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Background
Low Back Pain (LBP) is a prevalent public health issue 
and a leading cause of disability globally, especially in 
women population [1, 2]. Previous studies have indicated 
that evaluation of the Flexion-Relaxation Phenomenon 
(FRP) holds considerable clinical significance in the diag-
nosis of LBP, serving as a crucial indicator for the predic-
tion of injury [3–6].

The FRP is a distinctive pattern of muscle activity 
observed during trunk flexion in healthy individuals, 
characterized by a sudden myoelectric silencing of the 
lumbar extensor musculature [3]. This phenomenon is 
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Abstract
Background  To investigate whether the flexion-relaxation phenomenon differs in women with different physical 
activity levels.

Methods  Seventy-two subjects were recruited for this study. The electromyographic activity of the erector spinae 
and multifidus muscles was recorded during a flexion task using a surface electromyographic device. The flexion-
relaxation and extension-relaxation ratios were calculated. Participants were classified into different physical activity 
level groups based on their responses to the International Physical Activity Questionnaire. A Welch analysis of variance 
was conducted to compare the flexion-relaxation ratio and extension-relaxation ratio between groups.

Results  A significant difference in the flexion-relaxation and extension-relaxation ratio was observed in both the 
erector spinae and multifidus muscles between different levels of physical activity.

Conclusions  In this study, we observed that female participants with high levels of physical activity showed a more 
pronounced flexion-relaxation phenomenon compared to those with moderate and low levels of physical activity. 
No significant difference was found between moderate and low physical activity levels. The findings of our study 
highlight the association between physical activity and the mechanics of the spinal stabilising muscles.
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considered to be caused by a stretch inhibition reflex [7]. 
During forward flexion, the lumbar extensor muscula-
ture control and coordinate the motion [3]. In the flexed 
position, the stretch receptors in non-contractile tissues 
activate and increase tension, providing an appropri-
ate extension moment and reflexively inhibiting lumbar 
extensor muscle activity [3, 8]. This phenomenon was 
considered an excellent potential biomarker for identify-
ing patients with LBP, with good sensitivity and repro-
ducibility [9, 10].

Physical activity (PA) is widely considered to be a criti-
cal factor in maintaining health [11, 12]. Previous evi-
dences have suggested an inverse association between 
PA level and LBP, with exceptionally moderate PA lev-
els being associated with a lower incidence of LBP [13]. 
A previous longitudinal study found moderate intensity 
PA such as walking or cycling reduced the risk of LBP 
in women [14]. However, there seems to be a ceiling on 
this protective benefit. A cohort study based on a Finnish 
population noted that the relationship between PA and 
LBP appears to be U-shaped [15]. This means that both 
low level of PA and high level of PA are associated with 
an increased risk of LBP. At the same time, varying levels 
of PA have been shown to be an effective strategy for the 
prevention and management of lower back pain [16, 17].

In recent years, there has been a growing body of 
research on the impact of different PAs on FRP. However, 
most of these studies have assessed the efficacy of spe-
cific physical activities as interventions for patients with 
LBP, using the FRP as an outcome indicator [18–20]. Few 
studies have investigated differences in the FRP between 
healthy individuals with varying levels of physical activ-
ity. A study by M. Ramezani et al. compared the inci-
dence of FRP in female yogis and non-athletes and found 
a lower incidence in the yogi group [21]. To the best of 
our knowledge, there have been no studies examining the 
association between total physical activity level and the 
FRP in a healthy population.

In prior research, a noteworthy gender disparity was 
observed in the spinal extensor half-flexion relaxation 
ratio (P < 0.001) [22]. Evidence suggests that women and 
men activate their trunk muscles differently to main-
tain lumbar stability [23] and male sexual lumbar erec-
tor spinae muscles displaying significantly higher muscle 
tone and stiffness than those in women [24]. These find-
ings highlight the importance of understanding gender-
specific differences in trunk muscle function and their 
potential implications.

This study aims to determine if there are differences 
in FRP among women with varying levels of physical 
activity.

Method
Subject
This cross-sectional observational study was conducted 
at the Department of Rehabilitation Medicine, Sir Run 
Run Shaw Hospital, School of Medicine, Zhejiang Uni-
versity, between May 2022 and October 2022, as part of 
another observational study. This study was approved by 
the Medical Ethics Committee of Sir Run Run Shaw Hos-
pital, School of Medicine, Zhejiang University, under the 
ethics number 2022-450-01. Participants were recruited 
through posters and electronic advertisements. Par-
ticipants who met the following inclusion criteria were 
considered eligible for this study: women aged between 
18 and 60 years old with no recorded history or self-
reported symptoms of LBP within the last six months. 
The exclusion criteria for this study were a history of sur-
gery or injury related to the spine, pelvis, or lower limbs, 
scoliosis, obesity, pregnancy, or hypertension. Prior to 
participating in the study, all participants were fully 
informed of the study protocol, and informed consent 
was obtained.

Sample size
The sample size was calculated in R studio (version 
2022.07.1 + 554) using the “pwr” package. Based on data 
from our previous pre-experiments. With an α risk of 
0.05, a power of 0.8, and effect size of 0.4, and dropping 
rate of 10%, a total of 72 participants was needed.

Physical activity
PA was evaluated using the short version of the Interna-
tional Physical Activity Questionnaire (IPAQ). In IPAQ, 
PA was described as the activities you do at work, as 
part of your house and yard work, to get from place to 
place, and in your spare time for recreation, exercise or 
sport. Participants were queried regarding the frequency 
and duration of high-intensity, moderate-intensity, and 
walking physical activity per day in the preceding seven 
days. Participants were told that the high-intensity PA 
refer to activities that take hard physical effort and make 
you breathe much harder than normal. The moder-
ate PA refer to activities that take moderate effort and 
make you breathe somewhat harder than normal. Walk-
ing included at work and at home, walking to travel from 
place to place, and any other walking that you have done 
solely for recreation, sport, exercise, or leisure. Sitting 
time included time spend at work, at home, while doing 
course work and during leisure time. This may include 
time spent sitting at a desk, visiting friends, reading, or 
sitting or lying down to watch television. The IPAQ data 
were calculated according to the IPAQ scoring protocol 
(accessible at http://www.ipaq.ki.se) and were categorised 
into three groups: low, moderate and high. The cut-off 
limits are outlined in Table 1.

http://www.ipaq.ki.se
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Flexion relaxation phenomenon
Quantification of FRP
In this study, the Flexion-Relaxation Ratio (FRR) and the 
Extension-Relaxation Ratio (ERR) were used to quan-
tify the FRP. These methods have been shown to pos-
sess good reliability and validity among the multitude of 
methods proposed in the literature [25]. The ratio was 
calculated from the electromyographic (EMG) record-
ings of the spinal extensors in a trunk dynamic forward 
flexion task. The FRR was defined as the ratio of the root 
mean square (RMS) of the flexion phase to the RMS of 
the full flexion phase during a trunk dynamic forward 
flexion task, while the ERR was defined as the ratio of the 
RMS of the extension phase to the RMS of the full flexion 
phase during the same task [25, 26]. RMS was using the 
maximal RMS of 1 s during the different phase [26].

Forward flexion task
The participants were asked to visit the laboratory twice. 
They were briefed in detail on the study protocol by the 
researcher during the first visit to ensure that each par-
ticipant fully understood the study. Then, a familiarisa-
tion procedure of the study was conducted. After the first 
visit, participants were asked to revisit the laboratory 
24 h later. During these 24 h, they were told not to engage 
in physical work. The participants were asked to perform 
a trunk forward flexion task while wearing a surface EMG 
(sEMG) device to record sEMG signals. All participants 
were asked to complete three trials. To ensure accuracy 
and reliability of the data, the average value of three tri-
als was used for further analysis. Additionally, there was 
a 5-minute interval provided between each trial to allow 
the participant to rest adequately before the next trial.

The forward flexion task protocol was consistent with 
a previous study by Rose-Dulcina K et al. [26]. The task 
consisted of four phases: Phase 1: the upright, relaxed 

standing position, with their arms by their side and their 
feet shoulder width apart for 4s; Phase 2: the participant 
performed a full forward flexion of the trunk with their 
knees straightened and the arms hanging naturally in 
front of the body, which lasted for 4s, Phase 3: keep the 
full flexion position for 4s. Phase 4: extended backwards 
to the starting position for 4 s. In addition, a metronome 
of 1s/vocal was taken for each participant to ensure an 
even, smooth rhythm of movement.

sEMG signal
The ME 6000 sEMG system,16-channel (Mega Elec-
tronics Ltd., Kuopio, Finland), was used to record EMG 
signals from the erector spinae and multifidus muscles. 
The sampling frequency was set to 1000 Hz. The record-
ings were obtained from the right-side erector spinae 
and multifidus muscles, using Red DotTM Ag/AgCl 
electrodes (3  M Health Care, St. Paul, MN, USA). The 
placement of the electrodes was in accordance with the 
SENIAM guidelines (accessible at http://www.seniam.
org/).

Erector spinae (ES) (longissimus): the electrodes need 
to be placed at two finger widths lateral from the spinous 
process of L1.

Multifidus (MF): the electrodes need to be placed on a 
line from the caudal tip posterior spina iliaca superior to 
the interspace between L1 and L2 interspace at the level 
of L5 spinous process (approximately 2–3  cm from the 
midline) and aligned with it.

The electrode distance was set to 20  mm. The elec-
trodes and cables were fixed to the skin using hypoaller-
genic tape to prevent movement-related artifacts. Before 
attaching the electrodes, the skin was shaved and cleaned 
with alcohol pads.

EMG signal processing
The raw EMG signal data was exported from MEGAWIN 
software as ASCII files and imported into MATLAB 
(R2021a, manufactured by MathWorks America Co.) 
software for signal processing.

A fast Fourier transform was performed on the raw 
signal data, and the frequency spectrum was plotted for 
visual evaluation. To minimize potential artifacts and 
mains interference, the raw data was filtered using a 
50 Hz notch filter and a 20–450 Hz bandpass filter.

The RMS formula was used to calculate the RMS value 
of the filtered EMG signal.

Statistical analysis
The data analysis was conducted utilizing the R (version 
4.1.0; R Development Core Team) within the RStudio 
(version 2022.07.1 + 554) platform. The normality of the 
data was tested by utilizing a Q-Q plot and the Shapiro-
Wilk normality test. The Bartlett test was used to test 

Table 1  The cut-off limits of different physical activity category. 
MET: Metabolic Equivalent
Physical activity 
category

Cut-off limits

1 Low - no activity is reported or
- some activity is reported but not enough to 
meet categories 2 or 3

2 Moderate − 3 or more days of vigorous activity for at least 
20 min. per day or
− 5 or more days of moderate intensity activity 
or walking for at least 30 min. per day or
− 5 or more days of any combination of walking, 
moderate intensity or vigorous intensity activi-
ties achieving a minimum of 600 MET min/week

3 High − 3 or more days of vigorous activity accumulat-
ing at least 1500 MET min/week or
− 7 days of any combination of walking, moder-
ate or vigorous intensity activities achieving a 
minimum of 3000 MET min/week

http://www.seniam.org/
http://www.seniam.org/
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the homogeneity of variances. A Welch analysis of vari-
ance (ANOVA) was used to compare the FRR,ERR and 
sitting time (ST) of the different groups. Further multi-
ple comparisons of FRR and ERR were performed using 
the Games Howell Post-hoc Tests. The Kruskal-Wallis 
test was used to compare participants’ characteristics 
such as age, height, weight and Body mass index (BMI). 
A P-value less than 0.05 was considered as statistically 
significant.

In this study, normally distributed variables were 
reported using the mean and standard deviation (SD), 
while non-normally distributed variables were reported 
using the median and interquartile range (IQR).Result.

Participants characteristics
In this study, a total of 72 participants were recruited with 
a mean age of 23.3 ± 3.21 years, height of 162.0 ± 4.91 cm, 
weight of 54.0 ± 5.36  kg, and BMI of 20.7 ± 0.19  kg/m2. 
The demographic characteristics of all participants are 
presented in Table 2. An analysis of the participants’ age 
and height revealed no significant differences between 
the three groups (age: chi-squared = 2.3995, P = 0.3013; 
height: chi-squared = 4.3777, P = 0.112). However, signifi-
cant differences were observed between the three groups 
in terms of weight (chi-squared = 17.087, P < 0.001), BMI 
(chi-squared = 24.84, P < 0.001) and sitting time (ST) (F (2, 
42.6) = 11.00, P < 0.001).

The results of the study revealed statistical differences 
in the FRR and ERR for the ES and MF in all three groups 
of participants.

FRR
We conducted statistical analysis to evaluate the differ-
ences in the FRR of the ES and MF between participants 
with different levels of PA. The results showed a statis-
tically significant difference in the FRR of both the ES 
(F (2, 45.8) = 4.93, P = 0.011) and MF (F (2, 41.5) = 29.0, 
P < 0.001).

The results of the Games-Howell post-hoc test (pres-
ent in Fig. 1 (ES) and Fig. 2(MF)) revealed that there was 
a significant difference in the FRR of the ES between the 
high PA level group and the low PA level group (Mean 
Difference (MD), 2.35, 95% Confidence Interval (CI), 0.54 

to 4.17, adjusted P = 0.008). No significant difference was 
found between the low and moderate groups (MD, 0.40, 
95% CI, -1.24 to 2.05, adjusted P = 0.823), or between the 
moderate and high groups (MD, 1.95, 95% CI, -0.09 to 
3.98, adjusted P = 0.063).

In the FRR of the MF, significant differences were found 
between the low group and the high group (MD, 4.31, 
95% CI, 2.83 to 5.79, adjusted P < 0.001) and between the 
moderate group and the high group (MD, 3.29, 95% CI, 
1.42 to 5.16, adjusted P < 0.001). No significant difference 
was found between the low and moderate groups (MD, 
1.02, 95% CI, -0.35 to 2.39, adjusted P < 0.001).

ERR
The study found that there were significant statistical dif-
ferences in the ERR of the ES (F (2, 46.0) = 7.52, P = 0.001) 
and MF (F (2, 41.5) = 29.0, P < 0.001) between participants 
with different levels of PA.

The ERR of the ES was significantly higher in the high 
PA level group compared to the low PA level group 
(Mean Difference (MD) = 4.84, 95% Confidence Inter-
val (CI) = 1.08 to 8.60, adjusted P = 0.009) and the mod-
erate PA level group (MD = 6.38, 95% CI = 2.42 to 10.40, 
adjusted P < 0.001). No significant difference was found 
between the moderate and low PA level groups in terms 
of the ERR of the ES (MD = -1.55, 95% CI = -4.32 to 1.23, 
adjusted P = 0.374). Similar results were found for the 
ERR of the MF, with the high PA level group exhibiting 
a significantly higher ERR compared to both the low PA 
level group (MD = 8.11, 95% CI = 5.53 to 10.70, adjusted 
P < 0.001) and the moderate PA level group (MD = 6.46, 
95% CI = 3.02 to 9.90, adjusted P < 0.001). However, no 
significant difference was observed between the low and 
moderate PA level groups in terms of the ERR of the MF 
(MD = 1.65, 95% CI = -1.07 to 4.37, adjusted P = 0.308). 
The results of these comparisons are presented in Figs. 3 
and 4.

Sensitive analysis
The ERR of MF had two outliers in the high PA group, so 
a sensitivity analysis was conducted [27]. After removing 
the two outliers, the sensitivity analysis showed that the 
results remained robust.

Table 2  The participants characteristics of three physical activity group. The Kruskal-Wallis test was used to compare age, height, 
weight and Body mass index. The welch ANOVA test was used to compare sitting time. Height, Weight, BMI were presented as median 
(standard deviation), ST was presented as mean (interquartile range).PA: physical activity, BMI: body mass index, ST: sitting time. Age,
PA level Low (n = 18) Moderate (n = 24) High (n = 30) P
Age (years) 24.00 (5.50) 23.00 (6.00) 24.00 (4.75) 0.301

Height (cm) 163.00 (8.00) 159.5 (4.40) 163.00 (10.80) 0.112

Weight (kg) 50.00 (6.00) 55.25 (6.13) 54.00 (8.00) < 0.001

BMI(kg/m2) 18.51 (0.79) 21.21 (2.11) 21.26 (0.57) < 0.001

ST
(hours)

4.940 (1.260) 6.500 (1.070) 4.970 (2.340) < 0.001
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Discussion
The present study aimed to investigate the differences 
in FRP between women with different levels of PA. Our 
results found that whether FRR or ERR quantified FRP, 
the high PA level group had significantly higher FRR and 
ERR than the low PA level group and the moderate PA 
level group in both ES and MF. However, this difference 
was not found in the comparison of the low PA level 
group with the moderate PA level group.

To the best of our knowledge, this is the first study to 
directly compare differences in FRP in women with vary-
ing PA levels. Our findings demonstrated that the FRP of 
the ES and MF muscles is more pronounced in women 
with high levels of PA compared to those with low and 
moderate PA levels. FPR occurs because the passive lum-
bar posterior elements provide the required torque dur-
ing the flexed posture, thereby producing myoelectric 
silencing of the musculature of the lumbar extensors [3]. 
The high PA level group exhibited a more pronounced 
FRP than moderate and low group may explain by the 
following reasons. PA have a muscle strengthening ele-
ment. PA probably enhanced the mechanical stability of 
the lumbar spine by strengthening the lumbar extensors 
posterior to the vertebral bodies [28]. These findings are 
consistent with previous research. A study by Deng C 
et al. showed that long-term tai chi exercises positively 
affected lumbar stability and protection against lumbar 
disc degeneration [29]. Another study has also found that 

chronic physical inactivity is highly associated with lum-
bar disc degeneration [30].

Another possible explanation is that Physical inactivity 
and sedentary behaviour may result in viscoelastic creep 
in the soft tissues of the trunk, causing biomechanical 
dysfunction. Higher level of PA may prevent this creep, 
which is a length change of viscoelastic materials [31]. 
Furthermore, reduction in tissue stiffness due to vis-
coelastic creep can impact lumbar spine stability and 
muscle activation patterns in FRP [3, 32] with previous 
studies suggesting that the stiffness of passive spinal tis-
sues and lumbar spine stability is one of the necessary 
conditions for FRP to occur [8].

However, the present study found no significant differ-
ences in FRP between moderate and low PA level groups, 
suggesting that higher-intensity PA may be necessary for 
benefiting skeletal muscle health in the lumbar spine. 
Favier et al. utilized a predictive structural finite element 
modelling approach using a strain-driven algorithm to 
investigate the effects of different physiological loading 
condition on mechanical stimulation and bone adapta-
tion in the lumbar spine [33]. Their findings indicated 
that the mechanical stimulation of moderate-intensity PA 
seemed insufficient to benefit skeletal muscle health [33]. 
This indicates that engaging in a more active lifestyle, 
participating in a diverse range of activities, engaging in 
more vigorous exercise, and increasing sports participa-
tion may have potential benefits in preventing LBP.

Fig. 1  The comparison of FRR of erector spinae by different PA groups. A Welch ANOVA was used to compare the FRR, and further multiple comparisons 
of FRR were performed using the Games Howell Post-hoc Tests. FRR: Flexion-Relaxation Ratio, ANOVA: Analysis of variance, PA: Physical Activity
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One noteworthy point is that FRP in our study was 
present in all participants, contrasting the results of a 
prior study by Ramezani et al. The prior study reported 
a prevalence of 80% of FRP in female yogis compared to 
96.7% in the general female population [21]. One pos-
sible explanation is that yoga is characterised by long 
periods in flexed positions and repetitive movement 
patterns. Viscoelastic tissue creep due to this particular 
pattern of movement may be a possible explanation [34]. 
Simultaneously, our research reveals a notably higher 
incidence of FRP within a healthy population than pre-
viously observed in patients with LBP. Prior studies have 
reported a prevalence rate of 55% for altered FRP in LBP 
patients [10]. Therefore, our study adds further evidence 
to support the use of FRP as an effective diagnostic tool 
in this context.

Previous evidence has highlighted sedentary activ-
ity as a risk factor for LBP [35]. The results of a recent 
study found that although muscle activity did not differ 
between sedentary time groups, the lumbar-pelvis ratios 
during squatting and forward flexion was significantly 

greater in the prolonged sedentary group than in the less 
sedentary group [36]. The present study was limited by 
its cross-sectional design, which precluded adjustment 
for potential confounding variables such as BMI and ST. 
To address this issue, future large-scale cohort studies are 
warranted. Additionally, the unequal distribution of par-
ticipants across the different groups in our study neces-
sitates cautious interpretation of our findings.

The present study also has a limitation in that the 
assessment of PA level was based on self-reported data 
and the assumption of stability over time, which may 
introduce reporting bias. To address this issue, future 
studies could consider using devices such as accelerom-
eters to measure PA level objectively. Additionally, our 
sample consisted solely of female participants, and it 
remains unclear whether the results can be generalized 
to the male population. Further research is necessary to 
address this limitation and determine the generalizability 
of the findings.

Fig. 2  The comparison of FRR of multifidus by different PA groups. A Welch ANOVA was used to compare the FRR, and further multiple comparisons of 
FRR were performed using the Games Howell Post-hoc Tests. FRR: Flexion-Relaxation Ratio, ANOVA: Analysis of variance, PA: Physical Activity
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Fig. 4  The comparison of ERR of multifidus by different PA groups. A Welch ANOVA was used to compare the ERR, and further multiple comparisons of 
ERR were performed using the Games Howell Post-hoc Tests. ERR: Extension-Relaxation Ratio, ANOVA: Analysis of variance, PA: Physical Activity.

 

Fig. 3  The comparison of ERR of erector spinae by different PA groups. A Welch ANOVA was used to compare the ERR, and further multiple comparisons 
of ERR were performed using the Games Howell Post-hoc Tests. ERR: Extension-Relaxation Ratio, ANOVA: Analysis of variance, PA: Physical Activity
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Conclusion
In this study, we observed that female participants with 
high levels of PA showed a more pronounced FRP com-
pared to those with moderate and low levels of PA. 
However, no significant difference was noted between 
moderate and low PA level. The findings of our study 
highlight the association between PA and the mechanics 
of the spinal stabilising muscles. Further investigation is 
warranted to evaluate the generalizability of these find-
ings to the male population.

List of abbreviations
LBP	� Low Back Pain
FRP	� Flexion-Relaxation Phenomenon
PA	� Physical Activity
IPAQ	� International Physical Activity Questionnaire
FRR	� Flexion-Relaxation Ratio
ERR	� Extension-Relaxation Ratio
EMG	� Electromyographic
RMS	� Root Mean Square
sEMG	� Surface electromyographic
ES	� Erector spinae
MF	� Multifidus
BMI	� Body Mass Index
ANOVA	� Analysis of Variance
MD	� Mean Difference
CI	� Confidence Interval

Acknowledgements
The authors acknowledge all the participants in this study for their time and 
effort in contributing to this study.

Author’ contributions
YZL: designed the study protocol, wrote initial draft of the manuscript. JJP: 
analyzed and interpreted data, Matlab programming. CSL: performed sEMG 
recordings and tests, collected IPAQ data. FCW: performed sEMG recordings 
and tests. YCT: collected participant information. All authors read and 
approved the final manuscript.

Funding
The work was supported by the Haiyan County Science and Technology 
Project NO: 2019SC04.

Data Availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Competing interests
No competing interests.

Ethics approval and consent to participate
This study was approved by the Medical Ethics Committee of Sir Run Run 
Shaw Hospital, School of Medicine, Zhejiang University, under the ethics 
number 2022-450-01, and subjects provided written informed consent. All 
methods were performed in accordance with the relevant guidelines and 
regulations (Declaration of Helsinki).

Consent for publication
Not applicable.

Received: 6 February 2023 / Accepted: 30 March 2023

References
1.	 Chiarotto A, Koes BW. Nonspecific low back Pain. N Engl J Med. 

2022;386(18):1732–40.
2.	 Global regional. National incidence, prevalence, and years lived with disability 

for 354 diseases and injuries for 195 countries and territories, 1990–2017: 
a systematic analysis for the global burden of Disease Study 2017. Lancet. 
2018;392(10159):1789–858.

3.	 Colloca CJ, Hinrichs RN. The Biomechanical and clinical significance of the 
lumbar Erector Spinae Flexion-Relaxation Phenomenon: a review of literature. 
J Manip Physiol Ther. 2005;28(8):623–31.

4.	 Neblett R, Mayer TG, Gatchel RJ, Keeley J, Proctor T, Anagnostis C. Quantifying 
the lumbar flexion–relaxation phenomenon: theory, normative data, and 
clinical applications. Spine. 2003;28(13):1435–46.

5.	 Shirado O, Ito T, Kaneda K, Strax TE. Flexion-relaxation phenomenon in the 
back muscles: a comparative study between healthy subjects and patients 
with chronic low back pain. LWW; 1995. pp. 139–44.

6.	 Watson PJ, Booker C, Main C, Chen A. Surface electromyography in the iden-
tification of chronic low back pain patients: the development of the flexion 
relaxation ratio. Clin Biomech Elsevier Ltd. 1997;12(3):165–71.

7.	 McGorry RW, Hsiang SM, Fathallah FA, Clancy EA. Timing of activation of the 
erector spinae and hamstrings during a trunk flexion and extension task. 
Spine. 2001;26(4):418–25.

8.	 Zwambag DP, Brown SHM. Experimental validation of a novel spine model 
demonstrates the large contribution of passive muscle to the flexion relax-
ation phenomenon. J Biomech. 2020;102:109431.

9.	 Gouteron A, Tabard-Fougère A, Moissenet F, Bourredjem A, Rose-Dulcina 
K, Genevay S, et al. Sensitivity and specificity of the flexion and extension 
relaxation ratios to identify altered paraspinal muscles’ flexion relaxation 
phenomenon in nonspecific chronic low back pain patients. J Electromyogr 
Kinesiol. 2023;68:102740.

10.	 Gouteron A, Tabard-Fougère A, Bourredjem A, Casillas J-M, Armand S, Gene-
vay S. The flexion relaxation phenomenon in nonspecific chronic low back 
pain: prevalence, reproducibility and flexion–extension ratios. A systematic 
review and meta-analysis. Eur Spine J. 2022;31(1):136–51.

11.	 Stamatakis E, Gale J, Bauman A, Ekelund U, Hamer M, Ding D, Sitting, 
Time. Physical activity, and risk of mortality in adults. J Am Coll Cardiol. 
2019;73(16):2062–72.

12.	 Kraus WE, Powell KE, Haskell WL, Janz KF, Campbell WW, Jakicic JM, et al. 
Physical activity, all-cause and Cardiovascular Mortality, and Cardiovascular 
Disease. Med Sci Sports Exerc. 2019;51(6):1270–81.

13.	 Alzahrani H, Mackey M, Stamatakis E, Zadro JR, Shirley D. The association 
between physical activity and low back pain: a systematic review and meta-
analysis of observational studies. Sci Rep. 2019;9(1):8244.

14.	 Shiri R, Falah-Hassani K, Heliövaara M, Solovieva S, Amiri S, Lallukka T, et al. 
Risk factors for low back Pain: a Population-Based longitudinal study. Arthritis 
Care Res (Hoboken). 2019;71(2):290–9.

15.	 Heneweer H, Vanhees L, Picavet HSJ. Physical activity and low back pain: a 
U-shaped relation? Pain. 2009;143(1):21–5.

16.	 Airaksinen O, Brox JI, Cedraschi C, Hildebrandt J, Klaber-Moffett J, Kovacs F, et 
al. Chapter 4. European guidelines for the management of chronic nonspe-
cific low back pain. Eur Spine J. 2006;15(Suppl 2):192–300.

17.	 VUORI IM. Dose-response of physical activity and low back pain, osteoarthri-
tis, and osteoporosis. Med Sci Sports Exerc. 2001;33(6):551–S86.

18.	 Shamsi M, Ahmadi A, Mirzaei M, Jaberzadeh S. Effects of static stretching and 
strengthening exercises on flexion relaxation ratio in patients with LBP: a 
randomized clinical trial. J Bodyw Mov Ther. 2022;30:196–202.

19.	 Ferri-Caruana A, Romagnoli M, Salazar-Bonet LR, Staiano W. Effect of a Pilates 
exercise program on the flexion-relaxation rate in women with chronic low 
back pain.medRxiv. 2022:2022.03.07.22270395.

20.	 Marshall P, Murphy B. Changes in the Flexion Relaxation Response Following 
an Exercise Intervention. Spine. 2006;31(23).

21.	 Ramezani M, Kordi Yoosefinejad A, Motealleh A, Ghofrani-Jahromi M. 
Comparison of flexion relaxation phenomenon between female yogis and 
matched non-athlete group. BMC Sports Science Medicine and Rehabilita-
tion. 2022;14(1):14.

22.	 Kienbacher T, Paul B, Habenicht R, Starek C, Wolf M, Kollmitzer J, et al. Age 
and gender related neuromuscular changes in trunk flexion-extension. J 
Neuroeng Rehabil. 2015;12(1):3.

23.	 Larivière C, Shahvarpour A, Gravel C, Gauvin M, Jean A-M, Viau A, et al. 
Revisiting the effect of manipulating lumbar stability with load magnitudes 
and positions: the effect of sex on trunk muscle activation. J Electromyogr 
Kinesiol. 2019;46:55–62.



Page 9 of 9Li et al. BMC Sports Science, Medicine and Rehabilitation           (2023) 15:62 

24.	 Wu Z, Wang Y, Ye Z, Guan Y, Ye X, Chen Z, et al. Effects of Age and Sex on 
Properties of lumbar Erector Spinae in Healthy People: preliminary results 
from a pilot study. Front Physiol. 2021;12:718068.

25.	 Schinkel-Ivy A, Nairn BC, Drake JDM. Evaluation of methods for the quantifi-
cation of the Flexion-Relaxation Phenomenon in the lumbar Erector Spinae 
muscles. J Manip Physiol Ther. 2013;36(6):349–58.

26.	 Rose-Dulcina K, Genevay S, Dominguez D, Armand S, Vuillerme N. Flexion-
relaxation ratio asymmetry and its relation with trunk lateral ROM in individu-
als with and without chronic nonspecific low back Pain. Spine (Phila Pa 1976). 
2020;45(1):E1–e9.

27.	 Thabane L, Mbuagbaw L, Zhang S, Samaan Z, Marcucci M, Ye C, et al. A 
tutorial on sensitivity analyses in clinical trials: the what, why, when and how. 
BMC Med Res Methodol. 2013;13(1):92.

28.	 Meakin JR, Fulford J, Seymour R, Welsman JR, Knapp KM. The relationship 
between sagittal curvature and extensor muscle volume in the lumbar spine. 
J Anat. 2013;222(6):608–14.

29.	 Deng C, Xia W. Effect of Tai Chi Chuan on degeneration of lumbar vertebrae 
and lumbar discs in middle-aged and aged people: a cross-sectional study 
based on magnetic resonance images. J Int Med Res. 2018;46(2):578–85.

30.	 Maurer E, Klinger C, Lorbeer R, Rathmann W, Peters A, Schlett CL, et al. Long-
term effect of physical inactivity on thoracic and lumbar disc degeneration—
an MRI-based analysis of 385 individuals from the general population. Spine 
J. 2020;20(9):1386–96.

31.	 Park J-H, Srinivasan D. The effects of prolonged sitting, standing, and an 
alternating sit-stand pattern on trunk mechanical stiffness, trunk muscle 
activation and low back discomfort. Ergonomics. 2021;64(8):983–94.

32.	 Bazrgari B, Hendershot B, Muslim K, Toosizadeh N, Nussbaum MA, Madigan 
ML. Disturbance and recovery of trunk mechanical and neuromuscular 
behaviours following prolonged trunk flexion: influences of duration and 
external load on creep-induced effects. Ergonomics. 2011;54(11):1043–52.

33.	 Favier CD, McGregor AH, Phillips ATM. Maintaining Bone Health in the Lum-
bar Spine: Routine Activities Alone Are Not Enough. Frontiers in Bioengineer-
ing and Biotechnology. 2021;9.

34.	 Solomonow M, Baratta RV, Banks A, Freudenberger C, Zhou BH. Flexion–relax-
ation response to static lumbar flexion in males and females. Clin Biomech 
Elsevier Ltd. 2003;18(4):273–9.

35.	 Pope MH, Goh KL, Magnusson ML. Spine ergonomics. Annu Rev Biomed Eng. 
2002;4:49–68.

36.	 Zawadka M, Smolka J, Skublewska-Paszkowska M, Lukasik E, Jablonski M, 
Gawda P. The influence of sedentary behaviour on lumbar-pelvic kinematics 
during squatting and forward bending among physically active students. 
Ergonomics. 2023;66(1):101–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


