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Background: The flexion relaxation phenomenon (FRP) is characterized by
suddenly reduced paraspinal muscle activity during full flexion. Previous
studies showed significant differences in FRP and flexion angles in chronic
low back pain (cLBP) patients compared to individuals without back pain (no-
BP). However, the relationship between FRP and flexion angles remains
insufficiently understood in older populations. Thus, this study investigated the
relationship between FRP and flexion angles concerning to the age and
presence of cLBP.

Methods: Forty no-BP subjects (20m/20f; mean age 41.5 years) and thirty-eight
cLBP patients (19m/19f; mean age 43.52 years) performed maximum full upper
body flexion task. Electromyographic (EMG) measurements were conducted to
assess the activity of lumbar erector spinae (ESL), thoracic erector spinae (EST),
andmultifidus (MF). Lumbar, thoracic, and pelvic angles at the onset (OnsetL/T/P)
and offset of the FRP (OffsetL/T/P) and maximum trunk inclination (MaxL/T/P)
were calculated. The FRP was evaluated using a flexion relaxation ratio (FRR).

Results: cLBP patients showed smaller FRR in MF and right ESL compared to no-
BP individuals (p < 0.05), while no differences were found in flexion angles
between two groups. Subjects over 40 showed smaller FRR in MF and ESL,
and smaller flexion angles on OffsetL and MaxL (p < 0.05). Age-related analysis in
the cLBP group revealed that patients over 40, compared to younger ones, had
smaller FRR in MF and ESL, and smaller values in all thoracic and lumbar flexion
angles (p < 0.05). While in no-BP group, significant larger flexion angles in OnsetL
andOffsetT (p < 0.05) were observed in participants over 40. Pain-related analysis
in the older group revealed that the cLBP patients, compared to no-BP
individuals, had smaller FRR in right MF and right ESL, and smaller values in all
lumbar and thoracic flexion angles (p < 0.05), while in younger group, there were
no significant pain-related differences in FRR, with larger values in all lumbar
flexion angles (p < 0.05).
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Abbreviations: LBP, Low back pain; cLBP, Chronic low back pain; No-BP, No back pain; RMS, Root mean
square; EMG, Electromyography; MVC, Maximum voluntary contraction; FRP, Flexion relaxation
phenomenon; FRR, Flexion Relaxation Ratio; MF, Musculus Multifidus; ES, Musculus Erector spinae;
L/RMF, Left/right multifidus; L/RESL, Left/right lumbar erector spinae; L/REST, Left/right thoracic erector
spinae; OnsetL/T/P and OffsetT/L/P, Thoracic, lumbar, and pelvic angles at the onset and offset of the
FRP; MaxP/L/T, The maximum range of motion of the pelvic, lumbar, and thoracic parts during flexion.
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Conclusion: Our findings indicate a reduction or absence of FRP in cLBP patients
compared to no-BP individuals, with age being a significant factor as those over
40 showed smaller FRP and flexion angles compared to younger individuals.
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1 Introduction

Low back pain (LBP) is a commonmusculoskeletal disorder that
affects people of all ages and social classes (Airaksinen et al., 2006;
Traeger et al., 2021). When the LBP lasts longer than 12 weeks, it is
referred to as chronic low back pain (cLBP), with a prevalence of
4.2% in individuals aged 24%–39% and 19.6% in those aged 20–59
(Meucci et al., 2015).

Epidemiologic studies showed that repetitive bending and lifting
activities might be linked to an increased risk of developing LBP
disorders (Marras et al., 1995; Xu et al., 1997; Swain et al., 2020),
possibly caused by accompanying large bending moments in the
passive spinal tissues (Adams and Dolan, 1991; Dolan et al., 1994)
and large compressive loads due to muscle forces (Schultz et al.,
1985; Dolan et al., 1994). During the lumbar full flexion, back
muscles are relieved (Floyd and Silver, 1955), and this
phenomenon is called the flexion relaxation phenomenon (FRP).
FRP is of particular note, as during its occurrence the external
moment is carried by the passive spinal tissues (Golding, 1952;
Kippers and Parker, 1984; Panjabi, 1992b; a; McGill and Kippers,
1994; Andersson et al., 1996; Du Rose, 2018). The silence of the
erector spinae (ES) muscle during FRP is believed to arise from the
stimulation of stretch receptors in the posterior disco-ligamentous
tissues (Solomonow et al., 2003a; Solomonow et al., 2003b).

Studies comparing FRP between no back pain (no-BP) and cLBP
populations reported a greater ratio among the no-BP population
(Watson et al., 1997; Colloca and Hinrichs, 2005; McGorry and Lin,
2012; Ringheim et al., 2015; Rose-Dulcina et al., 2020). cLBP patients
might reduce their FRP to protect the vulnerable passive structures
of the spine, thereby increasing back muscle activity. While this
might provide short-term relief, it could increase spinal loads and
compromise spinal tissue over time. Such adaptations are
considered as potential triggers for LBP (Hodges and Tucker,
2011). Laird et al. (2019) showed that the LBP group had
significantly lower lumbar flexion angles and greater lumbar
extensor muscle activity than the no-BP group. Dankaerts et al.
(2009) also found that LBP patients had significantly lower flexion
angles and greater multifidus (MF) activity compared to individuals
without back pain.

The influence of age on FRP, however, has been overlooked in
the existing literature. While the prevalence of cLBP increases with
age, a decrease in lumbar flexion and extension typically starts
around age 40 (Sullivan et al., 1994; Galbusera et al., 2014). The spine
becomes stiffer as a result of age-related changes, such as reduced
water content in the intervertebral discs and surrounding tissues
(Solomonow, 2006). In addition, the back muscles of older people do
not respond sufficiently to the load on the spine and the activity of
the trunk muscles is reduced when performing functional tasks
(Hubley-Kozey et al., 2009). The previous study conducted by
Kienbacher et al. (2016) compared individuals aged 40–60 with a

younger group and found that the older group had significantly
lower values in FRP than their younger counterparts. However, it is
important to note that the study only focused on cLBP patients.

Thus, the current study aims to investigate the influence of age
on FRP for both no-BP and cLBP groups, as well as compare the
differences between these groups within matched age ranges. We
hypothesized that 1. cLBP patients exhibit significant differences in
FRP and flexion angle during trunk flexion compared to no-BP
individuals, and 2. Age significantly affects these alterations.

2 Methods

2.1 Study participants and ethics approval

This observational cross-sectional study was conducted between
January 2022 and December 2023 and is part of a 4-year, prospective
cross-sectional study to evaluate the influence of various factors on
the development and chronicity of LBP. The study was prospectively
registered (DRKS-ID: DRKS00027907) and performed in Germany.
The Ethics Committee of the Charité–Universitätsmedizin Berlin
(registry numbers: EA4/011/10, EA1/162/13) approved this study.
All participants were informed about the study’s procedure and
signed a consent form. The study included people aged between
18 and 64 years with a body mass index of less than 29. We
conducted our study based on previous research that considered
40 years as a threshold for age sub-grouping (Sullivan et al., 1994;
Galbusera et al., 2014; Kienbacher et al., 2016).

2.1.1 No-BP group
This group has never experienced pain in the entire back or

pelvis and has never had surgery on the spine or lower extremities.

2.1.2 cLBP group
Patients with cLBP (range: >12 weeks to 20 years) and pain

intensity based on a Numeric Rating Scale ranging from 0 to 10
(where 0 represents no pain, and 10 is the worst pain imaginable)
were included. Patients with prior vertebral fractures,
radiculopathies with muscular paresis or previous spinal surgery
as well as non-spinal circumstances which diminishes daily activity
(respiratory diseases such as COPD, heart failure, myocardial
ischemia, neurological disorders, malignancies) were excluded
from this study.

2.2 Measurement devices and
instrumentation

The Vicon Motion Capturing System (Vicon Motion Systems,
Inc., Oxford, United Kingdom) was used to capture the three-

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Zhang et al. 10.3389/fbioe.2024.1388229

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1388229


dimensional motion at a sampling frequency of 200 Hz. This
included twelve high-speed infrared cameras that track 41 retro-
reflective markers (14 mm in diameter) placed on the anatomical
landmarks of participants according to the Vicon plug-in gait full-
body marker set (Nexus, 2023) (Figure 1).

In addition, a wireless Electromyographic (EMG) system (Myon
Aktos, Schwarzenberg, Switzerland) was used to record muscle
activities at 1,000 Hz. The skin was shaved, cleaned, and prepped
with alcohol before attaching the electrodes. Six surface EMG
sensors recorded the muscle activity of the left/right multifidus
(L/RMF) (~2 cm lateral to midline at the L5), left/right lumbar
erector spinae (L/RESL) (~3 cm lateral to midline at the L3), left/
right thoracic erector spinae (L/REST) (~5 cm lateral to midline at
the T9) (McGill, 1991; Firouzabadi et al., 2021) (Figure 1). A band-
pass filter (30–450 Hz) utilizing a fourth-order Butterworth filter
was employed to minimize the noise and artifact effects. A notch
filter was used to remove unwanted 50 Hz interference. Following
filtration, EMG signals were rectified, and the root-mean-square
(RMS) envelopes were then obtained by using a 150-ms moving
window and were normalized in relation to their corresponding
peak values of maximal voluntary contraction (MVC) (Firouzabadi
et al., 2024).

2.3 Study protocol

The study protocol consisted of three parts:

1) Study participants were initially asked to complete the
following questionnaires:
- Chronic Pain Grade Questionnaire (CPGQ) to measure the
chronic pain severity (Von Korff et al., 1992)

- Roland-Morris Disability Questionnaire (RMDQ) to assess
disability in patients with cLBP (Stroud et al., 2004)

2) Study participants underwent a clinical examination. Here,
they were examined by a specialist in orthopedics and trauma
surgery with several years of professional experience.
Subsequently, the participants were split into a cLBP and a
no-BP group.

3) All participants engaged in MVC and flexion exercises. During
the MVC test, participants were lying prone on a therapy table,
with their upper body extending over the edge and their pelvis
and legs fixed on the bed (Konrad, 2006). The experimenter
applied resistance to the participants’ shoulders, encouraging
them to exert maximum effort.

Participants engaged in pre-trial practice to improve the
smoothness of their movements during the task. They were
instructed to do the flexion phase with straight knees and
standardized upper limb position (arms hanging naturally,
relaxed, and perpendicular to the ground) with self-selected
velocity, maintain full flexion for 3 s, and then return to the
initial position. Each participant performed three trials with a
one-minute rest between the trials (Gouteron et al., 2022; Wei
et al., 2019; Callaghan and Dunk, 2002).

FIGURE 1
Position of Vicon markers (white ones) and EMG sensors (blue ones) from front (A) and back (B) views. L/REST: Left/right thoracic erector spinae; L/
RESL: Left/right lumbar erector spinae; L/RMF: Left/right multifidus.
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2.4 Data processing

For kinematic analysis, the flexion angles of the lumbar,
thoracic, and pelvic at the onset and offset (OnsetT/L/P and
OffsetT/L/P) of the FRP as well as at maximum trunk inclination
(MaxP/L/T) were calculated (Descarreaux et al., 2008) (Figure 2).
The plug-in gait model in Vicon Nexus 2.8.1 was used to identify the
relevant frames and calculate segment angles. The lumbar flexion
angle was determined by the intersection of the sagittal thoracic and
sagittal pelvic axes, with the fixed transverse axis of the pelvis as a
reference point. Thoracic angle was defined as the angle formed by
the projected sagittal thorax and the sagittal laboratory axes. The
pelvic angle was defined as the angle in this plane between the
projected sagittal pelvic axis and the sagittal laboratory axis
(Nexus, 2023).

MATLAB R2020b (The MathWorks, Inc.) was used to process
the EMG data. Two experienced examiners visually determined the
standard EMG-off and EMG-on points. The onset of the FRP was
indicated by an abrupt decrease in muscle electrical activity during

flexion, and the offset of the FRP was indicated by an abrupt increase
in muscle electrical activity during extension (Figure 2) (Sarti et al.,
2001; Gupta, 2001; Jin et al., 2012; Descarreaux et al., 2008). A
flexion relaxation ratio (FRR) for six back muscles was calculated
from normalized EMG data by dividing the maximal EMG during
the flexion by the maximal EMG during the full flexion as follows
(Gouteron et al., 2022):

FRR � MaximumEMGduring flexion
MaximumEMGduring full flexion

(1)

2.5 Statistical analysis

Statistical analyses were carried out in SPSS version 20 (SPSS
Inc., Chicago, United States). Initially, the normality of the data
and the homogeneity of variance were confirmed in each group
through the utilization of the Shapiro-Wilk test and Levene’s test.
For normally distributed data, Analysis of Variance (ANOVA)

FIGURE 2
The EMG and flexion angles in a no-BP subject (A). A raw EMG signal from LESL with normal FRP (a myoelectric silence) (A.1). The onset and offset of
the FRP from normalized EMG (A.2). The flexion angles of the lumbar, thoracic, and pelvic at the onset and offset of the FRP are based on the percentage
of flexion task, progressing from upright standing to full flexion, remaining in full flexion for 3 s, and then returning to upright standing (A.3). The EMG and
flexion angles in a cLBP subject (B). A raw EMG signal from LESLwith an altered FRP (absence ofmyoelectric silence) (B.1). The onset and offset of the
FRP from normalized EMG (B.2). The flexion angles of the lumbar, thoracic, and pelvic at the onset and offset of the FRP (B.3).
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was employed (P < 0.05). Data that did not meet the homogeneity
of variances criterion (e.g., MaxT, OffsetP, OffsetT, etc.) were
analyzed using the Mann-Whitney U test.

The effect size was calculated based on Cohen’s and Sawilowsky’s
recommendation (Cohen, 1992; Sawilowsky, 2009) using G*Power
version 3.1.3 (University of Düsseldorf, Düsseldorf, Germany). For
our study, with a small effect size of 0.4, an alpha error of 0.05, and a
power of 0.8, a minimum sample size of 72 participants was determined
to be necessary. Hence, enrolling 78 patients was deemed sufficient to
attain the desired statistical power.

3 Results

The no-BP group consisted of 40 participants (age: 41.5 ±
13.15 years, BMI: 23.11 ± 2.30 kg/m2). The cLBP included
38 participants (age: 43.52 ± 12.65 years, BMI: 23.12 ±
2.23 kg/m2). No significant differences were found in
demographic characteristics and sex distribution between the
cLBP and no-BP groups (p > 0.05). However, a significant
difference in the RMDQ disability score was found between
the cLBP groups younger and older than 40 (p = 0.02).

TABLE 1 Demographics of study participants. Significant differences (p < 0.05) are shown in bold.

cLBP (n = 38
18 Age<40
20 Age>40)

No-BP (n = 40
20 Age<40
20 Age>40)

P-value Age<40 (n = 38
20 no-BP
18 cLBP)

Age>40 (n = 40
20 no-BP
20 cLBP)

P-value

Sex (M/F) 19/19 20/20 1.00 19/19 20/20 1.00

Age (years) 43.52 ± 12.65 41.5 ± 13.15 0.51 31.18 ± 5.27 53.30 ± 7.49 < 0.001

Body height (cm) 1.76 ± 0.10 1.73 ± 0.11 0.24 1.75 ± 0.10 1.73 ± 0.10 0.32

Body weight (kg) 71.83 ± 11.67 69.84 ± 12.85 0.48 70.37 ± 13.27 71.23 ± 11.35 0.76

BMI (kg/m2) 23.12 ± 2.23 23.11 ± 2.30 0.98 22.64 ± 2.61 23.57 ± 1.75 0.07

Pain intensity 3.45 ± 1.9 - - 2.94 ± 1.77 3.90 ± 1.86 0.14

RMDQ (0–24) 8.00 ± 4.70 - - 5.47 ± 2.81 10.15 ± 5.00 0.02

TABLE 2 Separate comparisons of FRR and flexion angles based on pain and age. Significant differences (p < 0.05) are shown in bold.

Pain P-value Age (years) P-value

cLBP
Mean (SD)

No-BP
Mean (SD)

<40
Mean (SD)

>40
Mean (SD)

FRR

LMF 4.16 (4.52) 6.15 (3.85) 0.041 6.61 (4.23) 3.89 (3.93) 0.005

RMF 4.11 (4.66) 6.51 (4.18) 0.019 6.92 (4.98) 3.85 (3.56) 0.002

LESL 6.85 (6.14) 7.96 (4.69) 0.127 9.34 (5.46) 5.59 (4.81) 0.002

RESL 5.81 (4.84) 8.19 (4.29) 0.025 9.04 (4.84) 5.13 (3.69) <0.001

LEST 3.18 (2.28) 2.91 (1.88) 0.559 3.55 (2.50) 2.56 (1.45) 0.105

REST 3.68 (2.64) 3.14 (1.73) 0.562 3.88 (2.63) 2.95 (1.66) 0.086

Flexion angle (°)

OnsetT 104.30 (26.56) 112.01 (23.16) 0.175 111.4 (22.19) 105.18 (27.35) 0.368

OnsetL 51.14 (16.06) 54.70 (12.42) 0.274 55.83 (14.62) 50.24 (13.68) 0.085

OnsetP 53.02 (17.67) 54.31 (14.12) 0.720 54.59 (15.58) 52.82 (16.27) 0.787

OffsetT 113.80 (28.71) 125.02 (14.84) 0.204 123.36 (14.96) 115.94 (28.73) 0.160

OffsetL 56.96 (15.43) 61.97 (10.06) 0.114 62.98 (11.89) 56.26 (13.53) 0.023

OffsetP 56.77 (20.85) 61.07 (12.09) 0.313 59.34 (13.57) 58.62 (19.81) 0.853

MaxT 126.65 (17.36) 130.21 (11.94) 0.184 129.5 (13.20) 123.92 (20.34) 0.180

MaxL 59.90 (13.66) 63.61 (8.95) 0.134 64.83 (11.42) 58.92 (11.09) 0.023

MaxP 63.61 (17.15) 65.77 (10.72) 0.549 64.48 (12.60) 64.94 (15.67) 0.885

FRR: Flexion relaxation ratio. MaxP/L/T: maximum flexion angle of pelvic, lumbar, and thoracic spine. OnsetT/L/P and OffsetT/L/P: thoracic, lumbar, and pelvic angles at the onset and offset of

the FRP.
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Detailed information concerning demographic variables and
pain scores can be found in Table 1.

There were no significant differences in the flexion velocity
amongst the sub-groups in our study. The average duration of
flexion for individuals with no-BP and cLBP was 2.5 ± 1.2 and
2.7 ± 0.8 s, respectively. For participants under and over 40, the
flexion duration was 2.5 ± 0.9 and 2.6 ± 1.1 s, respectively.

Among all of the cLBP patients, twenty (52.63%) showed an
altered FRP. The FRR in the cLBP group was statistically smaller
than the no-BP group in the LMF (p = 0.041), RMF (p = 0.019), and
RESL (p = 0.025), while there were no significant differences for EST
and flexion angles for all segments (Table 2).

Participants older than 40 showed statistically smaller values
in FRR for the LMF (p = 0.005), RMF (p = 0.002), LESL (p =
0.002), RESL (p<0.001), OffsetL (p = 0.023) and MaxL (p =
0.023) (Table 2).

Age-related analysis in the cLBP group revealed that patients
over 40, compared to younger ones, had a statistically smaller
FRR in LMF (p = 0.017), RMF (P < 0.001), LESL (p = 0.002) and
RESL (P < 0.001), and statistically smaller values in all thoracic
and lumbar flexion angles (OnsetT (p<0.001), OnsetL (p<0.001),
OffsetT (P = 0.005), OffsetL (p<0.001), MaxT (p = 0.026), and
MaxL (p<0.001)). While in no-BP group, there were no
significant age-related differences in FRR, with statistically
larger flexion angles in OnsetL (p = 0.033) and OffsetT (p =
0.037) (Table 3).

Pain-related analysis in the older group revealed that the cLBP
patients compared to no-BP ones had statistically smaller FRR in
RMF (p < 0.001), RESL (p = 0.003), and statistically smaller values in
all lumbar and thoracic flexion angles (OnsetT (p<0.001), OnsetL
(p<0.001), OffsetT (p = 0.002), OffsetL (p<0.001), MaxT (P = 0.014),
and MaxL (p<0.001)), while in younger group, there were no
significant pain-related differences in FRR, with statistically larger
values in all lumbar flexion angles (OnsetL (p = 0.006), OffsetL (p =
0.018), MaxL (p = 0.015)) (Table 4).

4 Discussion

Our study aimed to provide a better understanding of FRP in
cLBP patients. We conducted comprehensive evaluations of the FRP
and its relationship with trunk kinematics, especially in the context
of aging.

4.1 FRP and flexion angles manifestation in
cLBP patients and No-BP individuals

Consistent with previous studies (Watson et al., 1997; Colloca
and Hinrichs, 2005; McGorry and Lin, 2012; Ringheim et al., 2015;
Rose-Dulcina et al., 2020), we found that the functional response of
FRP was compromised in the cLBP patients. Notably, significantly

TABLE 3 Subgroup analysis based on age by matching the pain. Significant differences (p < 0.05) are shown in bold.

No-BP P-value cLBP P-value

<40
Mean (SD)

>40
Mean (SD)

<40
Mean (SD)

>40
Mean (SD)

FRR

LMF 7.20 (3.64) 5.10 (3.85) 0.101 5.91 (4.85) 2.67 (3.72) 0.017

RMF 7.65 (4.16) 5.37 (3.97) 0.062 6.10 (5.77) 2.33 (2.32) <0.001

LESL 9.08 (5.46) 6.83 (3.55) 0.169 6.83 (3.55) 4.35 (5.62) 0.002

RESL 9.27 (4.81) 7.11 (3.49) 0.100 8.78 (4.99) 3.15 (2.73) <0.001

LEST 3.39 (2.29) 3.72 (2.77) 0.138 2.42 (1.23) 2.70 (1.67) 0.130

REST 3.45 (2.14) 2.83 (1.17) 0.376 4.36 (3.08) 3.07 (2.06) 0.073

Flexion angles (°)

OnsetT 105.64 (26.12) 118.38 (18.26) 0.084 117.98 (14.99) 91.99 (28.91) <0.001

OnsetL 50.52 (14.96) 58.89 (7.49) 0.033 61.73 (12.03) 41.60 (13.08) <0.001

OnsetP 53.41 (16.27) 55.22 (11.95) 0.722 55.91 (15.13) 50.41 (19.71) 0.295

OffsetT 119.61 (13.57) 130.43 (14.37) 0.037 127.52 (15.70) 101.45 (32.34) 0.005

OffsetL 58.96 (11.19) 64.99 (7.96) 0.081 67.44 (11.30) 47.52 (12.32) <0.001

OffsetP 58.94 (11.79) 63.20 (12.30) 0.372 59.79 (15.66) 54.05 (24.71) 0.279

MaxT 128.24 (8.74) 132.18 (14.42) 0.417 130.94 (17.03) 115.65 (22.30) 0.026

MaxL 61.10 (9.76) 66.12 (7.46) 0.105 68.98 (11.95) 51.72 (9.35) <0.001

MaxP 66.14 (9.41) 65.40 (12.12) 0.872 62.63 (15.48 64.49 (18.89) 0.693
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smaller FRR in the LMF, RMF, and RESL muscles was observed in
the cLBP group compared to the no-BP group. This supported the
hypothesis that cLBP patients engage in protective behaviors,
increasing ES muscle activity to protect the passive structures of
the spine (Solomonow et al., 2003a). Interestingly, there were
statistically significant differences in both left and right MF,
while the ES showed a significant difference only on the right
side. This is in line with the findings of Rose-Dulcina et al.
(2020), who observed an FRR asymmetry of the ES and
hypothesized that the MF may have bilateral adaptability to pain,
unlike the ES muscles. In a prior study, patients with unilateral cLBP
exhibited bilateral atrophy in the MF at levels L4-5, while the
atrophy in the ES corresponded to the side of the pain (Beneck
and Kulig, 2012).

The present study further indicates that there were no
statistical differences in thoracic FRR between the cLBP and
no-BP groups. This observation could potentially be attributed
to the focal point of pain experienced by our cLBP patients,
primarily localized in the lumbar region rather than the thoracic
region. Furthermore, in the no-BP group, the thoracic FRR was
smaller compared to the lumbar FRR. Considering the FRR
calculation formula (Equation 1), the smaller thoracic FRR
suggests that the thoracic muscles remain activated during
full flexion, in contrast to the reduction of activity (larger
FRR value) observed in the lumbar muscles. This finding was
supported in a study by McGill and Kippers (1994), where they
showed that most of their no back pain participants could

completely relax their lumbar extensors during the full flexion
phase, while their thoracic extensors remained active.
Furthermore, the study conducted by Callaghan and Dunk
(2002) showed that EST is more likely to exhibit FRP during
full flexion in a sitting position.

Although cLBP patients had smaller lumbar flexion angles as
compared to no-BP individuals, the difference was not
statistically significant. This suggests that while flexion angles
might be affected in cLBP patients, it may not be the sole or most
potent factor delineating them from no-BP individuals.
Consistent with the findings of other studies (McGorry and
Lin, 2012; Sánchez-Zuriaga et al., 2015; Firouzabadi et al.,
2024), there were no significant differences in trunk flexion
angles between the cLBP and no-BP groups. However, there
was notably larger ESL activity in cLBP participants during
full flexion task, even though these cLBP patients were
assessed during pain-free intervals (Sánchez-Zuriaga et al.,
2015). It suggests that relying solely on maximum flexion
angle measurements may not adequately capture the
distinctions in flexion-extension movements between those
with cLBP and their no-BP counterparts.

4.2 Age as a significant modifier

The analysis of the FRP across different age groups revealed
that individuals over 40 demonstrated a statistically reduced FRR

TABLE 4 Subgroup analysis based on pain by matching the age. Significant differences (p < 0.05) are shown in bold.

<40 P-value >40 P-value

No-BP
Mean (SD)

cLBP
Mean (SD)

No-BP
Mean (SD)

cLBP
Mean (SD)

FRR

LMF 7.20 (3.64) 5.91 (4.85) 0.333 5.10 (3.85) 2.67 (3.72) 0.060

RMF 7.65 (4.16) 6.10 (5.77) 0.136 5.37 (3.97) 2.33 (2.32) <0.001

LESL 9.08 (5.46) 9.63 (5.59) 0.741 6.83 (3.55) 4.35 (5.62) 0.129

RESL 9.27 (4.81) 8.78 (4.99) 0.716 7.11 (3.49) 3.15 (2.73) 0.003

LEST 3.39 (2.29) 3.72 (2.77) 0.624 2.42 (1.23) 2.70 (1.67) 0.666

REST 3.45 (2.14) 4.36 (3.08) 0.203 2.83 (1.17) 3.07 (2.06) 0.733

Flexion angle (°)

OnsetT 105.64 (26.12) 117.98 (14.99) 0.103 118.38 (18.26) 91.9 (28.91) <0.001

OnsetL 50.52 (14.96) 61.73 (12.03) 0.006 58.89 (7.49) 41.60 (13.08) <0.001

OnsetP 53.41 (16.27) 55.91 (15.13) 0.633 55.22 (11.95) 50.41 (19.71) 0.346

OffsetT 119.61 (13.57) 127.52 (15.70) 0.066 130.43 (14.37) 101.45 (32.34) 0.002

OffsetL 58.96 (11.19) 67.44 (11.30) 0.018 64.99 (7.96) 47.52 (12.32) <0.001

OffsetP 58.94 (11.79) 59.79 (15.66) 0.792 63.20 (12.30) 54.05 (24.71) 0.152

MaxT 128.24 (8.74) 130.94 (17.03) 0.520 132.18 (14.42) 115.65 (22.30) 0.014

MaxL 61.10 (9.76) 68.98 (11.95) 0.015 66.12 (7.46) 51.72 (9.35) <0.001

MaxP 66.14 (9.41) 62.63 (15.48) 0.456 65.40 (12.12) 64.49 (18.89) 0.842
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in LMF, RMF, LESL, RESL, and limited flexion angles in OffsetL
and MaxL. These findings were supported by previous studies
that showed heightened back extensor muscle activity (Quirk and
Hubley-Kozey, 2014; Kienbacher et al., 2015) and statistically
lower FRP in older adults compared to their younger
counterparts (Kienbacher et al., 2015). Moreover, our results
were also consistent with previous research that has linked a
decrease in the flexion angles for lumbar flexion with aging,
commencing typically around the age of 40 (Sullivan et al., 1994;
Galbusera et al., 2014). Reduced water content in intervertebral
discs and the loss of viscoelastic properties in posterior ligaments
(Solomonow, 2006; Hubley-Kozey et al., 2009) might be the
causes of these alterations. This suggests that older adults are
more inclined with increased extensor muscle activity to
compensate for the reduction in lumbar mobility compared to
younger individuals.

Age-related subgroup analysis in the cLBP group revealed
that the patients over 40, compared to younger ones, showed
statistically smaller FRR in bilateral MF and ESL and smaller
values in all lumbar and thoracic flexion angles. The significantly
higher disability score (RMDQ-24, Table 1) in cLBP over
40 could explain it, as a previous study found that the
participants with higher RMDQ scores demonstrated lower
FRP levels and higher lumbar spine global stiffness (Xia et al.,
2017). Moreover, our results are also consistent with the study
conducted by Kienbacher et al. on 216 patients; significant
differences in the ratio at half and maximum trunk flexion
were found among age groups, with the largest values in the
youngest group and the smallest in the oldest group; furthermore,
age influenced task-specific lumbothoracic changes in angles,
wherein the oldest group showed the lowest values and the
youngest group displayed the highest values (Kienbacher
et al., 2016).

Although previous studies have investigated the FRP and
flexion angles in cLBP patients, our study further compared the
FRP and flexion angles in both no-BP and cLBP groups within
matched age ranges. Pain-related analysis within the older group
revealed that the cLBP patients, compared to no-BP individuals,
showed statistically smaller FRR for RMF and RESL and smaller
values in all flexion angles for lumbar and thoracic. However,
within the under-40 age group, our findings showed that the
lumbar flexion angles in patients with cLBP are significantly
larger than in no-BP individuals. Previous research
(Solomonow, 2006; Hubley-Kozey et al., 2009) showed that
the degenerative changes in the intervertebral disc and
adjacent structures result in subtle alterations in the
mechanical properties of the functional spinal unit. Loss of
viscoelastic mechanical properties and degeneration of spinal
discs and adjacent structures have been repeatedly associated
with aging. A tendency toward spinal stiffening as degeneration
increases has been observed in some studies (Kettler et al., 2011;
Galbusera et al., 2014). This stiffness can potentially disrupt the
regular input of the ligaments, subsequently contributing to
proprioceptive deficits, and these deficits may lead to
alterations in muscle recruitment patterns (van Dieën et al.,
2003; Keenan et al., 2005; Georgy, 2011). Therefore, the changes
in lumbar flexion angles in individuals over 40 might be more
closely associated with physiological alterations in the patient

rather than the reduction in flexion angles caused by pain. The
decreased lumbar mobility may cause older individuals with
cLBP to activate more muscles to maintain stability during the
entire flexion task, resulting in a lower FRR in those over
40 with back pain.

While our study presented significant findings, certain
limitations must be acknowledged. Firstly, the cLBP cohort
exhibited relatively mild to moderate pain intensity, and we
did not investigate the effect of pain intensity on FRP.
However, Alschuler et al. (2009) demonstrated an association
between pain intensity and FRP in LBP patients. Additionally,
factors such as the duration of cLBP and psychological and
occupation parameters, which might influence FRP and flexion
angles, were not thoroughly evaluated. Furthermore, due to the
small sample size of participants over 55 years old (7 cLBP, eight
no-BP) and under 30 years old (7 cLBP, 10 no-BP) in our study,
we did not further perform subgroup analysis on participants
over and under 40. Future studies with more extensive, diverse
cohorts and multi-dimensional evaluations could provide more
nuanced insights.

5 Conclusion

The present study showed a nuanced relationship between the
flexion-relaxation phenomenon, lumbar flexion angles, and age,
especially in cLBP; FRP is reduced in cLBP patients, and age
significantly alters FRP, especially in old cLBP patients. The
findings emphasize the need for comprehensive evaluations and
tailored therapeutic interventions to manage cLBP, factoring in
biomechanical and age-related changes.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by The Ethics
Committee of the Charité–Universitätsmedizin Berlin (registry
numbers: EA4/011/10, EA1/162/13). The studies were conducted
in accordance with the local legislation and institutional
requirements. The participants provided their written
informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data
included in this article.

Author contributions

TZ: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Visualization, Writing–original
draft. AF: Conceptualization, Data curation, Investigation,
Methodology, Software, Writing–review and editing. DY:

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Zhang et al. 10.3389/fbioe.2024.1388229

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1388229


Formal Analysis, Writing–review and editing. SL: Formal
Analysis, Writing–review and editing. HS: Conceptualization,
Funding acquisition, Project administration, Resources,
Supervision, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study is
part of the Research Unit 5177 and financed by the German
Research Foundation (DFG, SCHM 2572/12-1). SL, TZ, DY
received China Scholarship Council (CSC, No. 202208080039,
No. 202208080046, No. 202208080034).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Adams, M. A., and Dolan, P. (1991). A technique for quantifying the bending
moment acting on the lumbar spine in vivo. J. Biomech. 24 (2), 117–126. doi:10.1016/
0021-9290(91)90356-r

Airaksinen, O., Brox, J. I., Cedraschi, C., Hildebrandt, J., Klaber-Moffett, J., Kovacs, F.,
et al. (2006). Chapter 4. European guidelines for the management of chronic nonspecific
low back pain. Eur. Spine J. 15 (2), S192–S300. doi:10.1007/s00586-006-1072-1

Alschuler, K. N., Neblett, R., Wiggert, E., Haig, A. J., and Geisser, M. E. (2009).
Flexion-relaxation and clinical features associated with chronic low back pain: a
comparison of different methods of quantifying flexion-relaxation. Clin. J. Pain 25
(9), 760–766. doi:10.1097/AJP.0b013e3181b56db6

Andersson, E. A., Oddsson, L. I., Grundström, H., Nilsson, J., and Thorstensson, A.
(1996). EMG activities of the quadratus lumborum and erector spinae muscles during
flexion-relaxation and other motor tasks. Clin. Biomech. (Bristol, Avon) 11 (7), 392–400.
doi:10.1016/0268-0033(96)00033-2

Beneck, G. J., and Kulig, K. (2012). Multifidus atrophy is localized and bilateral in
active persons with chronic unilateral low back pain. Arch. Phys. Med. Rehabil. 93 (2),
300–306. doi:10.1016/j.apmr.2011.09.017

Callaghan, J. P., and Dunk, N. M. (2002). Examination of the flexion relaxation
phenomenon in erector spinae muscles during short duration slumped sitting. Clin.
Biomech. (Bristol, Avon) 17 (5), 353–360. doi:10.1016/s0268-0033(02)00023-2

Cohen, J. (1992). Statistical power analysis. Curr. Dir. Psychol. Sci. 1 (3), 98–101.
doi:10.1111/1467-8721.ep10768783

Colloca, C. J., and Hinrichs, R. N. (2005). The biomechanical and clinical significance
of the lumbar erector spinae flexion-relaxation phenomenon: a review of literature.
J. Manip. Physiol. Ther. 28 (8), 623–631. doi:10.1016/j.jmpt.2005.08.005

Dankaerts, W., O’Sullivan, P., Burnett, A., Straker, L., Davey, P., and Gupta, R. (2009).
Discriminating healthy controls and two clinical subgroups of nonspecific chronic low
back pain patients using trunk muscle activation and lumbosacral kinematics of
postures and movements: a statistical classification model. Spine (Phila Pa 1976) 34
(15), 1610–1618. doi:10.1097/BRS.0b013e3181aa6175

Descarreaux, M., Lafond, D., Jeffrey-Gauthier, R., Centomo, H., and Cantin, V.
(2008). Changes in the flexion relaxation response induced by lumbar muscle fatigue.
BMC Musculoskelet. Disord. 9, 10. doi:10.1186/1471-2474-9-10

Dolan, P., Mannion, A. F., and Adams, M. A. (1994). Passive tissues help the back
muscles to generate extensor moments during lifting. J. Biomech. 27 (8), 1077–1085.
doi:10.1016/0021-9290(94)90224-0

Du Rose, A. (2018). Have studies that measure lumbar kinematics and muscle activity
concurrently during sagittal bending improved understanding of spinal stability and
sub-system interactions? A systematic review. Healthc. (Basel) 6 (3), 112. doi:10.3390/
healthcare6030112

Firouzabadi, A., Arjmand, N., Pan, F., Zander, T., and Schmidt, H. (2021). Sex-
dependent estimation of spinal loads during static manual material handling activities-
combined in vivo and in silico analyses. Front. Bioeng. Biotechnol. 9, 750862. doi:10.
3389/fbioe.2021.750862

Firouzabadi, A., Arjmand, N., Zhang, T., Pumberger, M., and Schmidt, H. (2024).
Effect of low back pain on the kinetics and kinematics of the lumbar spine - a combined
in vivo and in silico investigation. J. Biomechanics 164, 111954. doi:10.1016/j.jbiomech.
2024.111954

Floyd, W. F., and Silver, P. H. (1955). The function of the erectores spinae muscles in
certain movements and postures in man. J. Physiol. 129 (1), 184–203. doi:10.1113/
jphysiol.1955.sp005347

Galbusera, F., van Rijsbergen, M., Ito, K., Huyghe, J. M., Brayda-Bruno, M., and
Wilke, H. J. (2014). Ageing and degenerative changes of the intervertebral disc and their
impact on spinal flexibility. Eur. Spine J. 23 (Suppl. 3), S324–S332. doi:10.1007/s00586-
014-3203-4

Georgy, E. E. (2011). Lumbar repositioning accuracy as a measure of proprioception
in patients with back dysfunction and healthy controls. Asian Spine J. 5 (4), 201–207.
doi:10.4184/asj.2011.5.4.201

Golding, J. S. (1952). Electromyography of the erector spinae in low back pain.
Postgrad. Med. J. 28 (321), 401–406. doi:10.1136/pgmj.28.321.401

Gouteron, A., Tabard-Fougère, A., Bourredjem, A., Casillas, J. M., Armand, S., and
Genevay, S. (2022). 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. 31 (1), 136–151. doi:10.1007/s00586-021-06992-0

Gupta, A. (2001). Analyses of myo-electrical silence of erectors spinae. J. Biomech. 34
(4), 491–496. doi:10.1016/s0021-9290(00)00213-x

Hodges, P. W., and Tucker, K. (2011). Moving differently in pain: a new theory to
explain the adaptation to pain. Pain 152 (3 Suppl. l), S90–s98. doi:10.1016/j.pain.2010.
10.020

Hubley-Kozey, C. L., Hanada, E. Y., Gordon, S., Kozey, J., and McKeon, M. (2009).
Differences in abdominal muscle activation patterns of younger and older adults
performing an asymmetric leg-loading task. Pm R. 1 (11), 1004–1013. doi:10.1016/j.
pmrj.2009.09.018

Jin, S., Ning, X., and Mirka, G. A. (2012). An algorithm for defining the onset and
cessation of the flexion-relaxation phenomenon in the low back musculature.
J. Electromyogr. Kinesiol 22 (3), 376–382. doi:10.1016/j.jelekin.2012.01.003

Keenan, K. G., Farina, D., Maluf, K. S., Merletti, R., and Enoka, R. M. (2005). Influence
of amplitude cancellation on the simulated surface electromyogram. J. Appl. Physiol. 98
(1), 120–131. doi:10.1152/japplphysiol.00894.2004

Kettler, A., Rohlmann, F., Ring, C., Mack, C., and Wilke, H. J. (2011). Do early stages
of lumbar intervertebral disc degeneration really cause instability? Evaluation of an
in vitro database. Eur. Spine J. 20 (4), 578–584. doi:10.1007/s00586-010-1635-z

Kienbacher, T., Fehrmann, E., Habenicht, R., Koller, D., Oeffel, C., Kollmitzer, J., et al.
(2016). Age and gender related neuromuscular pattern during trunk flexion-extension
in chronic low back pain patients. J. Neuroeng Rehabil. 13, 16. doi:10.1186/s12984-016-
0121-1

Kienbacher, T., Paul, B., Habenicht, R., Starek, C., Wolf, M., Kollmitzer, J., et al.
(2015). Age and gender related neuromuscular changes in trunk flexion-extension.
J. Neuroeng Rehabil. 12 (1), 3. doi:10.1186/1743-0003-12-3

Kippers, V., and Parker, A. W. (1984). Posture related to myoelectric silence of
erectores spinae during trunk flexion. Spine (Phila Pa 1976) 9 (7), 740–745. doi:10.1097/
00007632-198410000-00015

Konrad, P. (2006). The abc of EMG- A practical introduction to kinsesiological
Electromyography. USA: Noraxon INC.

Laird, R. A., Keating, J. L., Ussing, K., Li, P., and Kent, P. (2019). Does movement
matter in people with back pain? Investigating ’atypical’ lumbo-pelvic kinematics in
people with and without back pain using wireless movement sensors. BMC
Musculoskelet. Disord. 20 (1), 28. doi:10.1186/s12891-018-2387-x

Marras, W. S., Lavender, S. A., Leurgans, S. E., Fathallah, F. A., Ferguson, S. A.,
Allread, W. G., et al. (1995). Biomechanical risk factors for occupationally related low
back disorders. Ergonomics 38 (2), 377–410. doi:10.1080/00140139508925111

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Zhang et al. 10.3389/fbioe.2024.1388229

https://doi.org/10.1016/0021-9290(91)90356-r
https://doi.org/10.1016/0021-9290(91)90356-r
https://doi.org/10.1007/s00586-006-1072-1
https://doi.org/10.1097/AJP.0b013e3181b56db6
https://doi.org/10.1016/0268-0033(96)00033-2
https://doi.org/10.1016/j.apmr.2011.09.017
https://doi.org/10.1016/s0268-0033(02)00023-2
https://doi.org/10.1111/1467-8721.ep10768783
https://doi.org/10.1016/j.jmpt.2005.08.005
https://doi.org/10.1097/BRS.0b013e3181aa6175
https://doi.org/10.1186/1471-2474-9-10
https://doi.org/10.1016/0021-9290(94)90224-0
https://doi.org/10.3390/healthcare6030112
https://doi.org/10.3390/healthcare6030112
https://doi.org/10.3389/fbioe.2021.750862
https://doi.org/10.3389/fbioe.2021.750862
https://doi.org/10.1016/j.jbiomech.2024.111954
https://doi.org/10.1016/j.jbiomech.2024.111954
https://doi.org/10.1113/jphysiol.1955.sp005347
https://doi.org/10.1113/jphysiol.1955.sp005347
https://doi.org/10.1007/s00586-014-3203-4
https://doi.org/10.1007/s00586-014-3203-4
https://doi.org/10.4184/asj.2011.5.4.201
https://doi.org/10.1136/pgmj.28.321.401
https://doi.org/10.1007/s00586-021-06992-0
https://doi.org/10.1016/s0021-9290(00)00213-x
https://doi.org/10.1016/j.pain.2010.10.020
https://doi.org/10.1016/j.pain.2010.10.020
https://doi.org/10.1016/j.pmrj.2009.09.018
https://doi.org/10.1016/j.pmrj.2009.09.018
https://doi.org/10.1016/j.jelekin.2012.01.003
https://doi.org/10.1152/japplphysiol.00894.2004
https://doi.org/10.1007/s00586-010-1635-z
https://doi.org/10.1186/s12984-016-0121-1
https://doi.org/10.1186/s12984-016-0121-1
https://doi.org/10.1186/1743-0003-12-3
https://doi.org/10.1097/00007632-198410000-00015
https://doi.org/10.1097/00007632-198410000-00015
https://doi.org/10.1186/s12891-018-2387-x
https://doi.org/10.1080/00140139508925111
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1388229


McGill, S. M. (1991). Electromyographic activity of the abdominal and low back
musculature during the generation of isometric and dynamic axial trunk torque:
implications for lumbar mechanics. J. Orthop. Res. 9 (1), 91–103. doi:10.1002/jor.
1100090112

McGill, S. M., and Kippers, V. (1994). Transfer of loads between lumbar tissues during
the flexion-relaxation phenomenon. Spine (Phila Pa 1976) 19 (19), 2190–2196. doi:10.
1097/00007632-199410000-00013

McGorry, R. W., and Lin, J. H. (2012). Flexion relaxation and its relation to pain and
function over the duration of a back pain episode. PLoS One 7 (6), e39207. doi:10.1371/
journal.pone.0039207

Meucci, R. D., Fassa, A. G., and Faria, N. M. (2015). Prevalence of chronic low back pain:
systematic review. Rev. Saude Publica 49, 1. doi:10.1590/s0034-8910.2015049005874

Nexus, V. (2023). Nexus documentation. Available at: https://docs.vicon.com/
display/Nexus216 (Accessed August 21, 23).

Panjabi, M. M. (1992a). The stabilizing system of the spine. Part I. Function,
dysfunction, adaptation, and enhancement. J. Spinal Disord. 5 (4), 383–389. doi:10.
1097/00002517-199212000-00001

Panjabi, M. M. (1992b). The stabilizing system of the spine. Part II. Neutral zone and
instability hypothesis. J. Spinal Disord. 5 (4), 390–397. doi:10.1097/00002517-
199212000-00002

Quirk, D. A., and Hubley-Kozey, C. L. (2014). Age-related changes in trunk
neuromuscular activation patterns during a controlled functional transfer task
include amplitude and temporal synergies. Hum. Mov. Sci. 38, 262–280. doi:10.
1016/j.humov.2014.08.013

Ringheim, I., Austein, H., Indahl, A., and Roeleveld, K. (2015). Postural strategy and
trunk muscle activation during prolonged standing in chronic low back pain patients.
Gait Posture 42 (4), 584–589. doi:10.1016/j.gaitpost.2015.09.008

Rose-Dulcina, K., Genevay, S., Dominguez, D., Armand, S., and Vuillerme, N. (2020).
Flexion-relaxation ratio asymmetry and its relation with trunk lateral ROM in
individuals with and without chronic nonspecific low back pain. Spine (Phila Pa
1976) 45 (1), E1–e9. doi:10.1097/brs.0000000000003196

Sánchez-Zuriaga, D., López-Pascual, J., Garrido-Jaén, D., and García-Mas, M. A.
(2015). A comparison of lumbopelvic motion patterns and erector spinae behavior
between asymptomatic subjects and patients with recurrent low back pain during pain-
free periods. J. Manip. Physiol. Ther. 38 (2), 130–137. doi:10.1016/j.jmpt.2014.11.002

Sarti, M. A., Lisón, J. F., Monfort, M., and Fuster, M. A. (2001). Response of the
flexion-relaxation phenomenon relative to the lumbar motion to load and speed. Spine
(Phila Pa 1976) 26 (18), E421–E426. doi:10.1097/00007632-200109150-00019

Sawilowsky, S. (2009). New effect size rules of thumb. J. Mod. Appl. Stat. Methods 8
(2), 597–599. doi:10.22237/jmasm/1257035100

Schultz, A. B., Haderspeck-Grib, K., Sinkora, G., and Warwick, D. N. (1985).
Quantitative studies of the flexion-relaxation phenomenon in the back muscles.
J. Orthop. Res. 3 (2), 189–197. doi:10.1002/jor.1100030208

Solomonow, M. (2006). Sensory-motor control of ligaments and associated
neuromuscular disorders. J. Electromyogr. Kinesiol 16 (6), 549–567. doi:10.1016/j.
jelekin.2006.08.004

Solomonow, M., Baratta, R. V., Banks, A., Freudenberger, C., and Zhou, B. H. (2003a).
Flexion-relaxation response to static lumbar flexion in males and females. Clin.
Biomech. (Bristol, Avon) 18 (4), 273–279. doi:10.1016/s0268-0033(03)00024-x

Solomonow, M., Hatipkarasulu, S., Zhou, B. H., Baratta, R. V., and Aghazadeh, F.
(2003b). Biomechanics and electromyography of a common idiopathic low back
disorder. Spine (Phila Pa 1976) 28 (12), 1235–1248. doi:10.1097/01.Brs.0000065568.
47818.B9

Stroud, M.W., McKnight, P. E., and Jensen, M. P. (2004). Assessment of self-reported
physical activity in patients with chronic pain: development of an abbreviated Roland-
Morris disability scale. J. Pain 5 (5), 257–263. doi:10.1016/j.jpain.2004.04.002

Sullivan, M. S., Dickinson, C. E., and Troup, J. D. (1994). The influence of age and
gender on lumbar spine sagittal plane range of motion. A study of 1126 healthy subjects.
Spine (Phila Pa 1976) 19 (6), 682–686. doi:10.1097/00007632-199403001-00007

Swain, C. T. V., Pan, F., Owen, P. J., Schmidt, H., and Belavy, D. L. (2020). No
consensus on causality of spine postures or physical exposure and low back pain: a
systematic review of systematic reviews. J. Biomech. 102, 109312. doi:10.1016/j.
jbiomech.2019.08.006

Traeger, A. C., Qaseem, A., and McAuley, J. H. (2021). Low back pain. Jama 326 (3),
286. doi:10.1001/jama.2020.19715

van Dieën, J. H., Selen, L. P., and Cholewicki, J. (2003). Trunk muscle activation in
low-back pain patients, an analysis of the literature. J. Electromyogr. Kinesiol 13 (4),
333–351. doi:10.1016/s1050-6411(03)00041-5

Von Korff, M., Ormel, J., Keefe, F. J., and Dworkin, S. F. (1992). Grading the severity
of chronic pain. Pain 50 (2), 133–149. doi:10.1016/0304-3959(92)90154-4

Watson, P. J., Booker, C. K., Main, C. J., and Chen, A. C. (1997). Surface
electromyography in the identification of chronic low back pain patients: the
development of the flexion relaxation ratio. Clin. Biomech. (Bristol, Avon) 12 (3),
165–171. doi:10.1016/s0268-0033(97)00065-x

Wei, J., Zhu, H. B., Wang, F., Fan, Y., and Zhou, H. J. (2019). Clinical utility of flexion-
extension ratio measured by surface electromyography for patients with nonspecific
chronic low-back pain. J. Chin. Med. Assoc. 82 (1), 35–39. doi:10.1097/jcma.
0000000000000004

Xia, T., Long, C. R., Vining, R. D., Gudavalli, M. R., DeVocht, J. W., Kawchuk, G. N.,
et al. (2017). Association of lumbar spine stiffness and flexion-relaxation phenomenon
with patient-reported outcomes in adults with chronic low back pain - a single-arm
clinical trial investigating the effects of thrust spinal manipulation. BMC Complement.
Altern. Med. 17 (1), 303. doi:10.1186/s12906-017-1821-1

Xu, Y., Bach, E., and Orhede, E. (1997). Work environment and low back pain: the
influence of occupational activities.Occup. Environ. Med. 54 (10), 741–745. doi:10.1136/
oem.54.10.741

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Zhang et al. 10.3389/fbioe.2024.1388229

https://doi.org/10.1002/jor.1100090112
https://doi.org/10.1002/jor.1100090112
https://doi.org/10.1097/00007632-199410000-00013
https://doi.org/10.1097/00007632-199410000-00013
https://doi.org/10.1371/journal.pone.0039207
https://doi.org/10.1371/journal.pone.0039207
https://doi.org/10.1590/s0034-8910.2015049005874
https://docs.vicon.com/display/Nexus216
https://docs.vicon.com/display/Nexus216
https://doi.org/10.1097/00002517-199212000-00001
https://doi.org/10.1097/00002517-199212000-00001
https://doi.org/10.1097/00002517-199212000-00002
https://doi.org/10.1097/00002517-199212000-00002
https://doi.org/10.1016/j.humov.2014.08.013
https://doi.org/10.1016/j.humov.2014.08.013
https://doi.org/10.1016/j.gaitpost.2015.09.008
https://doi.org/10.1097/brs.0000000000003196
https://doi.org/10.1016/j.jmpt.2014.11.002
https://doi.org/10.1097/00007632-200109150-00019
https://doi.org/10.22237/jmasm/1257035100
https://doi.org/10.1002/jor.1100030208
https://doi.org/10.1016/j.jelekin.2006.08.004
https://doi.org/10.1016/j.jelekin.2006.08.004
https://doi.org/10.1016/s0268-0033(03)00024-x
https://doi.org/10.1097/01.Brs.0000065568.47818.B9
https://doi.org/10.1097/01.Brs.0000065568.47818.B9
https://doi.org/10.1016/j.jpain.2004.04.002
https://doi.org/10.1097/00007632-199403001-00007
https://doi.org/10.1016/j.jbiomech.2019.08.006
https://doi.org/10.1016/j.jbiomech.2019.08.006
https://doi.org/10.1001/jama.2020.19715
https://doi.org/10.1016/s1050-6411(03)00041-5
https://doi.org/10.1016/0304-3959(92)90154-4
https://doi.org/10.1016/s0268-0033(97)00065-x
https://doi.org/10.1097/jcma.0000000000000004
https://doi.org/10.1097/jcma.0000000000000004
https://doi.org/10.1186/s12906-017-1821-1
https://doi.org/10.1136/oem.54.10.741
https://doi.org/10.1136/oem.54.10.741
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1388229

	Age-dependent flexion relaxation phenomenon in chronic low back pain patients
	1 Introduction
	2 Methods
	2.1 Study participants and ethics approval
	2.1.1 No-BP group
	2.1.2 cLBP group

	2.2 Measurement devices and instrumentation
	2.3 Study protocol
	2.4 Data processing
	2.5 Statistical analysis

	3 Results
	4 Discussion
	4.1 FRP and flexion angles manifestation in cLBP patients and No-BP individuals
	4.2 Age as a significant modifier

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


