertal timing index, and 0.26 + 0.91
versus —0.53 + 0.97 for the growth rate index. See the text for gait sample means and statistical results for between-groups comparisons

length, thigh segment length, shank segment length, and
BMI (for each, p < 0.027). There were no significant sex
differences in sitting height, crural index, static knee
varus/valgus alignment, bicristal breadth, inter-ASIS
breadth, body mass, or the sport physical activity index
(for each, p > 0.167).

Correlations between anthropometric variables at the
time of the gait visit and each index are presented in
Table 2. The Pubertal Timing Index was significantly neg-
atively correlated with skeletal age, relative skeletal age,
percent of mature stature, bicristal breadth, and body
mass index (for each, p < 0.040), and significantly posi-
tively correlated with subischial leg length, thigh segment

length, shank segment length, and, within females, age at
menarche (for each, p < 0.037). Collectively, these results
indicate that in this sample later developers tended to be
less skeletally mature at the gait visit, had narrower pel-
ves, had lower weight for stature, and had longer lower
limb segments. Broadly speaking, these observed rela-
tionships correspond to average sex differences in the
timing of skeletal maturity, pelvic breadth, BMI, and
lower limb length, as well as in the Pubertal Timing
Index. Within each sex, none of these correlations were
statistically significant (for each, p > 0.157), with the
exception of relative skeletal age, which was significantly
negatively correlated with Pubertal Timing Index scores
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TABLE 2 Correlations between growth indices and anthropometric variables at the gait visit
Variable Pubertal timing index r* Growth rate index r*
Age (y) —0.18 —0.34 *
Skeletal age (y) —0.42 o —0.32 *
Relative skeletal age (y) —0.63 ok —0.03
Stature (cm) 0.24 0.14
Percent of mature stature (%) —0.48 ok —0.26
Sitting height (cm) 0.01 0.07
Subischial leg length (cm) 0.40 o 0.17
Thigh segment length (cm) 0.55 S 0.02
Shank segment length (cm) 0.29 * 0.14
Crural index —0.19 0.09
Static knee varus/valgus alignment (°) 0.13 0.10
Bicristal breadth (cm) —0.29 & —0.08
Inter-ASIS breadth (cm) —0.22 —0.14
Body mass (kg) —0.06 —0.22
Body mass index (kg - m~?) —0.30 * —0.40 ok
Sport physical activity index 0.13 0.13
Age at menarche )P 0.77 ok -0.27

#Pearson's r-values for correlations between each growth index and anthropometric variables (sexes pooled).

°Only females included in analysis.
*p < 0.05.%%p < 0.01.

in both male (r = —-0.73, p<0.001) and female
(r = —0.39, p = 0.042) adolescents. The Growth Rate
Index was significantly negatively correlated with age,
skeletal age, and body mass index at the gait analysis visit
(for each, p < 0.020). These results indicate a weak trend
toward faster adolescence growers being younger, less
skeletally mature, and lighter for their stature at the gait
visit, compared to subjects who grew more slowly during
adolescence. None of the other correlations concerning
variables at the gait analysis visit were statistically signifi-
cant (for each, p > 0.063).

Upon reaching maturity, stature, sitting height, and
subischial leg length all differed significantly between the
sexes (for each, p < 0.001), and each variable was signifi-
cantly positively correlated with both growth indices (for
each, p <0.040). Bicristal breadth neither differed
between sexes (p = 0.180), nor was it correlated with
either growth index (for each, p > 0.625). In terms of aux-
ological variables, age at mature stature, age at middle
childhood maximum growth velocity, age at takeoff, age
at PHV, growth velocity at takeoff, and PHV all differed
significantly between the sexes (for each, p < 0.043). No
significant sex differences were found for middle child-
hood maximum growth velocity, middle childhood slope,
adolescent slope, or the adolescent increment (for each,
p > 0.105).

3.3 | Relationships between growth
indices, knee mechanics, and sex

Sex-specific mean values for knee kinematic and kinetic
variables are presented in Table 3 along with p-values for
the effect of sex. The effect of the interaction between
sex, the Pubertal Timing Index, and the Growth Rate
Index was significant for flexion/extension moment at
foot-strike (p = 0.027) and peak stance phase extension
moment (p = 0.045) (Figure 4), but not for any other var-
iable (for each, p > 0.173). None of the interaction effects
between the Pubertal Timing Index and the Growth Rate
Index were statistically significant (for each, p > 0.240),
nor were any interaction effects between sex and the
Growth Rate Index (for each, p > 0.238). The effect of the
interaction between sex and the Pubertal Timing Index
was significant for peak stance phase valgus angle
(p = 0.030), and approached significance for peak stance
phase varus angle (p = 0.055) (Figure 5). None of the
other effects of the sex*Pubertal Timing Index interaction
were significant (for each, p = 0.205). The main effect of
the Pubertal Timing Index was significant for varus/
valgus moment at foot-strike (p = 0.048), and for peak
flexion angle during support (p = 0.024) (Figure 6). None
of the remaining main effects of the Pubertal Timing
Index were statistically significant (for each, p > 0.078).
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TABLE 3 Gait kinematic and kinetic variables

Male adolescents (N = 25)

Female adolescents (N = 27)
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Variable Mean + SD Mean + SD p-value®
Forward velocity (m/s) 1.2+0.1 1.2+0.1 0.497
Step width (cm) 11.7 + 1.8 9.5+ 20 < 0.001
Base of support 23+04 3.0+ 0.6 < 0.001
Residual base of support —0.2+04 0.1 +0.6 0.033
Flexion/extension angle at foot-strike (°) 3.8 +4.3 79+43 0.001
Varus/valgus angle at foot-strike (°) —1.3+23 —-29+24 0.020
IR/ER angle at foot-strike (°) —55+85 —-1.1+13.2 0.167
Flexion/extension moment at foot-strike (Nm-kg’l) —0.252 + 0.083 —0.236 + 0.107 0.578
Varus/valgus moment at foot-strike (Nm-kg™*) 0.050 + 0.062 0.004 + 0.159 0.202
IR/ER moment at foot-strike (Nm-kg™1) —0.004 + 0.007 —0.001 + 0.019 0.885
Peak stance phase flexion angle (°) 29.3 +5.5 27.2 + 6.0 0.201
Peak stance phase extension angle (°) 2.7 +£3.7 23+59 0.747
Peak stance phase varus angle (°) 22+23 09 +2.7 0.082
Peak stance phase valgus angle (°) —-3.0+1.9 —4.6 +3.1 0.033
Peak stance phase IR angle (°) —03+75 32+114 0.200
Peak stance phase ER angle (°) —15.8 +8.2 —16.6 + 8.6 0.732
Peak stance phase flexion moment (Nm-kg ™) 0.575 + 0.258 0.574 + 0.218 0.992
Peak stance phase extension moment (Nm‘kg’l) —0.388 + 0.171 —0.471 + 0.229 0.134
Peak stance phase varus moment (Nm-kg %) 0.511 + 0.204 0.762 + 0.248 <0.001
Peak stance phase valgus moment (Nm-kg ™) —0.095 + 0.122 —0.474 + 0.214 <0.001
Peak stance phase IR moment (Nm-kg ™) 0.028 + 0.025 0.059 + 0.050 0.005
Peak stance phase ER moment (Nm~kg’1) —0.173 + 0.059 —0.189 + 0.063 0.294
Peak VGRF (body weight) 1.15+0.1 1.14 + 0.05 0.885

p-Values for sex differences reflect sex main effects from linear mixed models analysis.

The main effect of the Growth Rate Index was significant
for internal/external rotation moment at foot-strike
(p = 0.030) (Figure 6), but not for any other outcome (for
each, p > 0.229).

3.4 | Subanalysis comparing excluded
injured participants to healthy participants

A total of 10 participants (6 male adolescents and 4 female
adolescents) were excluded from the walking gait sample
for a knee injury in their health history (6 ACL ruptures,
1 PFPS, 1 OSD, 2 meniscal damage). Values of the Puber-
tal Timing and Growth Rate indices were calculated for
these individuals, and they were plotted against sex-
specific 95% confidence ellipses for the healthy walking
gait sample (Figure 7). For each sex, all but one member
fell within their respective 95% confidence ellipses. The
two that did not both sustained ACL injuries. Generally
speaking, the excluded males clustered tightly in the upper

right corner of their ellipse, indicating relatively high
values of the Growth Rate Index and generally average-to-
higher-than-average values of the Pubertal Timing Index.
This positioning indicates a tendency among the injured
males toward faster pubertal growth and later ages at key
growth events. Females were less tightly clustered, but 3 of
the 4 had below-average Growth Rate Index values. Simi-
larly, 3 of the 4 females had average-to-below-average
Pubertal Timing Index values. Collectively, then, females
excluded for injury or overuse conditions tended to have
slower pubertal growth and experienced key pubertal
events at younger ages.

4 | DISCUSSION

The results of the present study contribute to a more
complete understanding of the manner in which varia-
tion in pubertal growth affects knee mechanics, within
and between sexes, with implications for risk for knee-
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FIGURE 4 Three-dimensional plot of sagittal plane moments
in males (dark gray planes and black circles) and females (light
gray planes and white diamonds) relative to the pubertal timing
and growth rate indices. The three-way sex*pubertal timing
index*growth rate index was statistically significant for the
displayed outcome variables (for each, p < 0.045). (A) Flexion/
extension moment at foot-strike. (B) Peak stance phase extension
moment. See text for additional statistical results and descriptions
of the relationships between sagittal plane moments, sex, and
pubertal growth

related injury and overuse condition risk. The study gen-
erated two indices of growth during childhood and ado-
lescence, and analyzed their relationships with key knee
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FIGURE 5 Relationships between frontal plane angles and the

pubertal timing index in males (black circles) and females (white
diamonds). The sex*pubertal timing index was statistically
significant for peak stance phase valgus angle (p = 0.030, panel A),
and approached significance for peak stance phase varus angle

(p = 0.055, panel B). See text for additional statistical results and
descriptions of the relationships between frontal plane angles, sex,
and pubertal timing

kinematic and kinetic parameters during normal walk-
ing. Broadly, the results show significant effects of varia-
tion in pubertal growth, both in relation to and
independent of sex, on knee mechanics during walking
in the sagittal, frontal, and transverse planes.

Variation between males and females is expected for
both gait and pubertal timing. In the present study, sex
differences were abundant across all categories of vari-
ables, including in the Pubertal Growth Index. The strong
influence of ages at important growth events on this
index suggest that it largely describes the effects of sex on
growth, which is consistent with the large proportion of
variance it accounts for. In contrast, overlap between the
sexes for the Growth Rate Index was much greater,
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aligning with the established concept that although sex
has a major influence on growth timing, variation in the
pace of growth is less sex-dependent (Malina et al., 2004).
Comparisons between the sexes for individual auxologi-
cal variables localized these differences specifically to ear-
lier ages at growth landmarks in females vs. males, with
females showing faster growth velocity at takeoff, but
slower PHV relative to males. The effects of sex-
differences in growth were manifested in anthropometric
traits at the gait visit, as well as upon reaching adult stat-
ure, where males were significantly taller with longer
lower limbs and lower limb segments, despite being
slightly younger and less skeletally mature.

Negative correlations between the Pubertal Timing
Index and indicators of skeletal maturity (skeletal age,
relative skeletal age, and percent of mature stature) at the
gait visit were also expected, since later developers should
be relatively less skeletally mature than earlier developers
when measured cross-sectionally in adolescence. Simi-
larly, higher values of the Growth Rate Index, which
indicate slower growth during childhood, were related to
less skeletal maturity at the gait visit as expected. The
Pubertal Timing Index's negative correlations with bicris-
tal breadth and BMI, coupled with its positive correla-
tions with overall lower limb length and segmental
lengths, together suggest that earlier developers tend to
be shorter and stockier, whereas later developers tend to
be taller and more slender. Lower BMI was also related
to slower childhood growth and greater/faster adolescent
growth, as indicated by higher values of the Growth Rate
Index. These findings are consistent with previous
research in both sexes (Froehle et al., 2017; He &
Karlberg, 2001; Widén et al., 2012).

Sex differences in gait mechanics largely corre-
sponded to differences observed under higher-intensity
task conditions in previous research. Despite walking at
similar self-selected speeds, female adolescents main-
tained a narrower base of support, exhibited a more
flexed and more valgus knee at foot-strike, and, during
stance phase, had greater peak frontal plane angles and
moments, as well as greater peak internal rotation
moments than males. The manner in which mechanical
variables were related to growth indices in females

FIGURE 6
mechanical variables where one of the pubertal index main effects

Relationships between pubertal growth indices and

was statistically significant (for each, p < 0.048; males: Black
circles; females: White diamonds). (A) Varus/valgus moment at
foot-strike. (B) Peak stance phase flexion angle. (C) Internal/
external rotation moment at foot-strike. See text for additional
statistical results and descriptions of the relationships between
these outcomes and the relevant pubertal indices
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FIGURE 7 Male adolescents (3) and female adolescents ()
excluded for injuries or overuse conditions, plotted against sex-
specific 95% confidence ellipses (males: Light gray; females: Dark
gray) for the pubertal growth indices in uninjured, healthy
participants. Asterisks next to symbols indicate the type of injury or
condition: *ACL, **meniscal damage, **OSD, ****PFPS

reveals a mixed set of growth-related injury risk profiles
depending on the plane analyzed. In the sagittal plane,
higher values of the Pubertal Timing Index and lower
values of the Growth Rate Index were related to a ten-
dency for a greater extension moment at foot-strike, as
well as a higher peak extension moment during stance.
Higher values of the Pubertal Timing Index were also
related to lower peak flexion during stance. Thus, later
maturing females who experienced slower pubertal
growth and faster childhood growth tended to have
higher extension moments throughout ground contact.
Higher extension moments in movement tasks more
strenuous than walking have been shown to be predictive
of knee injury (Myer et al., 2011). On the other hand, in
the frontal plane in females, lower values of the Pubertal
Timing Index were associated with a greater peak valgus
angle and maintenance of a valgus knee throughout
stance, as well as a tendency toward a greater valgus
moment at foot-strike. In other words, earlier developing
females exhibited frontal plane mechanics that are char-
acteristic of elevated risk for knee injuries. This pattern is
consistent with our previous findings on relationships
between age at menarche and knee mechanics during
walking (Froehle et al., 2017), as well as our finding that
female collegiate athletes with ACL injuries tended to
have earlier ages at menarche than their uninjured peers

(Froehle et al., 2020). A higher internal rotation moment
at foot-strike, also associated with injury under condi-
tions of higher loading (Pappas et al., 2015; Shultz
et al., 2012), was related to higher values of the Growth
Rate Index, and thus faster adolescent growth/slower
childhood growth.

In male adolescents, while there was little variation
in extension moment at foot-strike related to the Pubertal
Timing Index, this moment was negatively related to the
Growth Rate Index, such that faster adolescent growth
was associated with a higher extension moment at foot-
strike. Peak stance phase extension moment was also
negatively related to the Growth Rate Index, as well as to
the Pubertal Timing Index, such that later overall devel-
opers and faster adolescent growth were associated with
higher peak extension moments. Thus, later developing
males who experienced faster adolescent growth exhib-
ited riskier sagittal plane mechanics. This finding is con-
sistent with our previous research (Steffensmeier
et al., 2020). In the frontal plane, the Pubertal Timing
Index did not covary with males’ peak valgus and varus
angles during stance, but was positively related to the
frontal plane moment at foot-strike, such that earlier
developers tended to have a slightly less varus foot-strike
moment than later developers. Similar to females, males
with a higher Growth Rate Index and thus faster adoles-
cent growth also tended to exhibit a higher internal rota-
tion moment at foot-strike.

Taken together, the results suggest that there are sig-
nificant impacts of variation in the timing and pace of
pubertal growth on knee mechanics in adolescence, in
both sexes, with potential implications for injury risk. In
female adolescents, later developers with slower pubertal
growth maintained less flexed, stiffer knees in the sagittal
plane, whereas earlier developers with faster pubertal
growth tended to exhibit greater valgus angulation and
loading in the frontal plane, along with higher internal
rotation moments. Given that frontal plane mechanisms
are most often implicated in female knee injuries, it may
be that earlier developers are at greater risk, but the effect
of later development on sagittal plane factors should not
be ignored. In males, later developers, and especially
those that experienced faster adolescent growth, tended
to maintain stiffer knees with greater extension loading,
as well as higher internal rotation moments, all of which
are associated with increased injury risk in males. The
subanalysis of participants excluded for knee injuries fur-
ther illustrates the relationship between pubertal growth
and mechanical risk for injury (Figure 6).

Although our results generally support our hypothe-
ses and demonstrate significant relationships between
variation in pubertal growth and knee mechanics, there
are limitations that should be taken into consideration
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when interpreting the results. First, due to the demo-
graphics and small geographical range of Fels partici-
pants, the generalizability of these results to other
populations is unknown. Second, female adolescents in
the gait sample tended to develop earlier on average than
the wider sample from which the pubertal growth indices
were derived. Thus, the data on females may skew
toward earlier development, potentially further limiting
generalizability. However, even if the female gait sample
is biased toward earlier average development, it still
includes the full range of developmental variation seen in
the wider pubertal growth sample, and thus likely
achieves a reasonable approximation of population-level
variability. Another limitation is the absence of serial
walking gait data. Although multiple gait visits were pre-
sent for some individuals, most had only one, such that
analysis of the effects of pubertal variation on changes in
gait mechanics was not possible. Instead, the present
study was limited to examining the effects of pubertal
growth on a single instance of walking gait at or near the
age of reaching adult stature. The results thus do not
address intraindividual pubertal changes in neuromuscu-
lar control or gait mechanics per se, and cannot speak to
additional postpubertal changes that may affect subse-
quent injury risk in later adolescence and young adult-
hood. A related limitation is that subjects were not all
sampled at the same skeletal age, meaning that gait data
were collected on different individuals at slightly differ-
ent levels of skeletal maturity. More specifically, later
developers tended to be less skeletally mature at their gait
visits than earlier developers. It is unknown what effect
this may have had on mechanical outcomes, but none of
the kinematic or kinetic variables was significantly corre-
lated with skeletal age in this sample (for each,
p > 0.132). Nevertheless, it is important for future work
in this area to try to control for this factor.

It is unclear if mechanical patterns observed during
walking carry over into higher-intensity activities with
higher levels of joint loading, and thus elevated injury risk.
There is some indication that underlying individual
mechanical habits are expressed similarly in different tasks
(see Barrios et al., 2016). Furthermore, the concept that
mechanical patterns from one task (i.e., training tasks)
carry over to other tasks (i.e., a suite of sport-specific in-
game movements) is foundational to neuromuscular
retraining interventions, which can be effective in reduc-
ing injury risk (Noyes & Barber-Westin, 2018). Our data
suggest that even if the loading thresholds for injury are
not surpassed during walking, the underlying kinematic
risk factors may be present, creating a situation ripe for
injury when higher intensity tasks are undertaken. Bates
and colleagues (Bates et al.,, 2020) identified kinematic
thresholds for ACL injury using valgus angle at initial
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contact and peak valgus angle during contact during a
drop vertical jump task, along with injury surveillance
data. At initial contact and at peak valgus during contact,
their injury threshold values are only 1.7° more valgus
than the means at foot-strike and during stance in our
female participants. In earlier developing females (below
sex-specific-average Pubertal Timing Index values), frontal
plane kinematics during walking came even closer to these
thresholds (within 0.8° at foot-strike, and within 0.3° at
peak valgus during stance). If during more rapid, forceful
movement, control over frontal plane kinematics is
reduced, then it appears that earlier developing females
could easily cross these thresholds while also experiencing
higher knee loading, thus creating injury-prone condi-
tions. If so, then earlier developmental timing in females
may indicate elevated risk (with the same reasoning apply-
ing to later and faster developing males).

5 | CONCLUSIONS

This study identified relationships between variation in
the timing and pace of pubertal growth and walking gait
mechanics during adolescence. Although key sex differ-
ences exist, the study's findings also point to variation
within sexes that potentially results in variation in
mechanical risk for injury. Furthermore, the results sug-
gest that variation in pubertal growth affects male and
female adolescents differently, such that earlier develop-
ing females appear to be at greater risk for frontal plane
injury factors, whereas later developing males who expe-
rience faster adolescent growth appear to be at elevated
risk for sagittal plane injury mechanisms.
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