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Relationship between the flexion
relaxation phenomenon and
kinematics of the multi-segmental
spine in nonspecific chronic low
back pain patients

Anais Gouteron2%3%6>< Florent Moissenet*, Anne Tabard-Fougére*, Kevin Rose-Dulcina*,
Stéphane Genevay®, Davy Laroche®:® & Stéphane Armand*

The flexion relaxation phenomenon (FRP) is characterized by the reduction of paraspinal muscle
activity at maximum trunk flexion. FRP is reported to be altered (persistence of spinal muscle activity)
in more than half of nonspecific chronic low back pain (NSCLBP) patients. Little is known about how
the multi-segmental spine affects FRP. The aim of this observational study was to investigate the
relationship between FRP and kinematic parameters of the multi-segmental spine in NSCLBP patients.
Forty NSCLBP patients and thirty-five asymptomatic participants performed a standing maximal
trunk flexion task. Surface electromyography was recorded along the erector spinae longissimus.

The kinematics of the spine were assessed using a 3D motion analysis system. The investigated

spinal segments were upper thoracic, lower thoracic, thoracolumbar, upper lumbar, lower lumbar,
and lumbopelvic. Upper lumbar ROM, anterior sagittal inclination of the upper lumbar relative to

the lower lumbar in the upright position, and ROM of the upper lumbar relative to the lower lumbar
during full trunk flexion were significantly correlated with the flexion relaxation ratio (Rho 0.42 to
0.58, p<0.006). The relative position and movement of the upper lumbar segment seem to play an
important role in the presence or absence of FRP in NSCLBP patients.

Nonspecific chronic low back pain (NSCLBP) includes all patients whose chronic low back pain has an
unknown etiology; i.e. 80 to 85% of chronic low back pain patients'. This lack of etiological precision leads to
various therapeutic interventions and has a limited long-term impact on the disease?™*. To improve medical
management, the Cochrane Back Review Group proposed defining a NSCLBP classification to deal with the
problem of patient heterogeneity® and to better understand the physiopathology of this disease.

Relevant biomarkers are needed to sub-classify NSCLBP patients. In their systematic review, Moissenet et
al.® reported that the flexion relaxation phenomenon (FRP) was a valid muscular activity biomarker in NSCLBP
patients. FRP was described in asymptomatic subjects as a reduction or silence of the myoelectric activity
of the erector spinae longissimus muscles during full trunk flexion’. The reduced activity may be explained
by a complete relaxation of the spinal extensors at full flexion, with the extension torque supported by the
posterior ligaments of the spine®®. FRP has been reported as altered (decreased or absent) in more than half of
NSCLBP patients'® but the physiopathology of this alteration is unclear. Some authors have reported significant
relationships between FRP and clinical parameters such as age'!, pain'?, disability'*!4, or kinesiophobia'2.
Several studies have investigated the relationship between FRP and kinematic parameters of the spine during
trunk flexion, such as sagittal range of motion (ROM)!'215, In asymptomatic subjects, it has been reported that
trunk flexibility plays an important role in the recruitment of trunk extensor muscles during trunk flexion!®.
Moreover, FRP seems to occur around 80° of trunk flexion in asymptomatic subjects'”'®. NSCLBP patients often
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have reduced trunk ROM and some authors have investigated the relationship between trunk ROM and FRP. For
example, Geisser et al. reported a moderate correlation (r=0.51) between FRP and trunk ROM!!. Similarly, Page
et al.’” and Watson et al.?’ showed a moderate correlation (r=0.44) between the flexion relaxation ratio (FRR)
and lumbar ROM during trunk flexion. However, these studies overlooked regional differences in lumbar spine
kinematics (i.e., upper and lower lumbar spine). Indeed, recent studies examining the movement of different
lumbar segments (upper and lower) during functional tasks showed different patterns in NCSLBC patients?!. To
the best of our knowledge, only Ippersiel et al. have studied the relationships between FRP and kinematics of the
multi-segmental spine in NSCLBP patients?’. However, Ippersiel et al. only studied the inter-joint coordination
during the flexion and extension phases without considering the ROM of the different spinal segments.

Besides ROM, other segmental kinematic parameters have been used to classify patients with NSCLBP into
different subgroups, such as lumbar spine angles (lower and upper lumbar) in standing posture?*-?° or sitting
trunk flexion?. To our knowledge, the relationships between FRP and these other multi-segmental kinematic
parameters of the spine have not yet been studied in NSCLBP patients.

To better understand FRP alteration in NSCLBP patients, this study aimed to investigate the relationship
between FRP and multi-segmental kinematic parameters of the spine in NSCLBP patients.

Method

Study design

This cohort study was approved by the local Cantonal Ethics Committee (CER 14-126). All procedures were
performed in accordance with the ethical standards of the institutional research committee and with the 1964
Declaration of Helsinki and later amendments. This study is part of a larger project on identifying subgroups
among participants with NSCLBP?. This study adhered to the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) Statement (Supplementary data 1).

Participants

The study population consisted of adults suffering from NSCLBP and asymptomatic participants from Geneva
(Switzerland). Participants were recruited at outpatient clinics in the Department of Rheumatology and
Department of Rehabilitation and Physical Medicine at Geneva University Hospitals. Inclusion criteria for
the NSCLBP group were: age between 18 and 60, suffering from NSCLBP, currently experiencing pain for a
minimum of three months, and average pain intensity over 3/10 on a visual analog scale during the last two
weeks before inclusion. Exclusion criteria were: pain in other parts of the body (except leg pain radiating from
the lower back), specific low back condition (e.g., infection, tumor, osteoporosis, fracture, structural deformity,
inflammatory disorder, radicular syndrome or cauda equina syndrome), pregnancy, body mass index over 30 kg/
m?, inability to understand French, neurological or orthopedic deficiencies of the limbs (including the hip joint)
that could prevent reliable execution of trunk flexion. In asymptomatic participants, inclusion criteria were as
follows: aged between 18 and 60 years and no history of back pain in the last six months.

Three groups of participants were defined: a control group of asymptomatic participants with normal FRP and
two groups of NSCLBP participants: one with normal FRP and one with altered FRP. Asymptomatic participants
with visually altered FRP were excluded from this study.

All participants provided written informed consent before participation.

Experimental procedure

The experimental procedure was performed in the Kinesiology Laboratory of the Geneva University Hospitals.
Participants completed validated French versions of the Oswestry Disability Index?, the Pain Catastrophizing
Scale?’, and the Hospital Anxiety and Depression Scale (HADS)*. Current pain was quantified using a visual
analog scale. Then they were equipped with a set of sensors (see section Data collection). The participants were
then asked to perform two consecutive standing maximal trunk flexions with their legs straight. Only the second
trial was used for analysis (the first trial was considered a training trial). This task was divided into four phases
(i.e., upright standing, flexion of the trunk, full trunk flexion, and return to upright standing)lo. Each phase
duration was constrained to last four seconds using rhythmic auditory stimulation.

Data collection

A 12-camera optoelectronic system sampled at 100 Hz (Oqus7+, Qualisys, Sweden) was used to track the
three-dimensional (3D) trajectories of a set of eleven cutaneous reflective markers (14 mm). The marker set was
composed of four markers on the pelvis (bilateral anterior and posterior superior iliac spines) and seven markers
on the spine (spinous process of the vertebrae C7, T6, T10, L1, L3, L5 and S1). Marker placement was achieved
by anatomical palpation and remained unchanged during all trials.

An active surface electrode system sampled at 1000 Hz (Trigno Avanti, Delsys Inc, USA), synchronized
with the optoelectronic system via the Qualisys data acquisition software (QTM 2020.3, Qualisys, Sweden), was
used to collect the surface electromyographic (sSEMG) signals collected bilaterally on erector spinae longissimus
muscles (at the L1 level of the spinous process). Skin preparation, inter-electrode distance, and electrode location/
orientation followed the recommendations of the Surface Electromyography for the Non-Invasive Assessment
of Muscles (SENIAM) project®?. The skin preparation consisted of shaving, abrading, and cleaning with alcohol
before measurements. Each sensor was maintained using hypoallergenic paper tape to reduce the baseline noise
contamination due to movement artefacts (Micropore - Paper Tape, 3 M, USA).

Data processing
The labeling of marker trajectories and sEMG signals was performed using the Qualisys Tracking Manager
software (QTM 2020.3, Qualisys, Sweden). Labeled marker trajectories and sEMG signals were exported in the
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standard C3D file format (https://www.c3d.org) and then imported under Matlab (R2019b, The MathWorks,
USA) using the Biomechanics ToolKit (BTK)*® to be processed. Marker trajectories were interpolated when
necessary using a reconstruction based on marker inter-correlations obtained from a principal component
analysis®, and smoothed using a 4th order Butterworth low pass filter (6 Hz cut-off). SEMG signals were
band pass filtered between 20 and 450 Hz (4th order Butterworth filter) to reduce artefacts due to motion and
electromagnetic fields.

Computation of parameters
Kinematic parameters
Kinematic parameters were computed as described in Fig. 1, using the processed 3D marker trajectories. Figure 1
illustrates the different kinematic parameters for the first spinal segment C7-T6. Parameters for other spinal
segments are available in Supplementary data 2. ROM of the full spine, upper (between the C7-T6 vertebrae) and
lower thoracic spine (between the T6-T10 vertebrae), thoracolumbar junction (between the T10-L1 vertebrae),
upper (between the L1-L3 vertebrae) and lower lumbar spine (between the L3-S1 vertebrae) were obtained
by computing the sagittal angle defined by the spine markers following the procedure proposed by Hidalgo et
al.3®. The ROM of the pelvis segment (between S1 and the midpoint of the vector connecting the two superior
iliac spine markers) was obtained by computing the sagittal angle defined by the pelvis markers following the
procedure proposed by the conventional gait model 1.0%.
We also studied kinematic parameters between two adjacent spinal segments: the sagittal inclination between
two adjacent spinal segments at upright standing and full trunk flexion (Fig. 1), and the ROM between these
two parameters (difference of sagittal angles measured at full trunk flexion and upright standing between two
adjacent spinal segments).

FRP parameters
The FRR was computed using the Xia method®’, which was recently reported to have good sensitivity and
reproductibility®® for identifying FRP alterations in NSCLBP patients. According to Gouteron et al.*, the
threshold for this FRR to determine whether the patient had an altered or non-altered FRP was 2.45.

FRR was calculated using a custom Matlab software using the following method: maximum RMS of flexion/
lowest mean sEMG in 1 s of full flexion. The maximum RMS was the maximum RMS of the filtered sSEMG
during trunk flexion. The computation of the RMS was performed on the EMG signals using a sliding window
of 1's, moving at a 50 ms step™.

Statistical analysis
Statistical analysis was performed using SPSS (version 26). Patient characteristics were described as frequencies
and percentages for qualitative variables and mean (+ SD) for quantitative variables. The Shapiro-Wilk test was
used to evaluate the data distribution’s normality.

Kruskal-Wallis H tests were used to compare clinical and kinematic parameters between the three groups
(non-normal distribution). Differences between groups were considered significant at p < 0.05. Post-hoc analyses
were performed using the Dunn’s test and a Holm-Bonferroni correction to counter the multiple comparison

problem.
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Fig. 1. Description of kinematic parameters at upper thoracic level.
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Spearman correlations were performed (due to parameters not following a normal distribution) to investigate
the relationship between FRR and some clinical or kinematic parameters. Considering the relatively small sample
size, only clinical and kinematic variables that were significantly different between participants with altered and
non-altered FRP were tested. Results with a p-value < 0.05 were considered significant.

Sample size
This study was conducted using an existing cohort, the number of subjects required for which is detailed in the
protocol of Rose-Dulcina et al.?.

Results

Participants

In total, 35 healthy and 40 NSCLBP participants were included after excluding 9 NSCLBP (sEMG artefacts) and
7 healthy participants (2 sSEMG artefacts and 5 altered FRP). Among the NSCLBP participants, there were 22
patients with altered FRP and 18 with non-altered FRP. The baseline characteristics of the included participants
are detailed in Table 1 (at the ESL level). Only mean age and BMI were significantly different between patients
with altered FRP and those with non-altered FRP.

Relationships between the FRR and kinematic parameters of multi-segmental spine
Comparison of kinematic parameters of the different spinal segments
The comparison of kinematic parameters of the different spinal segments for LBP patients with altered and non-
altered FRP and healthy subjects with non-altered FRP is presented in Table 2. Only mean upper lumbar sagittal
ROM, upper lumbar/lower lumbar sagittal inclination at upright standing and upper lumbar/lower lumbar
sagittal ROM were significantly different between patients with altered FRP and patients with non-altered FRP
(letter a in the Table 2).

Figure 2 shows the mean position of each marker at different times of trunk flexion (initial standing position,
20% of flexion, 40% of flexion, 60% of flexion, 80% of flexion, maximum trunk flexion) for patients with altered
and non-altered FRP, and asymptomatic participants.

Correlations between FRR and upper lumbar sagittal kinematic parameters

We studied the correlations of the FRR with upper lumbar sagittal ROM, upper lumbar/lower lumbar sagittal
inclination at upright standing, and upper lumbar/lower lumbar sagittal ROM and FRR in NSCLBP patients.
We found moderate correlations between FRR and the three parameters (Fig. 3). The correlation between FRR
and sagittal ROM of the upper lumbar spine during trunk flexion was significant and moderate (Rho=0.47;
p=0.002), the one with upper lumbar/lower lumbar sagittal inclination at upright standing was negative,
significant and moderate (Rho=-0.58; p <0.001); and the one with upper lumbar/lower lumbar sagittal ROM
was significant and moderate (Rho=0.42; p=0.006).

Discussion

The main objective of this study was to investigate the relationship between FRP and multi-segmental kinematic
parameters of the spine in NSCLBP patients. Results showed that only the three kinematic parameters of the
upper lumbar segment (upper lumbar ROM, sagittal inclination of upper lumbar related to lower lumbar at

NSCLBP Healthy Kruskal-Wallis test
Altered FRP
Median (IQR) | Non-altered FRP Median (IQR) | Non-altered FRP Median (IQR)
(n=22) (n=18) (n=35) p-value | Significant differences after post-hoc analyses
Patient
characteristic
Female Gender | 7 (21%) 7 (39%) 15 (43%) 0.427
Age (years) 45.5 (41.0-50.8) | 29.5 (25.0-41.0) 34.0 (25.5-41.0) 0.001 a,b
BMI (kg.m™2) | 23.4 (21.5-27.0) | 21.4 (20.0-22.5) 22.3(20.6-23.7) 0006 |a
X;*YS current 135 (2.13-6.96) | 3.3 (13-5.0) - <0.001 |b,c
ODI 25.0 (18.0-39.5) | 24.0 (18.0-26.0) - <0.001 |b,c
PCS 19.0 (14.0-23.0) | 16.5 (14.3-25.3) - <0.001 |b,c
HADS 14.0 (9.0-17.0) | 12.0 (10.3-17.3) 6.0 (4.0-8.0) <0.001 | b,c

Table 1. Comparison of characteristics of the included participants: NSCLBP patients with altered and
non-altered FRP and healthy participants with non-altered FRP. Significant differences between groups were
considered at p <0 0.05. a: Significant differences between LBP with altered FRP vs. LBP without altered FRP;
b: Significant differences between NSCLBP with altered FRP vs. healthy without altered FRP; c: Significant
differences between LBP without altered FRP vs. healthy without altered FRP. NSCLBP: Nonspecific chronic
low back pain; FRP; flexion-relaxation phenomenon; BMI: body mass index; VAS: visual analog scale; ODI:
Oswestry Disability Index; PCS: Pain Catastrophising Scale; HADS: Hospital Anxiety and Depression Scale;
IQR interquartile range.
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LBP patients Healthy Kruskal-Wallis test
Significant
Altered FRP Non-altered FRP Non-altered FRP differences
Kinematic Median (IQR) Median (IQR) Median (IQR) after post- | Effect
Parameters Segments (n=22) (n=18)) (n=35) p-value | hoc tests size
Upper thoracic 105.22 (93.92-111.79) | 116.51 (111.82-125.82) 128.86 (116.07-135.48) | <0.001 |b 0.49
Lower thoracic 100.61 (93.03-109.41) | 112.39 (109.28-124.31) 127.33 (116.21-135.98) | <0.001 |b 0.51
. Thoracolumbar 92.21 (80.48-101.05) 105.82 (97.76-115.25) 114.41 (104.17-126.36) | <0.001 |b 0.49
Sagittal range of
motion of one Upper lumbar 77.73 (66.88-83.03) 91.82 (80.07-103.33) 99.47 (86.29-111.75) <0.001 |a,b 0.47,0.48
t (d
segment (degree) |70 T umbar 42.82(247-59.17) | 29.42 (1.44-61.16) 66.01 (50.89-75.58) | <0.001 |b,c 0.30,0.32
Pelvic tilt 46.71 (39.96-58.16) 49.99 (41.91-60.78) 54.71 (47.39-67.25) 0.165 -
Full spine 83.97 (77.35-91.77) | 96.94 (90.12-104.0) 107.85 (96.50-114.72) | <0.001 |b 0.47
| Upper thoracic / lower thoracic | 10.46 (5.14-16.47) 8.65 (3.81-14.43) 14.26 (8.22-17.84) 0.241 -
Sagittal -
inclination of 2 L};’“’er ‘i‘orabc‘” 9.43 (5.73-12.86) 10.10 (6.18-12.21) 10.21 (8.31-12.21) 0.249
adjacent segments | thoracolumbar
at upright Upper lumbar / lower lumbar | -7.04 (-9.87- (-3.61)) | —12.69 (-15.83- (-11.04)) | -11.92 (-13.97-(-10.33)) | <0.001 |a,b 0.74, 0.46
standing (degree)
Lower lumbar / lumbopelvic -0.71 (-6.06-1.56) -2.78 (-7.33-(-0.72)) -5.03 (-9.95-(-1.50)) 0.09
| Upper thoracic / lower thoracic | 24.70 (20.49-27.17) 25.87 (16.89-30.29) 24.56 (19.16-27.17) 0.859 -
Sagittal -
inclination of 2 kawer t{wrabc‘” 18.26 (15.73-20.65) | 17.70 (12.40-20.43) 19.97 (14.64-21.85) 0.640 |-
adjacent segments | thoracolumbar
?éfuu ﬂ)exion Upper lumbar / lower lumbar | 3.95 (-0.49-7.7) 0.63 (-6.79-7.57) 5.69 (0.33-10.70) 0303 |-
egree
Lower lumbar / lumbopelvic 2.17 (0.32-5.53) 2.88 (0.88-9.70) 7.11 (2.88-9.28) 0.048 -
Upper thoracic / lower thoracic | 11.71 (4.54-22.93) 12.31 (7.33-27.66) 10.29 (4.69-16.31) 0.347
Sagittal range Lower thoracic /
ofmotionof2 | thoracolumbar 8.75 (5.30-11.42) 5.82 (3.73-8.43) 7.71 (4.87-10.23) 0.296
adjacent segments
(degree) Upper lumbar / lower lumbar 10.47 (5.02-14.20) 14.11 (10.28-18.72) 18.60 (13.73-23.19) <0.001 |a,b 0.30, 0.35
Lower lumbar / lumbopelvic 2.87 (0.74-9.80) 8.22 (1.84-20.36) 11.12 (7.05-17.97) <0.001 | b

Table 2. Comparison of kinematic parameters of the different spinal segments (upper and lower thoracic,
T10-S1, upper and lower lumbar and pelvic tilt) for LBP patients with altered and non-altered FRP and healthy
participants with non-altered FRP at the ESL level. Significant differences between groups were considered

at p <0 0.05. a: Significant differences between LBP patients with altered FRP vs. LBP without altered FRP. b:
Significant differences between LBP patients with altered FRP vs. healthy without altered FRP. c: Significant
differences between LBP patients without altered FRP vs. healthy without altered FRP. For inclinations of 2
adjacent segments, positive values corresponded to kyphosis and negative values to lordosis (angle located
before the reference axis).
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Fig. 2. Mean position of each marker at different times of trunk flexion (initial standing position, 20% of
flexion, 40% of flexion, 60% of flexion, 80% of flexion, maximum trunk flexion) for patients with (A) altered

FRP; (B) non-altered FRP, and (C) asymptomatic participants.

upright standing, and ROM of upper lumbar related to lower lumbar during full trunk flexion) were significantly
different between NSCLBP patients with altered and non-altered FRP. Moreover, the FRR was moderately
correlated with these three upper lumbar parameters in NSCLBP patients.

To our knowledge, only Ippersiel et al.?? had already studied the relationship between FRR and a multi-
segmental kinematic parameter of the spine, by assessing inter-joint coordination using continuous relative
phase analysis. No significant correlation was found between FRR and inter-joint coordination for any of the
segments of the spine. Other studies have investigated the role of the upper lumbar segment during trunk
flexion in NSCLBP patients, but without considering the relationship of this segment with FRP?**0. For example,
Hemming et al. showed that the ROM of the upper lumbar segment was different in two subgroups of patients
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range of motion.

(Active Extension Pattern and Flexion Pattern)?*. The patients with the extension pattern (i.e. patients with pain
during activities involving extension) had a decreased ROM of the upper lumbar segment compared to patients
with the flexion pattern (i.e. patients with pain during activities involving flexion).

In this study, upper lumbar segment ROM was related to altered FRP. We found that upper lumbar ROM
was lower in patients with an altered FRP than in patients with a non-altered FRP. This result is consistent with
the pathophysiological hypothesis that lower ROM would inhibit relaxation of the erector spinae longissimus
muscle!2!>1°. The lumbar spine is a system stabilized by three sub-systems: passive structures (intervertebral
disc, vertebrae, ligaments and fascia), active structures (muscles and tendons) and the nervous system*!. During
full trunk flexion, passive structures such as ligaments stretch, activating stretch mechanoreceptors in passive
structures above a certain threshold. This stretch receptor activation inhibits the contraction of spinal extensor
muscles*?, In patients with NSCLBP, with low ROM, mechanoreceptors do not reach their activation threshold
to activate erector spinae longissimus muscle relaxation!. In this study, among the spinal segments, only the
upper lumbar ROM was significantly different between the altered and non-altered NSCLBP patients. This
suggests that the flexibility of the upper lumbar segment plays a major role in activating the FRP. Moreover,
in this study, the ROMs of the spinal segments of NSCLBP patients with altered FRP were lower than those of
healthy subjects. These results are consistent with those of Shirado et al.'”, where NSCLBP patients with altered
FRP had decreased trunk ROM. Thus, it seems important that further studies involving rehabilitation programs
should aim to improve ROM in these patients, especially the upper lumbar segment.

Nevertheless, upper lumbar ROM was not the only parameter involved in altered FRP. In this study, FRR
was also correlated with the sagittal inclination of the upper lumbar related to the lower lumbar during upright
standing. Patients with altered FRP had a decreased sagittal inclination of the upper lumbar related to the lower
lumbar during upright standing compared with NSCLBP patients with non-altered FRP. This was in agreement
with the results of Dankaerts et al.*> who showed that a subgroup of NSCLBP patients with reduced lordosis
in the sitting position had altered FRP during full trunk flexion. Other studies have shown that altered sagittal
spino-pelvic alignment, including decreased lordosis, was present in subjects with NSCLBP and not in healthy
subjects*®*>. Barrey et al.*® argued that the loss of lumbar spinal curvature could be a postural means to decrease
the pain related to posterior passive structures (such as posterior facet joints). The lumbar spinal curvature
affects the value and location of load on spinal components*®. So, a decreased lumbar spinal curvature reduces
the load on the posterior facet joints and increases the load on the intervertebral lumbar disc?’. However, in
this study, it was not possible to determine whether the decreased sagittal inclination (of upper lumbar related
to lower lumbar) was present before NSCLBP or a potential compensatory mechanism to avoid pain on the
posterior passive structures.

In this study, NSCLBP patients with altered FRP had decreased ROM of the upper lumbar related to the
lower lumbar during full trunk flexion. This is consistent with the results of Naserkhaki et al.*®. where patients
with reduced lumbar curvature during upright standing have decreased trunk curvature during trunk flexion
compared to patients with higher lumbar curvature. Furthermore, FRR was moderately correlated with ROM
of the upper lumbar in relation to the lower lumbar during full trunk flexion. This suggests that the movement
of the upper lumbar segment relative to the lower lumbar segment also plays a role in altered FRP in NSCLBP
patients.

In this study, we also investigated kinematic differences between the group of NSCLBP patients with
nonaltered FRP and the group of healthy subjects with nonaltered FRP. Only the range of motion of the low
lumbar segment was significantly different between the 2 groups. This suggests that low back pain alters the
kinematics of the low lumbar segment. This is in accordance with the results of the literature, notably the study
by Laird et al.*8, which showed a decrease in lumbar ROM in NSCLBP patients. The NSCLBP patient with altered
FRP has an altered whole lumbar segment ROM (low and high) compared with the healthy subjects in this study.
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This study had some limitations. First, we excluded 11 patients due to artefacts on the EMG signal, which
reduced the power of the study. Five patients had a visually altered FRP. As this was a small group, we were
unable to perform analyses comparing patients with non-altered FRP and asymptomatic subjects. A future
study following more asymptomatic subjects could provide a better understanding of the alteration of the FRP.
Secondly, the length of the spinal segments was uneven between the thoracic segments (taking into account
more than 4 vertebrae) and the lumbar segments (taking into account 3 vertebrae). By dividing the thoracic
part into more segments, specific correlations could appear between the FRR and kinematic parameters of the
thoracic segments. Thirdly, the kinematic parameters of successive segments in the same subject were likely
to be related. There is a risk of Type I errors being inflated by multiple testing. To mitigate this risk, we have
used the Holm-Bonferroni correction in the analysis. Moreover, the included patients had relatively low ODI,
HAD, VAS, and kinesiophobia scores, so the results could not be extrapolated to patients with severe disabilities.
Alschuler et al.'? showed that kinesiophobic and more painful NSCLBP patients had a more diminished spinal
ROM during trunk flexion, and correlated with an altered FRP. With higher levels of kinesiophobia or pain,
subjects could limit their spinal ROM to avoid pain and not relax the erector spinae longissimus muscles and
thus have an altered FRP. The impact of kinesiophobia and pain on the kinematics of the upper lumbar segment
has not yet been studied. Further studies in higher disability patients would be interesting to extend our results
to this population. Though the clinical scores in this study were not significantly different, NSCLBP patients
with altered FRP were older, which is consistent with the results of Geisser et al.'!. Geisser et al. found that older
age was associated with both lower levels of muscle relaxation and lower lumbar range of motion. Age could
therefore be an uncontrolled confounding factor in this study. In addition, other potential confounders were not
taken into account, such as physical activity level. Indeed, in a recent study, participants with a higher level of

physical activity showed a more pronounced flexion-relaxation phenomenon®.

Conclusion

Among the spinal kinematic parameters investigated in this study, only upper lumbar kinematic parameters
were significantly different between NSCLBP patients with altered and non-altered FRP. Indeed, upper lumbar
ROM, sagittal inclination of the upper lumbar related to the lower lumbar during upright standing, and upper
lumbar ROM related to lower lumbar ROM during full trunk flexion were significantly lower in NSCLBP
patients with altered FRP compared to NSCLBP patients with non-altered FRP. Moreover, these three upper
lumbar parameters were moderately correlated with FRR. Upper lumbar segment position and movement seem
to play an important role in the presence or absence of FRP in NSCLBP patients.

Data availability

The data that support the findings of this study are available from the corresponding author upon reasonable
request. Data are located in controlled access data storage at Kinesiology Laboratory of Geneva University Hos-
pitals.
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