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ABSTRACT: Persons with lower limb amputation (LLA) perceive altered motions of the
trunk/pelvis during activities of daily living as contributing factors for low back pain.
When walking (at a singular speed), larger trunk motions among persons with vs.
without LLA are associated with larger spinal loads; however, modulating walking speed
is necessary in daily life and thus understanding the influences of walking speed on
spinal loads in persons with LLA is of particular interest here. Three-dimensional trunk-
pelvic kinematics, collected during level-ground walking at self-selected (SSW) and two
controlled speeds (~1.0 and ~1.4 m/s), were obtained for seventy-eight participants: 26
with transfemoral and 26 with transtibial amputation, and 26 uninjured controls (CTR).
Using a kinematics-driven, non-linear finite element model of the lower back, the
resultant compressive and mediolateral/anteroposterior shear loads at the L5/S1 spinal
level were estimated. Peak values were extracted and compiled. Despite walking slower
at SSW speeds (~0.21 m/s), spinal loads were 8-14% larger among persons with
transfemoral amputation vs. CTR. Across all participants, peak compressive,
mediolateral, and anteroposterior shear loads increased with increasing walking speed.
At the fastest (vs. slowest) controlled speed, these increases were respectively 24-84%
and 29-77% larger among persons with LLA relative to CTR. Over time, repeated
exposures to these increased spinal loads, particularly at faster walking speeds, may
contribute to the elevated risk for low back pain among persons with LLA. Future work
should more completely characterize relative risk in daily life between persons with vs.

without LLA by analyzing additional activities and tissue-level responses.
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1. INTRODUCTION

Persons with unilateral lower limb amputation (LLA) — both above and below the knee —
commonly report low back pain (Hammarlund et al., 2011; Kulkarni et al., 2005) and
perceive altered trunk motions/postures during activities of daily living as primary
contributors to its onset and recurrence (Devan et al., 2015). Indeed, altered trunk
motion can adversely influence the mechanical environment among spinal structures
and tissues within the lower back, especially when the motion occurs in multiple planes
simultaneously (Davis and Marras, 2000). Such alterations in the mechanical
environment of the lower back may lead to pain if the associated changes in force
and/or deformation experienced in lower back tissues, instantaneously or cumulatively,
exceed tolerances (Coenen et al., 2014; Kumar, 2001). The latter is of particular interest
here given that many activities of daily living are highly repetitive and thus warrant

consideration when assessing cumulative injury risk among persons with LLA.

Walking is a critically important activity of daily living. While not overly demanding on the
lower back, walking nevertheless exposes the spine to a large number of loading
cycles. For example, healthy adults with a moderately active lifestyle take approximately
seven to thirteen thousand steps per day (Tudor-Locke et al., 2011). Although persons
with LLA often take fewer steps (~half, though dependent on functional classification
level; Halsne et al., 2013; Stepien et al., 2007), prior work has reported increases and
asymmetries in trunk-pelvic motions during walking among persons with vs. without LLA

(Goujon-Pillet et al., 2008; Jaegers et al., 1995). Recently, these differences were



associated with larger mechanical demands on the lower back as well as larger internal
trunk muscle responses and resultant spinal loads (Hendershot and Wolf, 2014; Shojaei
et al., 2016; Yoder et al., 2015). Repeated exposures to these elevated demands and
loads may thus contribute to the higher prevalence and recurrence of low back pain
among persons with LLA. However, these prior studies have predominantly focused on
a singular (often self-selected) walking speed. Given that the amplitudes of trunk motion
and acceleration increase among uninjured individuals with increasing walking speed
(Kavanagh, 2009; Thorstensson et al., 1984), it is important to understand the

influences of walking speed on trunk motions and spinal loads in persons with LLA.

Although the selection of an optimal walking speed is often governed by minimizing
metabolic costs of transport (e.g., Ralston, 1958), the ability to increase/decrease
walking speed remains important for many aspects of daily living (e.g., community
ambulation and recreational activities). Modulation of walking speed can be achieved
through a variety of temporal-spatial, kinematic, and kinetic mechanisms (Neptune et
al., 2008), which are achieved primarily via the ankle plantarflexors during step-step
transitions (Jonkers et al., 2009; Requiao et al., 2005). Although persons with LLA lack
active ankle function (on the prosthetic side), these individuals can typically compensate
via other joints within the lower extremity (e.g., the knee or hip; Fey et al., 2010;
Silverman et al., 2008). Of particular interest here, persons with LLA also employ a
seemingly active trunk movement strategy (Hendershot and Wolf, 2015) that, given its
relatively large mass, may differentially alter inertial demands of walking on the lower

back and surrounding musculature with changing walking speed. Among uninjured



individuals, increases in trunk motion at faster walking speeds have been associated
with elevated demands/loads on the low back, albeit modest (Callaghan et al., 1999;
Cheng et al., 1998); however, such a relationship has not been evaluated among
persons with LLA, wherein there is an increased reliance on these proximal segments.
The purpose of this study was therefore to quantify and compare trunk muscle
responses and resultant spinal loads among persons with and without LLA across
multiple walking speeds. It was hypothesized that, with increasing walking speed,
persons with vs. without LLA increase their trunk muscle forces more, hence
experiencing larger increases in spinal loads; secondarily, these increases would be

largest among persons with more proximal levels of LLA (i.e., transfemoral).

2. METHODS

2.1 Experimental Procedures

This study retrospectively evaluated biomechanical data from seventy-eight male
participants (Table 1) — 26 with unilateral transtibial (TTA), 26 with unilateral
transfemoral (TFA) amputation, and 26 uninjured controls (CTR) — walking overground
along a 15m level walkway at one self-selected (SSW) and two additional (controlled)
speeds (~1.0 and 1.4 m/s). All persons with LLA were independently ambulatory without
the use of assistive devices (e.g., canes, walkers). Additionally, all amputations were
the result of traumatic injuries, and the participants reported no additional underlying

musculoskeletal conditions. This retrospective study was approved by Institutional



Review Boards of both the Walter Reed National Military Medical Center and University

of Kentucky.

[Insert Table 1 about here]

Three-dimensional kinematic data of the pelvis and thorax were collected by tracking
(120Hz) reflective markers positioned in the mid-sagittal plane over the S1, T10, and C7
spinous processes, sternal notch, and xiphoid; and bilaterally over the acromion, and
the anterior/posterior superior iliac spines. All kinematic data (marker trajectories) were
low-pass filtered using a fourth-order, bidirectional filter (cut-off frequency = 6Hz).
Controlled speeds were dictated using an auditory tone (“beep”) that sounded when the
horizontal component of the velocity of the sternal notch marker was within 5% of the
intended speed. Multiple passes were performed at each speed such that ~10 complete

gait cycles could be obtained.

2.2 Dependent Measures and Analyses

Kinematic data was calculated and analyzed using Visual3D (C-Motion, Germantown,
MD, USA) and custom MATLAB (Mathworks, Inc., Natick, MA, USA) scripts. Global
trunk and pelvis angles, as well as pelvis center of mass position, were normalized and
averaged over each stride. Relative trunk-pelvic angles were similarly calculated. Trunk-
pelvic ranges of motion (ROM) were calculated as the difference between the maximum

and minimum relative trunk-pelvic angles in all three planes.



To estimate trunk muscle responses and resultant spinal loads, these kinematic data
were used as inputs to a non-linear finite element model of the spine with an
optimization-based iterative procedure (Bazrgari et al., 2007), previously validated in a
variety of dynamics tasks (Bazrgari et al., 2008a, 2008b, and 2009), covering a range of
trunk motions and postures. The sagitally symmetric model is composed of six rigid
elements representing the thorax and each lumbar vertebrae (L1-L5) along with six non-
linear flexible beam elements representing the intervertebral discs/ligaments between
T12 and S1. Mass and inertial properties were distributed along the spine according to
reported ratios. Fifty-six muscles were represented in the model: 46 muscles connecting
the individual lumbar vertebrae to the pelvis (i.e., local) and 10 muscles connecting the

thoracic spine/rib cage to the pelvis (i.e.; global).

Muscle forces are estimated via a heuristic optimization of equilibrium across the lumbar
spine (via changing lumbar segmental kinematics) to satisfy a cost function that
minimizes the sum-of squared muscle stresses across all 56 muscles. A custom
MATLAB (Mathworks, Inc., Natick, MA, USA) script was used to control the optimization
procedure whereas a finite element software package (ABAQUS; version 6.13, Dassault
Systemes Simulia, Providence, RI, USA) was used to estimate muscle forces and

associated spinal loads within the non-linear FE model.

Rather than comparing the individual forces in each of the 56 muscles, the summation

forces in all local and global muscles were calculated, hereby referred to as “local” and



“global” muscle force. Similarly, rather than comparing spinal loads for all lumbar levels,
loads (i.e., compression, as well as anteroposterior [A-P] and mediolateral shear [M-L])
were compiled from the L5/S1 spinal level (i.e., the level that usually experiences the
maximum spinal loads). From all outcomes, peak values were extracted and evaluated
using a linear mixed-model analysis of variance (between factor = group; within factor =
speed). Participants were considered random effects with the correlation among
repeated measures assumed to follow a compound symmetry model. Statistical
significance was concluded at P<0.05. All data are reported as means (standard

deviations).

3. RESULTS

Controlled walking speeds were not different (P=0.91) between all three groups at 0.99
(0.05) m/s and 1.42 (0.09) m/s for the “slow” and “fast” conditions, respectively.
However, SSW speeds differed between groups; CTR (1.41 (0.15) m/s) and persons
with TTA (1.35 (0.14) m/s) were faster (P<0.001) than persons with TFA (1.24 (0.14)

m/s).

Overall, trunk-pelvic ROM were larger (P<0.001) among persons with TFA and TTA vs.
CTR (Table 2). With increasing speed, trunk ROM among persons with TFA increased
(P = 0.004) in the sagittal plane; increases in the frontal and transverse planes were not

different (P > 0.27) between groups.



[Insert Table 2 about here]

Peak global muscle forces tended (P=0.07) to increase with increasing speed, but these
were not different (P>0.22) between groups at each speed. However, there was a
significant (P=0.035) group % speed interaction on peak local muscle forces;
specifically, peak local muscle forces were larger among persons with TEAvs. TTA and

CTR only at the fastest speed (Table 3/Figure 1).

[Insert Table 3 about here]

Peak A-P and M-L shear, as well as peak compression, all increased (P<0.001) with
increasing walking speed. There was a significant group x speed interaction on both A-
P (P=0.02) and M-L (P=0.002) shear forces; at the fastest speed, these were larger
among persons with TFA and TTA vs. CTR. Similarly, there was a significant (P=0.003)
group x speed interaction on peak compression; at the fastest speed, compression

forces were larger among persons with TFA and TTA vs. CTR (Table 3/Figure 1).

[Insert Figure 1 about here]

4. DISCUSSION

This study assessed the influences of walking speed on trunk muscle responses and

spinal loads in persons with and without LLA. As expected, both trunk muscle forces

and spinal loads increased with increasing walking speed; however, these increases



were generally larger among persons with LLA vs. CTR (supporting our primary
hypothesis). Additionally, with the exception of lateral shear, spinal loads were larger

among persons with TFA vs. TTA (partially supporting our secondary hypothesis).

Altered trunk muscle recruitment has been related to subjective (internal) factors, such
as the presence of pain (Lamoth et al., 2006; van der Hulst et al., 2010), as well as
changes in external demands, such as increasing walking speed (Anders et al., 2007).
In activities involving trunk motion around neutral postures, such as during walking,
trunk muscle forces contribute substantially to spinal loads (due to minimal passive
tissue contributions; Panjabi, 2003). The amplitudes of trunk motions and accelerations
increase with increasing walking speed (Kavanagh, 2009; Thorstensson et al., 1984);
associated alterations in inter-planar coupling suggest the importance of efficient
neuromuscular control of global trunk motions. At faster speeds, trunk motions tend to
become larger/faster and thus the demands on and resultant responses from trunk
muscles generally increase as well (4.4-8.3% across speeds ranging from 0.4-1.5 m/s;
Anders et al., 2007, Callaghan et al., 1999, van der Hulst et al., 2010). Moreover, these
responses tend to differ slightly depending on the specific muscle of interest (i.e., global
vs local stabilizer), whereby the local (vs. global) stabilizers are much lower in activation
maghnitude at slower speeds but increase more substantially at faster speeds (Anders et
al;, 2007). Although not different between groups, the global muscle forces reported
herein tended to increase with increasing walking speed. However, increases in local
muscle forces at the faster walking speeds among persons with TFA suggest a larger

stabilizing response. Considering their respective anatomical and biomechanical

10



differences, global trunk muscles (i.e., spanning the thorax and pelvis) best contribute to
spine equilibrium (in response to external task demands) whereas local trunk muscles
(i.e., spanning the lumbar vertebrae and pelvis) are better positioned to provide spine
(segmental) stability. The similarities among global muscle forces with alterations.in
walking speed between person with and without LLA may be an indication of similar
speed-related changes in spine equilibrium between the groups; largerincreases in
local muscle forces in person with LLA (TFA, specifically) at faster speeds suggest a

larger stabilizing response.

The largest increases in spinal loads with increasing walking speed among persons with
LLA were observed in the A-P direction. In the fastest (vs. slowest) controlled speed, A-
P shear forces were respectively 77.1 (31.8), 84.8 (34.5), and 42.1 (24.3)% larger
among persons with TFA, TTA, and CTR. Notwithstanding the often complex muscle
responses that make direct associations between motion and spinal loads somewhat
challenging, these larger increases among persons with LLA are likely due to an altered
trunk flexion-extension movement pattern, particularly among persons with TFA (Table
2). This movement pattern likely assists with altering walking speed in the presence of
altered lower limb anatomy and function. Such an observation is also consistent with
more out-of-phase trunk-pelvic coordination in the sagittal plane as walking speed
increases among persons with TFA (Russell Esposito and Wilken, 2014). Moreover, this
altered movement pattern likely contributes to larger whole-body angular momentum
commonly observed in persons with vs. without LLA at faster walking speeds

(Silverman and Neptune, 2011). Previous work has suggested leg motion is the primary
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contributor to whole-body angular momentum (~60%) while trunk movement contributes
little (<10%; Bruijn et al., 2008) in uninjured individuals. However, persons with LLA
reduce propulsive forces from the prosthetic limb (Silverman 2011); they are thus
unlikely to receive the same contribution to whole-body angular momentum from their
legs as an uninjured individual and may have to rely on trunk motion to compensate.
While this increased contribution of the trunk may help to regulate whole-body angular
momentum and assist in fall prevention, the results herein suggest it may also be

contributing to increased injury risk at the lower back.

Persons with LLA tend to self-select walking speeds that are slower than uninjured
controls. Given the influences of walking speed on common biomechanical parameters,
this presents challenges when designing a study or interpreting its results, particularly
as it relates to ecological validity and clinical significance (Astephen Wilson, 2012). Our
prior work specifically selected participants by matching SSW speeds post hoc (within
5%; mean = 1.35 m/s), and identified 39-60% larger spinal loads in persons with TFA
vs. uninjured CTR (Shojaei et al., 2016). In the current study, SSW speeds among
persons with TFA were 0.21 (0.14) m/s slower than uninjured CTR, suggesting smaller
trunk inertial contributions to spinal loads in this group. However, larger spinal loads
were observed in persons with TFA, despite slower self-selected walking speeds. This
highlights the increased contribution of gravitational demand to spinal loads among
persons with TFA due to larger and more asymmetric trunk ROM. One might also
presume the relative differences in the slow and fast vs. SSW speeds within each group

may require more or less “effort” and thereby differentially affect the relationships

12



reported herein; however, a sensitivity analysis revealed these differences in SSW did

not influence any of the dependent measures.

Several limitations should be considered when interpreting the current results. Persons
with LLA were young and generally active military personnel with injuries sustained due
to trauma. Thus, the results may not be generalizable to all etiologies of amputation
(e.g., older or as a result of dysvascular conditions). This study was cross-sectional and
the durations of time since injury among persons with LLA were relatively short and
highly variable (median = 23 months, range = 6 — 408 months). As such, it is possible
that gait patterns may change (improve or decline) over time and the associated
influences on spinal loads with changing walking speed may differ if assessed
longitudinally. Moreover, the retrospective nature of this study limited the range of
available walking speeds. Additional analyses at slower (i.e. < 1.0 m/s) and faster (i.e. >
1.4 m/s) walking speeds, or speeds more consistently spaced relative to each
participant’s SSW, may.elucidate additional relationships among spinal loads and
walking speed in persons with LLA. Although estimates of these model simulations are
highly dependent on the accuracy and reliability of kinematic data, prior work suggests
high intra-lab reliability and low standard errors of measurement (Kaufman et al., 2016).
Additionally, trunk muscle responses and segmental kinematics were estimated using
an optimization procedure assuming similar responses between persons with and
without LLA; however, future work is needed with electromyography, imaging
modalities, or other modeling techniques to understand these more directly. Such efforts

would also support future tissue-level analyses incorporating physiological properties
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and biological responses (e.g., Lotz et al., 2013). Finally, we did not explicitly include
contributions of arm swing in the model (Angelini et al., 2016), though participants were
not instructed to alter arm swing and full body kinematics were collected and could be

evaluated in subsequent analyses.

Walking is generally not a mechanically demanding activity for the lower back. For
example, prior work in uninjured individuals has found peak compressive loads ranging
from one to three times body weight when walking over level ground at varying speeds
(Callaghan et al., 1999; Cheng et al., 1998). These magnitudes are substantially lower
than during other activities (e.g., manual material handling or lifting tasks) and below
injury thresholds. However, walking is a highly repetitive task with estimates of 1.5-4
million cycles per year depending activity level. Thus, we posit that increases in spinal
loads among persons with vs. without LLA warrant consideration when assessing injury
risk. While tasks involving high physical demands on the lower back or which have a
high rate / repetition have been traditionally considered high risk for low back pain
(Putz-Anderson etal.; 1997), a recent review paper suggests that repetition of low-force
tasks seems to result in modest increases in risk; however, surprisingly rapid increases
in risk are subsequently observed under high-force tasks (Gallagher and Heberger,
2013). Although not reported here, mean values of each component of spinal load
across the entire gait cycle were similarly larger among persons with vs. without LLA,
and also tended to increase more with increasing walking speed among persons with
LLA, suggesting not just peak loads but the overall mechanical environment is elevated

throughout.
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In summary, the results presented herein indicate walking speed differentially alters
trunk muscle responses and spinal loads among persons with vs. without LLA. Walking
faster for persons with LLA was associated with larger increases in the estimated loads
among tissues within the spine, regardless of SSW speed. Over time, repeated
exposure to these larger spinal loads during such a common and important activity of
daily living may contribute to the elevated risk for low back pain after LLA, particularly
due to fatigue failure of spinal tissues. Further work to more completely characterize
spinal loads during other activities of daily living is warranted, thereby supporting future

clinical recommendations for controlling risk over the longer term.
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Figure 1. Mean (standard deviation) percent change in each outcome for both the
transtibial (TTA) and transfemoral (TFA) groups with respect to controls at self-selected
(SSW) and controlled speeds (“Speed 1" = 1.0 m/s and “Speed 2" = 1.4 m/s). Letters
indicate post hoc comparisons and asterisks indicate significant differences relative to
controls.
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Table 1. Mean (standard deviation) participant demographics by group: uninjured
controls (CTR), persons with unilateral transtibial amputation (TTA), and persons with
unilateral transfemoral amputation (TFA). The duration of time elapsed between injury

and biomechanical testing is also indicated. Note, there were no significant (P>0.27)
group-level differences in these measures.

CTR (n=26) TTA (n=26) TFA (n=26)
Age (yr) 28.0 (4.7) 28.2 (6.6) 32.3(8.8)
Stature (cm) 167.8 (6.6) 177.9 (6.1) 176.5 (6.5)
Body mass (kg) 85.7 (12.7) 88.7 (11.2) 84.0 (13.2)
Time (months) N/A 13.6 (16.9) 36.0 (78.7)
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Table 2. Mean (standard deviation) trunk-pelvis range of motion (ROM) by group and
walking speed (SSW = self-selected walking speed, speed 1 = 1.0 m/s, speed2=1.4
m/s). # = significant difference between controlled speed 1 and 2; * = significant
difference relative to CTR (in the same speed condition).

Trunk-Pelvis ROM (degrees)

Sagittal Frontal Transverse
CTR
SSW (1.41 m/s) 2.9 (0.9) 11.9 (3.5) 14.4 (3.9)
Controlled Speed 1 2.7 (0.8) 8.7 (2.9) 11.9 (2.7)
Controlled Speed 2 2.8 (0.9) 12.1 (3.3)" 15.3 (4.3)"
TTA
SSW (1.35 m/s) 4.2 (1.4) 10.7 (3.2) 15.5(2.8)
Controlled Speed 1 3.9 (1.3)* 7.8 (2.3) 12.1 (3.0)
Controlled Speed 2 4.4 (1.4)* 11.4 (3.1)" 16.7 (4.3)*
TFA
SSW (1.24 m/s) 8.7 (2.9)* 9.3(2.5) 15.3 (4.4)
Controlled Speed 1 7.1 (2.6)* 7.5 (2.8) 12.9 (3.8)

Controlled Speed 2 10.0 (3.1)** 10.1 (3.6)" 16.4 (3.7)"




Table 3. Mean (standard deviation) muscle forces and spinal loads by group and

walking speed (SSW = self-selected walking speed, speed1 = 1.0 m/s, speed2=1.4
m/s). All outcomes are normalized by total body mass (N/kg). # = significantinteraction
effect between group x walking speed.

Peak Local Peak Peak A-P Peak M-L Peak
Muscle Global Shear Shear Compression
Force Muscle Force Force
Force

CTR
SSW (1.41 m/s) 9.3(1.9) 11.4 (3.7) 5.1 (3.5) 8.8 (3.6) 23.6 (5.9)
Controlled 8.2 (1.4) 8.7 (2.9) 3.4(1.8) 5.2 (2.3) 19.2 (3.7)
Speed 1
Controlled 9.7 (2.0) 11.8 (4.1) 4.9(3.1) 8.7 (3.7) 23.5 (5.3)
Speed 2

TTA
SSW (1.35 m/s) 9.2(1.6) 11.9(3.2) 5.0 (2.3) 8.9 (3.4) 23.7 (5.3)
Controlled 8.2 (1.7) 9.2 (4.2) 3.1(1.4) 6.2 (3.3) 19.9 (5.1)
Speed 1
Controlled 10.3 (2.7) 13.9 (5.1) 5.7 (3.3)" 10.3 (5.2) 26.5 (7.6)"
Speed 2

TFA
SSW (1.24 m/s) 10.0 (2.7) 13.2 (4.3) 5.7 (2.0) 9.5(4.1) 25.5 (6.0)
Controlled 8.9 (2.6) 11.2 (4.8) 3.7 (1.8) 7.9 (4.3) 22.7 (6.1)
Speed 1
Controlled 12.1 (3.1)" 14.6 (4.9) 6.6 (4.0)" 9.6 (3.8) 29.1(7.1)"
Speed 2

24



