data were then downsampled as a data reduction measure (Nelson-Wong & Callaghan,
2010) from 2400 Hz to 50 Hz (Schinkel-lvy et al., 2013). Mean activation levels were
determined for upright standing and the holding phase of each movement trial.

For the purpose of the present study, co-contraction was defined as the concurrent
activation of two muscles (Lewek et al., 2004; Missenard et al., 2008; Rudolph et al.,
2000). Co-contraction was selected as a measure of interest in addition to discrete
measures in order to account for time-varying information in the signals and therefore
better characterize the behaviours of the muscles. The co-contraction index (CCI;
Equation 2) quantifies the extent to which a pairing of muscles is concurrently activating
(Graham et al., 2014; Lewek et al., 2004; Nelson-Wong & Callaghan, 2010; Schinkel-lvy
et al., 2013) over a specified number of data points (Lewek et al., 2004; Nelson-Wong &
Callaghan, 2010). The CCI quantifies the extent of co-contraction of the two muscles in
terms of two characteristics: the activation level (%MVC) and the timing of activation
(Rudolph et al., 2000; Schinkel-lvy et al., 2013). The equation is calculated on a frame-
by-frame basis and is cumulative over time (Rudolph et al., 2000). The output of the CCI
is a single value for the specified time period which incorporates both characteristics, but
does not offer a means of quantifying either characteristic separately. Higher values
represent similar activation timing between the two muscles over a large time interval,
relatively high activation of one or both muscles, or a combination thereof. The highest
outputs are produced when two muscles activate with similar timing over the time
interval and at high magnitudes (Rudolph et al., 2000). The maximum CCI that can be

obtained in a single frame occurs when both muscles activate to 100% (assuming that
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neither is activating to greater than their maximum level), resulting in a CClI of
200%MVC ([100/100][100+100]). To provide context, the maximum value that could
possibly be attained for a task in the present study was 20,000%MVC, as CCls were
assessed over 100 frames in the present study. The tasks producing the highest co-

contraction in the present study represented approximately 10-15% of this value.

CCI = N EMG_low() EMG_I ] EMG_high(i 2
_ Z(EMG_high (i))[ Jow()) + EMG_high()]  [2]

i=1

Where N is the number of data points, and EMGew and EMGpgn are the relative
magnitudes of the normalized EMG for the two muscles in the pairing (EMGpign is the
signal with the higher magnitude at each sample in time) (Lewek et al., 2004; Nelson-

Wong & Callaghan, 2010).

The CCI equation is limited by the inability to discriminate between its two
components (activation level and activation timing), in terms of which aspect contributes
to a greater extent to the final co-contraction value. There are, however, several benefits
to the use of the equation. By assigning ‘low’ and ‘high’ labels to each muscle on a
frame-by-frame basis, the equation does not require a global assignment of agonist and
antagonist muscles (Kellis et al., 2003), which is advantageous as muscles may change
roles during a movement. In addition, the formulation of the equation with ‘EMGhgy’ as
the denominator will generally avoid errors created by dividing by zero (Rudolph et al.,
2000). Finally, co-contraction is often calculated as a relative measure between the

activity level of the antagonist relative to the total activity level (Winter, 2005). The
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normalization of antagonist activity to the total muscle activity may be problematic in
some scenarios when attempting to compare co-contraction between various tasks, and
relate co-contraction to spinal loading and fatigue. While the magnitude of co-
contraction is included in the calculation of a relative measure, the output itself does not
directly include the magnitude of the co-contraction; rather, the output indicates that the
antagonist activity is, for example, 50% of that of the agonists. However, this ratio would
apply whether the co-contraction was very low (for example, 1%MVC and 2%MVC) or
very high (for example, 50%MVC and 100%MVC). Conversely, the CCI equation
accounts, at least in part, for the magnitude of the activation levels through the
[EMGiowt+EMGrign] term. This information is necessary if co-contraction is to be
subsequently related to spinal loading and fatigue measures.

As the CCl used in the present chapter and the analysis employed in Chapter 6
(cross-correlation and correlation) both assess aspects of timing and magnitude of
activation, it may initially appear that the two analyses provide similar information. The
analyses in Chapter 6 assess the strength of the relationships between the activation
patterns and magnitudes of each pairing of muscles, with outputs being values
representing the relative strength of the relationship. Conversely, the CCI analysis of the
present chapter provides a measure of the extent of co-contraction which is cumulative
over time. This analysis quantifies the extent of co-contraction between two muscles, but
does not quantify the strength of the relationship between the two signals directly.

Further, Chapters 6 and 7 addressed two very different research questions to present
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related but different information. Therefore, the two studies are complementary but by no
means interchangeable.

For the present analysis, CCls (expressed as %MV C) were calculated for every
possible pairing within the lumbar spine (left and right EO, 10, lumbar ES, and RA) using
a custom program written in Matlab v.2012a (The MathWorks, Inc., Natick, USA), for a
total of 28 pairings. The same was done for all pairings of the upper musculature (28 in
total), although the study focused on the lumbar musculature. A standardized number of
frames (Graham et al., 2014; Lewek et al., 2004; O’Bryan et al., 2014) were used to
ensure that CCI values were comparable between tasks. For the Upright trials, 100
frames (Lewek et al., 2004) from the middle portion of the trial were extracted for
analysis. For the movement trials, the hold phase was time-normalized to 200 frames,
with the middle 100 frames used for CClI calculation to avoid the transitional stage
between the movement and the holding phase. The analysis yielded 56 CCI values for
each trial, and each CCI was then averaged across the 10 trials for each of the seven
movement tasks.

7.2.5 Data Analysis

Statistical analyses were performed using IBM SPSS Statistics v.21 (IBM
Corporation, Armonk, USA). The angles, activation levels, and CClIs were input into
mixed-factor ANOV As with within-participant factor of task (Upright, MaxFlex,
MaxBend, MaxTwist, ThorFlex, ThorBend, ThorTwist), and between-group factor of sex.
While the measures from the maximum trunk ROM movement tasks are provided for

context and a reference for the thoracic ROM tasks, the primary focus of the Results and
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Discussion will be the thoracic ROM tasks in comparison with Upright. 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 met. Alpha was set to 0.05, and pairwise comparisons with Bonferroni
corrections were used for post-hoc testing. In addition, the relationships between the
thoracic angles during the hold phase in each direction of movement and the activation
measures (activation level, CCl) for the lumbar muscles were determined using Pearson
product moment correlations. Pearson coefficients (r) were considered to be very weak,
weak, moderate, strong, and very strong when falling into the ranges of 0.00-0.19, 0.20-

0.39, 0.40-0.59, 0.60-0.79, and 0.80-1.00, respectively (Swinscow, 1997).

7.3 Results

Significant main effects of task or interactions of task and sex were identified for
both thoracic and lumbar angles for all movement directions (Table 31). Generally, the
angles achieved in the maximum trunk and thoracic movement tasks were significantly
greater than those in Upright. Between the maximum trunk and thoracic movement tasks
in the same direction, thoracic angles were greater in ThorFlex than MaxFlex, while
lumbar angles in the flexion and lateral bend directions were greater for the maximum

trunk movement task compared to the thoracic movement task.
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Table 31: Mean (SD) thoracic and lumbar angles (°) obtained during each movement
task in the plane of interest. Angles for MaxFlex, ThorFlex, and Slump represent
rotations around the X axis; for MaxBend and ThorBend, rotations around the Y axis; and
for MaxTwist and ThorTwist, rotations around the Z axis. Positive values indicate
flexion, lateral bend to the right, and axial twist to the right. *Significant difference from
Upright; “significant difference from maximum trunk movement task (p<0.05).

Measure Sex Task

Flexion Upright MaxFlex ThorFlex
Thoracic — -0.07 (0.25) 18.53 (10.64)* 36.11 (10.82)**
Lumbar - -0.02 (0.17) 49.52 (11.99)* 22.32 (9.45)*"
Lateral Bend Upright MaxBend ThorBend
Thoracic - 0.00 (0.11) 26.53 (7.64)*  27.95 (6.48)*

Lumbar Male  -0.02 (0.05) 20.32 (4.41)* 3.79 (3.91)"
Female 0.01(0.10) 23.55(6.26)*  5.44 (6.10)**
Axial Twist Upright MaxTwist ThorTwist
Thoracic 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 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)

Significant main effects of task were also identified for the average EMG levels
for all muscles with the exception of right 10, which demonstrated a significant
interaction between task and sex (Table 32). Activation levels of individual muscles
ranged from 1.27%MVC (1.29) (right TR, MaxFlex) to 23.96%MVC (7.55) (right 10,
MaxTwist, males). In all instances where post-hoc testing identified significant
differences between Upright and movement tasks, the movement tasks exhibited greater
activation levels than those of Upright. Comparisons of maximum trunk and thoracic
movement tasks in the same direction were significantly different for the left and right
lumbar ES (ThorFlex greater) for the flexion tasks; and for the left and right EO and

lumbar ES (MaxTwist greater) for the axial twist tasks.
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Table 32: Mean (SD), minimum, and maximum EMG levels (%MVC) for the lumbar muscles from the holding phase of each
movement task. Sex is specified for ANOVAs in which a significant interaction between task and sex was identified. EO:
external oblique; 10: internal oblique; LES: lumbar erector spinae; RA: rectus abdominis.

Overall Mean Minimum Activation Level Maximum Activation Level
Task (SD) Activation (%MVC) (%MVC)

Level (%MVC) Mean (SD) Muscle Mean (SD) Muscle
Upright 3.71 (1.99) 2.50 (1.35) Left LES 6.87 (4.29) Left 10
MaxFlex 5.06 (2.62) 3.70 (3.18) Right LES 9.29 (7.89) Left RA
MaxBend 5.83 (3.78) 3.33(2.28) Right LES 15.27 (8.56) Left EO
MaxTwist 9.30 (6.23) 5.85 (4.51) Left LES 23.96 (7.55)  Right 10 (males)
ThorFlex 5.95 (3.34) 6.72(3.37)  Right LES  11.60 (14.18) Left 10
ThorBend 6.34 (3.51) 3.84 (2.71) Right LES 13.61 (12.87) Left 10
ThorTwist 8.72 (5.66) 4.37 (3.44) Left LES 19.24 (13.25)  Right 10 (males)
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For the CCls for the lumbar musculature, significant main effects of task were
identified for 16 of the 28 pairings, and significant interactions between task and sex for
five pairings (Table 33). Co-contraction within the lumbar muscle pairings ranged from
255.83%MVC (177.87) (right lumbar ES—right RA, males, MaxFlex) to 2781.97%MVC
(1927.40) (left EO-right 10, males, MaxTwist) (Table 34). CCls were always greater in
movement tasks compared to Upright when significant differences were identified. For
the flexion and lateral bend directions, significant pairwise comparisons indicated that the
thoracic movement task displayed greater levels of co-contraction than the corresponding
maximum trunk movement task, while the opposite trend was observed for the axial twist
direction. CCls ranged from 16.46% (16.31) (MaxFlex) to 86.92% (48.80) (MaxTwist)

greater than Upright (Table 35).
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Table 33: ANOVA statistics for all lumbar muscle pairings with a significant effect of
task on co-contraction (p<0.05). EO: external oblique; 10: internal oblique; LES: lumbar
erector spinae; RA: rectus abdominis.

Muscle Pairing Effect F-Statistic

Left EO-left 1O Task F3.585103.951=5.195, p=0.001
Left EO—left LES Task F3.125,90.616:11-272, p<0001
Left EO-left RA Task F3.217,93.292:3.134, p20026
Left EO—right EO Task F2_326,67_451:15.587, p<0001
Left EO-right 10 Task x sex  Fy62273.420=7.695, p<0.001
Left EO—right LES Task F3_305195_843:19.344, p<0001
Left EO—right RA Task F3.337,98.231:l.589, p:Olgl
Left IO—left LES Task x sex F3.659,102.464:2-9031 p:0029
Left 10-left RA Task F2.153,62.573:l.543, p20221
Left IO—right EO Task F3_4511100_ogo:2.890, p:0033
Left IO-right 10 Task F2.838.82.301=2.600, p=0.061
Left IO—right LES Task F3_7111107_505:15.466, p<0001
Left IO—right RA Task F2.336,69.203:l.947, p20142
Left LES—left RA Task x sex F3_312192_745:3.822, p:OOJ.O
Left LES—right EO Task F281781.679=12.226, p<0.001
Left LES-right 10 Task x sex  F3027,84.743=3.110, p=0.030
Left LES—right LES Task F2.997 86.924=18.290, p<0.001
Left LES—rlght RA Task F3_302195_757:13.880, p<0001
Left RA-right EO Task F3.105,90.041=3.351, p=0.021
Left RA—right 10 Task F2_172152_985:1.258, p:0293
Left RA-right LES Task F2.536,73548=16.747, p<0.001
Left RA—right RA Task F2.615,75.834:5-005, p:0005
nght EO—rlght 10 Task F1,510,43,783210.O4O, p:OOOl
nght EO—right RLES Task F2_697178_205:21.063, p<0001
Right EO-right RA Task F3.551.102.991=2.308, p=0.070
nght IO—right RLES Task F2_555174_125:26.528, p<0001
nght IO—right RA Task F2.610175.67g:l.932, p:Ol39
Right RLES-right RA Task X sexX  F2669.74.741=3.591, p=0.021
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Table 34: Mean (SD), minimum, and maximum co-contraction index values (%MVC) from all possible pairings of lumbar

muscles (28 total). Sex is specified for ANOVASs in which a significant interaction between task and sex was identified. EO:
external oblique; 10: internal oblique; LES: lumbar erector spinae; RA: rectus abdominis.

Task Overall Mean Minimum CCI Maximum CCI
(SD) CClI Mean (SD) Pairing Mean (SD) Pairing
Upright 601.84 (226.87)  331.91(192.81) Right LES-right RA 972.90 (760.35) Left EO-right 10
(males) (females)
MaxFlex 723.62 (329.05)  255.83 (177.87)  Right LES-right RA 1154.21 (546.26) Left EO-right 10
(males) (females)
MaxBend 771.49 (346.68)  338.34 (171.44)  Right LES—right RA  1558.87 (1113.11) Left EO-left IO
(males)
MaxTwist ~ 1063.80 (395.63)  493.75 (162.09) Left I0-left LES 2781.97 (1927.40) Left EO-right 10
(females) (males)
ThorFlex 917.88 (185.78)  560.38 (209.61) Left LES-left RA 1429.61 (1210.34) Left RA—right RA
(females)
ThorBend 847.57 (291.48)  476.44 (206.48) Left 10-left LES 1554.90 (1037.18) Left EO-left IO
(females)
ThorTwist 900.05 (322.67) 444,17 (174.55) Left LES-left RA 1939.81 (1701.30) Left EO-right 10
(females) (males)
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Table 35: Mean (SD), minimum, and maximum difference (%) from Upright for all possible pairings of lumbar muscles (28
total). Sex is specified for ANOVAs in which a significant interaction between task and sex was identified. EO: external
oblique; 10: internal oblique; LES: lumbar erector spinae; RA: rectus abdominis.

Mean (SD) % Minimum % Difference Maximum % Difference
Movement .
Task leferen_ce from . % Pairing . % Pairing

Upright Difference Difference

MaxFlex 16.46 (16.31) -22.92 Right LES-right RA (males) 51.11 Left RA-right RA
MaxBend 25.70 (18.68) -0.08 Left EO-right LES 75.74 Left EO-left IO
MaxTwist 86.92 (48.80) 14.26 Left I0-left RA 259.29 Left EO-right 10 (males)
ThorFlex 66.78 (44.98) 15.61 Left IO-right EO 185.69 Right LES-right RA (males)
ThorBend 45.03 (22.41) 13.59 Left RA-right 10 147.28 Left IO-left LES (males)
ThorTwist 55.26 (30.27) 6.47 Left I0—left RA 150.53 Left EO-right 10 (males)
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The CCls of the upper musculature were also analyzed, although not the focus of
the present study. For 27 of the 28 pairings of thoracic muscles, significant main effects
of task were observed for CCls, along with a significant task-by-sex interaction for the
left lower-thoracic ES—right LD pairing (Table 36). Mean (SD) CCls ranged from
134.12%MVC (109.34) to 2139.14%MVC (1577.92) (Table 37). Of all comparisons
between Upright and a movement task that were considered significant, the movement
task demonstrated the greater CCI. Further, for all comparisons between the maximum
trunk and thoracic movement task in the same direction, greater CCls were identified for
the thoracic movement task. On average (SD) across all pairings, CCls ranged from
10.59% (28.20) (MaxFlex) to 94.97% (136.70) (ThorTwist) greater than Upright (Table

38).
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Table 36: ANOVA statistics for all upper muscle pairings with a significant effect of
task on co-contraction (p<0.05). LD: latissimus dorsi; LTES: lower-thoracic erector
spinae; TR: upper trapezius; UTES: upper-thoracic erector spinae.

Muscle Pairing Effect F-Statistic

Left LD-left LTES Task F2.720,78.876:3-005, p:0040
Left LD-left TR Task F3_109,90_166:5.807, p=0.001
Left LD-left UTES Task F3,389,98,279210.186, p<0001
Left LD—right LD Task F3_533’103.259:10.728, p<0001
Left LD—right LTES Task F2.846,79.686:4-928, p:0004
Left LD-right TR Task F3.702103.646=5.978, p<0.001
Left LD—right UTES Task F3.275,94.988:5-949, pZOOOl
Left LTES—left TR Task F4.557’132.147:ll.909, p<0001
Left LTES—left UTES Task F3.174,88.862:6-7371 p<0001
Left LTES—right LD Task x sex  Fj62773560=2.991, p=0.043
Left LTES—rlght LTES Task F1_751,49_033:6.666, p:0004
Left LTES—right TR Task F3.593’103.543:9.804, p<0001
Left LTES—rlght UTES Task F2_585,77_877:3.162, p:0034
Left TR—left UTES Task F4,015,116.440:l3.567, p<0001
Left TR—right LD Task F2.686,77.892:7-2031 p<0001
Left TR—right LTES Task F2.169,62.801=8.302, p<0.001
Left TR—right TR Task F2_052,57_454:8.410, p:0001
Left TR—right UTES Task F2.241 64.087=7.957, p=0.001
Left UTES—rlght LD Task F3_525,101_535:7.949, p<0001
Left UTES-right LTES Task F3.150.88.197=9.150, p<0.001
Left UTES—rlght TR Task F3.872,108.4ZO:10-437, p<0001
Left UTES—right UTES Task F2,766,77,458:3.688, p:0018
nght LD—right LTES Task F1_445,41_917:23.400, p<0001
nght LD—right TR Task F2.97783.360=9.478, p<0.001
nght LD—right UTES Task F1_562,45_301:22.611, p<0001
nght LTES—right TR Task F2.305 64.520=8.654, p<0.001
nght LTES—rlght UTES Task F1_400,40_502:35.597, p<0001
Right TR—right UTES Task F2.65774.393=10.717, p<0.001
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Table 37: Mean (SD), minimum, and maximum co-contraction index values (%MVC) from all possible pairings of upper
muscles (28 total). Sex is specified for ANOVASs in which a significant interaction between task and sex was identified. LD:
latissimus dorsi; LTES: lower-thoracic erector spinae; TR: upper trapezius; UTES: upper-thoracic erector spinae.

Task Overall Mean Minimum CCI Maximum CCI

(SD) CClI Mean (SD) Pairing Mean (SD) Pairing
Upright 258.24 (61.15)  171.46 (103.83) Left TR-right TR 364.95 (212.59) Left LTES-right LD (females)
MaxFlex 300.68 (140.80) 134.12 (109.34) Left TR-right TR 613.00 (331.00) Left LD-right LD
MaxBend  342.09 (102.21) 200.45 (134.09)  Left TR-left UTES 507.63 (290.99) Left LD-left UTES
MaxTwist  472.80 (376.42) 187.01 (108.54) Left TR-right TR 1806.45 (1267.18) Right LTES-right UTES
ThorFlex 328.73 (86.82)  210.52 (112.45) Left TR-right TR 546.08 (331.80) Left LD-right LD
ThorBend 410.73 (68.59) 298.17 (177.73)  Left LTES-left-TR 565.14 (347.89) Right LD-right LTES
ThorTwist  524.88 (447.64) 218.13 (136.14) Left TR—right TR 2139.14 (1577.92) Right LTES-right UTES

Table 38: Mean (SD), minimum, and maximum difference (%) from Upright for all possible pairings of upper muscles (28
total). Sex is specified for ANOVAs in which a significant interaction between task and sex was identified. LD: latissimus
dorsi; LTES: lower-thoracic erector spinae; TR: upper trapezius; UTES: upper-thoracic erector spinae.

Mean (SD) %

Minimum % Difference

Maximum % Difference

'I?'Aa(;\liement Differen_ce from . % Pairing . % Pairing

Upright Difference Difference
MaxFlex 10.59 (28.20) -28.31 Right LTES-right TR 70.28 Left LD-right LD
MaxBend 31.19 (17.45) -2.19 Left TR—right LTES 76.84 Left LD-left UTES
MaxTwist 76.13 (114.31) 9.07 Left TR—right TR 517.17 Right LTES-right UTES
ThorFlex 27.11 (12.03) 3.75 Left LTES-right LD (females) 53.21 Left LD-left TR
ThorBend 64.53 (32.70) 8.69 Left LTES-right LD (females) 131.25 Left TR—right TR
ThorTwist 94.97 (136.70) 16.49 Left LTES-right LD (females) 630.83 Right LTES-right UTES
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Regarding the correlation analysis, significant weak positive relationships were
identified between thoracic angle and activation level for two muscles in each movement
direction (left and right lumbar ES for flexion; right EO and right lumbar ES for lateral
bend and axial twist) (Table 39). Of the 28 pairings within the lumbar musculature, the
CCls for 8, 9, and 3 pairings were significantly correlated to the thoracic angle for the
flexion, lateral bend, and axial twist movements, respectively. All significant correlations
between were of weak or moderate strength, ranging from r=0.267 (left 10—left LES) to
r=0.459 (right LES-right RA). Taken together, these results suggest a relationship
between the positioning of the thoracic spine and the magnitude of muscle activation and
co-contraction, in that increases in thoracic spine angles are associated with increases in

the activation measures.
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Table 39: Significant correlations between thoracic angles and activation measures for

the lumbar muscles (activation level (single muscle), CCI (muscle pairing)) for each

direction of movement. EO: external oblique; 10: internal oblique; LES: lumbar erector
spinae; RA: rectus abdominis.

7.4

Discussion

Muscle/Muscle Pairing r (p-value)
Flexion

Left LES 0.365 (0.004)
Right LES 0.271 (0.036)
Left IO—left LES 0.267 (0.039)
Left LES-left RA 0.306 (0.018)
Left LES-right EO 0.290 (0.024)
Left LES—right LES 0.380 (0.003)
Left LES—right RA 0.439 (<0.001)
Left RA-right LES 0.332 (0.010)
Right EO—right LES 0.327 (0.011)
Right LES—right RA 0.459 (<0.001)
Lateral Bend

Right EO 0.323 (0.012)
Right LES 0.341 (0.008)
Left EO-right LES 0.348 (0.006)
Left IO-right EO 0.294 (0.023)
Left IO-right LES 0.328 (0.010)
Left LES—right LES 0.282 (0.029)
Left RA-right LES 0.319 (0.013)
Right EO-right 10 0.295 (0.022)
Right EO-right LES 0.321 (0.012)
Right 10—right LES 0.375 (0.003)
Right LES-right RA 0.371 (0.003)
Axial Twist

Right EO 0.323 (0.012)
Right LES 0.341 (0.008)
Left EO-right LES 0.348 (0.006)
Left IO-right EO 0.294 (0.023)
Left I0-right LES 0.328 (0.010)

Overall, participants displayed higher levels of co-contraction in the movement

tasks compared to Upright, by approximately 16% (MaxFlex) to 87% (MaxTwist) for the
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lumbar musculature and 11% (MaxFlex) to 95% (ThorTwist) for the upper musculature
when averaged across all pairings. These findings provide insight into the interplay
between the thoracic and lumbar spine regions (that is, the effects of a non-neutral
thoracic spine posture on lumbar muscle activation), and imply that thoracic movement
has a substantial impact on activation behaviours within the musculature of the lumbar
spine. As the results of this study indicated that non-neutral thoracic spine postures are
associated with increased co-contraction among the lumbar muscles, care must be taken
to not simply recommend that workers maintain a neutral low back posture during work
tasks as a sole means of attempting to decrease injury incidence. Rather, educating
workers to maintain a neutral trunk, in both the lumbar and thoracic regions, may be more
appropriate in reducing unnecessary co-contraction and the associated risk of long-term
injury.

The present study differed from past investigations in the tasks examined and the
method of co-contraction calculation. Previously, trunk muscle co-contraction has been
examined during isometric trunk exertions (Brown & McGill, 2008; Granata et al., 2005a,
b; Thelen et al., 1995), maximum trunk flexion-extension (Graham et al., 2014), and
prolonged low-level exposures (Nelson-Wong & Callaghan, 2010; Schinkel-Ivy et al.,
2013), as opposed to investigating the effects of thoracic ROM movement tasks on
lumbar behaviours. Thoracic ROM movement tasks while maintaining a neutral low
back (versus, for example, thoracic ROM tasks combined with trunk flexion) were
selected for comparison to Upright to enable participants to focus on maximizing thoracic

movement without also having to focus on attaining a specific hip angle. Further,
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maintaining a neutral position of the lumbar spine minimized the influence of lumbar
spine movement on the ROM attained in the thoracic spine (Nairn & Drake, 2014), and
on muscle activation patterns in both regions. Finally, these types of movements are
relatively common during activities of daily living (for example, brushing teeth or
removing laundry from a washing machine), although it is likely that individuals would
not consciously target those body positions, but rather use the movements as a means of
accomplishing the outcome task.

Regarding co-contraction calculation, several approaches have grouped muscles to
produce global co-contraction measures (Brown & McGill, 2008; D’Hooge et al., 2013;
Granata et al., 2005a, b; Winby et al., 2013), as opposed to quantifying co-contraction
between two muscles through the co-contraction index (Graham et al., 2014; Lewek et al.,
2004; Nelson-Wong & Callaghan, 2010; Schinkel-lvy et al., 2013). Although generalized
flexor-extensor co-contraction measures have been recommended for the knee joint
(Winby et al., 2013), 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 co-contraction.

The co-contraction magnitudes calculated in the present study were comparable to
previously reported values using the CCI equation. Schinkel-Ivy et al. (2013) calculated
co-contraction between various muscles in the trunk during prolonged sitting. Per minute
over a 2 hour protocol, the average of all muscle pairings (120 in total) was

approximately 2381%MVC, with CCls ranging from 1186%MVC to 5344%MVC
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(Schinkel-Ivy et al., 2013). Further, Nelson-Wong and Callaghan (2010) reported ranges
of bilateral gluteus medius and global flexor-extensor co-contraction of approximately
1500%MVC to 2500%MVC per minute during 2 hours of standing. The values in the
present study ranged from 134.12%MVC (left TR—right TR, MaxFlex) to 2781.97%MVC
(left EO—right 10, males, MaxTwist). Considering the shorter lengths of the trials in the
present study, as well as the tasks performed by participants (movements, versus low-
level static sitting and standing), the results of the present study are comparable to
Nelson-Wong and Callaghan (2010) and Schinkel-Ivy et al. (2013). The values presented
in the present study represent approximately 1.3% to 13.9% of the maximum CCI that
could be theoretically be obtained over 100 frames of data (200%MVC (maximum for
one frame) multiplied by 100 frames = 20,000%MVC).

With respect to the direction of movement, Thelen et al. (1995) reported co-
contraction ratios of 25-29%, 35-46%, and 46-58% during isometric trunk flexion, lateral
bend, and axial twist, respectively. Similarly, Graham et al. (2014) observed that co-
contraction was higher in asymmetric trunk flexion than symmetric flexion. The majority
of the present results followed a similar trend, in that on average, the flexion and axial
twist tasks demonstrated the lowest and highest CCls, respectively, for both the maximum
trunk and thoracic movement tasks in the upper musculature, and for the maximum trunk
movement tasks in the lumbar musculature. The axial twist 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 lateral bend movement tasks, which

would be assisted by gravity to an extent. The lumbar musculature exhibited different
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trends for the thoracic movement tasks, in which the lowest and highest CCls, on average,
were identified for ThorBend (847.57%MVC) and ThorFlex (917.88%MVC). The
lumbar flexion angles during the ThorFlex task provide a possible explanation, as the
average lumbar flexion was approximately 22°. This would have created a greater
moment around the lumbar spine than thoracic movement alone, thereby requiring greater
levels of activation to maintain the posture. Conversely, the smaller moments in
ThorBend and ThorTwist may have reduced the amount of activation necessary in the
lumbar musculature to maintain the posture.

Although it is intuitive that lumbar co-contraction would differ between Upright
and movement tasks, the extent of the difference was of interest, as typically, little weight
or consequence is assigned to the thoracic spine. The CCls of the lumbar musculature
during the movement tasks ranged from approximately 16% (MaxFlex) to 87%
(MaxTwist) greater than Upright, with the thoracic movement tasks displaying
differences of 67% (ThorFlex), 45% (ThorBend), and 55% (ThorTwist). These findings
suggest that with thoracic movement tasks, 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 (van Dieen et al., 2003a). This
was supported by the results of the correlation analysis, which showed numerous
relationships between thoracic angles and both the lumbar ES and abdominal muscle
activation levels and CCls. Over time, greater levels of co-contraction, the corresponding
increased metabolic cost (Cholewicki & McGill, 1996; Missenard et al., 2008), and

resulting fatigue may introduce a cycling effect. Fatigue has been observed to impair
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muscle coordination (Potvin & O’Brien, 1998), thereby reducing spinal stiffness and
stability (Granata et al., 2004; Grondin & Potvin, 2009). In turn, co-contraction may be
further increased to maintain an appropriate level of stability, contributing to additional
fatigue.

When comparing the maximum trunk and thoracic movement task within each
direction, greater co-contraction was identified in the thoracic movement task for all
movement directions for the upper musculature and for flexion and lateral bend for the
lumbar musculature. These findings suggest that although the lumbar spine remained in a
neutral position, co-contraction in that region was higher than when the trunk moved to
its full ROM. Ergonomic recommendations often focus on maintaining a neutral back
(McGill, 1997), which is beneficial for minimizing injury risk related to movements near
the end ROM in either loaded or unloaded conditions (McGill, 2007). Maintaining a
neutral low back is critical and a valuable initial step in injury prevention. However, it
must also be acknowledged that this is not a ‘cure-all’ solution for eliminating back
injuries in the workplace, as maintaining a neutral low back while moving the thoracic
spine may result in an increased risk of fatigue and injury over time due to increased co-
contraction and the resulting muscular load. Further, this type of recommendation, if
used as the only precaution in injury prevention, may provide a false sense of security to
workers, management, and engineers. These results emphasize the importance of
educating workers to maintain a relatively neutral trunk (both lumbar and thoracic),
which may aid in reducing unnecessary co-contraction and the associated risk of long-

term injury. While it is likely that most jobs and job tasks will require some movements
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outside of a relatively neutral posture on occasion, maintaining non-neutral thoracic
postures for long durations or high numbers of repetitions may still potentially impose an
increased risk of injury, even though the low back remains in a neutral position. For jobs
involving specific tasks which regularly necessitate these types of postures and
movements, the use of short, frequent rest breaks may assist in minimizing the
accumulation of fatigue and resulting consequences.

The findings of the present study were tempered by several methodological
limitations. The sample of participants constituted a relatively homogeneous group of
young individuals asymptomatic for back pain. Individuals with LBP tend to exhibit
increased levels of co-contraction relative to healthy individuals during mid-range
(D’Hooge et al., 2013) and full (Graham et al., 2014) trunk flexion. Therefore, a similar
trend would be expected for the types of thoracic movement tasks performed for the
present study, although the extent of that increase remains unknown. Further, the
relatively novel nature of the thoracic movement tasks may have affected the maximum
thoracic angles that participants were able to achieve. Although these types of
movements are relatively common during activities of daily living (for example, brushing
teeth or removing laundry from a washing machine), it is likely that individuals would not
consciously target those body positions, but rather use the movements as a means of
accomplishing the outcome task. Finally, 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. A future direction of study may
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entail an examination of the effects of leaning on surfaces of different heights on co-
contraction in the trunk musculature.

In conclusion, muscle co-contraction in the lumbar region during thoracic motion
tasks was greater than that of Upright by an average of 67%, 45%, and 55% for ThorFlex,
ThorBend, and ThorTwist, respectively. In addition, weak to moderate significant
positive correlations were identified between thoracic angles and activation measures
(activation levels, co-contraction). Therefore, deviation of the thoracic region from a
neutral, upright posture impacted lumbar co-contraction, providing insight into the
interaction between posture of the thoracic spine and muscle activation behaviours in the
lumbar spine. These results suggest that even with a neutral low back, thoracic
movement tasks may be associated with increased metabolic cost and fatigue compared to
Upright. As non-neutral thoracic spine postures increased co-contraction among the
lumbar muscles, care must be taken to not simply recommend that workers maintain a
neutral low back posture during work tasks as a sole means of attempting to decrease
injury incidence. Rather, educating workers to maintain a neutral trunk (both lumbar and
thoracic) may aid in reducing unnecessary co-contraction and the associated risk of long-

term injury.
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General Discussion
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CHAPTER 8

General Discussion

8.1  Global Research Contributions

The literature surrounding the thoracic spine is relatively sparse compared to the
lumbar spine, specifically motion characteristics, muscle activation characteristics, and
relationships in the motion and muscle activation both within the thoracic spine and
between the lumbar and thoracic spine regions. Therefore, this dissertation aimed to
quantify and evaluate thoracic spine characteristics during fundamental tasks relating to
kinematic and muscle activation measures, and relationships in these characteristics
within the thoracic spine and between the lumbar and thoracic spine regions.
Specifically, the effects of adjacent segments, repeatability and reliability characteristics,
relationships in motion and muscle activation, and the effects of thoracic movement were
examined. The thoracic spine is typically represented as a single rigid segment or simply
ignored for research, clinical, and/or ergonomic applications. This approach may have
been adopted due to the presumed effects of the rib cage in terms of providing stability
and restricting motion (Horton et al., 2005; Oda et al., 1996, 2002; Watkins et al., 2005).
However, based on the findings of the five presented studies, it is concluded that the
thoracic spine demonstrates differences in motion and muscle activation characteristics
both along its length and relative to the lumbar spine, and also influences the behaviour of
the lumbar spine. As such, the thoracic spine needs to be monitored or accounted for

during the investigation of spinal mechanics, taking into consideration the kinematic and
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activation changes that occur along its length as opposed to representing it as a single
rigid entity. Knowledge of the behaviour of the thoracic spine, as well as the interactions
between the thoracic spine and adjacent regions, provides the first step to more clearly
understanding the behaviour of the spine as a whole, and potentially mechanisms of pain
in the thoracic and lumbar spine regions. Studies comparing the present findings with
individuals with LBP, and longitudinal studies to determine whether any differences are
predisposing or adaptive to LBP, will be required in order to identify pain mechanisms.
Clinical implications for this work may include the identification of aberrant spinal
motion or activation patterns for qualitative assessments of motion or muscle activation.
The results of this dissertation may also have implications for ergonomic assessment tools
such as posture-matching-based approaches and digital human modeling, in how the
thoracic spine is represented. Taken together, the results of these studies can aid in the
further development of predictive joint loading models for the thoracic and lumbar spine
regions. Specifically, these studies provide insight into the kinematic and muscle
activation data necessary as inputs for the prediction of compression and shear forces in
the thoracic spine, and the locations at which loading variables should be calculated. The
development of such a model would enable the investigation of loading pathways along
the length of the spine, as well as the relationship between loading variables and pain in

both the thoracic and lumbar spine regions.
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8.2  Specific Research Contributions
8.2.1 Study #1 Contributions: Repeatability of Kinematic and Electromyographical
Measures During Standing and Trunk Motion: How Many Trials are Sufficient?
(Chapter 3)

In Chapter 3, the repeatability and reliability characteristics of kinematic and
EMG measures were investigated, with the intent of determining the minimum number of
trials required to achieve repeatability and reliability. The repeatability and reliability of
the majority of measures was relatively high, with 59%, 68%, 78%, 86%, and 91% of
measures achieving repeatable and reliable values with two, three, four, five, and ten
trials, respectively. The results of this study constitute recommendations regarding the
minimum number of trials required for repeatable and reliable kinematic and EMG
measures, which are intended to provide an acceptable trade-off between repeatable and
reliable values and feasibility of the collection protocol. These recommendations provide
a guideline for researchers to select the number of trials to be collected in an experimental
protocol, depending on their research question and measures of interest as well as the
level of repeatability and reliability acceptable for the research question.
8.2.2 Study #2 Contributions: Identification of Head and Arm Positions to Elicit
Maximal Voluntary Trunk Range-of-Motion Measures (Chapter 4)

In Chapter 4, the head and arm positions that elicited the greatest voluntary ROM
in various spine angle measures during MaxFlex, MaxBend, and MaxTwist were
determined. It was concluded that an active head position elicited greater angles for all

movements in the upper regions, while there was generally no effect for the lower and
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global regions. Regarding arm positions, loose and abducted arms were generally
preferable for MaxFlex and MaxTwist, respectively. For MaxBend, the crossed and loose
arm positions were preferable for the upper and lower/global regions, respectively. The
results provide insight into the interplay between the spine and the head and arms, and
also enable the determination of whether the effects of head and arm movement are
exclusive or local to the thoracic spine, or if head and arm positions exert a global
influence over regions that are more removed. This knowledge is crucial to
understanding how the trunk functions as a system, as opposed to individual, isolated
regions. Further, this study highlights the importance of developing standardized
positions during maximum trunk ROM trials, in order to elicit maximal voluntary angles
in each plane for various spinal regions, which will be beneficial in both research and
clinical contexts.
8.2.3 Study #3 Contributions: Quantification of the Trunk Part I: Which Motion
Segments are Required to Sufficiently Characterize its Kinematic Behaviour? (Chapter 5)
In Chapter 5, the motion characteristics of the thoracic spine were examined in
order to determine the set of segments necessary to sufficiently characterize the
kinematics of the thoracic spine. A four-cluster marker set with clusters at the C7, Ts, T12,
and Ls vertebrae was sufficient to quantify motion for six of the seven movement tasks
tested, which was fewer clusters than expected. This marker set may constitute best
practices recommendations for measuring thoracic motion, to provide a trade-off between
feasibility of instrumentation and data processing, and the ability to capture the necessary

information relating to thoracic motion. These findings provide insight into the
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relationships in motion between smaller regions within the thoracic spine, and between
the thoracic and lumbar spine regions. Such an understanding is relevant to the
development of predictive spine loading models, posture-matching-based approaches, and
digital human models incorporating the thoracic spine. From a clinical perspective, this
study also contributes qualitative information regarding functional motions of the spine
and coordination at different spinal levels, which may aid in identifying aberrant spinal
motion in patient populations.

8.2.4 Study #4 Contributions: Quantification of the Trunk Part II: Muscles Required to
Represent Activation Characteristics During Range-of-Motion Tasks (Chapter 6)

In Chapter 6, the interactions between the thoracic and lumbar musculature were
examined in order to better understand the behaviour of the trunk musculature, and to
determine the superficial muscles that were necessary to adequately quantify the gross
trunk muscle activation characteristics. It was concluded that between 10 and 14 of the
16 muscles tested were necessary to quantify the muscle activation characteristics of the
superficial trunk muscles. The results emphasized the complexity and interaction of the
neuromuscular characteristics both within the thoracic spine and between the lumbar and
thoracic spine regions, and provided insight into the synergy of the trunk musculature that
produces trunk movements in the three planes of motion. Further, a preliminary
indication of the muscles that best represent the activation characteristics of the
superficial trunk musculature has been obtained. The results also have implications for
spine modeling in the thoracic and lumbar spine regions, with respect to identifying the

muscles necessary to use as inputs into predictive joint loading models.
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8.2.5 Study #5 Contributions: Does Thoracic Movement Influence Muscle Activation
Patterns Around the Lumbar Spine? (Chapter 7)

In Chapter 7, the effects of thoracic movement on co-contraction in the lumbar
spine were investigated. It was concluded that non-neutral thoracic postures elicited
increased co-contraction in the lumbar spine compared to Upright by approximately 67%
(ThorFlex), 45% (ThorBend), and 55% (ThorTwist), on average, and that thoracic angles
were positively associated with activation measures in the lumbar spine. These findings
provide insight into the interplay between the thoracic and lumbar spine regions by
quantifying the extent of co-contraction in one region in response to changes in posture in
another. That co-contraction in the thoracic movement tasks was substantially greater
than that of Upright has potential clinical and occupational implications with respect to
spine injury risk, as the additional levels of co-contraction may contribute to fatigue and
long-term injury risk. Similarly, higher levels of co-contraction have been associated
with pain development during prolonged, low-level exposures (Nelson-Wong &
Callaghan, 2010; Schinkel-Ivy et al., 2013). It is commonly recommended in ergonomic
practice for individuals to ‘maintain a neutral low back’. While maintaining a neutral low
back is indeed crucial for back safety, it is also important to acknowledge that this is not a
catch-all solution, and may in fact promote a false sense of safety in workers or
employers. Therefore, workers should focus on maintaining a neutral posture of the
whole trunk during work tasks to ensure that additional co-contraction is not being
imposed due to non-neutral thoracic postures, and should take adequate rest breaks to

delay the onset of fatigue.
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8.3  General Limitations

Study-specific limitations are detailed in each of the individual chapters. There
were, however, several limitations that were common across most or all studies. These
included: a relatively homogeneous, young, asymptomatic sample of participants; the use
of relatively standardized standing, maximum trunk ROM, and thoracic ROM tasks; and
the nature of the skin-mounted spine cluster marker set used.

The data used to address the purposes for all five studies in this dissertation were
collected from the same group of individuals. This may limit the applicability of the
results to an extent, as the kinematic and EMG measures would have been related within
each individual participant. However, varying subsets of trials were analyzed for each
study (with the exceptions of Studies #3 and #4, which used the same subset of trials),
using different analysis techniques, in order to minimize the impact of the same group of
participants. Further, this group of participants was representative of a healthy, young
population, with mean values for all measures examined in the five studies falling within
the range of values previously reported in the literature. Therefore, the results should be
reflective of this population and would not be expected to change with a different
participant sample. The participants were relatively homogeneous with respect to age
(range from 19.0 to 33.3 years), and had all been asymptomatic for back pain within the
12 months prior to collection. Reduced trunk ROM has been identified in older adults
(Intolo et al., 2009; McGill et al., 1999), as have altered muscle activation characteristics
(McGill et al., 1999). Associations have also been observed between LBP status and

ROM (Hidalgo et al., 2012; Mayer et al., 1984), motion patterns (Marras et al., 1999;
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Shum et al., 2005a, b; Wong & Lee, 2004), muscle activation (D’Hooge et al., 2013;
Lariviere et al., 2000; Watson et al., 1997), and co-contraction (D’Hooge et al., 2013;
Graham et al., 2014). Therefore, the results of the studies presented in this dissertation
may not be generalizable to these populations.

The movement tasks assessed in the present series of studies consisted of standing
postures, maximum trunk ROM movement tasks, and thoracic ROM movement tasks.
Trunk and thoracic extension movement tasks were not included in the study due to
instrumentation constraints. As well, with the marker cluster set, a maximally extended
trunk posture would cause the marker clusters to touch or overlap, which would limit the
system’s ability to distinguish between markers. Participants were tested in a highly
controlled laboratory setting, and whether these results would apply to similar tasks
performed in a field setting remains to be determined. The movement tasks that were
tested were standardized in order to control the effects of motion of adjacent segments
(head and arms) on the motion and muscle activation of the different regions in the spine.
Participants were given specific instructions with regards to the positions of the head,
arms, and knees, as well as the target position of the trunk. These measures were deemed
to be necessary experimental controls. However, it is unknown if the results of the
present studies would generalize to activities of daily living, functional tasks, or task-
oriented activities (for example, lifting, putting on shoes, etc.). To assess more functional
tasks, participants could be provided with instructions focusing on the task to be
performed (for example, “lift the box”), with little to no indication of a preferred

technique or final body position. As this approach would enable participants to select
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their own movement strategies and means of completing a task, the conclusions may
potentially vary from those drawn from the present studies. In addition, tasks
encompassing different levels of effort (for example, picking up a light object such as a
pen, compared to a weighted box) and greater contributions from the extremities would
also be important to fully characterize motion and muscle activation characteristics during
functional tasks.

Spinal motion was quantified through the use of skin-mounted marker clusters,
thereby introducing small amounts of artefact from the movement of the skin relative to
the underlying bone (Heneghan & Balanos, 2010; Leardini et al., 2005). While resources
were not available to directly quantify the amount of soft tissue artefact, previous work
has concluded that surface markers mounted over the spinous processes of the vertebrae
represent the position of the spinous processes with very strong correlations (Morl &
Blickhan, 2006), likely due to the tight bonding of the overlying connective tissue to the
bone (Gal et al., 1997; Lundberg, 1996). Further, during the pilot stages of the study, the
clusters were visually observed to be minimally affected by skin movement. With respect
to the placements of the marker clusters, it would have been preferable to place clusters
on adjacent or every second vertebra, to ensure that motion was monitored at as many
levels as possible. However, this was not possible due to technical limitations of the
Vicon motion capture system, in that it is a passive-reflective system. When markers
were placed in very close proximity to each other, the system was not able to distinguish
the individual markers. This has been identified as a limitation of cluster marker sets (as

opposed to individual markers) by Ranavolo et al. (2013). Placing the marker clusters on
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every third vertebra along the thoracic spine enabled the collection of data at the most
vertebral sites, while still maintaining the integrity of the kinematic data. The results of
the present study indicated that with clusters located at every third vertebra, it was still
possible to eliminate some clusters for collection. Taken together with the results of
Ranavolo et al. (2013), this suggests that additional clusters would not have been
necessary and likely would not have changed the results of the present study in terms of

the general landmarks or regions of interest for measuring motion along the spine.

8.4  Future Directions

Future work is necessary to address the limitations in Section 8.3. Additional
studies are required to determine the extent to which the findings of these studies differ in
populations such as individuals with LBP or older adults, as these populations have been
shown to exhibit different motion and muscle activation characteristics than young
individuals asymptomatic for back pain. Further, functional tasks such as activities of
daily living should be investigated to determine whether the results of the studies are
applicable beyond the controlled fundamental tasks of standing and ROM tasks. ldeally,
an attempt should be made to verify the accuracy of the skin-mounted marker clusters
employed in the present study using a medical imaging technique. Finally, kinetic data
will aid in validating the results of the studies presented in Chapters 5 and 6, and in
extending the results of the study presented in Chapter 7 to estimate the effects of non-

neutral thoracic postures on spinal loading.
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The thoracic spine demonstrates differences in motion and muscle activation
characteristics both along its length and compared to the adjacent lumbar region, and
therefore needs to be monitored or accounted for during the investigation of spinal
mechanics. Knowledge of the behaviour of the thoracic spine and interactions between
the thoracic and lumbar spine regions is crucial, in that it may help to more clearly
understand the behaviour of the spine as a whole. In addition, comparison of the present
findings to individuals with LBP and investigation of the links between altered motion
and muscle activation characteristics and LBP may aid in a better understanding of pain
mechanisms in the thoracic and lumbar spine regions. Clinically, the results may provide
guidance for qualitative assessments of movement coordination or muscle activation, to
aid in the identification of aberrant spinal motion or activation patterns. Taken together,
the results of this dissertation can also aid in the development or extension of predictive
joint loading models for the thoracic and lumbar spine regions, by providing insight into
the kinematic and muscle activation data necessary as inputs for the prediction of
compression and shear forces in the thoracic spine. The development of such a model
would enable the investigation of loading pathways along the length of the spine, as well
as the relationships between loading variables and pain in both the thoracic and lumbar

spine regions.
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8.5  Hypotheses Revisited

8.5.1 Global Thesis Objective

Purpose: To determine if it is necessary to monitor or account for the thoracic spine
during the investigation of trunk and lumbar mechanics.

Hypothesis: It will be necessary to monitor or account for the kinematic and muscle
activation characteristics of the thoracic spine during the investigation of trunk and
lumbar mechanics.

The thoracic spine demonstrates differences in motion and muscle activation
characteristics both along its length and compared to the lumbar spine, and also affects
the behaviour of the lumbar spine. Therefore, the thoracic spine needs to be monitored or
accounted for during the investigation of trunk and lumbar mechanics. Knowledge of the
behaviour of the thoracic spine, as well as the interactions between the thoracic spine and
adjacent regions, may help to more clearly define the behaviour of the spine as a whole.
Ultimately, comparison of the present findings to individuals with LBP and investigation
of the links between altered motion and muscle activation characteristics and LBP may
provide insight into pain mechanisms in the thoracic and lumbar spine regions.

Verdict: Hypothesis accepted.
8.5.2 Specific Purposes
The specific purposes addressed by this dissertation were:
1. To evaluate the repeatability and reliability of kinematic and EMG measures, and
to determine the minimum number of trials required to achieve repeatability and

reliability.
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Hypothesis: 1a) The repeatability and reliability of both kinematic and EMG measures
will be relatively high (ICC>0.90; SEM%<25%; no significant differences from other
trial sets) during upright standing and maximum trunk ROM movement tasks. 1b)
Kinematic measures will demonstrate higher repeatability and reliability than EMG
measures.

Verdict: Hypothesis 1A accepted.

Verdict: Hypothesis 1B accepted.

The repeatability and reliability of most measures was very high (0.95 and 0.92
for all measures and all sets of trials for kinematic and EMG measures, respectively),
resulting in 59%, 68%, 78%, 86%, and 91% of measures producing repeatable and
reliable values with two, three, four, five, and ten trials, respectively. The repeatability
and reliability of the EMG measures was slightly lower that of the kinematic measures,
although overall the EMG measures were still very high. This potentially suggests that
while there may be differences in activation strategies between individuals, the strategies
used by the same individual over a series of repetitions may be relatively consistent.

2. To determine which head and arm positions enabled the greatest voluntary ROM
in spine angle measures during maximum flexion, lateral bend, and axial twist.
Hypothesis: 2a) The greatest angles will be elicited from the upper spinal regions (head,
thoracic, and segmented thoracic measures) by the active head and crossed arm
positions. 2b) The neutral head (aligned with the trunk) and loose arm positions will
elicit the greatest angles for the lower and global regions (lumbar, trunk, and pelvis) for

maximum flexion and bending, and neutral head and abducted arms for maximum twist.
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Verdict: Hypothesis 2A accepted for maximum bend; rejected for maximum flex
and maximum twist (arm position).
Verdict: Hypothesis 2B rejected (head position).

The results regarding the effects of head position agreed with the hypothesized
results for the upper regions (head, cervico-thoracic, thoracic, upper-thoracic, mid-
thoracic, and lower-thoracic), in that an active head tended to elicit greater angles for all
three movement tasks. Generally, there was no effect of head position for the lower and
global regions. Regarding arm positions, the hypothesis was supported for the MaxBend
task, with greater angles for the upper regions with crossed arms and for the lower regions
with loose arms. Conversely, for MaxFlex and MaxTwist, regions with differences due to
arm position generally displayed greater angles with loose and abducted arms,
respectively.

3. To determine the set of segments necessary to sufficiently characterize the

kinematics of the trunk and specifically the thoracic spine.
Hypothesis: 3a) For each movement task examined, not all collected segments will be
necessary to characterize the kinematics of the thoracic spine. 3b) In order to sufficiently
characterize thoracic spine motion in all directions, a marker set consisting of five to six
clusters will be required.
Verdict: Hypothesis 3A accepted.
Verdict: Hypothesis 3B rejected.

Marker clusters and locations were relatively consistent across the tested

movement tasks. For the majority of movement tasks, a four-cluster marker set was
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sufficient to capture the necessary information relating to thoracic motion, with clusters at
the C, Ts, T12, and Ls vertebrae, which were fewer clusters than originally hypothesized.
The only movement task for which this marker set was not sufficient was ThorTwist.

4. To investigate the interactions between the thoracic and lumbar musculature, and
to determine which superficial muscles were necessary to adequately capture the
gross trunk muscle activation characteristics.

Hypothesis: 4a) The majority of tested muscles will be required to quantify the muscle
activation characteristics of the trunk. 4b) Muscles from both the anterior and posterior
sides of the body will be required to quantify the gross trunk muscle activation
characteristics.

Verdict: Hypothesis 4A accepted.

Verdict: Hypothesis 4B accepted.

For movement direction-specific recommendations, ten, thirteen, and twelve
muscles were required to quantify the muscle activation characteristics of the trunk during
flexion, lateral bend, and axial twist tasks, involving muscles from both the anterior and
posterior sides of the body. Across all movement directions, four muscles (three
abdominal, one back) were strongly related to at least one other muscle, and therefore
these muscles could all be considered as options for elimination.

5. To determine the extent of the increases in co-contraction in the lumbar
musculature during deviation of the thoracic spine from an upright posture, and
to determine whether a relationship exists between the angles of the thoracic spine

and co-contraction within the lumbar spine.
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Hypothesis: 5a) Co-contraction in the lumbar spine will increase in response to non-
neutral thoracic postures, compared to upright standing. 5b) Thoracic angles will be
positively associated with increased co-contraction in the lumbar spine.

Verdict: Hypothesis 5A accepted.

Verdict: Hypothesis 5B accepted.

Increases in co-contraction were observed in the lumbar spine in response to
thoracic movement, compared to Upright. On average, co-contraction in the lumbar
musculature increased by approximately 67%, 45%, and 55% from Upright for the
ThorFlex, ThorBend, and ThorTwist movement tasks. Significant, positive correlations
of weak to moderate strength were identified between thoracic angles and activation

measures in the lumbar spine.

8.6  General Conclusions

This dissertation quantified thoracic spine characteristics relating to kinematic and
muscle activation measures, specifically repeatability and reliability, the effects of
adjacent segments, relationships in motion and muscle activation, and co-contraction.
Based on the findings of this dissertation, the thoracic spine demonstrates differences in
motion and muscle activation characteristics both along its length and compared to the
lumbar spine. Knowledge of the behaviour of the thoracic spine, as well as the
interactions between the thoracic spine and adjacent regions, constitutes the first step to
more clearly understanding the behaviour of the spine as a whole, with the ultimate goal

of identifying mechanisms of pain in the thoracic and lumbar spine regions. The thoracic
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spine is typically represented as a single rigid segment for research, clinical, and/or
ergonomic applications. However, based on the findings of the five presented studies, it
appears that the thoracic spine needs to be monitored or accounted for during the
investigation of spinal mechanics, taking into consideration the kinematic and activation

changes that occur along its length (as opposed to representing it as a single rigid entity).
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APPENDIX A

Participant Instructions for Experimental Tasks

Table 40: Instructions given to participants prior to each trial with keywords describing
the features of the task. ROM: range-of-motion.

Task

Instructions

Standing (Figure 31)
Upright

Standing
Slumped
Standing

This trial will be 10 seconds of standing. Stand as you normally
would, arms at your sides and looking straight ahead.

This trial will be a slump trial. Round out your shoulders and
your whole back, looking straight ahead with your arms at your
sides.

Maximum Flexion (Figure 32)

Head:
Arms:

Head:
Arms:

Head:
Arms:

Head:
Arms:

Active
Crossed

Active
Loose

Neutral
Crossed

Neutral
Loose

This trial will be a full flexion straight forward. Put your chin to
your chest then flex the trunk the rest of the way, with your arms
crossed over your chest.

This trial will be a full flexion straight forward. Put your chin to
your chest then flex the trunk the rest of the way, with your arms
hanging down to the floor.

This trial will be a full flexion straight forward. Keep your head
in a neutral position in line with the trunk, with your arms crossed
over your chest.

This trial will be a full flexion straight forward. Keep your head
in a neutral position in line with the trunk, with your arms
hanging down to the floor.

Maximum Lateral Bend (Figure 33)

Head:

Arms:

Head:

Arms:

Head:

Arms:

Head:

Arms:

Active
Crossed

Active
Loose

Neutral
Crossed

Neutral
Loose

This trial will be a full bend to the right. Put your ear to your
shoulder then bend the trunk the rest of the way, with your arms
crossed over your chest.

This trial will be a full bend to the right. Put your ear to your
shoulder then bend the trunk the rest of the way, with your right
arm hanging down to the floor.

This trial will be a full bend to the right. Keep your head in a
neutral position in line with the trunk, with your arms crossed
over your chest.

This trial will be a full bend to the right. Keep your head in a
neutral position in line with the trunk, with your right arm
hanging down to the floor.
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Table 40 (cont.): Instructions given to participants prior to each trial with keywords
describing the features of the task. ROM: range-of-motion.

Task Instructions

Maximum Axial Twist (Figure 34)

Head: Active e This trial will be a full twist to the right. Look over your shoulder

Arms: Crossed then twist the trunk the rest of the way, with your arms crossed
over your chest.

Head: Active e This trial will be a full twist to the right. Look over your shoulder

Arms: then twist the trunk the rest of the way, with your arms straight

Abducted out to the sides.

Head: Active e This trial will be a full twist to the right. Look over your shoulder

Arms: Loose then twist the trunk the rest of the way, with your arms at your
sides.

Head: Neutral e This trial will be a full twist to the right. Keep your head in a

Arms: Crossed neutral position in line with the trunk, with your arms crossed

over your chest.
Head: Neutral e This trial will be a full twist to the right. Keep your head in a

Arms: neutral position in line with the trunk, with your arms straight out

Abducted to the sides.

Head: Neutral e This trial will be a full twist to the right. Keep your head in a

Arms: Loose neutral position in line with the trunk, with your arms at your
sides.

Thoracic ROM (Figure 35)

Thoracic e This trial will be thoracic flexion. Bend your chin to your chest,

Flexion then continue rolling down the upper- and mid-back; keep the low

back as neutral as you can.
Note: In thoracic flexion, the neck was flexed and the low back was
kept as neutral as possible, as opposed to slumped standing, in which
participants looked straight ahead and were asked to round out the
shoulders and whole back.

Thoracic Bend e This trial will be thoracic bend to the right. Bend your ear to your
shoulder, then continue rolling down the upper- and mid-back;
keep the low back as neutral as you can.

Thoracic Twist e This trial will be thoracic twist to the right. Look over your
shoulder, then continue twisting the rest of the upper- and mid-
back, keeping the low back as neutral as you can.
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a) b)

Figure 31: a) Upright standing; b) Slumped standing.
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MaxFlex

Arm Position Crossed Loose

Neutral

Head
Position

Active

Figure 32: Combinations of head and arm positions used for MaxFlex (Adapted, by
permission, from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that
elicit maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 1. © Human Kinetics, Inc.). Written
copyright permission not required for self-authored work; refer to Appendix B.
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MaxBend

Arm Position Crossed Loose

Neutral

Head
Position

Active

Figure 33: Combinations of head and arm positions used for MaxBend (Adapted, by
permission, from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that
elicit maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 1. © Human Kinetics, Inc.). Written
copyright permission not required for self-authored work; refer to Appendix B.
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MaxTwist

Arm Position Crossed Abducted Loose

Neutral

Head
Position

Active

Figure 34: Combinations of head and arm positions used for MaxTwist (Adapted, by
permission, from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that
elicit maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 1. © Human Kinetics, Inc.). Written
copyright permission not required for self-authored work; refer to Appendix B.
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c)

Figure 35: a) Thoracic flexion; b) Thoracic bend; c) Thoracic twist. Participants kept
the low back as neutral as possible while moving the head and thoracic spine.
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Figure 8: Previous marker setup used to calculate angles for four thoracic regions (T3, Te,
Tg, and T1,) (Preuss RA, Popovic MR. Three-dimensional spine kinematics during
multidirectional, target-directed trunk movement in sitting. Journal of
Electromyography and Kinesiology 2010;20:823-32. Figure 1c, page 824).
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Figure 9: Marker setup in the sagittal view. IC: iliac crest (Adapted, by permission,
from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that elicit
maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 2a. © Human Kinetics, Inc.).

Figure 12: Collapsed 3D sagittal view of the markers in Visual3D. ASIS: anterior
superior iliac spine; GT: greater trochanter; IC: iliac crest (Adapted, by permission,
from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that elicit
maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 2b. © Human Kinetics, Inc.).

Figure 13: Collapsed 3D sagittal view of the markers representing the method by which
each measure was calculated. The angles represented in this collapsed 3D sagittal
view are the equivalent of flexion-extension angles (Adapted, by permission, from:
Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that elicit maximal
voluntary trunk range-of-motion measures. Journal of Applied Biomechanics 2014
(accepted July 1, 2014). Figure 2c. © Human Kinetics, Inc.).

Figure 16, 32: Combinations of head and arm positions used for MaxFlex (Adapted, by
permission, from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions
that elicit maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 1. © Human Kinetics, Inc.).

Figure 17, 33: Combinations of head and arm positions used for MaxBend (Adapted, by
permission, from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions
that elicit maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 1. © Human Kinetics, Inc.).

Figure 18, 34: Combinations of head and arm positions used for MaxTwist (Adapted, by
permission, from: Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions
that elicit maximal voluntary trunk range-of-motion measures. Journal of Applied
Biomechanics 2014 (accepted July 1, 2014). Figure 1. © Human Kinetics, Inc.).

Figure 19: Collapsed 3D sagittal view of the markers for a visual representation of how
each angle was calculated. The angles represented in this collapsed 3D sagittal view
are the equivalent of flexion-extension angles. CT: cervico-thoracic; UT: upper-
thoracic; MT: mid-thoracic; LT: lower-thoracic (Adapted, by permission, from:
Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that elicit maximal
voluntary trunk range-of-motion measures. Journal of Applied Biomechanics 2014
(accepted July 1, 2014). Figure 2c. © Human Kinetics, Inc.).

Figure 29: Collapsed 3D sagittal view of the markers representing the methods by which
each angle was calculated. The angles represented in this collapsed 3D sagittal view
are the equivalent of flexion-extension angles (Adapted, by permission, from:
Schinkel-lvy A, Pardisnia S, Drake JDM. Head and arm positions that elicit maximal
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voluntary trunk range-of-motion measures. Journal of Applied Biomechanics 2014
(accepted July 1, 2014). Figure 2c. © Human Kinetics, Inc.).
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Figure 30: The final marker set recommendation that was appropriate for the greatest
number of movement tasks (6 of 7) (Adapted from: Schinkel-lvy A, Drake JDM.
Quantification of the trunk: Which motion segments are required to sufficiently
characterize its kinematic behaviour? Journal of Electromyography and Kinesiology
(in review, manuscript ID JEK-D-14-00129.R1). Figure 1).
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APPENDIX C

Setup of Coordinate Systems

Laboratory Coordinate System

The laboratory coordinate system was defined based on a Vicon calibration wand
(Vicon MX, Vicon Systems Ltd., Oxford, UK). The selected origin in the centre of the
laboratory was marked with painter’s tape, and for each collection, the origin was defined
at this same location. Within the associated Nexus software (version 1.6.1; Vicon MX,
Vicon Systems Ltd., Oxford, UK), the X axis was defined as the medio-lateral axis; the Y
axis was defined as the antero-posterior axis; and the Z axis was defined as the supero-
inferior axis, in line with gravity. Participants were positioned such that the positive
directions in each axis were to their right (X axis), forward (Y axis), and up (Z axis)
(Figure 34). Marks were made on the floor of the laboratory to define the antero-
posterior location of the toes (in line with the origin) to ensure that each participant stood

at the same location relative to the origin.
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Figure 36: Orientation of the participant relative to the laboratory coordinate system.

Model Setup and Local Coordinate Systems

Within Visual3D v.4 (C-Motion, Inc., Germantown, USA), local coordinate
systems were assigned to the head, trunk, pelvis, and each marker clusters (C;, T3, Ts, To,
T2, and Ls) (Figure 35). To assign a local coordinate system to the marker clusters, the
right marker was arbitrarily defined as the lateral marker, while the left marker was
defined as the medial marker (C-Motion Research Biomechanics Wiki-Documentation:
Marker Set Guidelines, www.c-

motion.com/v3dwiki/index.php?title=Marker Set Guidelines). The same convention

(right: lateral, left: medial) was employed for the head, trunk, and pelvis.
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Figure 37: a) Posterior view of a cluster when adhered to the skin over the spine. b) Top
view of a cluster when adhered to the skin over the spine.

Segment coordinate systems were defined as per C-Motion Research
Biomechanics Wiki-Documentation (Constructing the Segment Coordinate System,

www.c-motion.com/v3dwiki/index.php?title=Constructing the Segment

Coordinate_System). The Z axis passed through the midpoint of the distance between the

two proximal and two distal endpoints. The plane of the proximal and distal markers also
defined the frontal (X-Z) plane. The cross-product of the Z axis and the line connecting
the two proximal markers determined the Y axis. Finally, the cross-product of the Y and

Z axes was calculated to define the X axis, producing a set of orthogonal axes in which
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rotation around the X axis represented flexion-extension, rotation around the Y axis
represented lateral bend, and rotation around the Z axis represented axial twist. The
orientation of the segment coordinate systems were aligned with the laboratory coordinate
system, with the positive directions for each axis were the right (X axis), forward (Y
axis), and up (Z axis). The head, trunk, and pelvis were all defined as per C-Motion
Research Biomechanics Wiki-Documentation (Marker Set Guidelines, www.c-

motion.com/v3dwiki/index.php?title=Marker Set Guidelines), and the coordinate

systems for the clusters were defined using the same convention (Table 41).

Table 41: Markers used to define the endpoints of each segment and cluster. The
midpoint of the two proximal markers and the two distal markers were used to create the
Z axis.

Segment  Proximal Endpoints Distal Endpoints

Head Left, right acromia Markers posterior to the ear, left and right sides
Clusters  Cluster markers #4, #5  Cluster markers #2, #3

Trunk Left, right iliac crests Left, right acromia

Pelvis Left, right iliac crests Left, right greater trochanters
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Figure 53: Sample time series data set of LLD and LTR during MaxFlex.

Figure 54: Sample time series data set of REO, RIO, and RRA during MaxFlex.
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Figure 55: Sample time series data set of RLES, RLTES, and RUTES during MaxFlex.
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Figure 56: Sample time series data set of RLD and RTR during MaxFlex.
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Figure 57: Time series data set of trunk flexion angles during MaxFlex, as context for
the EMG time series data sets.
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Figure 58: Sample time series data set of LEO, LIO, and LRA during MaxBend.
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Figure 59: Sample time series data set of LLES, LLTES, and LUTES during MaxBend.

9 .

ok T

—LTR

Activation Level (% MVC)
=

) 2 4 6 8
Time (s)

Figure 60: Sample time series data set of LLD and LTR during MaxBend.
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Figure 61: Sample time series data set of REO, RIO, and RRA during MaxBend.
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Figure 62: Sample time series data set of RLES, RLTES, and RUTES during MaxBend.
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Figure 63: Sample time series data set of RLD and RTR during MaxBend.
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Figure 64: Time series data set of trunk lateral bend angles during MaxBend, as context

for the EMG time series data sets.
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Figure 65: Sample time series data set of LEO, LIO, and LRA during MaxTwist.
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Figure 66: Sample time series data set of LLES, LLTES, and LUTES during MaxTwist.
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Figure 69: Sample time series data set of RLES, RLTES, and RUTES during MaxTwist.
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Figure 70: Sample time series data set of RLD and RTR during MaxTwist.
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Figure 71: Time series data set of trunk axial angles during MaxTwist, as context for the
EMG time series data sets.
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Figure 72: Sample time series data set of the head, CT, thoracic, UT, MT, and LT
flexion angles during MaxFlex (neutral head, crossed arms).
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Figure 73: Sample time series data set of the lumbar, pelvis, and trunk flexion angles
during MaxFlex (neutral head, crossed arms).
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Figure 74: Sample time series data set of the head, CT, thoracic, UT, MT, and LT
flexion angles during MaxFlex (active head, crossed arms).
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Figure 75: Sample time series data set of the lumbar, pelvis, and trunk flexion angles
during MaxFlex (active head, crossed arms).
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Figure 76: Sample time series data set of the head, CT, thoracic, UT, MT, and LT lateral
bend angles during MaxBend (neutral head, crossed arms).
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Figure 77: Sample time series data set of the lumbar, pelvis, and trunk lateral bend
angles during MaxBend (neutral head, crossed arms).
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Figure 78: Sample time series data set of the head, CT, thoracic, UT, MT, and LT lateral
bend angles during MaxBend (active head, crossed arms).
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Figure 79: Sample time series data set of the lumbar, pelvis, and trunk lateral bend
angles during MaxBend (active head, crossed arms).
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Figure 80: Sample time series data set of the head, CT, thoracic, UT, MT, and LT axial
twist angles during MaxTwist (neutral head, crossed arms).
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Figure 81: Sample time series data set of the lumbar, pelvis, and trunk axial twist angles
during MaxTwist (neutral head, crossed arms).
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twist angles during MaxTwist (active head, crossed arms).
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Figure 83:
during MaxTwist (active head, crossed arms).
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Figure 84: Sample time series data set of the flexion angles of the Cy, T3, T, To, T12, and
Ls clusters during MaxFlex.
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Figure 85: Sample time series data set of the lateral bend angles of the C7, T3, Te, To,
T12, and Ls clusters during MaxBend.
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Figure 86: Sample time series data set of the axial twist angles of the C7, T3, Tg, To, T12,
and Ls clusters during MaxTwist.
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Figure 87: Sample time series data set of the flexion angles of the C;, T3, T, To, T12, and
Ls clusters during Slump.
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Figure 88: Sample time series data set of the flexion angles of the C;, T3, T, To, T12, and
Ls clusters during ThorFlex.
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Figure 89: Sample time series data set of the lateral bend angles of the C;, T3, Tg, To,
T12, and Ls clusters during ThorBend.
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Figure 90: Sample time series data set of the axial twist angles of the C, T3, Tg, To, T12,
and Ls clusters during ThorTwist.
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Figure 91: Sample time series of the flexion angles of the Ty, and Ls clusters during
MaxFlex, used for the sample cross-correlation in Figure 92.
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Figure 92: Output of the cross-correlation performed between the T, and Ls flexion
angles during MaxFlex (shown in Figure 91). Positive values indicate that the clusters
were moving in the same direction.
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Figure 93: Sample time series of the flexion angles of the Ty, and Ls clusters during
Slump, used for the sample cross-correlation in Figure 94.
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Figure 94: Output of the cross-correlation performed between the Ty, and Ls flexion
angles during Slump (shown in Figure 93). Negative values indicate that the clusters
were moving in opposite directions.
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Chapter 6

Note: For sample time series data sets for MaxFlex, MaxBend, and MaxTwist, refer to

Appendix D, Chapter 3.
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Figure 95: Sample time series data set of LEO, LIO, and LRA during Slump.
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Figure 96: Sample time series data set of LLES, LLTES, and LUTES during Slump.
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Figure 97: Sample time series data set of LLD and LTR during Slump.
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Figure 98: Sample time series data set of REO, RIO, and RRA during Slump.
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Figure 99: Sample time series data set of RLES, RLTES, and RUTES during Slump.
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Figure 100: Sample time series data set of RLD and RTR during Slump.
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Figure 101: Time series data set of trunk flexion angles during Slump, as context for the

EMG time series data sets.
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Figure 102: Sample time series data set of LEO, LIO, and LRA during ThorFlex.
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Figure 103: Sample time series data set of LLES, LLTES, and LUTES during ThorFlex.
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Figure 104: Sample time series data set of LLD and LTR during ThorFlex.

327



= REO
===-RIO

= g=l <t 1

(DATN %) UODEADIY

Time (s)

Figure 105: Sample time series data set of REO, RIO, and RRA during ThorFlex.
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Figure 106: Sample time series data set of RLES, RLTES, and RUTES during ThorFlex.
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Figure 107: Sample time series data set of RLD and RTR during ThorFlex.
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Figure 108: Time series data set of trunk and thoracic flexion angles during ThorFlex, as
context for the EMG time series data sets.
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Figure 110: Sample time series data set of LLES, LLTES, and LUTES during ThorBend.
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Figure 111: Sample time series data set of LLD and LTR during ThorBend.
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Figure 112: Sample time series data set of REO, RIO, and RRA during ThorBend.
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Figure 113: Sample time series data set of RLES, RLTES, and RUTES during ThorBend.
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Figure 114: Sample time series data set of RLD and RTR during ThorBend.
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Figure 116: Sample time series data set of LEO, LIO, and LRA during ThorTwist.
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Figure 118: Sample time series data set of LLD and LTR during ThorTwist.

: Sample time series data set of LEO, LIO, and LRA during ThorTwist.
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Figure 119: Sample time series data set of REO, RIO, and RRA during ThorTwist.
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Figure 120: Sample time series data set of RLES, RLTES, and RUTES during

ThorTwist.
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Figure 121: Sample time series data set of RLD and RTR during ThorTwist.
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Figure 122: Time series data set of trunk and thoracic axial twist angles during
ThorTwist, as context for the EMG time series data sets.
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Figure 123: Sample time series of the activation of REO and RIO during MaxTwist,
used for the sample cross-correlation in Figure 124,
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Figure 124: Output of the cross-correlation performed between REO and RIO during
MaxTwist (as shown in Figure 123). Positive values indicate that the muscles were
activating at the same time.
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Figure 125: Sample time series of the activation of RLES and RLTES during MaxFlex,
used for the sample cross-correlation in Figure 126.
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Figure 126: Output of the cross-correlation performed between REO and RIO during
MaxTwist (as shown in Figure 125). Positive values indicate that the muscles were
activating at the same time.
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