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Abstract
The aim of this cross sectional study was to delineate age-associated kinematic and kinetic gait
patterns of normal walking, and to test the hypothesis that older adults exhibit gait patterns that reduce
generative mechanical work expenditures (MWEs). We studied 52 adult Baltimore Longitudinal
Study of Aging participants (means age 72 ± 9, from 60 to 92 years) who could walk 4-meters unaided.
3-dimensional kinematic and kinetic parameters assessed during rotation-defined gait periods were
used to estimate MWEs for the rotation of lower extremities about the medial-lateral (ML) and
anterior-posterior (AP) axes of proximal joints, which represent MWEs in the AP and ML sides,
respectively. Relationships between gait parameters and age were examined using regression analysis
with adjustments for walking speed, sex, height, and weight. Older age was associated with slower
self-selected walking speed (p < 0.001), shorter stride length (p < 0.001), and greater propensity of
landing flat-footed (p = 0.003). With older age, hip generative MWE for thigh rotation was lower
about the AP axis (hip abduction and adduction) during stance (p = 0.010) and higher about the ML
axis (hip extension and flexion) during late stance (p < 0.001). Knee absorptive MWE for shank
rotation about the AP axis (knee abduction and adduction) during early stance was also lower with
older age (p < 0.003). These age-related gait patterns may represent a compensatory effort to maintain
balance and may also reflect mobility limitations.

Keywords
Mechanical Work Expenditure; Walking Speed; Gait Phase; Medial-lateral Stability

Introduction
Older adults exhibit typical changes in gait patterns that are generally considered compensatory
to the loss of motor function that occurs with aging (Polcyn et al., 1998; Lord et al., 1996).
Understanding adaptation strategies employed by older adults is important for the development
of interventions capable of correcting and preventing age-associated mobility limitations.
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Self-preferred walking speed declines with age and is a well-accepted marker of overall
mobility performance (Teixeira-Salmela et al., 2008; Alexander, 1996; Kerrigan et al., 2001;
Dingwell et al., 2006). Walking slower may also be thought of as a compensatory strategy
aimed at increasing stability, avoiding falls or reducing the energetic cost of mobility (Pavol
et al., 1999; Duff-Raffaele et al., 1996). However, whether the presence of sub-clinical
impairments that typically affect older persons stimulates the emergence of less energetically
costly walking patterns has not been fully investigated.

Different approaches have been used to study walking energetics. The simple analysis of lower
extremity joint moments provides a rough approximation of the amount of muscle activity, but
does not assess joint direction or speed. By studying mechanical joint moments and angular
velocities together, we can estimate the contribution of muscle group activations to joint
acceleration and deceleration during gait (Teixeria-Salmela et al., 2008; Chen et al. 1997;
Winter, 1983). Total generated mechanical work during acceleration and deceleration has been
reported to predict gait disorders (Winter et al., 1990; Siegel et al., 2004; McGibbon et al.,
2001; Teixeira-Salmela et al., 2001). To study mechanical work during normal walking, Winter
and colleagues (Winter et al., 1990) divided the gait cycle into periods whose boundaries were
identified as the times of peak power. The present study identifies the gait phase based on
rotations of lower extremities about the medial-lateral (ML) axes of proximal joints to assess
gait phases that reflect well identifiable stages during walking. Dominant muscle group
activities are related with the rotations of lower extremities about the ML axes of proximal
joints (extension and flexion) during walking. Also, the significant age effects on the rotations
of lower extremities about the AP axes of proximal joints (abduction and adduction) were
previously reported (Dean et al., 2007; Siegel et al., 2004; McGibbon et al., 2001; Teixeira-
Salmela et al., 2001). To understand walking mechanisms referred to as mechanical energy
expenditures (MWEs), assessing kinetic gait parameters for the rotations about the ML and
AP axes of proximal joints for the lower extremities are necessary. For the specified gait stages,
we calculated MWEs for the rotations of lower extremities about the ML and AP axes of
proximal joints. These MWEs can be interpreted as muscle group activities of lower extremities
in the AP and ML sides during operationalized gait periods. Focusing on rotation-based gait
phases may be more informative than estimating energy expenditure over the entire gait cycle.

Using data collected in joint kinematically-defined phases of gait during normal walking in a
cohort of older adults, we examined the hypothesis that older age is associated with gait patterns
that employ less generative MWE.

Methods
Study Design

The Baltimore Longitudinal Study of Aging (BLSA) is a longitudinal cohort study conducted
by the Intramural Research Program of the National Institutes of Health, National Institute on
Aging. This study was approved by the Medstar Research Institution Review Board, and was
conducted with informed consent obtained from all participants. The present report is based
on cross-sectional data that were collected between January and April 2008. During regular
study visits, all BLSA participants underwent testing in the Clinical Research Branch Gait
Laboratory following a standardized protocol.

Participants
The study sample was comprised of adult participants ages 60 years and older who were able
to follow instructions and safely complete a 4-meter walking trial without assistance of a person
or a walking aid. All participants enrolled in this study were free of severe osteoarthritis (OA)
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of the hip or knee and had no history of stroke or Parkinson disease. Participants who had BMI
over 40 were excluded because of technical difficulty positioning pelvic markers.

Experimental measurement
The gait analysis is based on general principles of gait testing (Winter et al., 1990; Kerrigan
et al., 2005; Teixeira-Salmela et al., 2008). Participants were dressed in form-fitting, non-
reflective clothing and tested in bare feet. Reflective markers were affixed to 22 anatomical
landmarks: anterior and posterior superior iliac spines, iliac crests, medial and lateral knee,
medial and lateral ankle, toe, and heel, and lateral wands over the mid-femur and mid-tibia.
The medial markers for knee and ankle were used for identifying knee and ankle joint centers
during the static trial and then removed for the dynamic trials. A Vicon 3D motion capture
system with 10-cameras (Oxford Metrics Ltd., Oxford, U.K.) was used to measure the position
of the markers in 3 dimensions at a sampling frequency of 60 Hz, and filtered with fourth-order
zero-lag Butterworth filter using a cutoff at 6 Hz.

Ground reaction forces were measured synchronously with motion capturing using 2 staggered
force platforms (Advanced Mechanical Technologies, Inc., Watertown, MA, USA; sampling
rate 1080 Hz) imbedded in the walkway. After positioning the marker set, participants were
asked to walk straight along the 10-m long laboratory walkway at their preferred walking speed.
Participants were not informed of the presence or location of the force platforms. Trials were
continued until at least 3 left and right gait cycles with complete foot landing on the force
platform were obtained.

Data processing and statistical analysis
The 3D kinematic measurements for the left and right lower extremities were calculated by
continuously tracking of the markers over time based on the Euler angle theorem (Ginsberg,
1995). During walking, ranges of rotational motions for the hip, knee, and ankle were measured
using the peak angles between the flexion and extension and the angles between the abduction
and adduction for the rotations about the ML and AP axes of proximal joints, respectively. For
the calculation of kinetics, only the gait cycles (defined as heel strike to subsequent heel strike
of the ipsilateral foot) with a complete foot landing on the force platform were used in the
analysis. Mechanical joint moments and mechanical joint powers from each lower extremity
joint were calculated by Visual3D (C-motion, Inc., Germantown, MD, USA) software using
kinematic measurements, ground reaction forces, biometric measurements (weight, height, the
width between ASIS) and the paradigm of inverse dynamics starting and finishing with a heel
strike. Specific gait phases were defined in the gait cycle based on rotational direction changes
about the ML axes of proximal joints of lower extremities (Figure 1, this figure is from one
representative participant). For the hip, knee and ankle, we defined six gait periods (Figure 1),
divided by 5 cut phases, within a gait cycle, namely for the hip [1) end of the first hip flexion
(PH1), 2) end of the following hip extension (PH2), 3) ‘toe off’, 4) end of the subsequent hip
flexion (PH3), 5) end of the following hip extension (PH4)]; for the knee [1) end of the first
knee flexion (PK1), 2) end of the following knee extension (PK2), 3) ‘toe off’, 4) end of the
subsequent knee flexion (PK3), 5) end of the following knee extension (PK4)]; and for the
ankle [1)end of the first plantar flexion (PA1), 2) end of the following dorsiflexion (PA2), 3)
‘toe off’, 4) end of the subsequent plantar flexion (PA3), 5) end of the following dorsiflexion
(PA4)]. MWEs for the hip, knee, and ankle were computed by integrating mechanical powers
generated during the operationalized gait periods using custom made software written in
MATLAB (The MathWorks, Inc., Natick, MA, USA). A total of 18 generative MWEs (from
6 gait periods for each of the 3 joints, the hip, knee, and ankle) and 18 absorptive MWEs were
estimated for the rotations of lower extremities about the ML and AP axes.
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Cross-sectional associations between gait parameters and age were examined by a multiple
regression analysis adjusted for walking speed, sex, height and weight. Statistical analyses
were performed using SAS (SAS 9.1), with significance set at p < 0.05.

Results
The descriptive characteristics of the 52 subjects (19 women and 33 men) that completed the
gait test are summarized in Table 1. Participants were ages 60 – 92 years, with an average body
mass index of 26.1 (± 3.1 kg/m2). As summarized in Table 2, older age was significantly
associated with slower walking speed, shorter stride length, and shorter stance time (p < 0.001,
for all), but not with stride width. Of the gait phase parameters, older age was associated with
a higher percentage of the gait cycle in the period between the heel strike and the end of first
ankle plantar flexion (PA1; p = 0.003), and also with a longer stance period of ankle dorsiflexion
(p = 0.017).

The relationship between age with range of motion and kinetics for the rotations of the lower
extremities about the ML and AP axes of proximal joints are shown in Table 3. Older age was
associated with a smaller range of motion for ankle in the rotation about the ML axis (p =
0.030) and also a smaller range of motion for the hip, knee, and ankle in rotations about the
AP axes (p = 0.007, p = 0.036, and p = 0.041, respectively). Older age was also associated with
higher peak joint power in the rotations of the hip and knee about the ML axes (p = 0.006, and
p = 0.034, respectively), and lower peak joint power in the rotation of the ankle about the AP
axis (p = 0.026). With older age, total hip generative MWE was higher for thigh rotation about
the ML axis (p = 0.007), while lower about the AP axis (p = 0. 014). Interestingly, higher
normal walking speed was significantly associated with higher total hip generative MWE for
thigh rotation about the ML axis (p <.001), but not about the AP axis. Total absorptive MWE
or peak moments were similar across age.

The analysis of MWEs during the operationalized gait periods revealed significant age effects
on the hip and knee. Specifically, older age was associated with higher hip generative MWE
for thigh rotation about the ML axis during hip flexion (period H3; p <.001; Figure 1), and
lower hip generative MWE for thigh rotation about the AP axis during hip extension (period
H2; p = 0.043) and hip flexion (period H3; p = 0.032). Older age was also associated with
lower knee absorptive MWE for shank rotation about the AP axis during the first knee flexion
(period K1; p = 0.003).

Discussion
Understanding adaptation strategies in response to reduced energy availability which are aimed
to increase safety is a prerequisite to the development of intervention strategies of mobility-
disability prevention in older persons. In this cross-sectional study we observed specific
kinematic and kinetic gait patterns associated with older age probably due to declining
generative MWE for the rotation about the AP axis of proximal joints for the lower extremities.

Consistent with previous conclusions, we observed that older adults tend to walk slower and
with shorter strides (Olney et al., 1994; Judge et al., 1996; Kerrigan et al., 2001; Dingwell et
al., 2006). According to current views, preferred walking speed is selected to maximize comfort
and endurance, and represents the best compromise between parsimony in energy utilization
and safety. For this reason, when studying age-related kinematic and kinetic gait parameters,
it is difficult to distinguish between age-related differences due to a difference in walking speed
and those truly attributable to aging. To address this problem, all analyses presented in this
report were adjusted for walking speed, under the assumption that the motor strategies utilized
to slow down or accelerate are similar in older individuals. Interestingly, we found that age

Ko et al. Page 4

J Biomech. Author manuscript; available in PMC 2010 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was not associated with differential and specific gait pattern in the operationalized gait phases
(except for ankle planter flexion period, PA1). These findings indirectly confirm that the motor
strategies used to modulate walking speed are similar in older individuals. As the only
noticeable exception, older participants showed shorter period of ankle planter flexion (PA1)
resulting in a longer dorsiflexion duration in stance, which can be interpreted as a tendency for
flat-footed landing. This observation and interpretation is consistent with previous reports
(Winter et al., 1990; Murray et al., 1969), and may also explain why reduced push-off is often
reported as a typical gait feature in older individuals (DeVita et al., 2000; Judge et al., 1996).

Decreases in range of motion were observed for ankle rotation about the ML axis, and for hip,
knee, and ankle rotations about the AP axes with older age. Reduced range of motion for the
ankle and hip may suggest that older persons tend to use shorter stride length and lower hip
MWE even when the effect of slower walking is dissected out by regression analysis. As prior
studies have suggested, higher peak mechanical power of the hip and knee and higher total hip
generative MWE for rotations about the ML axes in older individuals may be interpreted as a
compensatory mechanism to the reduced range of rotational motion in the ankle (Lewis et al.,
2008; Devita et al., 2000).

By convention, if the direction of increasing hip rotation (the sign of angular velocity) is the
same as the direction of the applied joint moment, mechanical power is considered generative
(concentric), while if direction of increasing rotation is opposite, the mechanical power is
considered absorptive (eccentric). Since the dominant hip joint moment for thigh rotation about
the AP axis is an abductor, hip generative MWE for thigh rotation about the AP axis can be
thought to be generated from increasing hip abduction, which is the effort to align the leg in a
medial-laterally stable position by lifting up laterally instead of collapsing medially. Since this
movement is essential to the maintenance of stable kinetic balance, lower hip generative MWE
for thigh rotation about the AP axis in older persons may account for the reduced ML stability
often described in older individuals. Age associated declines in walking speed and total hip
generative MWE for thigh rotation about the AP axis were illustrated in the Figure 2 and Figure
3, respectively. It is interesting that lower walking speed was not significantly associated with
lower total hip generative MWE for thigh rotation about the AP axis (p = 0.407). These mutually
independent gait parameters in walking speed and total hip generative MWE for thigh rotation
about the AP axis (resulting in MWE in the ML side) are difficult to reconcile and may have
different meanings and objective, such as increasing safety and limiting energy consumption,
respectively.

Active hip muscle activities, which have the same direction of force and movement (concentric)
showed significant age-associations, while passive hip muscle activities (with opposite force
and movement; eccentric) did not. Thus, concentric hip muscle activations seem to be more
sensitive to the aging process compared to eccentric hip muscle activations.

Finding no significant age-associated difference in knee joint moment, lower knee absorptive
MWE for shank rotation about the AP axis during first knee flexion in stance (period K1) with
older age may suggest that knee adduction rotational speed during the first knee flexion period
is limited. This smaller adduction angular speed, which results in a lower knee absorptive MWE
medial-laterally, may contribute to medial femoral condyle cartilage thinning which is often
found in older individuals and has been reported as a preclinical stage of OA (Andriacchi et
al., 2004). Higher hip generative MWE for thigh rotation about the ML axis during hip flexion
in stance (period H3) with older age provides a specific period of compensatory effort from
the hip during walking.

MWEs from the operationalized gait phases provide information on the combined kinematic
and kinetic gait parameters generated by muscular activations during the specific gait periods.
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The normalized and standardized gait parameters of MWEs from the present study can be used
both in the cross-sectional and longitudinal gait studies to understand the effect of age, diseases,
environmental stress, and specific interventions on gait parameters.

Our study has limitations. First, these observations were collected in a relatively small sample.
However, the methodological strategy developed and piloted in this study will be implemented
on a much larger scale using data collected in the BLSA. Second, the analytic models assume
symmetry during walking. To minimize the effect of this problem, participants with substantial
mobility limitations were excluded from this study and the symmetry of gait cycle speed from
the left and right sides was checked by examining the ratio of relatively slower and faster sides,
which was close to 1 (0.93±0.145). However, we acknowledge that subtle asymmetry of gait
dynamics which were not readily detectable in the clinical examination may be of physiologic
importance. Finally, our study is observational in nature and cannot determine which of the
characteristics identified as age-specific are primary as opposed to compensatory, nor can we
ascertain which of these characteristics are beneficially adaptive as opposed to detrimental to
aging individuals. The BLSA is currently collecting longitudinal data. The analysis of these
data may overcome, at least in part, some of these limitations.
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Figure 1. Definition of the points for gait phases and periods based on rotations of lower extremities
about the medial-lateral (ML) axes of proximal joints

Ko et al. Page 8

J Biomech. Author manuscript; available in PMC 2010 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Age-associated decline in walking speed
Walking speed vs. age in smoothing (—) line and predicting (---) line (left), and the estimated
line (—) with confidential interval (gray area) from regression model (right)
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Figure 3. Age-associated decline in total hip generative MWE for thigh rotation about the AP axis
of proximal joint
Total hip generative MWE for thigh rotation about the AP axis (results in MWE in ML side)
vs. age in smoothing (—) line and predicting (---) line (left), and the estimated line (—) with
confidential interval (gray area) from regression model (right)
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