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ABSTRACT

Objective: The purpose of this study was to investigate the interaction between thoracic movement and lumbar
muscle co-contraction when the lumbar spine was held in a relatively neutral posture.

Methods: Thirty young adults, asymptomatic for back pain, performed 10 trials of upright standing, maximum trunk
range of motion, and thoracic movement tasks while lumbar muscle activation was measured. Lumbar co-contraction
was calculated, compared between tasks, and correlated to thoracic angles.

Results: Movement tasks typically exhibited greater co-contraction than upright standing. Co-contraction in the
lumbar musculature was 67%, 45%, and 55% greater than upright standing for thoracic flex, thoracic bend, and
thoracic twist, respectively. Generally, the thoracic movement task demonstrated greater co-contraction than the
maximum task in the same direction. Co-contraction was also correlated to thoracic angles in each movement
direction.

Conclusion: Tasks with thoracic movement and a neutral lumbar spine posture resulted in increases in co-contraction
within the lumbar musculature compared with quiet standing and maximum trunk range-of-motion tasks. Findings
indicated an interaction between the 2 spine regions, suggesting that thoracic posture should be accounted for during
the investigation of lumbar spine mechanics. (J Manipulative Physiol Ther 2019;42:461-469)

Key Indexing Terms: Spine; Biomechanical Phenomena,; Electromyography, Superficial Back Muscles; Abdominal

Muscles; Muscle Contraction

INTRODUCTION

The body of literature surrounding the thoracic spine is
growing, ' ° although few studies have investigated thoracic
influence on the lumbar spine. Considering the thoracic and
lumbar spines are closely linked and function in tandem to
achieve specific motion patterns, it is logical that thoracic
motion may affect the behavior of the lumbar spine.”
However, most studies have focused on only lumbar”*® or
general trunk motion.’'" Thoracic motion tasks may
provide an opportunity to more clearly elucidate the
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interaction between thoracic motion and muscle activation
patterns in the lumbar spine.

Muscle co-contraction, or the concurrent activation of
the opposing muscles around a joint, ' represents a measure
of activation patterns. Co-contraction serves various
functions, such as equilibrating the moments created by
agonist muscles in other axes, stiffening spinal joints, and
increasing spinal stability.'*'® Although beneficial to the
spine in some respects, there are also penalties to co-
contraction, such as increased compressive forces in spinal
joints,'” increased metabolic cost,'*'® and inefficiency of
movement.'? The resulting fatigue may impair muscle
coordination,”® which may reduce spinal stiffness and
stability.?'** A further increase in co-contraction is then
necessary to maintain an appropriate level of spinal stability
at the expense of additional spinal compression.' As such,
it appears that a balance between too little and too much co-
contraction is necessary to maintain sufficient spinal
stability without excessive levels of compression or fatigue,
thereby minimizing the risk for injury.

There is general agreement within the literature that
individuals with low back pain (LBP) and those in
remission from LBP, demonstrate altered neuromuscular
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control during various tasks.'®'*?*2% Increased global*®
and localized lumbar '’ co-contraction has been identified in
individuals with LBP relative to healthy participants.
Further, links between co-contraction and both transient
and clinical LBP have been identified. Nelson-Wong and
Callaghan®® and Schinkel-Ivy et al®’ assessed co-
contraction in prolonged standing and sitting exposures,
respectively. In both contexts, individuals who developed
pain over the course of the exposure demonstrated greater
co-contraction within the trunk musculature.’®?’ In a
follow-up study, Nelson-Wong and Callaghan”® concluded
that pain development during prolonged standing was
predictive of future clinical LBP in the following 3 years.

Although previous literature has established the impor-
tance of co-contraction in both injury and pain development
in the low back, the thoracic spine has been largely
neglected in this body of literature; no study to date has
examined the interaction between thoracic movement and
lumbar behaviors with respect to muscle activation patterns.
Owing to the potential clinical implications relating to spine
injury risk, measures of co-contraction in the lumbar spine
provide crucial information about neuromuscular control,
and therefore warrant further investigation. Therefore, the
purpose of this study was to examine the interaction
between thoracic movement and co-contraction in the
lumbar musculature. Further, this study aimed to quantify
the relationships between the angles of the thoracic spine
and co-contraction within the lumbar spine.

METHODS
Participants

Fifteen men and 15 women participated in the study
(mean [standard deviation] age, height, and weight for men/
women were 25.0 [3.8] years/22.8 [2.7] years, 79.64 [8.75]
kg/59.12 [6.38] kg, and 1.80 [0.05] m/1.66 [0.05] m,
respectively). This sample size was deemed sufficient based
on power analyses using co-contraction data from Silvestri
et al,29 a of 0.05, and power of 0.80 (G-Power version 3.1,
Heinrich-Heine-Universitidt Diisseldorf, Diisseldorf, Ger-
many). All participants were right-hand dominant and had
been asymptomatic for back pain for at least 1 year before
the collection, in that they had not missed any days of
school or work owing to, or sought treatment for, back pain.
All procedures were approved by York University’s Office
of Research Ethics, and informed consent was obtained
from all participants before collection. Data were collected
as part of a larger study investigating trunk muscle
activation and 3-dimensional motion. "

Instrumentation

Clusters of 5 markers were attached to the skin using
double-sided tape over the spinous processes of the C;, T,
Te, To, Ty, and L5 vertebrae. 30.32.33 gach cluster consisted
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of a base from which 4 markers projected in a rectangular
pattern (top left, top right, bottom left, bottom right) and a
fifth marker projected posteriorly. Markers were also placed
on the head (left and right front and back of the head, middle
back of the head), pelvis (iliac crests, anterior superior iliac
spines), trunk (acromia, sternum, T, vertebra), and legs
(greater trochanters, lateral and medial knee joint spaces,
lateral malleoli, 4 on each thigh). For the present study, the
clusters at the C;, T;,, and Ls vertebrac were used in the
calculation of thoracic and lumbar angles.’*>* Marker
motion was recorded using a 7-camera Vicon motion capture
system (Vicon MX, Vicon Systems Ltd, Oxford, United
Kingdom) at a sampling rate of 50 Hz.

Participants were instrumented with 16 pairs of
disposable electromyography (EMG) Ag/Ag-Cl electrodes
(Ambu BlueSensor N, Ambu A/S, Ballerup, Denmark) over
8 muscles bilaterally®': external oblique (EO),***” internal
oblique (IO),34 latissimus dorsi,>* lumbar erector spinae
(lumbar ES),35 36 Jower-thoracic erector spinae, 3436 Lectus
abdominis (RA),* upper trapezius,®’ and upper-thoracic
erector spinzle:.36’38 Only the EO, IO, lumbar ES, and
RA were of interest for the present study as muscles
whose function predominantly affect the lumbar spine.
The EMG signals were differentially amplified (frequency
response 10-1000 Hz, common mode rejection 115 dB at
60 Hz, input impedance 10 GQ; model AMT-S,
Bortec Biomedical, Calgary, Canada) and sampled at
2400 Hz (Vicon MX, Vicon Systems Ltd, Oxford, United
Kingdom).

Procedures

Electrode sites were shaved and swabbed with rubbing
alcohol before electrode application to promote adherence
and reduce skin impedance. Maximum voluntary contrac-
tions (MVCs) were then elicited for each muscle. For the
trunk flexors, a modified sit-up protocol was performed in
which participants isometrically flexed, bent, and twisted the
trunk against manual resistance.?” For the trunk extensors,
the trunk was cantilevered off the end of a therapy table, and
participants performed a resisted isometric back extension.>”
Three trials lasting 3 to 5 seconds were performed for each
exercise, with rest between each trial to minimize the effects
of fatigue. The MVC for each muscle consisted of the
maximum EMG value from any of the 3 trials.

After marker application, participants performed a
kinematic calibration trial consisting of quiet standing
with the arms abducted to 90° (T-pose). Ten trials each of
upright standing (upright) and standing maximum trunk
range-of-motion and thoracic movement tasks in each plane
of movement (maximum flexion [MaxFlex], maximum
bend [MaxBend], maximum twist [MaxTwist]; thoracic
flexion [ThorFlex], thoracic bend [ThorBend], thoracic
twist [ThorTwist]) were then completed, totaling 70 trials.
Trials were presented in a random order, and all bending
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and twisting was performed to the right side. Upright trials
were 10 seconds in length. The arms hung to the floor for
MaxFlex and MaxBend, and at the sides for upright,
MaxTwist, and thoracic movement tasks. For all movement
tasks, participants first moved the head in the direction of
motion, then continued to move either the trunk or thoracic
spine to its full range of motion in a smooth, continuous
motion. For the thoracic movement tasks, participants were
required to maintain the lumbar spine in an upright, neutral
position to the greatest extent possible, which was
monitored by an investigator. Each movement trial lasted
for approximately 10 seconds, during which participants
moved to the position, held the position for 3 seconds, and
moved back to their starting upright position. Full
instructions and time for practice were given to participants
before the protocol. Throughout the protocol, prompts were
given to the participant before each trial.

Data Processing

Kinematic data were processed using Visual3D version 4
(C-Motion, Inc, Germantown, Maryland). Thoracic and
lumbar angles were calculated as the relative angles between
the local coordinate systems created by the C; and T, clusters
(thoracic) and Ty, and Ls clusters (lumbar).*** The angle
time-series data were low-pass filtered with a dual-pass, fourth-
order Butterworth filter (cut-off frequency: 2.5 Hz, determined
by residual analysis*’). The mean thoracic and lumbar angles
for upright were calculated and all experimental trials were
zeroed to these values. The mean angles during the holding
phase of each movement trial were then determined.

Initial processing of the EMG data was also completed
using Visual3D version 4 (C-Motion, Inc). Contamination
from heart rate within the raw EMG data was minimized by
applying a dual-pass, fourth-order high-pass Butterworth
filter (cut-off frequency: 30Hz*'). Data were then full-wave
rectified and low-pass filtered using a dual-pass, fourth-order
low-pass Butterworth filter (cut-off frequency: 2.5Hz*%). The
MVC for each muscle was identified and used to normalize
the EMG signals from the experimental trials, yielding a
percentage of each individual’s maximum activation levels
(%MVC). The EMG data were then down-sampled as a data
reduction measure”® from 2400 Hz to 50 Hz.*’

The present study defined co-contraction as the
concurrent activation of 2 muscles.'>****** The co-
contraction index (CCI) (Equation 1) quantifies the extent
to which 2 muscles are concurrently activating over a
specified number of data points.®*”*** The CCI
quantifies the similarities of the EMG signals from the
pair of muscles for 2 characteristics: activation level (%
MVC) and activation timing.?”***> The output of the CCI
is a single value for the period that incorporates both
characteristics (although it does not provide a means of
quantifying either characteristic separately). Higher values
represent scenarios in which 2 muscles are activated with
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similar timing for a long period, one or both muscles is
activated at a high level, or a combination thereof. 2% The
highest outputs are produced when 2 muscles activate at high
magnitudes and with similar timing over the interval.** The
maximum CCI that can be obtained in a single frame occurs
when both muscles activate to 100%, resulting in a CCI of
200%MVC [(100 / 100)(100 + 100)]. Because the CCI
equation is cumulative over time, #* the maximum value that
could possibly be attained for a task in the present study (100
frames) was 20,000 %MVC

N .
CCr=>Yy" <%m> [EMG_low(4) + EMG_high()]
(1)

where N is the number of data points and EMGy,,, and
EMGg,;,, are the relative magnitudes of the normalized EMG
for the 2 muscles in the pairing (EMG,,,, and EMGy,;gpare the
signals with the lower and higher magnitude at each sample in
time, respectively).?*+

For the present analysis, CCIs (expressed as %MVC)
were calculated for every possible pairing within the lumbar
spine (left/right EO, 10, lumbar ES, RA) using a custom
program written in Matlab version 2012a (The MathWorks,
Inc, Natick, Massachusetts) for a total of 28 pairings. A
standardized number of frames '*** were used to ensure that
CCI values were comparable between tasks. For the upright
standing trials, 100 frames*’ from the middle portion of the
trial were analyzed. For the movement trials, the hold phase
was time-normalized to 200 frames, with the middle 100
frames used for CCI calculation to avoid the transitional
stage between the movement and the holding phase. The
analysis yielded 28 CCI values for each trial, and each CCI
was then averaged within the 10 trials for each of the 7
movement tasks.

i=1

Data Analysis

Statistical analyses were performed using IBM SPSS
Statistics version 21 (IBM Corp, Armonk, New York). The
angles and CCIs were input into mixed-factor analyses of
variance with a within-subject factor of task (upright,
MaxFlex, MaxBend, MaxTwist, ThorFlex, ThorBend, and
ThorTwist) and a between-group factor of sex. Data were
collapsed across sex when there was no significant effect of
that factor. Greenhouse-Geisser corrections were used to
calculate the degrees of freedom when the assumption of
sphericity was not achieved. The a was set to 0.05, and
pairwise comparisons with Bonferroni corrections were
used for post hoc testing. In addition, the relationships
between the maximum thoracic angles for both tasks in each
direction of movement and the CClIs for the lumbar muscles
were determined using Pearson product moment correla-
tions. Pearson coefficients (r) were considered to be very
weak, weak, moderate, strong, and very strong when falling
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Table 1. Mean (SD) Thoracic and Lumbar Angles (Degrees) Obtained During Each Task in the Movement Plane of Interest (Flexion for
MaxFlex and ThorFlex, Lateral Bend for MaxBend and ThorBend, Axial Twist for MaxTwist and ThorTwist)

Angle Sex Task
Flexion Upright MaxFlex ThorFlex
Thoracic (F3 595104242 = 171.52, P <.001) - -0.07 (0.25) 18.53 (10.64)" 36.11 (10.82)*°
Lumbar (F3 30895923 = 172.54, P < .001) - -0.02 (0.17) 49.52 (11.99)* 22.32 (9.45)*°
Lateral bend Upright MaxBend ThorBend
Thoracic (F3.964.85.945 = 168.98, P <.001) - 0.00 (0.11) 26.53 (7.64) * 27.95 (6.48)"
Lumbar (F3 551 99423 = 3.171, P = .021) Male -0.02 (0.05) 20.32 (441" 3.79 3.91)°
Female 0.01 (0.10) 23.55 (6.26)" 5.44 (6.10)"
Axial twist Upright MaxTwist ThorTwist
Thoracic (F5 002.84.040 = 9.438, P <.001) Male -0.02 (0.17) 56.78 (10.87)" 51.16 (12.20)*
Female 0.00 (0.13) 39.78 (9.22)° 35.84 (7.70)*
Lumbar (F3552.91.0s3 = 13.273, P < .001) Male 0.00 (0.10) -8.70 (6.11)* -5.88 (3.44)*
Female -0.02 (0.14) -1.81 (5.30) 1.06 (6.08)

Positive values indicate flexion, lateral bend to the right, and axial twist to the right. Thoracic and lumbar flexion angles and thoracic lateral bend comparisons
represent a main effect of task; lumbar lateral bend and thoracic and lumbar axial twist comparisons represent an interaction between task and sex.
MaxBend, maximum bend; MaxFlex, maximum flexion; MaxTwist, maximum twist; SD, standard deviation; ThorBend, thoracic bend; ThorFlex,

thoracic flexion; ThorTwist, thoracic twist.
 Significant difference from upright standing.

" Significant difference from maximum trunk range-of-motion movement task (P < .05).

into the ranges of 0.00 to 0.19, 0.20 to 0.39, 0.40 to 0.59,
0.60 to 0.79, and 0.80 to 1.00, respectively.*®

RESULTS

Significant main effects of task or task-by-sex interac-
tions were identified for both thoracic and lumbar angles for
all movement directions (Table 1). Generally, the angles
achieved in the maximum and thoracic movement tasks
were significantly greater than those in upright.

Significant main effects of task were identified for 16 of the
28 pairings within the lumbar spine; significant task-by-sex
interactions were identified for 5 pairings (Table 2). Co-
contraction within the lumbar muscle pairings ranged
from 255.83 %MVC (177.87) to 2781.97 %MVC (1927.40)
(Table 3). The CCIs were always greater in movement tasks
compared with upright, when significant differences were
identified. For the flexion and bending directions, significant
pairwise comparisons indicated that the thoracic movement
task produced greater levels of lumbar co-contraction than the
corresponding maximum trunk range-of-motion task, whereas
the opposite trend was observed for the twisting direction. The
CCIs ranged from 16.46% (16.31) (MaxFlex) to 86.92%
(48.80) (MaxTwist) greater than upright.

Of the 28 pairings within the lumbar musculature, the CCIs
for 8, 9, and 3 pairings were significantly correlated to thoracic
angle for the flexion, lateral bend, and axial twist movements,
respectively (Table 4). All significant correlations were of
weak or moderate strength, ranging from » = 0.27 to r = 0.46.

DIscUsSION

Overall, participants displayed higher levels of lumbar co-
contraction in the movement tasks compared to upright,
ranging from 16% (MaxFlex) to 87% (MaxTwist) when
averaged across all pairings. Although it was not possible with
our study design to distinguish between co-contraction
occurring specifically as a result of the movement of the
thoracic spine, versus that required to maintain a neutral lumbar
posture, these findings suggest an interaction between the 2
spine regions and may have implications for the study of spinal
mechanics. Furthermore, as high levels of muscle activity may
be associated with the development of LBP, 2627 the results of
this study may provide an indication of tasks that should
potentially be avoided to decrease the risk of LBP or injury.

The present study differed from past investigations in the
tasks examined and the method of co-contraction
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Table 2. ANOVA Statistics for All Lumbar Muscle Pairings With
a Significant Effect of Task on Co-contraction (P < .05)

Muscle Pairing Effect F-Statistic

Left EO-left 10 Task F5.585.103.051 = 5.20, P = .001
Left EO-left LES Task F312590616 = 11.27, P < .001
Left EO-left RA Task F3217.93200 = 3.13, P = .026
Left EO-right EO Task F5 30667451 = 15.59, P <.001
Left EO-right IO Task x sex  F5 62273420 = 7.70, P < .001
Left EO-right LES Task F3305.95.843 = 19.34, P <.001
Left EO-right RA Task F338708231 = 1.59, P=.19
Left I0-left LES Task x sex  F3650.102.464 = 2.90, P = .029
Left I0-left RA Task F> 15862573 = 1.54, P =.22
Left I0-right EO Task F3.451.100.080 = 2.89, P = .033
Left 10-right 10 Task F> 3882301 = 2.60, P = .061
Left I0-right LES Task F3711.107.605 = 15.47, P < .001
Left IO-right RA Task F) 38669208 = 1.95, P = .14
Left LES-left RA Task x sex  F3312.92.745 = 3.82, P= .010
Left LES-right EO Task F>g17.81.670 = 12.23, P <.001
Left LES-right 10 Task x sex  F3 02784743 = 3.11, P = .030
Left LES-right LES Task F5.997.86.924 = 18.29, P < .001
Left LES-right RA Task F3302.95.767 = 13.88, P <.001
Left RA-right EO Task F5 10590041 = 3.35, P = .021
Left RA-right IO Task F) 17262085 = 1.26, P = .29
Left RA-right LES Task F) 53673548 = 16.75, P < .001
Left RA-right RA Task F>61575.834 = 5.01, P = .005
Right EO-right IO Task Fi 51043788 = 10.04, P = .001
Right EO-right LES ~ Task F 69778205 = 21.06, P < .001
Right EO-right RA Task F3 551102091 = 2.31, P = .070
Right IO-right LES Task F5 55674.126 = 26.53, P < .001
Right IO-right RA Task F561075679 = 1.93, P = .14
Right RLES-right RA  Task x sex [ 66974741 = 3.59, P = .021

ANOVA, analysis of variance; EO, external oblique; /O, internal oblique;
LES, lumbar erector spinae; RA4, rectus abdominis.

calculation. Previously, trunk muscle co-contraction has

. . . . . 16.47-4
been examined during isometric trunk exertions,'®**
maximum trunk flexion-extension,'® or prolonged low-
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26.2 . .
level exposures®®? as opposed to using thoracic movement

tasks to investigate interactions with the lumbar spine.
Thoracic movements are relatively common during activities
of daily living and occupational tasks, although it is likely that
individuals would not consciously target those body
positions, but instead use the movements as a means of
accomplishing an outcome task. Regarding co-contraction
calculation, several approaches group muscles together to
produce global co-contraction measures, ' >0 ag op-
posed to quantifying co-contraction between 2 muscles
through the co-contraction index.'**%*"** Although gener-
alized flexor-extensor co-contraction measures have been
recommended for the knee joint,so these muscles function
primarily as flexors or extensors. This approach may not be as
suitable in the trunk, in which muscles contribute to multi-
planar motion. Therefore, analyzing individual muscle
pairings to identify common trends may constitute a more
appropriate means of investigating trunk muscle co-
contraction. The co-contraction magnitudes calculated in
the present study were comparable to previously reported
CCI values when accounting for differences in experimental
tasks.”®*’ The values reported in the present study represent
approximately 1.3% to 13.9% of the maximum CCI that
could theoretically be obtained over 100 frames of data
(20,000 %MVC).

Thelen et al'® reported co-contraction ratios of 25% to
29%, 35% to 46%, and 46% to 58% during isometric trunk
flexion, lateral bend, and axial twist, respectively. Similar-
ly, Graham et al'® observed higher co-contraction in
asymmetric trunk flexion than symmetric flexion. The
results for the maximum trunk range-of-motion tasks
followed a similar trend, in that the flexion and twisting
tasks demonstrated the lowest and highest CCls, respec-
tively. The twisting tasks likely required the muscles to
contract against the forces of passive tissues and opposing
muscles while holding the posture,” as opposed to the
flexion and bending postures, which would have been
assisted by gravity to an extent. The thoracic movement
tasks displayed a different pattern, in which the lowest and
highest average CCIs were identified for ThorBend and
ThorFlex. The lumbar flexion angles (on average, 22°)
during the ThorFlex task may have contributed to these
findings by creating a greater moment around the lumbar
spine, thereby requiring greater levels of activation to
maintain the posture. Conversely, the smaller moments in
ThorBend and ThorTwist may have required less activation
in the lumbar musculature to maintain the posture. When
comparing the maximum trunk and thoracic movement
tasks within each direction, greater co-contraction was
identified in the flexion and bending thoracic movement
tasks relative to the equivalent maximum trunk range-of-
motion tasks. Increased activation may have been required
in the lumbar spine during thoracic flexion and bending to
counteract the moments created by the mass of the trunk
and provide support to the lumbar spine to maintain the
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Table 3. Mean (SD), Minimum, and Maximum CCI Values (%MVC) and Difference From Upright Standing (%) for All Possible

Pairings of Lumbar Muscles (28 in Total)

Task Overall Mean (SD) CCI (%MVC) Minimum (SD) CCI (%MVC) Maximum (SD) CCI (%MVC)
Upright 601.84 (226.87) 331.91 (192.81) 972.90 (760.35)
MaxFlex 723.62 (329.05) 255.83 (177.87) 1154.21 (546.26)
MaxBend 771.49 (346.68) 338.34 (171.44) 1558.87 (1113.11)
MaxTwist 1063.80 (395.63) 493.75 (162.09) 2781.97 (1927.40)
ThorFlex 917.88 (185.78) 560.38 (209.61) 1429.61 (1210.34)
ThorBend 847.57 (291.48) 476.44 (206.48) 1554.90 (1037.18)
ThorTwist 900.05 (322.67) 444.17 (174.55) 1939.81 (1701.30)
Mean (SD) % Difference Minimum % Difference Maximum % Difference
From Upright Standing From Upright Standing From Upright Standing
MaxFlex 16.46 (16.31) -22.92 51.11
MaxBend 25.70 (18.68) -0.08 75.74
MaxTwist 86.92 (48.80) 14.26 259.29
ThorFlex 66.78 (44.98) 15.61 185.69
ThorBend 45.03 (22.41) 13.59 147.28
ThorTwist 55.26 (30.27) 6.47 150.53

CCI, Co-contraction Index; MaxBend, maximum bend; MaxFlex, maximum flexion; MaxTwist, maximum twist; MV'C, maximum voluntary contraction;
SD, standard deviation; ThorBend, thoracic bend; ThorFlex, thoracic flexion; ThorTwist, thoracic twist.

static position. Alternatively, it is possible that during the
maximum trunk flexion task, the lumbar ES muscles
underwent flexion-relaxation or quieting of the muscles
near the end range of trunk motion®'; this would have
resulted in reduced co-contraction during this task.
Although it is intuitive that lumbar co-contraction would
differ between upright and movement tasks, the extent of
the differences was of interest. Co-contraction in the lumbar
musculature during the movement tasks ranged from
approximately 16% (MaxFlex) to 87% (MaxTwist) greater
than upright, with the thoracic movement trials displaying
differences of 67% (ThorFlex), 45% (ThorBend), and
55% (ThorTwist). These findings suggest that when
maintaining a neutral posture in the lumbar spine and
moving the thoracic spine, there may be a requirement for
increased spinal stiffness and stability in the lumbar spine,
which may be achieved through increased muscle stiffness
resulting from co-contraction.>* Over time, greater levels of
co-contraction, the corresponding increased metabolic
cost,'*'® and resulting fatigue may introduce a cycling
effect. Fatigue has been observed to impair muscle
coordination,?® thereby reducing spinal stiffness and
stability.ZI’22 In turn, co-contraction may be further
increased to maintain an appropriate level of stability,
contributing to additional fatigue. Taken together, this

process may represent an increased risk for pain or injury in
the low back.

These findings are important in the investigation of lumbar
spine mechanics because thoracic spine movement combined
with a neutral lumbar spine posture may contribute to altered
muscle activation behavior of the lumbar spine. Furthermore,
individuals with LBP, and those in remission from LBP, have
been shown to demonstrate altered neuromuscular control
during various tasks.'*'***%> Although this study focused on
individuals who were asymptomatic for LBP, the increases in
co-contraction resulting from the thoracic movement tasks,
coupled with the increased co-contraction often observed during
the development of LBP,?**” may act to further increase fatigue
and risk of pain and injury. Therefore, future work should seek to
quantify lumbar co-contraction in individuals with LBP to be
compared with the data reported in the present study.

Clinical Application

We suggest that exposure to the thoracic movement tasks
tested in this study should be limited during occupational tasks
or activities of daily living, especially in those with LBP,
because lumbar co-contraction increased even while the low
back remained in a neutral posture, and may thereby increase
risk of LBP or injury.



Journal of Manipulative and Physiological Therapeutics
Volume 42, Number 6

Table 4. Significant Correlations Between Thoracic Angles and Co-
contraction in the Lumbar Musculature for Each Direction of Movement

Muscle/Muscle Pairing r (P Value)
Flexion
Left I0-left LES 0.27 (.04)
Left LES-left RA 0.31 (.02)
Left LES-right EO 0.29 (.02)
Left LES-right LES 0.38 (.003)
Left LES-right RA 0.44 (<.001)
Left RA-right LES 0.33 (.01)
Right EO-right LES 0.33 (.01)
Right LES-right RA 0.46 (<.001)
Lateral bend
Left EO-right LES 0.35 (.01)
Left I0-right EO 0.29 (.02)
Left IO-right LES 0.33 (.01)
Left LES-right LES 0.28 (.03)
Left RA-right LES 0.32 (.01)
Right EO-right 10 0.30 (.02)
Right EO-right LES 0.32 (.01)
Right I0-right LES 0.38 (.003)
Right LES-right RA 0.37 (.003)
Axial twist
Left EO-right LES 0.35 (.01)
Left IO-right EO 0.29 (.02)
Left IO-right LES 0.33 (.01)

EO, external oblique; /O, internal oblique; LES, lumbar erector spinae;
RA, rectus abdominis.

Limitations

Methodologically, the study was limited by the sample
of participants, who constituted a relatively homogeneous
group of young individuals asymptomatic for back pain.
Howeyver, it is well established in the literature that muscle
activation patterns differ between asymptomatic individuals
and those with LBP,'01423:25 Therefore, the results may
not generalize to individuals with LBP, and future work
should aim to clarify thoracic-lumbar interactions in this
population. Further, the thoracic movement tasks may have
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been relatively novel for participants. Although these types
of movements are relatively common during activities of
daily living, it is likely that individuals would not
consciously target those body positions, but instead use
the movements as a means of accomplishing an outcome
task. This novelty may have affected the performance of
these tasks relative to upright standing or the maximum
trunk range-of-motion tasks. In addition, the lumbar
position was not externally constrained during the thoracic
movement tasks, resulting in small amounts of lumbar
movement in the same direction as the thoracic spine. Our
study design did not allow for delineation between the co-
contraction resulting from the thoracic movement versus
that required to maintain lumbar spine posture; future work
may aim to distinguish between these 2 sources of co-
contraction.

CONCLUSION

Lumbar muscle co-contraction differed between upright
standing and thoracic movement tasks, with average
increases of 67% (ThorFlex), 45% (ThorBend), and 55%
(ThorTwist) from upright. These results suggest an
interaction between the 2 spine regions during thoracic
spine movement when the lumbar spine is held in a neutral
position, and that thoracic spine posture should be
accounted for during the investigation of lumbar spine
mechanics.
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Practical Applications

¢ The thoracic and lumbar spine regions interact
when performing tasks with thoracic move-
ment and a neutral lumbar spine posture.

Thoracic spine posture should be considered
when investigating lumbar spine mechanics.

Potentially, exposure to tasks with thoracic
movement and a neutral lumbar spine posture
should be limited, as these movements
increased lumbar co-contraction even while
the low back remained in a neutral position.

REFERENCES

. Briggs AM, van Dieen H, Wrigley TV, et al. Thoracic

kyphosis affects spinal loads and trunk muscle force. Phys
Ther. 2007;87(5):595-607.

. Edmondston SJ, Singer KP. Thoracic spine: anatomical and

biomechanical considerations for manual therapy. Man Ther.
1997;2(3):132-143.

. Edmondston SJ, Aggerholm M, Elfving S, et al. Influence of posture

on the range of axial rotation and coupled lateral flexion of the
thoracic spine. J Manipulative Physiol Ther. 2007;30(3):193-199.

. Edmondston S, Waller R, Vallin P, Holthe A, Noebauer A,

King E. Thoracic spine extension mobility in young adults:
influence of subject position and spinal curvature. J Orthop
Sports Phys Ther. 2011;41(4):266-273.

. Sizer PS, Brismée J-M, Cook C. Coupling behavior of

the thoracic spine: a systematic review of the literature.
J Manipulative Physiol Ther. 2007;30(5):390-399.

. Willems JM, Jull GA, Ng JKF. An in vivo study of the

primary and coupled rotations of the thoracic spine. Clin
Biomech. 1996;11(6):311-316.

. Burnett A, O’Sullivan P, Ankarberg L, et al. Lower lumbar

spine axial rotation is reduced in end-range sagittal postures
when compared to a neutral spine posture. Man Ther. 2008;13
(4):300-306.

. Drake JD, Callaghan JP. Do flexion/extension postures affect

the in vivo passive lumbar spine response to applied axial
twist moments? Clin Biomech. 2008;23(5):510-519.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Journal of Manipulative and Physiological Therapeutics
July/August 2019

. Cavanaugh JT, Shinberg M, Ray L, Shipp KM, Kuchibhatla

M, Schenkman M. Kinematic characterization of standing
reach: comparison of younger vs. older subjects. Clin
Biomech. 1999;14(4):271-279.

Graham RB, Oikawa LY, Ross GB. Comparing the local
dynamic stability of trunk movements between varsity athletes
with and without non-specific low back pain. J Biomech.
2014;47(6):1459-1464.

Peach JP, Sutarno CG, McGill SM. Three-dimensional
kinematics and trunk muscle myoelectric activity in the
young lumbar spine: a database. Arch Phys Med Rehabil.
1998;79(6):663-669.

Missenard O, Mottet D, Perrey S. The role of cocontraction in
the impairment of movement accuracy with fatigue. Exp
Brain Res. 2008;185(1):151-156.

. Brown SHM, Vera-Garcia FJ, McGill SM. Effects of

abdominal muscle coactivation on the externally preloaded
trunk: variations in motor control and its effect on spine
stability. Spine (Phila Pa 1976). 2006;31(13):E387-E393.
Hubley-Kozey CL, Vezina MJ. Differentiating temporal
electromyographic waveforms between those with chronic
low back pain and healthy controls. Clin Biomech. 2002;17(9-
10):621-629.

Stokes IAF, Gardner-Morse MG, Henry SM. Abdominal
muscle activation increases lumbar spinal stability: analysis of
contributions of different muscle groups. Clin Biomech. 2011;
26:797-803.

Thelen DG, Schultz AB, Ashton-Miller JA. Co-contraction of
lumbar muscles during the development of time-varying
triaxial moments. J Orthop Res. 1995;13(3):390-398.
McGill SM, Grenier S, Kavcic N, Cholewicki J. Coordination
of muscle activity to assure stability of the lumbar spine.
J Electromyogr Kinesiol. 2003;13(4):353-359.

Cholewicki J, McGill SM. Mechanical stability of the in vivo
lumbar spine: implications for injury and chronic low back
pain. Clin Biomech. 1996;11(1):1-15.

Gregory DE, Narula S, Howarth SJ, Russell C, Callaghan JP.
The effect of fatigue on trunk muscle activation patterns and
spine postures during simulated firefighting tasks. Ergo-
nomics. 2008;51(7):1032-1041.

Potvin JR, O’Brien PR. Trunk muscle co-contraction
increases during fatiguing, isometric, lateral bend exertions.
Spine (Phila Pa 1976). 1998;23(7):774-781.

Granata KP, Slota GP, Wilson SE. Influence of fatigue in
neuromuscular control of spinal stability. Hum Factors. 2004;
46(1):81-91.

Grondin DE, Potvin JR. Effects of trunk muscle fatigue and
load timing on spinal responses during sudden hand loading.
J Electromyogr Kinesiol. 2009;19(4):e237-e245.

D’Hooge R, Hodges P, Tsao H, Hall L, MacDonald D,
Danneels L. Altered trunk muscle coordination during rapid
trunk flexion in people in remission of recurrent low back
pain. J Electromyogr Kinesiol. 2013;23(1):173-181.
Radebold A, Cholewicki J, Polzhofer GK, Greene HS.
Impaired postural control of the lumbar spine is associated
with delayed muscle response times in patients with chronic
idiopathic low back pain. Spine (Phila Pa 1976). 2001;26(7):
724-730.

Van Dieen JH, Selen LPJ, Cholewicki J. Trunk muscle
activation in low-back pain patients, an analysis of the
literature. J Electromyogr Kinesiol. 2003;13(4):333-351.
Nelson-Wong E, Callaghan JP. Is muscle co-activation a
predisposing factor for low back pain development during
standing? A multifactorial approach for early identification of
at-risk individuals. J Electromyogr Kinesiol. 2010;20(2):
256-263.


http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0005
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0005
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0005
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0005
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0010
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0010
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0010
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0010
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0015
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0015
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0015
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0015
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0015
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0020
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0020
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0020
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0020
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0020
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0025
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0025
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0025
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0030
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0030
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0030
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0030
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0035
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0035
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0035
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0035
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0035
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0040
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0040
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0040
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0040
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0045
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0045
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0045
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0045
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0045
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0045
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0050
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0050
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0050
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0050
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0050
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0055
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0055
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0055
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0055
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0055
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0060
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0060
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0060
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0060
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0065
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0065
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0065
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0065
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0065
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0070
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0070
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0070
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0070
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0070
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0075
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0075
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0075
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0075
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0075
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0080
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0080
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0080
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0080
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0085
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0085
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0085
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0090
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0090
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0090
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0090
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0095
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0095
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0095
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0095
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0095
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0100
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0100
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0100
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0105
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0105
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0105
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0105
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0110
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0110
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0110
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0115
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0115
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0115
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0115
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0115
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0120
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0120
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0120
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0120
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0120
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0120
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0125
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0125
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0125
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0125
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0130

Journal of Manipulative and Physiological Therapeutics
Volume 42, Number 6

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Schinkel-Ivy A, Nairn BC, Drake JDM. Investigation of trunk
muscle co-contraction and its association with low back pain
development during prolonged sitting. J Electromyogr
Kinesiol. 2013;23(4):778-786.

Nelson-Wong E, Callaghan JP. Transient low back pain
development during standing predicts future clinical low back
pain in previously asymptomatic individuals. Spine (Phila Pa
1976). 2014;39(6):E379-E383.

Silvestri G, Schinkel-Ivy A, Drake JDM. Assessment of trunk
muscle co-contraction during typical occupational movement
tasks. Occup Ergon. 2013;11:165-176.

Schinkel-Ivy A, DiMonte S, Drake JDM. Repeatability and
accuracy of kinematic and electromyographical parameters
during trunk motion: how many trials are sufficient?
J Electromyogr Kinesiol. 2015;25(2):232-238.

Schinkel-Ivy A, Drake JDM. Sequencing of superficial trunk
muscle activation during range-of-motion tasks. Hum Mov
Sci. 2015;43:67-77.

Schinkel-Ivy A, Drake JDM. Which motion segments are
required to sufficiently characterize the kinematic behavior of
the trunk? J Electromyogr Kinesiol. 2015;25:239-246.
Schinkel-Ivy A, Pardisnia S, Drake JDM. Head and arm
positions that elicit maximal voluntary trunk range-of-motion
measures. J Appl Biomech. 2014;30:689-696.

McGill SM. Electromyographic activity of the abdominal and
low back musculature during the generation of isometric and
dynamic axial trunk torque: implications for lumbar mechan-
ics. J Orthop Res. 1991;9(1):91-103.

Mirka GA, Marras WS. A stochastic model of trunk muscle
coactivation during trunk bending. Spine (Phila Pa 1976).
1993;18(11):1396-1409.

Zipp P. Recommendations for the standardization of lead
positions in surface electromyography. Eur J Appl Physiol
Occup Physiol. 1982;50(1):41-54.

Jensen C, Vasseljen O, Westgaard RH. The influence of
electrode position on bipolar surface electromyogram record-
ings of the upper trapezius muscle. Eur J Appl Physiol. 1993;
67:266-273.

Burnett A, O’Sullivan PB, Caneiro JP, Krug R, Bochmann F,
Helgestad GW. An examination of the flexion-relaxation
phenomenon in the cervical spine in lumbo-pelvic sitting.
J Electromyogr Kinesiol. 2009;19(4):229-236.

McGill SM. A myoelectrically based dynamic three-dimen-
sional model to predict loads on lumbar spine tissues during
lateral bending. J Biomech. 1992;25(4):395-414.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Schinkel-Ivy, Drake
Thoracic Influence on the Lumbar Spine

Winter DA. Biomechanics and Motor Control of Human
Movement. 3rd ed. Hoboken, NJ: John Wiley & Sons; 2005.
Drake JDM, Callaghan JP. Elimination of electrocardiogram
contamination from electromyogram signals: an evaluation of
currently used removal techniques. J Electromyogr Kinesiol.
2006;16:175-187.

Brereton LC, McGill SM. Frequency response of spine
extensors during rapid isometric contractions: effects of
muscle length and tension. J Electromyogr Kinesiol. 1998;8
(4):227-232.

Lewek MD, Rudolph KS, Snyder-Mackler L. Control of
frontal plane knee laxity during gait in patients with medial
compartment knee osteoarthritis. Osteoarthr Cartil. 2004;12
(9):745-751.

Rudolph KS, Axe MJ, Snyder-Mackler L. Dynamic stability
after ACL injury: who can hop? Knee Surg Sports Traumatol
Arthrosc. 2000;8(5):262-269.

Schinkel-Ivy A, Duncan CA. The effects of short-term and
long-term experiences on co-contraction of the lower
extremity postural control muscles during continuous, multi-
directional support-surface perturbations. J Electromyogr
Kinesiol. 2018;39:42-48.

Swinscow TDV. Correlation and regression. Statistics at
Square One. 9th ed. London, England: BMJ Publishing
Group; 1997. p. 75-85.

Brown SHM, McGill SM. Co-activation alters the linear
versus non-linear impression of the EMG-torque relationship
of trunk muscles. J Biomech. 2008;41:491-497.

Granata KP, Lee PE, Franklin TC. Co-contraction recruitment
and spinal load during isometric trunk flexion and extension.
Clin Biomech. 2005;20(10):1029-1037.

Granata K, Lee P, Franklin T. Co-contraction recruitment and
spinal load during isometric pushing tasks. Proc Hum Fact
Ergon Soc Annu Meet. 2005;49:1330-1333.

Winby CR, Gerus P, Kirk TB, Lloyd DG. Correlation between
EMG-based co-activation measures and medial and lateral
compartment loads of the knee during gait. Clin Biomech.
2013;28(9-10):1014-1019.

Colloca CJ, Hinrichs RN. The biomechanical and clinical
significance of the lumbar erector spinae flexion-relaxation
phenomenon: a review of literature. J Manipulative Physiol
Ther. 2005;28(8):623-631.

Van Dieen JH, Kingma I, van der Bug JCE. Evidence for a
role of antagonistic cocontraction in controlling trunk stiffness
during lifting. J Biomech. 2003;36(12):1829-1836.

469


http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0135
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0135
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0135
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0135
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0135
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0135
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0140
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0140
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0140
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0140
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0140
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0145
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0145
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0145
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0145
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0150
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0150
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0150
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0150
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0155
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0155
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0155
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0155
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0160
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0160
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0160
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0160
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0165
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0165
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0165
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0165
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0170
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0170
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0170
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0170
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0170
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0175
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0175
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0175
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0175
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0180
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0180
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0180
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0180
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0185
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0185
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0185
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0185
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0185
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0190
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0190
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0190
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0190
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0195
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0195
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0195
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0195
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0200
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0200
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0200
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0205
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0205
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0205
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0205
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0205
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0210
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0210
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0210
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0210
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0210
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0215
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0215
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0215
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0215
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0215
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0220
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0220
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0220
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0220
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0225
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0230
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0230
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0230
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0230
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0235
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0235
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0235
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0235
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0240
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0240
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0240
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0245
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0245
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0245
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0245
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0250
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0250
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0250
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0250
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0250
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0255
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0255
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0255
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0255
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0255
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0260
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0260
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0260
http://refhub.elsevier.com/S0161-4754(17)30001-5/rf0260

	Interaction Between Thoracic Movement and Lumbar Spine Muscle Activation Patterns in Young Adults Asymptomatic for Low Back...
	Introduction
	Methods
	Participants
	Instrumentation
	Procedures
	Data Processing
	Data Analysis

	Results
	Discussion
	Clinical Application
	Limitations

	Conclusion
	Funding Sources and Conflicts of Interest
	Contributorship Information
	References


