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28While healthy aging is associated with physiological changes that
29can impair control of trunk motion, few studies examine how
30spinal muscle responses change with increasing age. This study
31examined whether older (over 65 years) compared to younger
32(20–45 years) adults had higher overall amplitude and altered
33temporal recruitment patterns of trunk musculature when per-
34forming a functional transfer task. Surface electromyograms from
35twelve bilateral trunk muscle (24) sites were analyzed using
36principal component analysis, extracting amplitude and temporal
37features (PCs) from electromyographic waveforms. Two PCs
38explained 96% of the waveform variance. Three factor ANOVA
39models tested main effects (group, muscle and reach) and interac-
40tions for PC scores. Significant (p < .0125) group interactions were
41found for all PC scores. Post hoc analysis revealed that relative to
42younger adults, older adults recruited higher agonist and
43antagonistic activity, demonstrated continuous activation levels
44in specific muscle sites despite changing external moments, and
45had altered temporal synergies within abdominal and back muscu-
46lature. In summary both older and younger adults recruit highly
47organized activation patterns in response to changing external
48moments. Differences in temporal trunk musculature recruitment
49patterns suggest that older adults experience different dynamic
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spinal stiffness and loading compared to younger adults during a
50 functional lifting task.
51 � 2014 Published by Elsevier B.V.
52

54

55 1. Introduction

56 Industrialized nations worldwide are experiencing an aging demographic, with projections that by
57 2050, one in three individuals will exceed an age of 60 years (United Nations, 2011). While a majority
58 of older adults live and complete activities of daily living independently (Scott, Pearce, & Pengelly,
59 2005), they have an increased risk of experiencing both falls (Pijnappels, Delbaere, Sturnieks, &
60 Lord, 2010; Scott et al., 2005) and low back pain (Gourmelen et al., 2007; Plouvier, Gourmelen,
61 Chastang, Lanoe, & Leclerc, 2011). The falls literature has focused on lower extremity joint function
62 (Gillespie et al., 2012) although the ability to control trunk motion during both voluntary and unex-
63 pected perturbations has implications for maintaining dynamic stability during functional tasks
64 (Doi et al., 2013; Grabiner et al., 2008). The spine is inherently unstable with links made between
65 spinal instability and spinal injury (Cholewicki, Panjabi, & Khachatryan, 1997; Panjabi, 2003). Spine
66 instability is partially explained by its osteoligamentous structures (ligaments, bones, discs, joint cap-
67 sules, etc.) which contribute to passive stiffness only at end range of motion (Panjabi, 2003). Thus
68 when in neutral spinal postures active stiffness through the interactions among the active force gen-
69 eration (skeletal muscles) and neural control (central and peripheral nervous system) components are
70 needed to maintain stability (Cholewicki et al., 1997; McGill, Grenier, Kavcic, & Cholewicki, 2003).
71 Alterations in one component requires compensation from the others, and this is particularly evident
72 during dynamic tasks where the time varying recruitment of trunk musculature can change dynamic
73 joint stability by altering active spinal stiffness (McGill et al., 2003; Panjabi, 2006).
74 Relevant to this study is that each component can be modified with increased age including
75 decreases in joint space (de Schepper et al., 2010), muscle strength (Hasue, Fujiwara, & Kikuchi,
76 1980), contractile speed (D’Antona, Pellegrino, Carlizzi, & Bottinelli, 2007), action potential velocity
77 (Rivner, Swift, & Malik, 2001), joint position sense (Goldberg, Hernandez, & Alexander, 2005), and
78 changes in central nervous system recruitment (Van Impe, Coxon, Goble, Wenderoth, & Swinnen,
79 2011). These alterations can challenge spinal motion/stability control in older adults mainly in a neu-
80 tral position where joint space narrowing results in increased neutral zone motion of the vertebra
81 (Sengupta & Fan, 2014) and for dynamic tasks that require neuromuscular integration (de Freitas,
82 Knight, & Barela, 2010). The literature supports an association between trunk function and both bal-
83 ance and fall risk (Davidson, Madigan, Nussbaum, & Wojcik, 2009; Doi et al., 2013; Goldberg et al.,
84 2005; Grabiner et al., 2008; Hicks et al., 2005a; Kell & Bhambhani, 2006) as well older adults with
85 low back disorders have an increased risk of falls (Leveille et al., 2010).
86 Differences in trunk kinematics and kinetics variables were found between older and younger
87 adults (Burgess, Hillier, Keogh, Kollmitzer, & Oddsson, 2009; Grabiner et al., 2008; McGill, Yingling,
88 & Peach, 1999; Van Emmerik, McDermott, Haddad, & Van Wegen, 2005), but there is limited research
89 comparing trunk muscle responses between older and younger adults. Since motion is partially con-
90 trolled by the time varying tension generated by multiple trunk muscles (coordination) (Cholewicki
91 et al., 1997; Rashedi, Khalaf, Nassajian, Nasseroleslami, & Parnianpour, 2010), alterations in muscle
92 responses with age would be expected. In general older adults were found to have: (i) increased over-
93 all activation of both agonist (Asaka & Wang, 2008; Kuo, Kao, Chen, & Hong, 2011) and antagonist
94 muscles (Asaka & Wang, 2008; McGill et al., 1999), and (ii) delayed onset time to voluntary and invol-
95 untary trunk motion (Allum, Carpenter, Honegger, Adkin, & Bloem, 2002; de Freitas et al., 2010;
96 Hwang, Lee, Park, & Kwon, 2008). Two methodological issues exists that limit our understanding of
97 the age-related differences in synergies among the comprehensive trunk musculature and their
98 responsiveness to dynamic forces normally found in activities of daily living. First, most studies only
99 characterize a few (2–4) trunk muscle sites (Allum et al., 2002; Asaka & Wang, 2008; de Freitas et al.,
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100 2010; Kuo et al., 2011) even though the trunk consists of multiple muscles, many with multiple fiber
101 orientations and unique mechanical advantages (Dumas, Poulin, Roy, Gagnon, & Jovanovic, 1991;
102 Granata & Marras, 2000; Kavcic, Grenier, & McGill, 2004; Rashedi et al., 2010; Stokes, Gardner-
103 Morse, & Henry, 2011) and innervations (Urquhart, Barker, Hodges, Story, & Briggs, 2005). Second, dis-
104 crete parameters such as onsets/offsets (Allum et al., 2002; Brown, Mills, & Baker, 1994; Hwang et al.,
105 2008) or peak/average muscle activation amplitudes that do not capture dynamic responses through-
106 out the entire movement (Kuo et al., 2011; McGill et al., 1999) are reported.
107 A study that examined 12 abdominal muscle sites during a supine dynamic leg-loading exercise
108 task, showed that relative to younger adults, older adults had altered temporal recruitment patterns
109 including a more sustained activation pattern whereas younger adults responded to the changing
110 external moments (Hubley-Kozey, Hanada, Gordon, Kozey, & McKeon, 2009). Whether similar altera-
111 tions would be found during more functional tasks performed in upright standing postures where
112 spinal stability and motion control are challenged was the focus of the present study. Previous work
113 reported unique activation patterns among abdominal and back muscle sites for healthy young adults
114 during dynamic experimental tasks performed in upright standing postures consistent with responses
115 to changing external moments (Hubley-Kozey, Butler, & Kozey, 2012; Hubley-Kozey, Moreside, &
116 Quirk, 2013). Differences in temporal patterns were reported between sexes (Hubley-Kozey et al.,
117 2012) and for those deemed recovered from a low back injury (Hubley-Kozey et al., 2013) relative
118 to healthy controls. To better understand aging effects on spinal stability and motion control for more
119 functional tasks, we conducted a comprehensive study to examine trunk muscle coordination and
120 synergies during a dynamic task performed in upright standing postures. Collectively the literature
121 supports that trunk muscle function can impact risk of falls and low back disorders in older adult,
122 hence the motivation for the present work.
123 The purpose of this study was (i) to test if healthy older adults have different trunk muscle ampli-
124 tude and temporal activation patterns compared to healthy younger adults during a controlled
125 dynamic functional lift and replace task and (ii) to determine if differences were altered by task inten-
126 sity. We hypothesized that compared to younger adults older adults would have higher overall acti-
127 vation of all muscle sites, and altered temporal patterns including more sustained activity
128 throughout the task and altered temporal synergies reflecting changes in passive stiffness, muscle
129 strength and central and peripheral control associated with aging.

130 2. Methods

131 2.1. Participants

132 Participants, recruited from the general population via advertisements and electronic notices,
133 signed an informed consent approved by the Institution Ethics Review Board. Seventeen older adults
134 (65+ years old) were matched with younger adults (20–45 years old) selected from a larger group of
135 60 participants based on sex, mass (±3 kg), and height (±7 cm). 26 younger adults fit these criteria with
136 7 older adults having 2–3 potential matches. Exclusion criteria for both groups included self-reported
137 cardiovascular, neurological, cognitive, or musculoskeletal conditions, and a low back injury within
138 the last year that required medical attention, or limited daily function.

139 2.2. Test procedure

140 A telephone health screen was conducted, and then confirmed during testing. Participants attended
141 an initial session to familiarize them with the protocol and experiment task. Anthropometric data,
142 number of weekly aerobic activity lasting over 30 min (Gilleard & Brown, 1994), number of abdominal
143 training sessions per week were recorded and abdominal function ability (Kendall & McCreary, 1983)
144 was tested. Older adults completed Mini Mental Status Exam and were included if their score
145 exceeded 27/30 (Folstein, Folstein, & McHugh, 1975).
146 Testing took place within two weeks of the initial session. All participants performed a controlled
147 right-to-left transfer task, using a 2.9 kg mass (Hubley-Kozey et al., 2012). Participants stood with
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148 their body midline aligned with the center of a standing elbow height adjusted table. They performed
149 three trials of a standardized lift, transfer and replace task within a standardized 5 s count: lift on 1,
150 midline on 3, replace on 5 (Fig. 1a–c). Time to complete each phase and total time were calculated
151 from the event data. To minimize trunk motion, participants were provided with tactile feedback from
152 a sensor placed at the mid thoracic spine during upright standing in their starting position (Butler,
153 Hubley-Kozey, & Kozey, 2010). If timing or motion deviations were detected (either visually by the
154 tester or from the recorded event and motion traces), the trial was repeated. Both were later quanti-
155 fied as described below to confirm observations. These constraints resulted in a dynamic task that pro-
156 duced continuously changing flexion and lateral flexion moments around the spine, created primarily
157 by the external load (Fig. 1d). To increase task intensity participants performed the task in two con-
158 ditions; normal reach and maximum reach where participants maintained an elbow position of 90�
159 flexion or full extension respectively (Butler, Hubley-Kozey, & Kozey, 2009).

(a) Right-hand transfer (b) Hand transi�on (c) Le�-hand transfer

2 s 
half-way to 
midline

4 s
half-way 
to target

5 s
at target

Movement
path
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Fig. 1. Experimental set-up and subject posture showing (a) starting position (lift at 60� to their body midline using their right
hand) (b) load transfer when it passed the mid-point of the body with height lifted approximately 4–5 cm above the table
surface with both hands (c) using the left hand the ending position (replace at �60� from the body midline). Panel (d) includes
the flexion and lateral flexion moment paths as the load is transferred from one side of the body to the other. Pressure sensors
on the bottom of a 2.9 kg mass indicated time of lift off and replace; an optoelectric light sensor indicated when the load crossed
midline. These events defined 3 phases: right hand transfer (RHT), hand transition (HT) and left hand transfer (LHT). Reprinted
from: Human Movement Science, 31, Hubley-Kozey, C.K.; Butler, H.L; Kozey J.W., pp. 867, Copyright 2012, with permission from
Elsevier.
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160 2.3. Normalization procedure

161 Each participant performed two trials of eight maximum voluntary isometric exercises for EMG
162 amplitude normalization (percentage of maximum voluntary effort). Participants maintained a con-
163 stant maximal effort for 3 s with a 2-min rest between trials. These exercises have been found feasible
164 for older adults (Hanada, Hubley-Kozey, McKeon, & Gordon, 2008) and included a resisted: sit-up, lat-
165 eral bend (left/right), trunk extension, trunk extension with left/right rotation, and seated rotation
166 (left/right) (Butler et al., 2010). A series of normalization tasks has been found superior to elicit max-
167 imum response in trunk muscles compared to a single maximum voluntary contraction exercise
168 (Vera-Garcia, Moreside, & McGill, 2010).

169 2.4. EMG data acquisition and processing

170 Following standard skin preparation, surface electrodes (Ag/AgCl, 10 mm circular electrodes;
171 Meditrace, Graphics Control Canada Ltd) were positioned in a bipolar configuration (inter electrode
172 distance of 30 mm) along the fiber orientation of 12 bilateral muscle sites. Abdominal muscle sites
173 included placement over upper (URA) and lower rectus abdominis (LRA), internal oblique (IO) and
174 three sites over external oblique (EO1–3), representing the anterior, lateral and posterior fibers of
175 this muscle, respectively. Back extensor sites included erector spinae at the lumbar level 1 (L1)
176 and 3 (L3), positioned 3 cm and 6 cm lateral to the midline to represent the longissimus (L13,
177 L33) and iliocostalis (L16, L36) sites; as well as over quadratus lumborum (L48) and multifidus
178 (L52). Specific anatomical landmarks used for these electrode sites and supporting literature
179 have been previously described (Butler et al., 2010). Electrode placements were validated
180 using a series of manual muscle tests (Kendall & McCreary, 1983; Vezina & Hubley-Kozey,
181 2000) with slight changes in placement to accommodate individual anthropometry when
182 necessary.
183 EMG signals were pre-amplified (500�) and further amplified using three AMT-8 EMG systems
184 (band pass 10–1000 Hz; CMRR = 115 db, input impedance 10 GO; Bortec Inc., Calgary, Alberta). EMG
185 signals and event markers were digitized at 2000 Hz using a 16 bit resolution analog-to-digital con-
186 version board (PCI-6033E, National Instruments, Austin, Texas) and Labview™ software (version 7),
187 then stored for processing.
188 Custom Matlab™ code (Math Works, Natick, Massachusetts) corrected EMG signals for subject bias,
189 calculated the amplitude at the skin level using the calibration constant, high pass filtered (30 Hz) to
190 remove electrocardiogram artifact (Butler, Newell, Hubley-Kozey, & Kozey, 2009) and applied an
191 inverse fast-Fourier filter to remove electromagnetic sensor noise. Raw corrected signals were full
192 wave rectified then low passed filtered at 6 Hz using a second order recursive Butterworth filter to
193 produce a linear envelope. Signals were amplitude normalized to the maximum voltage regardless
194 of the exercise recorded from a 500 ms moving average amplitude recorded from each muscle site
195 during the normalization exercises (Vezina & Hubley-Kozey, 2000), and time was normalized from lift
196 off (0%) to replace (100%) using a quadratic interpolation algorithm.
197 EMG ensemble average waveforms for each participant (43), muscle (24) and condition (2)
198 (2064 � 101) were entered into a Principal Component Analysis (PCA) model (Hubley-Kozey
199 et al., 2009, 2012; Jackson, 2003) to capture the amplitude and temporal characteristics from
200 the comprehensive set of abdominal and back extensor EMG waveforms. Briefly, eigenvector
201 decomposition was performed on the covariance matrix of the original waveform matrix, resulting
202 in a set of principal components (PCs) explaining patterns of variation within the measured EMG
203 waveforms. For each waveform, a PC score which is a weighting coefficient of how much variance
204 in the original waveform features are capture by each PC. The PC scores are included in statistical
205 comparison of EMG waveform features with waveforms similar in shape and amplitude having
206 similar PC scores (Ivanenko, Poppele, & Lacquaniti, 2004). PC scores explaining over 90% of the
207 total waveform variance were included in statistical analyses. In addition, sample ensemble
208 average waveforms were calculated for each group, for each muscle and each condition (Winter
209 & Yack, 1987).
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210 2.5. Motion capture data collection and processing

211 An electromagnetic Flock of Birds™ (FOB) Motion Capture system (Ascension Technology Inc.,
212 Burlington, Vermont) recorded the 3D angular motion of the trunk and pelvis throughout the task with
213 respect to a global coordinate system (Silfies, Squillante, Maurer, Westcott, & Karduna, 2005). One sen-
214 sor was placed superior to the left anterior superior iliac crest, the second over the T8 spinous process.
215 Participants were positioned such that sensor motion corresponded with anatomical planes of motion
216 (Axial Rotation (AR), Flexion/Extension (FE), and Lateral Bend (LB)). Motion data and event markers
217 were sampled at 50 Hz using a 12 bit analog-to-digital board (National Instruments, DAQPad-
218 6020E) and Labview, and then stored for post processing. Angular motion data were low-pass filtered
219 using a 2 Hz second order recursive Butterworth Filter. Using event markers, angular motion data
220 were windowed for the entire movement and the maximum angular displacements were calculated
221 for each sensor in all 3 planes.

222 2.6. Statistical analysis

223 Student t-test or Fishers exacts test were used to test parametric and non-parametric demographic
224 and anthropometric variables. Angular displacement data were compared using a mixed model anal-
225 ysis of variance (ANOVA) (Group * Reach). Differences in PC scores for the abdominal and back muscle
226 sites were tested in separate mixed model ANOVAs (Group * Reach * Muscle). Tukey simultaneous
227 post hoc comparisons were performed on significant effects. Normality was confirmed using a
228 Kolmogorov–Smirnov test, with non-normal data being transformed using a Johnson Transformation.
229 Statistical analyses were performed in Minitab (Minitab Inc, State Collage, PA, version 16), with

230 a = 0.0125 (.05/4) for PC scores, and a = 0.008 (.05/6) for angular displacement data.

231 3. Results

232 3.1. Participant demographics and performance: Timing and kinematic variables

233 Groups were similar for descriptive characteristics except older adults had a significantly greater
234 waist circumference (approximately 3 cm) compared to younger adults (Table 1). The mean total time
235 to complete the task was 3.9 ± 0.4 s with total time and time to complete each phase of the lift and
236 replace task similar between groups and conditions (p > .05). Mean overall maximum trunk and pelvis
237 motion ranged from 0.5� to 2.2� (Table 2) for both groups and all conditions. There was minimal var-
238 iability for each measure, confirming that participants in both groups attempted to minimize motion.
239 Significant (p < .008) main effect for maximum angular displacements are indicated in Table 2. Older
240 adults had greater trunk motion than younger adults with the largest differences 0.8� for axial

Table 1
Descriptive statistics for participants in this study.

Comparison Older adults Younger adults

Participants (number) 17 26
Age (years) 67.8 (2.5)* 29.7 (7.3)
Sex (% male) 76 69
Mass (kg) 82.6 (15.0) 79.4 (13.0)
Height (cm) 171.7 (7.6) 173.4 (7.9)
BMI (kg/m2) 27.9 (4.1) 26.2 (2.7)
Waist girth (cm) 94.9 (12.8)* 91.2 (13.2)
Aerobic training (sessions/week) 3.5 (3.1) 4.4 (3.8)
Abdominal Training (sessions/week) 1.4 (2.0) 1.7 (2.0)
Normal abdominal function (% complete) 82 88

Mean (SD).
* Significant difference (p < .05) between younger and older adults.
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241 rotation. This difference occurred primarily in the RHT phase with older adults having 3.2 ± 2.0� com-
242 pared to 1.4 ± 0.9� of trunk axial motion for younger adults.

243 3.2. Qualitative EMG waveform analysis

244 Example ensemble average waveforms for the abdominal (Fig. 2) and back extensor (Fig. 3) muscles
245 show qualitative differences between muscle sites, groups, and reach. Most abdominal and back
246 extensor muscles had higher EMG activation amplitudes for older adults, but differences were not sys-
247 tematic among muscles (e.g. Fig. 2a versus d, f) or consistent throughout the task (Figs. 2a versus h or
248 3g versus e, f). Increasing reach distance resulted in higher activation in all back (Fig. 3) and some
249 abdominal sites in both groups (Fig. 2c, d, g and h) but for specific sites these differences were
250 dependent on phase (Fig. 3e versus b). PCA identified two dominant waveform features (PCs) captur-

Table 2
Means and standard deviation for the motion data for older (Old) and younger (YNG) adults in normal (Norm)
and maximum (Max) reach distances.

Significant main effects included showing significant differences in Tukey HST Post hoc are denoted by: gray
shading for reach = Maximum> normal, bold font for group Old> Young.

Fig. 2. Examples of ensemble average waveforms for specific abdominal sites. Black lines = younger adult group, gray
lines = older adult group, solid lines = normal reach, dashed lines = maximum reach. Specific abdominal sites include left (L) and
right (R) (a and b) L & RIO (c and d) L & REO1 (e and f) L & REO2 and (g and h) L & REO3.
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251 ing over 96% of the total variance in the EMG waveforms. The two PCs and the high-low scores to assist
252 with interpretation are illustrated in Fig. 4. Mean and standard deviations for PC scores are found in
253 Tables 3 and 4 with the ANOVA results summarized in Table 5. Interaction plots for significant group
254 interactions from Table 5 are found in Fig. 5. There were significant Group * Reach * Muscle interac-
255 tions for both abdominal PC scores with significant Group * Reach and Group * Muscle interactions
256 for PC1 and PC2 of the back extensor muscles respectively (Table 5).

257 3.3. Principal component 1

258 PC1 explained 85% of the total variance, capturing the overall magnitude and shape (Fig. 4a) includ-
259 ing a gradual increase in muscle activity corresponding with the increasing flexion moment at hand

Fig. 3. Examples of ensemble average waveforms for specific back sites. Black lines = younger adult group, gray lines = older
adult group, solid lines = normal reach, dashed lines = maximum reach. Specific back sites include left (L) and right (R) (a and b)
L & RL16 (c and d) L & RL33 (e and f) L & RL48 and (g and h) L & RL52.

Fig. 4. For principal components (1–2) plots a and b show the principal component (black line), and explained variance relative
to total movement time depicted by gray shading. Total explained variance for each principal component is shown in the top
left corner of these plots. To aid with interpretation, for each principal component plots c and d show ensemble average
waveforms of EMG activation patterns from the 5 highest (black line) and the 5 lowest (gray line) PC scores, along with black
arrows indicating how the PC influences the shape of the high score.
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Table 3
Means and standard deviations of principal component scores (1–2) of abdominal sites for older (Old) and younger (YNG) adults in normal (Norm) and maximum (Max) reach.

PC RLRA LLRA RURA LURA REO1 LEO1 REO2 LEO2 REO3 LEO3 RIO LIO

1 Old norm �45.1 ± 21cdef �38.9 ± 23cdf �41.6 ± 29cdf �37.8 ± 42cdf �19.8 ± 51f �28.4 ± 42f �26.1 ± 30f �19.7 ± 44f �35.3 ± 22cdf �36.1 ± 26cdf 4.6 ± 48 13.3 ± 45
1 YNG norm �65.6 ± 11cdef �65.2 ± 12cdef �65.2 ± 12cdef �64.1 ± 12cdef �56.5 ± 14f �58.4 ± 16f �53.1 ± 19f �54.4 ± 18f �56.3 ± 13f �58.5 ± 16f �11.4 ± 33 1.9 ± 46
1 Old max �45.3 ± 22bcdef �37.2 ± 23bcdef �38.2 ± 32cdef �35.9 ± 42cdf �7.3 ± 58f �18.0 ± 49f �20.9 ± 33cf �13.3 ± 56f �28.8 ± 27cdf �30.0 ± 28cdf 6.1 ± 50 18.3 ± 48
1 YNG max �65.0 ± 11cdef �64.5 ± 12cdef �63.1 ± 14cdef �62.0 ± 14cdef �45.2 ± 18f �46.9 ± 18f �50.2 ± 19f �51.3 ± 19f �50.2 ± 15f �52.6 ± 19cf �7.9 ± 39 6.3 ± 51

2 Old norm 0.8 ± 1e 1.3 ± 1 0.8 ± 1e 1.1 ± 1 3.7 ± 6 1.4 ± 4 2.1 ± 6 3.4 ± 5 4.2 ± 3 0.7 ± 2 0.6 ± 3ce 6.7 ± 5abcde

2 YNG norm 0.6 ± 1e 0.7 ± 1 0.4 ± 1e 0.5 ± 1 1.2 ± 5e 0.2 ± 4 2.1 ± 3 0.0 ± 2 3.8 ± 3 �1.1 ± 3 �1.3 ± 4cde 5.3 ± 7abcde

2 Old max 0.8 ± 1ce 1.7 ± 1 1.1 ± 1ce 1.7 ± 2 5.3 ± 11 2.6 ± 7 2.3 ± 7 4.3 ± 6e 5.7 ± 4 0.0 ± 2 0.5 ± 6ce 9.8 ± 9abcde

2 YNG max 0.6 ± 1de 0.8 ± 1 0.4 ± 1de 0.9 ± 1e �1.0 ± 8de 5.3 ± 6abde 3.6 ± 4 �0.5 ± 4 6.1 ± 5 �3.2 ± 6 �1.7 ± 5de 7.9 ± 8abcde

Post hoc analysis indicating significant between muscle differences: for right and left side paired muscle sites within the same group and reach distance by bold lettering; and muscle
differences between the same side muscles sites within a particular group and reach distance are represented by superscript a = LRA, b = URA, c = EO1, d = EO2, e = EO3, f = IO.
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260 transition (HT), followed by a gradual decrease (Fig. 1d). High-low score curves show that high scores
261 are associated with higher EMG amplitude (Fig. 4c). Post hoc analysis for the abdominal PC1 scores
262 showed that for all muscles and both reaches, older adults had higher overall amplitudes than younger
263 adults (Fig. 5a). Progressing from normal to maximum reach, overall muscle activation amplitudes
264 increased for EO1 in both groups and for EO3 in the younger adults only (Figs. 5a and 3c, d, g and
265 h). Differences among abdominal sites within groups and reach distances are found in Table 3 with
266 IO higher than all other abdominal sites. Left versus right differences were found in both groups at
267 both reach distances (higher left versus right PC1 scores) for IO sites (Table 3) with older adults having
268 additional significant right/left differences i.e. 2 out of 6 and 4 out of 6 abdominal sites for normal and
269 maximum reach respectively (Table 3).
270 Back site PC1 score post hoc analysis of the Group * Reach interaction showed that older adults had
271 higher overall activation than younger adults for both reach distances, and a subtle increase in
272 response to the increase in external moment (59 ± 80 to 91 ± 96 in old verses �5 ± 47 to 24 ± 56 in
273 young adults when progressing from normal to maximum reach respectively) (Fig. 5b). Muscle * Reach
274 post hoc analysis confirmed that all back sites increased overall activation (PC1) with increasing reach
275 distance (Table 4), and that 4 of 6 back sites developed asymmetric activation (higher right PC1 scores
276 compared to left) in maximum reach. Additional muscle differences are shown in Table 4.

277 3.4. Principal component 2

278 PC2 explained over 11% of the total variance capturing, a response to the lateral flexion moment as
279 the mass was moved from right to left (Figs. 1d and 4b). Positive scores (high scores in Fig. 4d) corre-
280 sponded with a muscle site having low initial activation relative to the gradual rise in activation that
281 occurred at task termination. Negative scores were associated with the opposite pattern (low scores
282 Fig. 4d).

Table 4
Means and standard deviations for principal component scores (1–2) of back sites for older (Old) and younger (YNG) adults in
normal (Norm) and maximum (Max) reach.

Post hoc analysis indicating significant between muscle differences for right and left side paired muscle sites within the same
group and reach distance by bold lettering; and muscle differences between the same side muscles sites within a particular
group and reach distance are represented by superscript a = L13, b = L16, c = L33, d = L36, e = L48, f = L52. Reach differences for
muscle by reach interactions are indicated by gray shading.

Table 5
P-values for the main effects and interactions from the ANOVA test results for principal component scores with the main effects or
interactions that were analyzed for post hoc differences indicated in bold.

Variable Abdominals Back extensors

PC1 PC2 PC1 PC2

Group <0.001 0.009 0.001 0.812
Reach <0.001 0.011 <0.001 0.066
Muscle <0.001 <0.001 <0.001 <0.001
Group * reach 0.003 0.700 <0.001 0.103
Group * muscle 0.003 0.039 0.441 <0.001
Reach * muscle <0.001 <0.001 0.005 <0.001
Group * reach * muscle <0.001 <0.001 0.107 0.334
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283 Post hoc differences for the abdominal sites showed that older adults had significantly different
284 PC2 scores than younger adults for LEO2 in both reach distances (Fig. 2d), and for REO1 and LEO3
285 (Fig. 2a and e respectively) in maximum reach (Fig. 5c). Progression to maximum reach resulted in
286 a significant increase in PC2 for the LIO in both groups (Fig. 2g), and the LEO1 in younger adults
287 (Fig. 5c). While both groups had PC2 score differences between sides for IO and EO3, only younger
288 adults had bilateral asymmetries for EO1 and EO2 in maximum reach Table 3. This illustrates a tem-
289 poral synergy between EO1-IO (Fig. 6a), and EO2–EO3 (Fig. 6b) in the younger group only.
290 Group * Muscle interaction for the back sites showed that older adults had a higher magnitude PC2
291 score indicative of a greater relative response to the lateral flexor moment (higher absolute values for
292 PC2 scores) for all back sites except LL33, and LL52 (Fig. 5d). The higher PC2 score magnitudes for L48
293 (Table 4) in older adults resulted in a temporal pattern similar to L36, which was not seen within the
294 younger group (Fig. 6c). The Reach * Muscle post hoc and muscle differences are found in Table 4.
295 Comparing back muscle sites for all groups and reach distances, L16 (more lateral) had the highest
296 response to the lateral moment (Fig. 3a and b), and medial L52 (Fig. 3g and h) was the least responsive
297 (Table 4) based on the magnitude of PC2 score.

298 4. Discussion

299 Two principal components captured the response of the trunk musculature to two predominant
300 dynamic moments i.e. flexion (PC1) and lateral flexion (PC2). Consistent with previous findings for
301 young adults (Hubley-Kozey et al., 2012, 2013) individual muscle sites had unique activation patterns
302 in response to these changing moments, however there were both group and task intensity interac-
303 tions, hence differences were not systematic. The results of this study confirmed our hypothesis, find-
304 ing that despite similarities in demographics, kinematics, and timing characteristics, different

Fig. 5. Interaction plots for principal components scores 1 (a and b) and 2 (c and d) for the abdominal (a and c) and back (b and
d) muscle sites. Common to all group interactions (a–d) older adults are illustrated by gray lines and younger adults are
depicted by black lines. Common to all reach interactions (a and c) normal reach is represented by solid lines and maximum
reach is depicted by dashed line reach. Significant group interactions are identified using: yellow shading for differences
between groups in both reach distances, and red diagonal line shading for differences in maximum reach. Significant group
differences in group by muscle interactions (b) are indicated by yellow shading and reach differences are indicated by ⁄. For
group by reach by muscle interactions (a and c) significant reach differences within a muscle site are indicated by: ⁄ = for
differences in both groups, and � = for differences in younger adults only. To assist with interpretation of PC scores see
corresponding High/Low score plots (Fig. 3b and d) (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.).
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305 amplitude and temporal responses were found between groups. In particular, compared to younger
306 adults, older adults activated all muscle sites with higher relative amplitudes. Temporal differences
307 were less systematic and varied by reach and/or muscle site thus modifying muscle synergies. The
308 findings and their potential implications are discussed below.

309 4.1. Ability to selectively recruit trunk muscles to changing task demands

310 The significant muscle interactions found for PC scores for both abdominal and back muscle sites
311 illustrate that the trunk musculature has unique responses to changing external moment generated by
312 the lift, transfer and replace task (Butler et al., 2010; Hubley-Kozey et al., 2013, 2012). These flexion
313 and lateral flexion responses support both experimental and theoretical models suggesting that differ-
314 ent muscles are activated depending on their mechanical advantage (Arjmand, Gagnon, Plamondon,
315 Shirazi-Adl, & Lariviere, 2010; Arjmand, Shirazi-Adl, & Parnianpour, 2008; Bogduk, Macintosh, &
316 Pearcy, 1992; Brown & Potvin, 2005; Kavcic et al., 2004; Talebian, Mousavi, Olyaei, Sanjari, &
317 Parnianpour, 2010; Vera Garcia, Elvira, Brown, & McGill, 2007; Vera-Garcia et al., 2010a; Ward
318 et al., 2009). This ability to selectively recruit and scale trunk muscle activation patterns is an impor-
319 tant mechanism for optimal joint loading (McGill et al., 2003), however, group interactions suggest
320 that amplitude, and temporal recruitment differences were not systematic between groups and were
321 specific to both reach and trunk muscle site.

322 4.2. Older adults have increased agonist and antagonist activation for trunk muscles

323 The higher overall activation for all muscles at both reach distances for older adults indicate a
324 higher neural drive relative to maximum activation compared to younger participants (PC1
325 scores). This finding (Fig. 5b) is consistent with differences reported for older adults during
326 unloaded movement tasks (Kuo et al., 2011). As the primary agonist, all back extensor sites
327 increased their overall activation (PC1) with increasing task intensity (Table 4) consistent with
328 previous reports (Butler et al., 2009, 2010). Therefore, group differences in overall neural drive
329 of back extensor sites can in part be explained by increased relative task demands resulting from
330 age-related strength loss (Hasue et al., 1980; Kubo, 1994; Sinaki, Nwaogwugwu, Phillips, & Mokri,
331 2001).
332 In contrast, the abdominal site alterations are less clear. Higher overall abdominal activation (PC1
333 scores) for older adults, or more antagonist activation (Fig. 5a), is unlikely influenced by increasing
334 task intensity as neither group had a systematic activation increase in all abdominal sites with
335 increasing reach distance (Fig. 5a). Higher antagonist co-activation in older adults is consistent with
336 studies of muscles around both the trunk (Asaka & Wang, 2008; de Freitas et al., 2010; Kuo et al.,

Fig. 6. Temporal waveform plots for older (gray) and younger (black) adults depicting the temporal synergy in younger adults
in maximum reach shared by: (a) REO1 (solid) and RIO (dotted) and (b) REO2 (solid) and REO3 (dotted), and the temporal
synergy in older adults for: (c) RL36 (solid) and RL48 (dotted).
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337 2011; McGill et al., 1999), and other joints (Hoffren, Ishikawa, & Komi, 2007; Hortobagyi & DeVita,
338 2000; Hortobgyi, Finch, Solnik, Rider, & DeVita, 2011). In part higher antagonist activation could be
339 explained by lower abdominal strength of older compared to younger adults (Hasue et al., 1980;
340 Kubo, 1994; Sinaki et al., 2001) but could also reflect the need for increased active spinal stiffness
341 as shown in younger adults (Arjmand et al., 2008a; Brown & Potvin, 2005; Granata & Marras, 2000;
342 Vera-Garcia, Brown, Gray, & McGill, 2006). Computer optimization models suggest that neural drive
343 to the spine is partially explained by maintaining stiffness requirement (Brown & Potvin, 2005;
344 Rashedi et al., 2010). Hence, reduced neutral zone passive stiffness (Sengupta & Fan, 2014) associated
345 with disc degeneration (Siemionow, An, Masuda, Andersson, & Cs Szabo, 2011) in older adults could
346 require increased active stiffness beyond that used in younger participants, as shown around the knee
347 and ankle (Hoffren et al., 2007; Hortobagyi & DeVita, 2000).
348 Differences in PC1 scores between sides are indicative of an asymmetric neural drive shown for
349 specific back and abdominal muscles in younger and older adults, particularly in maximum reach.
350 For older adults the asymmetry for the abdominal sites with increasing task intensity was not con-
351 fined to one direction as higher left versus right neural drive was found for the IO and EO2 muscle sites
352 whereas the LRA and EO1 sites had higher right versus left site activity. Only IO had higher left versus
353 right activity in younger adults. For the back muscles the asymmetry with maximum reach was con-
354 sistent with higher right versus left activity for all muscle sites although only four were significantly
355 higher. This could be explained as a compensation for cross sectional area differences between muscle
356 pairs as cross sectional area difference between sides of erector spinae muscles have been reported in
357 approximately 50% of a healthy adult population (35–69 years old) (Fortin, Yuan, & Battie, 2014). Of
358 note is that these asymmetries in particular in the abdominals were not systematic among muscle
359 sites, so a simple structural explanation might not suffice. Future studies could establish the extent
360 that these differences are explained by neural drive or cross sectional area, but more sophisticated bio-
361 mechanical modeling is needed to determine whether these asymmetries result in relative stiffness
362 and joint loads asymmetries (Kavcic et al., 2004; Marras, Davis, & Jorgensen, 2003; Marras, Ferguson,
363 Burr, Davis, & Gupta, 2004).

364 4.3. Older adults have altered temporal activation patterns of trunk muscles

365 Temporal features of EMG waveforms or relative changes over the entire task were captured pri-
366 marily by responses to the changing lateral flexion moment (PC2) consistent with previous work
367 (Hubley-Kozey et al., 2012, 2013). For all but two medial (LL33 & LL52) back sites older adults had
368 greater response to lateral flexion moments (higher absolute PC2 scores) compared to younger adults
369 (Fig. 5d). Higher relative activity at the beginning and end of the transfer task in older adults could in
370 part reflect lower lateral flexor strength, where increasing task intensity results in increased responses
371 in muscles that can counterbalance a lateral flexion moment (Table 4). For the abdominals, the lower
372 PC2 score magnitudes (closer to zero) in the left posterior external oblique muscle sites (EO3) in older
373 adults compared to younger adults (Fig. 5c) during maximum reach suggests less responsiveness to
374 the lateral flexion moment throughout the task. While older adults had an initial burst in LEO3 activity
375 in response to lift off (high right lateral flexion moment) for maximum reach (Fig. 2g), there was no
376 gradual decrease in activity as the lateral moment decreased during LHT (i.e. high left lateral flexion
377 moment). This temporal pattern with reduced differential in activity between RHT and LHT indicates
378 more sustained activation for older adults in the posterior external oblique sites rather than modulat-
379 ing activation to the lateral flexion moment as shown by younger adults. Given the contribution of the
380 external oblique fibers to produce lateral flexion moments (Dumas et al., 1991), older adults would
381 have an inefficient pattern as these sites produce an antagonistic moment during LHT.
382 More sustained abdominal muscle activation is consistent with changes seen for older adults per-
383 forming a leg loading exercise (Hubley-Kozey et al., 2009) as well as individuals recovered from a low
384 back injury performing the same lifting task (Hubley-Kozey et al., 2013). Recruitment pattern similar-
385 ities between older adults and low back injured populations’ could reflect a common mechanisms as
386 proprioception deficits (Goldberg et al., 2005; Lee, Cholewicki, Reeves, Zazulak, & Mysliwiec, 2010)
387 and delayed onsets of trunk muscles to unanticipated perturbations (Allman & Rice, 2002; de
388 Freitas et al., 2010; Hodges, 2001; Hwang et al., 2008; Silfies, Mehta, Smith, & Karduna, 2009) have
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389 been reported compared to healthy young populations. To compensate for these changes, low back
390 pain populations utilize more continuous activation of agonist, and antagonist muscles (D’hooge
391 et al., 2013; Hubley-Kozey et al., 2013) a pattern that can increase active spinal stiffness (Stokes,
392 Gardner-Morse, Henry, & Badger, 2000; Vera-Garcia et al., 2006). Increased active stiffness could also
393 compensate for reduced passive spinal stiffness from increased joint laxity in the neutral zone
394 (Gallagher et al., 2007) associated with age and injury related joint space narrowing (De Schepper
395 et al., 2010; Hangai et al., 2008; Hicks, Morone, & Weiner, 2009).
396 The implication of the combined effect of continuous muscle activation, and increased agonist and
397 antagonist activation is increased spinal stability (resistance to motion) (Brown, Vera-Garcia, & McGill,
398 2006; Stokes et al., 2000), but at a potential cost of greater cumulative loading (Granata & Marras,
399 2000; Vera-Garcia et al., 2006) leading to a risk of disc degeneration (Wang, Jiang, & Dai, 2007), and
400 increased risk of trunk muscle fatigue (Yassierli, Nussbaum, Iridiastadi, & Wojcik, 2007). Both
401 increased joint loading and muscle fatigue are risk factors for low back injuries (Davidson, Madigan,
402 Southward, & Nussbaum, 2011; Davidson et al., 2009; Norman et al., 1998). However, to determine
403 whether age-related changes in neuromuscular activation patterns alter spinal loading or spinal stiff-
404 ness requires detailed three-dimensional modeling of the spine, as age-related changes result in a
405 non-uniform decline in strength (Hasue et al., 1980; Kubo, 1994; Sinaki et al., 2001), cross sectional
406 area (Anderson, D’Agostino, Bruno, Manoharan, & Bouxsein, 2012; Hicks et al., 2005a; Ikezoe, Mori,
407 Nakamura, & Ichihashi, 2012; Ota, Ikezoe, Kaneoka, & Ichihashi, 2012) and muscle quality
408 (Anderson et al., 2012; D’Antona et al., 2003; Hicks et al., 2005b) in different abdominal and back
409 extensor muscle fibers.

410 4.4. Older adults have altered trunk muscle synergies

411 An unexpected finding was the change in synergies among the oblique abdominal muscle sites. In
412 younger adults ipsilateral anterior oblique fibers (EO1) shared a temporal synergy with the horizontal
413 fibers of the IO whereas the ipsilateral lateral (EO2) and EO3 fibers shared a synergy in response to
414 lateral flexion (Fig. 6a) as previously reported (Hubley-Kozey et al., 2012). In contrast, older adults
415 EO1 fibers shared a temporal synergy with the posterior more vertically oriented EO3 fibers and there
416 was no temporal synergy between ipsilateral EO2 and EO3 fibers (Fig. 6b, Table 3). This temporal EO1/
417 IO synergy in younger adults is consistent with a rotational moment balance during the first 10% of the
418 task when REO1 should produce a left axial rotation moment, stabilizing the right rotation produced
419 by the left lateral (LEO2) and posterior fibers (LEO3) of the external oblique (Arjmand et al., 2008b;
420 Dumas et al., 1991). In the older adults, lower initial EO2 activity relative to final activity (high PC2
421 scores) (Fig. 5c) would produce less right axial rotation during RHT, subsequently requiring a lower
422 corrective moment produced by REO1 fibers. Older adults had slightly more trunk axial rotation
423 (Table 2) which in part agrees with studies of unconstrained trunk motion, where older adults pro-
424 duced trunk movement in undesired planes, particularly axial rotation (McGill et al., 1999; Van
425 Emmerik et al., 2005). The greatest difference between groups was during task initiation (approxi-
426 mately 2�) but the total motion of 3.2� also had a large variability indicating a greater range in axial
427 motion among older adults. Hence, changes in oblique muscle fiber synergies could contribute to inap-
428 propriate control of rotational moments in older adults, and interestingly decreased control of upper
429 trunk axial rotation acceleration during gait is a predictor of fall risk in older adults (Doi et al., 2013).
430 However, further study is needed to determine whether there is a link between undesired axial rota-
431 tion and an inability to fine tune specific temporal synergies of muscle fibers in older adults by inves-
432 tigating uncontrolled tasks such as walking.
433 Older adults had similar shaped responses to the lateral flexion moment (PC2 scores) for superficial
434 fibers of the posterior quadratus lumborum (L48) muscle and the inferior iliocostalis sites (L36) indic-
435 ative of a temporal synergy (Fig. 6c) whereas younger adults had less responsive in L48 to the lateral
436 moment (lower PC2 score) compared to the inferior iliocostalis (L36) (Table 4). Increased quadratus
437 lumborum activity was previously reported in response to frontal/lateral loading, and was explained
438 as an attempt to distribute lateral flexor moment across agonist sites for a low back pain population
439 (Park, Tsao, Cresswell, & Hodges, 2013) which in part explain the older adult findings. The muscle by
440 reach interaction showed that increased task intensity reduced the synergy between LL48 and LL36,
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441 thus the older adult synergy is likely not explained by muscle strength and task intensity only
442 (Table 4).
443 Since trunk muscles exhibit directionally specific reflexive activity to restore balance (Masani et al.,
444 2009), the inability to fine-tune the EO and lateral back extensors might reflect diminished reflexive
445 activation reported at other joints in older adults (Granacher, Gollhofer, & Strass, 2006; Kido, Tanaka, &
446 Stein, 2004; Obata, Kawashima, Akai, Nakazawa, & Ohtsuki, 2010). Other explanations for altered
447 recruitment in EO and L48 sites in older adults could be explored such as less focal recruitment of
448 the motor cortex, (Van Impe et al., 2011) resulting in activation of motor units in neighboring fibers.
449 These explanations are purely speculative but measuring reflex responses and mapping cortical activ-
450 ity during a controlled task might help differentiate the source of the alteration in trunk activation
451 patterns. In general this overall lack of differential recruitment could be problematic in instances
452 where specific muscle responses to perturbations are required to produce a corrective moment such
453 as in a backward fall which would require selective recruitment of the abdominal musculature for
454 example.

455 4.5. Limitations

456 Potential limitations in interpreting surface EMG findings exist. First, is whether older adults can
457 produce maximal effort contraction for EMG normalization compared to a younger population
458 (McGill et al., 1999), but older adults showed the same ability to maximally activate their muscles
459 as younger adults at other joints (Klass, Baudry, & Duchateau, 2005). In addition, older adults did
460 not report discomfort while performing trunk maximum voluntary contractions (Hanada et al.,
461 2008), nor did they in this study. If this bias existed it would only affect PC1 scores and differences
462 were not systematic among all muscle sites between groups nor were the differences uniform
463 throughout the task for all muscle sites (Figs. 2 and 3). Second is the potential for cross talk and pre-
464 cautions were taken to minimize cross talk through maximizing electrode placement between adja-
465 cent muscles (Fuglevand, Winter, Patla, & Stashuk, 1992) and by performing validation exercises
466 (Winter, Fuglevand, & Archer, 1994). Sites such as the quadradus lumborum and multifidus pose
467 the greatest concern but this paper and others (Ceccato, de-Seze, Azevedo, & Cazalets, 2009;
468 Hubley-Kozey et al., 2012, 2013) identify that both multifidus and quadratus lumborum sites do have
469 unique muscle activation patterns relative to their nearby erector spinea fibers longissimus and
470 iliocostalis. While there is the potential for cross talk, the subtle differences in responses support that
471 the predominant motor unit activity picked up by the electrode are from the underlying muscles con-
472 sistent with the electrophysiology and volume properties of the tissues involved. Finally significant
473 differences for the trunk motion were found between groups and for trunk flexion with increased
474 reach distance for both groups. However, differences less than 1� would have minimal effect on the
475 external flexion and lateral flexion external moments based on standard calculations using estimates
476 of trunk mass as previously reported (approximately 0.3 Nm or a 1% increase for the maximum reach
477 task) (Hubley-Kozey et al., 2012). The significant difference more likely reflect the very small variabil-
478 ity due to the task constraints having minimal effect on external moments or EMG–force relationship
479 differences (Brown & McGill, 2008) and hence minimal contribution to the interpretation of the EMG
480 differences between groups or reach.

481 4.6. Summary of electromyographic findings

482 In summary the results of this study support overall higher activity as a percentage of maximum
483 for the older adults which has implications for increased risk of fatigue, but this cannot, without addi-
484 tional modeling be related directly to increased muscle force, limiting conclusions around higher
485 active stiffness and joint loading. However, what the findings do show is that the pattern of loading
486 throughout the task is different based on the temporal pattern alterations and differences in synergies
487 between the two groups. Together these could change the dynamic loading pattern of an older adult
488 spine and the time varying pattern of spinal stiffness.
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489 5. Conclusion

490 In conclusion, healthy older adults performed a controlled lift and replace task with similar time to
491 complete task and only small differences in trunk motion; hence they produced similar external
492 dynamic moments of force that their trunk musculature had to counterbalance as a young group. Con-
493 sistent with our hypotheses, older adults recruited higher agonist and antagonistic activation, demon-
494 strated sustained activation levels despite changing flexion and lateral flexion moments throughout the
495 task in specific muscle sites and had differences in the temporal response of specific muscle sites indic-
496 ative that healthy aging alters trunk muscle synergies. Examining synergies including temporal syner-
497 gies among trunk muscle sites has added to our knowledge of age related changes in trunk muscle
498 function having implications for understanding trunk control and spine stability in the aging population.
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