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The influence of lumbar extensor muscle fatigue on lumbar–pelvic
coordination during weightlifting

Boyi Hu and Xiaopeng Ning*

Department of Industrial and Management Systems Engineering, West Virginia University, Morgantown, WV, USA

(Received 13 August 2014; accepted 24 December 2014)

Lumbar muscle fatigue is a potential risk factor for the development of low back pain. In this study, we investigated the
influence of lumbar extensor muscle fatigue on lumbar–pelvic coordination patterns during weightlifting. Each of the
15 male subjects performed five repetitions of weightlifting tasks both before and after a lumbar extensor muscle fatiguing
protocol. Lumbar muscle electromyography was collected to assess fatigue. Trunk kinematics was recorded to calculate
lumbar–pelvic continuous relative phase (CRP) and CRP variability. Results showed that fatigue significantly reduced the
average lumbar–pelvic CRP value (from 0.33 to 0.29 rad) during weightlifting. The average CRP variability reduced from
0.17 to 0.15 rad, yet this change ws statistically not significant. Further analyses also discovered elevated spinal loading
during weightlifting after the development of lumbar extensor muscle fatigue. Our results suggest that frequently
experienced lumbar extensor muscle fatigue should be avoided in an occupational environment.

Practitioner Summary: Lumbar extensor muscle fatigue generates more in-phase lumbar–pelvic coordination patterns and
elevated spinal loading during lifting. Such increase in spinal loading may indicate higher risk of back injury. Our results
suggest that frequently experienced lumbar muscle fatigue should be avoided to reduce the risk of LBP.

Keywords: lumbar extensor muscle fatigue; lumbar–pelvic coordination; continuous relative phase; low back pain

1. Introduction

Low back pain (LBP) remains the most prevalent musculoskeletal disorder worldwide (Baldwin 2004; Manchikanti et al.

2009; Muslim et al. 2013). In the USA, it was estimated that 80% of the population would experience LBP at least once in

their lifetime (Maetzel and Li 2002). LBP patients often suffer from trauma and immobilisation (Fritz and George 2000)

which generate tremendous economic costs. Previous studies indicated that LBP is responsible for more than 90 billion

dollars of annual medical expenses (Luo et al. 2003).

Low back muscle fatigue has long been identified as a potential risk factor for the development of LBP (Biering-

Sorenson 1984; Luoto et al. 1995; Kankaanpää et al. 1998; Roy et al. 1990). One study showed that lumbar extensor muscle

fatigue could alter the load-sharing mechanism between lumbar muscles and ligaments during the performance of trunk

flexion and extension tasks (Descarreaux et al. 2008). Such change could potentially alter the intervertebral disc loading

which is highly associated with the occurrence of LBP (Rodrigo, Goonetilleke, and Xiong 2013; Marras et al. 2005). Other

studies investigated the relationship between fatigue and muscle reflex performance (Moore et al. 2002). Particularly, one

study discovered significantly increased trunk muscle reflex time in reaction to external sudden loading events with the

influence of muscle fatigue (Wilder et al. 1996). This delay in muscle reflex could reduce lumbar stability, and increase

trunk kinematic responses to external impact, thereby elevating the risk of LBP. Although previous studies have illustrated

the potential mechanisms that lumbar muscle fatigue contributes to the occurrence of LBP, however, direct evidences that

link lumbar muscle fatigue to LBP symptoms are still lacking.

LBP patients demonstrated different motion patterns compared to non-symptomatic population (Hamill, Haddad, and

Mcdermott 2000). One study compared the difference of pelvis–trunk coordination and variability between LBP patients

and non-symptomatic subjects during walking and running (Seay, Van Emmerik, and Hamill 2011). Results of this study

showed that in both tasks, LBP patients demonstrated more in-phase pelvis–trunk coordination in the frontal plane and

reduced coordination variability in the transverse plane. Another study investigated the lumbar–pelvic coordination during

sit-to-stand and stand-to-sit motions among healthy subjects and patients with LBP (Shum, Crosbie, and Lee 2005). The

authors observed less lumbar motion and more pelvic motion among LBP patients in comparison to healthy subjects, and

such change could influence spinal loading (Tafazzol et al. 2014), which is directly associated with the risk of LBP (Norman

et al. 1998; Bakker et al. 2007).
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The purpose of this study was to better understand the influence of lumbar extensor muscle fatigue on lifting kinematics

and the associated LBP risks. More specifically, we investigated how the magnitude of lumbar extensor fatigue could

change the lumbar-pelvic motion coordination during lifting tasks among non-symptomatic subjects. The spinal loadings

during lifting tasks were also compared before and after lumbar extensor muscle fatigue. Based on the existing evidence, it

was hypothesised that subjects may demonstrate more in-phase lumbar–pelvic coordination and reduced lumbar–pelvic

motion variability during lifting after the influence of lumbar muscle fatigue. In addition, we suspected that changes in

motion coordination might increase spinal loading during lifting tasks after muscle fatigue.

2. Materials and methods

2.1 Participants

Fifteen male volunteers (average age 25.8 ^ 2.7 years, body mass 76.6 ^ 7.5 kg, body height 1.73 ^ 5.5 cm) participated

in this study. Individuals with a history of LBP within the past 18months that required medical attention were excluded

from the study population. The experiment design and procedures were approved by the Institutional Review Board of West

Virginia University.

2.2 Instrumentation

Lumbar and pelvic kinematics were collected using a magnetic field-based motion tracking system (Motion Star,

Ascension, Burlington, VT, USA) with two magnetic sensors secured to the skin surface of the T12 and S1 spinous

processes. The pelvis rotation angle was obtained as the relative rotation of S1 sensor in the sagittal plane. The lumbar

flexion angle was defined as the angular difference between T12 and S1 motion sensors in the sagittal plane (Figure 1(a)).

Muscle electromyography (EMG) was sampled using bipolar surface EMG electrodes (Bagnoli, Delsys, Boston, MA, USA)

placed over the skin of the left and right erector spine muscles (4 cm lateral to the L3 spinous process) (Ning et al. 2011; Hu,

Ning, and Nimbarte 2013a, 2013b). EMG and kinematics data were both sampled at 1024Hz and synchronised using the

MotionMonitor software (MotionMonitor, Innovative Sports Training, Chicago, IL, USA). A custom-made pelvis

restriction apparatus was used in the fatiguing protocol to help maintain lumbar and trunk postures and reduce strain and

discomfort among leg muscles (Figure 1(b)) (Ning 2011).

2.3 Independent and dependent variables

The lumbar extensor muscle fatigue (with or without) was the only independent variable involved in this study. Three

dependent variables were investigated: (1) lumbar–pelvic Continuous Relative Phase (CRP). The CRP was calculated as

the difference in phase plane angles between lumbar and pelvis during a movement; CRP is critical in deciphering the

motion synergy of multiple segments during task performance (Scholz 1990; Schöner, Jiang, and Kelso 1990). (2) Lumbar–

pelvic CRP variability. CRP variability was defined as the standard deviation of the CRP for each task. Detailed

computational procedure can be found in the Data processing session. (3) External moment on the L5/S1 joint.

Figure 1. (a) A snapshot during a weightlifting task, the definitions of lumbar and pelvis rotation angles are also demonstrated;
(b) demonstration of the static weight holding task performed during the fatiguing protocol.
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2.4 Protocol

Upon arrival, subjects were given a detailed description of the tasks they were required to perform; informed consent forms

(approved by the local Institutional Review Board) were then signed. Prior to the data collection, subjects performed a 5-

minute warm-up section to stretch muscles and familiarise with the experiment protocol. Motion sensors and surface EMG

electrodes were then attached to the designated locations with double-sided tape.

The current experiment required subjects to perform five repetitions of a weight-lifting task both before and after a

lumbar extensor muscle fatiguing protocol in order to compare the changes of lumbar–pelvic coordination caused by

fatigue (Figure 1(a)). When performing the weightlifting task, subjects were required to start from an upright standing

posture and lift a 20 lbs box (right in front of the subjects with the centre of the box 40 cm away from the mid-point of

ankles) using a stoop lifting technique where the arms remained straight (Figure 1(a)). During the fatiguing protocol,

subjects were secured in a pelvis restriction apparatus and required to hold the same 20 lbs box until exhaustion whilst

attempting to maintain trunk flexion at ,458 so that lumbar curvature also remained constant (Figure1 (b)). To assess the

lumbar extensor muscle fatigue, measurements of lumbar muscle EMG median frequency were made at four different time

points: (1) at the beginning of the experiment, (2) right before the fatiguing protocol, (3) right after the fatiguing protocol

and (4) at the end of the experiment (Figure 2). The fatigue measurement task requires subjects to be secured in the pelvis

restriction apparatus and maintain a,458 flexed trunk posture while holding a 20 lbs box for 6 s. The hand load was used to
elevate the lumbar extensor muscle activity in order to increase the accuracy of the measurement (De Luca 1997) and the six

seconds of sampling duration was chosen based on previous research to both avoid the accumulation of muscle fatigue and

ensure the quality of the data (Ning 2011).

2.5 Data processing

2.5.1 EMG median frequency

EMG data from the erector spinae muscle during the performance of fatigue measurement tasks were transferred into

frequency domain and passed through a 500Hz low-pass filter, a 10Hz high-pass filter and a notch filter at 60Hz and its

aliases; the median point of the frequency spectrum was then calculated and used to quantify the accumulation or recovery

of muscle fatigue (De Luca 1997). The median frequency data were used to verify the following goals of the experiment

design: (1) the lifting trials prior to the fatiguing protocol do not introduce lumbar extensor muscle fatigue; (2) significant

fatigue can be generated during the fatiguing protocol and (3) significant recovery of muscle fatigue does not occur during

the performance of lifting tasks after the fatiguing protocol.

2.5.2 CRP and CRP variability

Previous studies have made extensive efforts in investigating the algorithm of CRP (Kurz and Stergiou 2002; Peters et al.

2003; Van Emmerik, and Wagenaar 1996; Seay, Van Emmerik, and Hamill 2011; Selles et al. 2001; Heiderscheit, Hamill,

and Van Emmerik 2002; Miller et al. 2008; Lamoth et al. 2002, Hu, Ning, and Nussbaum 2014). In the current study,

instantaneous lumbar and pelvic angular positions were obtained from the output of motion sensors, and angular velocities

were then derived from the angular position data collected in the time domain (Seay, Van Emmerik, and Hamill 2011). Both

angular positions and angular velocities were normalised from 21 to þ1 corresponding to the minimum and maximum

values, respectively, during each lifting task. The lumbar and pelvic phase plane plots were then created using these

normalised data (Figure 3(a)). For each motion segment, the instantaneous phase angle was calculated using the phase plane

coordinates with the arctangent function (Burgess-Limerick, Abernethy, and Neal 1993). The lumbar–pelvic CRP was

Fatigue measurement tasks

1 min rest between trials

Fatiguing protocol

Pre-fatigue weight lifting trials Post-fatigue weight lifting trials

Figure 2. Illustration of the experimental timeline.
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defined as the phase angle difference between these two motion segments (Figure 3(b)). A close to 0 rad CRP represents a

more “in-phase” motion pattern between the segments and a close to p rad CRP represents a more “out-phase” motion

pattern. Previous studies suggested that more in-phase coordination patterns might represent increased protective guarding

motions among task performers (Ahern et al. 1988; Selles et al. 2001; Seay, Van Emmerik, and Hamill 2011). CRP

variability was defined as the standard deviation of the CRP profile for each trial.

2.5.3 Spinal loading

Although EMG-assisted biomechanical models (Marras and Granata 1997a, 1997b; Sparto and Parnianpour 1999; Jia, Kim,

and Nussbaum 2011) can be used to estimate muscle forces, in the current study considering the influence of muscle fatigue

on EMG signals, muscle forces were not assessed, and instead, a physical model (Ning, Jin, and Mirka 2012; Ning et al.

2014; Hu et al. 2014) was used to calculate the instantaneous external moment on the L5/S1 joint. In this model, subjects’

anthropometric measurements (including body height, weight, etc.) were used in combination with trunk kinematics (i.e.

trunk angles, angular velocities and accelerations) to estimate the total moment of upper body imposed on the L5/S1 joint.

The mass and centre of mass of body segments were estimated according to previous findings (Mirka et al. 1998). Then the

L5/S1 joint moments during the 10th, 20th, 30th . . . and 100th percentiles (divided based on lifting duration) of

weightlifting motion were obtained.

2.6 Statistical analysis

In the current study, all statistical analyses were performed using Minitab (Minitab 15, Minitab Inc., State College, PA,

USA). Prior to the analyses, the assumptions of the analysis of variance (ANOVA) procedures (independence of

observations, constant variance of residuals and normal distribution of residuals) were checked; variables that did not

satisfy all assumptions were transformed to meet all the criteria (Montgomery 2012). The effect of fatigue on each

dependent variable was tested using repeated ANOVA. Subjects were set as the blocking factors and lumbar loadings at

each 10th percentile of lifting were treated as additional dependent variables. A criteria p-value of 0.05 was used for all

statistical analyses.

Figure 3. Illustration of CRP calculation: (a) phase plane for pelvic segment and lumbar segment. (b) Phase angle profile for pelvic and
lumbar segment and final CRP profile.
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3. Result

3.1 Lumbar extensor muscle fatigue

In the current study, fatigue was characterised by the decrease of median frequency in muscle EMG. Data from fatigue

measurement tasks suggested that based on post hoc analyses, overall, no significant muscle fatigue was generated after

performing five repetitions of weightlifting tasks prior to the fatiguing protocol. The fatiguing protocol, on the other hand,

introduced significant drop of EMG median frequency (on average 10.2 Hz, p-value , 0.001) which demonstrated a clear

accumulation of fatigue among lumbar extensor muscles (Elfving et al. 2002); such drop in median frequency remained

until the completion of another five repetitions of lifting tasks as shown in Figure 4. These results have collectively

demonstrated that the goals of our experiment design were successfully achieved.

3.2 Lumbar–pelvic CRP and CRP variability

The results of our statistical analyses showed that lumbar extensor muscle fatigue significantly affected the lumbar–pelvic

CRP during lifting (Figure 5). In general, after the fatiguing protocol, subjects demonstrated significantly smaller average

CRP values (i.e. more in-phase lumbar–pelvic coordination). To analyse the lifting motions in greater detail, in addition to

the overall pattern, the average CRP values in each quarter (equally divided based on time) of lifting motion were compared

(McGorry and Hsiang 1999). In the first quarter of the lifting motion, the CRP remained unchanged after the fatiguing

protocol; however, in the other three quarters of lifting, lumbar extensor muscle fatigue significantly reduced the average

CRP values. The mean value of CRP variability also decreased after fatigue (pre-fatigue: 0.17 ^ 0.015 rad; post-fatigue:

0.15 ^ 0.009 rad); however, such decrease was only approaching significance ( p-value ¼ 0.07).

4321

75

70

65

60

55

50

45

Fatigue measurement trials

M
ed

ia
n 

F
re

qu
en

cy
 (

H
z)

A

A

B B
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3.3 Spinal loading

Significantly larger L5/S1 joint external moment values were consistently observed from 20th to 70th percentiles of lifting

motions after lumbar muscle fatigue was introduced (Table 1).

4. Discussion

The purpose of this study was to better understand how lumbar extensor muscle fatigue could elevate the risk of LBP

by investigating the changes of lumbar–pelvic coordination during lifting motions before and after lumbar muscle

fatigue. Results of this study in general supported our initial hypotheses that with the influence of lumbar extensor

muscle fatigue non-symptomatic subjects demonstrated more in-phase lumbar–pelvic coordination and reduced CRP

variability.

A number of studies have shown that LBP patients demonstrated more in-phase lumbar–pelvic coordination and

reduced lumbar stability (Cholewicki and McGill 1996; Lamoth et al. 2002; Seay, Van Emmerik, and Hamill 2011; Selles

et al. 2001; Van Emmerik et al. 1999). Earlier studies also suggested that LBP patients tend to adopt more “protective

guarding” motions in order to compensate for the decreased stability and reduce the risk of injury (Marras and Wongsam

1989; Ahern et al. 1988). In-phase lumbar–pelvic coordination is externalised as more unidirectional rotary motion

between pelvis and lumbar motion segments. This change of motion pattern could reduce the dynamic complexity of the

body and may be viewed as a subconscious protecting mechanism. On the other hand, based on the results of the current

study, it is clear that non-symptomatic subjects who developed transient lumbar muscle fatigue adopted more in-phase and

less variant lumbar–pelvic motion patterns during lifting tasks. Earlier study reported that certain amount of lumber

extensor muscle fatigue could lead to decreased spinal dynamic stability and reduced dynamic complexity (Granata and

Gottipati 2008). It is possible that subjects in the current study adopted more in-phase lumbar–pelvic motion pattern to

compensate for the decreased lumbar stability.

On the other hand, previous studies discovered strong positive correlation between the magnitude of mechanical loading

on the spine and the risk of lower back injury (Granata and Marras 1993; Marras and Granata 1995; Neumann et al. 1999).

The results of this study suggested that the muscle fatigue-induced in-phase lumbar–pelvic coordination may compensate

the decreased spinal stability; however, such motion pattern significantly increased spinal external loading which could lead

to elevated risk of LBP.

Previous studies discovered reduced CRP variability among LBP and other musculoskeletal disorder patients (Van

Emmerik et al. 1999). One study found that LBP patients had smaller pelvic–trunk CRP coordination variability during

walking than the healthy subjects (Selles et al. 2001). Other studies found similar results among patients with knee pain

(Heiderscheit, Hamill, and Van Emmerik 2002) and iliotibial band syndrome (Miller et al. 2008). In addition, one study

revealed that LBP patients showed smaller lumbar–pelvic coordination variability with the increase of walking speed

(Lamoth et al. 2002). In line with the previous findings, the results of current study found 12% (0.021 rad) decrease of

lumbar–pelvic CRP variability during lifting after the fatiguing protocol. However, such reduction was not statistically

significant. One possible reason is that compared to walking and running, weightlifting involves much larger range of

motion from both lumbar and pelvis segments; as a result, larger kinematic variance can be generated between trials.

The current study has several limitations to be noted. First, only one level of hand load was tested in this study, and it is

possible that the changes of hand load could interact with muscle fatigue and influence the lumbar–pelvic coordination

during weightlifting. Second, only sagittal symmetric lifting was investigated in the current study. Subjects may

demonstrate different lumbar–pelvic coordination when performing more complex asymmetric lifting. Besides, lumbar

extensor muscle fatigue was introduced by performing sustained weight holding in a relatively short period of time (e.g. a

few minutes). However, previous studies showed that performing dynamic tasks over a longer period of time (e.g. an 8 h

shift) can generate muscle fatigue with very different characteristics (Elfving and Dedering 2007) and therefore warrants

future investigation. Finally, pre-fatigue and post-fatigue lifting trials were performed adjacently in the same day, and

Table 1. The L5/S1 joint moment during the 10th, 20th, 30th . . . and 100th percentiles of weightlifting.

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Pre Fatigue Mean (N*m) 143.6 131.5 113.9 95.1 74.1 53.8 36.8 23.8 15.5 12.2
SD 20.2 21.2 26.5 25.9 24.4 22.5 19.8 15.8 11.6 18.4

Post Fatigue Mean (N*m) 144.8 134.4 121.9 105.1 86.1 65.4 45.9 29.8 17.9 11.7
SD 27.9 29.2 26.4 27.5 27.2 24.8 20.8 16.0 11.7 11.4

p-value 0.097 0.045 0.029 0.014 0.005 0.007 0.025 0.09 0.63 0.87

Note: The significance threshold for bold values is 0.05.
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although we did not observe any clear trend in motion pattern changes within the same condition, due to the nature of the

current experiment design, the potential influence of learning effect on our results cannot be eliminated.

5. Conclusions

The results of the current study showed that healthy subjects adopt more ‘in-phase’ lumbar–pelvic motion pattern when

experiencing lumbar muscle fatigue. Such change in lumbar–pelvic motion could elevate the L5/S1 joint loading which in

turn could increase the risk of LBP. Our results suggest that changes of lumbar–pelvic motion pattern could be used in

occupational environment for the identification of lumbar muscle fatigue. In addition, although occasionally experienced

lumbar muscle fatigue may be inevitable, effort should be made to avoid prolonged or frequently experienced lumbar

extensor muscle fatigue in order to reduce the risk of spinal injury.
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