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Objectives: Limited evidence exists on alterations in postural response kinematics following external
perturbations in individuals with chronic low back pain (LBP). Therefore, this study aimed to investigate
differences in automatic postural responses between individuals with chronic LBP and asymptomatic
controls during forward translation of the support surface.

Methods: A total of 21 participants with chronic non-specific low back pain (LBP) and 21 age- and sex-matched
healthy adults participated in this study. Participants were exposed to both predicted and unpredicted perturbations
through forward translation of the support surface, which were analyzed using a motion analysis system. Angular
displacements of the trunk and lower limbs were measured across four predefined time intervals corresponding to
anticipatory postural adjustments (APA) and compensatory postural adjustments (CPA).

Results: In the unpredicted condition, trunk angular displacement during the APA1 phase was significantly lower
in the LBP group compared with the control group (P = 0.04). A significant main effect of group was observed for
hip (P = 0.009, np? = 0.17), knee (P = 0.01, np? = 0.16), and ankle (P = 0.01, np? = 0.14) displacements during the
CPA1 phase. Moreover, a significant group effect was found for knee (P = 0.01, np? = 0.20) and ankle (P = 0.04,
np? = 0.09) displacements during the CPA2 phase. Participants with LBP exhibited greater lower-limb joint
displacements than controls under predicted and unpredicted conditions.

Conclusion: Individuals with chronic low back pain (LBP) demonstrated altered kinematic strategies of the trunk
and lower-limb joints in response to forward translation of the support surface. These findings suggest clinicians

should consider evaluating and addressing automatic postural responses in this population.

Level of evidence: 111
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Introduction
L ow back pain (LBP) is the most prevalent
musculoskeletal disorder and the leading cause of
years lived with disability worldwide.! The reported
prevalence of LBP ranges from 30% to 80%, depending on
the population studied.2 Moreover, more than two-thirds
of individuals with LBP experience a recurrence within 12
months after recovery.3 Therefore, understanding the
impairments associated with LBP is essential to inform
intervention strategies and improve overall health
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outcomes.

A significantissue for individuals with low back pain (LBP)
is impaired postural control during quiet standing,%> self-
initiated movements,® and particularly in response to
external perturbations,” which is associated with an
increased risk of falls. Researchers have employed various
external stimuli, such as platform translations and virtual
reality environments, to investigate automatic postural
responses.8 When the body is perturbed, the central
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nervous system engages two primary postural
mechanisms—anticipatory and compensatory postural
adjustments (APAs and CPAs, respectively)—to maintain
stability against the perturbation.® APAs facilitate postural
readiness before an expected perturbation, whereas CPAs
restore the center of mass position following an expected or
unexpected perturbation.l® In predictable conditions,
participants are informed about the direction and timing of
each perturbation; in unpredictable conditions, no cues are
provided regarding either.!!’ These mechanisms induce
alterations in electromyographic activity, center of
pressure, and kinematics depending on the direction and
magnitude of the applied forces.'2-1# The two forms of
postural adjustments operate in coordination to preserve
stability in response to external perturbations,'> and the
presence of APAs modulates the extent of compensatory
muscle activity required.!¢

A systematic review with meta-analysis reported that
individuals with chronic low back" pain (LBP) exhibit
delayed activation< of trunk muscles—including the
transverse abdominis, internal oblique, external oblique,
and rectus abdominis—in response to both predicted and
unpredicted external perturbations compared with healthy
individuals. Furthermore,/ those with  chronic LBP
demonstrate delayed initiation of lumbar spine flexion
during sudden weight release,'” and show both a lag and a
reduction in center of pressure displacement in response to
unpredicted perturbations.'81® However, there is limited
evidence regarding the kinematic responses of the lower
limbs following external perturbations in individuals with
chronic LBP. The lumbar spine plays a crucial role in
transmitting forces and coordinating lower body
movements.2® Analyzing trunk and lower-limb kinematic
changes in response to postural perturbations is essential
for understanding the compensatory strategies employed
by individuals with LBP and, potentially, for identifying
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therapeutic implications, particularly in rehabilitation
medicine. Therefore, this study aimed to compare trunk and
lower-limb kinematics between individuals with chronic
non-specific LBP and healthy controls during the
anticipatory (APA) and compensatory (CPA) phases of
predicted and unpredicted external perturbations.

Materials and Methods
Study design

The present research was a case-control study approved
by the Ethics Committee of Ahvaz Jundishapur University of
Medical Sciences (approval number:
IRAJUMS.REC.1401.546). The study was conducted
between October 2023 and April 2024. Written informed
consent was obtained from all participants before their
enrollment inthe study.

Participants

Twenty-one participants with chronic low back pain (LBP;
16 males and five females) and 21 healthy individuals (16
males and five females) participated in this study. The two
groups were matched for sex, age, weight, and height [Table
1]. Participants with LBP were included if they had been
diagnosed with non-specific low back pain (ie, no
identifiable pathoanatomical cause),?! were between 18 and
50 years of age, and had a history of LBP lasting 12 weeks or
longer. Control participants were included if they had no
history of back injury during the previous year. Exclusion
criteria for all participants included any history of trauma,
spinal or lower-extremity surgery, radicular symptoms,
rheumatoid arthritis, neurological disorders, cardiovascular
diseases, or diabetes. Furthermore, all participants were
required to have no uncorrected visual or hearing
impairments, no cognitive deficits, and to be free from
medications that could affect balance.

Table 1. Demographics and clinical characteristics of participants

Demographic data LBP group (n=21) Mean (SD) Control group (n=21) Mean (SD)  P-value
Age (years) 33.95(7.21) 29.23 (3.83) .34
Height(cm) 176.85(9.78) 176.67(8.04) 47
Weight(kg) 83.23(16.08) 77.52(14.74) a1
VAS (1-10) 4.52(1.59) - NA
ODI (0-100) 19.19(6.44) - NA

Duration of LBP (month) 9.90(8.16) - NA

LBP: Low back pain, SD: Standard deviation; VAS: Visual analogue scale; ODI: Oswestry disability index; NA: not applicable.

Experimental procedures

Participants were exposed to forward slip perturbations in
the sagittal plane using a movable platform to simulate
external disturbances (100 mm displacement within 1 s;
average acceleration = 0.1 m/s?). Initially, participants were
familiarized with the perturbation protocol. They were then
asked to stand barefoot at the center of the platform with
their feet shoulder-width apart and their hands placed on
their chest. For safety reasons, participants wore a harness.

They were instructed to gaze at a target 1.5 meters above
them on the wall. Two perturbation conditions were tested:
predictable, in which the timing of the disturbance was
communicated to the participant beforehand, and
unpredictable, in which the timing remained unknown.
Perturbations were administered in a randomized order, and
each condition was repeated three times. To minimize
fatigue, a one-minute rest interval was provided between
each trial.



©)

THE ARCHIVES OF BONE AND JOINT SURGERY. ABJS.MUMS.AC.IR

Kinematic analysis

A three-dimensional motion analysis system (Qualisys
Medical AB, Gothenburg, Sweden) was used to assess the
lumbar region's and lower limbs' kinematics. Red reflective
markers were placed at specific anatomical landmarks,
including the spinous processes of the first, sixth, and twelfth
thoracic vertebrae (T1, T6, and T12) and the fifth lumbar
vertebra (L5); the anterior superior iliac spine (ASIS) and
posterior superior iliac spine (PSIS) on both sides; the
greater trochanter and lateral femoral condyle; the lateral
malleolus of the ankle; the calcaneus; and the heads of the
first and fifth metatarsals. Additionally, three triad marker
clusters were attached to T6, T12, and L5, with one marker
positioned on the spinous process and two others placed 2.5
cm laterally on each side. Kinematic data were collected at a
sampling frequency of 200 Hz.

Data processing

The onset of postural perturbation was determined using.a
reflective marker positioned directly on the force plate.
Baseline joint displacement was calculated within a =500 to
-450 ms window preceding the perturbation onset (0 ms).
This baseline value was subtracted from all subsequent
outputs to ensure that the observed changes reflected actual
differences rather ‘than baseline variability. Angular
displacements of the lumbar spine, hip, knee, and ankle were
computed by comparing the positions of the body segments
at the initial and final frames of each trial during the defined
APA and CPA phases. Considering the approximate 50-ms
electromechanical delay between skeletal muscle activation
and muscle tension development, all phase windows were
shifted forward by 50 ms. The analyzed phases were defined
as follows: APA1 (=250 to -100 ms), APA2 (=100 to +50 ms),
CPA1 (+50 to +200 ms), and CPA2 (+200 to +350 ms).
Kinematic analysis was performed to quantify lower-limb
and trunk segment positions. The measured variables
included: ankle angle (the angle between the horizontal line
and the lateral line through the fibular head), knee angle (the
angle between the lateral fibular head and the line
connecting the greater trochanter to the femoral head), and
hip angle (the angle between the horizontal line and the
greater trochanter). Trunk displacement for each phase was
calculated as the linear distance between the C7 and PSIS
markers in the sagittal plane, representing horizontal trunk
motion.

Statistical Analysis

Statistical analyses were performed using SPSS software
(version 29.0; IBM Corp., Armonk, NY, USA). Demographic
variables were compared between groups using
independent-samples t-tests after confirming the normality
of data distribution. A two-way mixed repeated-measures
analysis of variance (ANOVA; 2 x 2 design) was conducted to
examine the main effects and interaction effects of prediction
condition (predictable vs. unpredictable) and group (LBP vs.
control) on the dependent kinematic variables. Post hoc
comparisons were performed using the Bonferroni
correction. Effect sizes for all parameters were reported as
partial eta squared (np?), with values interpreted as small
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(0.01 < np? < 0.06),-medium (0.06 < np?* < 0.14), and large
(np? = 0.14) effects.?2 The level of statistical significance was
setat p <0.05.

Results

The characteristics of the participants are presented in
Table 1. There were no statistically significant differences
between the LBP and control groups in age, height, weight,
or sex-distribution. On average, participants with LBP
reported minimal levels of pain and disability, and none
experienced an exacerbation-of pain during or after the
experimental procedures. Table 2 presents the mean and
standard deviation (SD) of angular displacements of the
trunk and lower-limb joints across the four phases under
both predicted.and unpredicted conditions [Table 2]. The
ANOVA  revealed a significant group-by-prediction
interaction for trunk displacement during the APA1 phase,
with a large effect size (P = 0.01, np? = 0.16) [Table 3]. Post
hoc analysis indicated that, in the unpredicted condition,
trunk displacement was significantly lower in the LBP
group compared with the control group (P = 0.04). No
significant group differences were observed in trunk
displacement during the APA2 or CPA phases [Table 3]. In
addition, no significant group-by-prediction interactions
were found for lower-limb joints across the four phases (P
> 0.05). However, a significant main effect of group was
identified for hip (P = 0.009, np? = 0.17), knee (P = 0.01, np?
= 0.16), and ankle (P = 0.01, np? = 0.14) displacements
during the CPA1 phase, all with large effect sizes. Similarly,
during the CPA2 phase, the main effect of group was
significant for knee (P = 0.01, np? = 0.20) and ankle (P =
0.04, np? = 0.09) displacements, representing large and
medium effect sizes, respectively. Participants with LBP
exhibited greater lower-limb joint displacements than
controls during predicted and unpredicted CPA phases
[Tables 2 and 3]. Furthermore, a significant main effect of
prediction was found for the trunk segment during the
APA2 phase, and for both the trunk and ankle during the
CPA2 phase [Table 3]. All participants demonstrated
greater trunk and ankle displacements under the
unpredicted condition compared with the predicted
condition [Table 2].

Discussion

This study compared postural responses to support-surface
perturbations between individuals with chronic low back
pain (LBP) and age- and sex-matched healthy controls. The
results indicated that, under the unpredictable condition,
participants with LBP exhibited reduced trunk displacement
compared with controls during the APA1 phase.
Furthermore, in predicted and unpredicted conditions,
individuals with chronic LBP demonstrated greater lower-
limb joint displacements (hip, knee, and ankle) during the
CPA phases following forward translation of the support
surface compared with the control group. While previous
studies have examined kinematic characteristics in
individuals with LBP during tasks such as the stand-to-sit
transition?3 and in those with degenerative joint disease,*
the present study is the first to investigate lower-limb
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kinematics associated with trunk motion in response to chronic LBP. le
external perturbations among individuals with non-specific

Table 2. Mean (SD) of kinematic measures of postural performance in response to forward perturbations

LBP group Mean (SD) Control group Mean (SD)
predicted 1.22(1.86) 2.05(3.26)
APA1 .
Unpredicted .75(.67) 1.09(1.23)
predicted 3.55(1.56) 3.23(2.36)
APAZ Unpredicted 4.39(2.37 6.39(6.77
Trunk displacement npredicte BRI {577
CPAL predicted 25.09(33.48) 33.80(35.84)
PA
Unpredicted 26.61(24.68) 34.74(32.79)
predicted 29.18(39.15) 31.18(35.16)
CPA2
Unpredicted 46.09(35.52) 45.03(40.70)
predicted .008(.26) .19(.33)
APA1
Unpredicted .06(.12) .06(.22)
predicted 3.00(1.92) 2.58(.69)
j\PAZ U dicted 2.56(1.72 2.42(2.18
Hip displacement npredicte 56(1.72) 42(218)
predicted 5.91(6.03) 2.83(5.96)
CPA1
Unpredicted 4.27(6.25) 2.23(4.49)
predicted 4.11(3.49) 4.02(4.10)
CPA2 .
Unpredicted 4.76(3.74) 1.59(5.19)
predicted .21(.23) .22(.49)
APA1
Unpredicted .05(.16) .15(.29)
predicted 1.19(.96) 1.14(.72)
APAZ Unpredicted 1.62(.68 84(.92
Knee displacement npredicte 62(68) 84(92)
predicted 20.49(8.47) 15.77(7.43)
CPA1
Unpredicted 18.57(7.69) 13.78(6.53)
predicted 6.71(3.27) 3.54(3.28)
CPA2 .
Unpredicted 5.97(3.62) 3.54(2.50)
predicted .13(.15) 17(.42)
APA1
Unpredicted .04(.13) .10(.07)
predicted 3.09(1.16) 2.93(1.15)
APA2 Unpredicted 3.40(1.54) 2.97(1.39)
Ankle displacement ' ’
predicted 10.05(3.28) 8.40(3.13)
CPA1
Unpredicted 10.15(5.58) 7.23(3.31)
predicted 2.66(3.97) .59(3.22)
CPA2 .
Unpredicted 3.04(4.20) 2.60(3.70)

LBP; low back pain, SD; standard deviation, APA: anticipatory postural adjustments phase; CPA; compensatory postural adjustments phase

Table 3. Summary of analysis of variance for kinematic measures of postural performance: F ratios (P values; partial eta squared)

APAI phase APAZ phase CPAl phase CPAZ phase
Interaction effect
Trunk 7.31(.01;.16) 2.20 (.14;.05) .008 (.93;.001) .07 (.78;.002)
Hip .58 (.44;.01) .14 (.70;.004) .55 (.46;.01) 2.90 (.09;.06)
Group x Prediction
Knee .28 (.59;.007) 41 (.52;.01) .01 (.98;.001) 47 (.49;.01)
Ankle .03 (.85;.001) .24 (.62;.006) 1.05 (.31;.02) 3.43 (.07;.09)
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Table 3. Continued

Main effect
Trunk 1.08 (.30;.02) .67 (.41;.01) .67 (.93;.01) .01(.92;.001)

Group Hip .58 (.44;.01) .52 (.47;.01) 7.65 (.009;.17) 3.13(.08;.07)
Knee .38(.53;.01) .74 (.39;.01) 6.54 (.01;.16) 7.65 (.01;.20)
Ankle .81 (.37;.02) 1.05(.31;.02) 6.55 (.01;.14) 4.33(.04;.09)
Trunk 1.96 (.16;.01) 6.16 (.01;.14) .16 (.69;.004) 7.22(.01;.16)

PredtEion Hip .58 (.44;.01) .67 (41;.01) 1.04(.31;.02) .96 (.33;.02)
Knee 1.70 (.19;.04) .01 (.90;.002) 1.39 (.24;.03) 47 (.49;.01)
Ankle 1.89 (.17;.04) .35 (.55;.009) .03 (.85;.001) 5.48 (.02;.12)

APA: anticipatory postural adjustments; CPA; compensatory posturaladjustments phase

Several possible explanations may account for the altered
postural responses observed in the LBP group compared
with asymptomatic  controls. <" First, proprioceptive
impairments in<the lumbopelvic region, combined with
delayed activation of trunk muscles,?>-27 may influence the
initial trunk positioning and the automatic postural
reactions in individuals with/LBP during perturbations. The
central nervous system relies on accurate sensory
information about lumbar spine position and motion to
determine the location of the center of mass, particularly
when rapid postural adjustments are required. Inaccuracy in
lumbopelvic proprioceptive input among individuals with
chronic LBP may lead to sensory reweighting, increasing
dependence on lower-limb joints for maintaining balance.
Second, the reduced lumbar range of motion in all planes
commonly associated with LBP20 may be compensated for
by increased displacements of the lower-limb joints (hip,
knee, and ankle), as observed in the present study. Increased
stiffness in the LBP group before perturbation onset—likely
due to changes in the passive properties of muscles and
connective tissues, and to higher electromyographic activity
of the back muscles (multifidus and erector spinae),28—may
also explain the lower trunk displacement observed. This
maladaptive postural response was most evident during
unpredicted forward perturbations in individuals with
chronic LBP. Such a response may be attributed to delayed
spinal reflexes,?? alterations in corticospinal control loops,3°
and increased muscle stiffness acting as a protective
mechanism in unpredictable situations. This adaptive
strategy may reduce the reliance on the trunk while
promoting greater dependency on the lower-limb joints for
maintaining postural stability.

The results of this study are consistent with previous
research demonstrating impaired balance responses in
individuals with chronic LBP following unexpected
perturbations. A meta-analysis conducted in 2018 reported
delayed activation of trunk muscles and delayed center of
pressure responses to unexpected perturbations in
individuals with chronic LBP compared with healthy
controls.” However, few studies have examined kinematic
strategies and alterations in the lower limbs in response to
perturbations among individuals with LBP.2829 Our findings
align with those of Jacobs et al.,3! who demonstrated that
individuals with LBP adopt modified kinematic strategies to
minimize trunk extension by employing greater knee flexion
in response to support-surface rotations. Similarly, Mok et

al.'” reported prolonged anterior translation of the spine in
the LBP group compared with controls in response to
sudden loading. In contrast, Dean et al.2* found no significant
differences in spine displacement following unpredicted
forward perturbations between patients with symptomatic
lumbar disc degeneration (LDD) and asymptomatic
controls. This discrepancy may be explained by spinal
pathology in participants with disc degeneration (Pfirrmann
grade 26 at one or more lumbar levels) and differences in the
magnitude of the applied perturbations. Although
considerable variability exists among previous studies—
particularly in terms of the type, magnitude, and
predictability of perturbations, as well as participant
characteristics and outcome measures—most of them
support the current findings, indicating that both
anticipatory (APA) and compensatory (CPA) postural
adjustments are altered in individuals with chronic LBP.
Therefore, effective rehabilitation strategies should be
considered to specifically target these automatic postural
responses.

Limitation

This study considered only forward translation of the
support surface. Varying the direction of perturbations—
such as lateral, backward, or vertical (upward/downward)
translations—may elicit different postural responses in
individuals with non-specific chronic LBP. Future research
should therefore explore these additional perturbation
directions to provide a more comprehensive understanding
of postural control mechanisms in this population. Second,
electromyographic activity of the trunk and lower-limb
muscles and kinetic measurements such as changes in the
center of pressure during perturbations were not evaluated
in the present study. Additionally, cortical evoked potentials
associated with postural responses were not recorded
through electroencephalography (EEG). Finally, the
participants in this study represented individuals with non-
specific LBP and minimal disability; therefore, the findings
cannot be generalized to populations with different levels of
impairment or specific pathoanatomical causes of LBP.

Conclusion
Individuals with non-specific chronic low back pain (LBP)
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demonstrated distinct kinematic strategies compared with
asymptomatic controls in response to forward translation
of the support surface. Participants with chronic LBP
exhibited reduced trunk displacement during the APA1
phase under the unpredicted condition, while displaying
greater lower-limb joint displacements (hip, knee, and
ankle) during the CPA phases under both predicted and
unpredicted conditions compared with the control group.
These findings suggest that individuals with chronic LBP
adopt compensatory movement strategies that shift
postural control from the trunk to the lower limbs when
exposed to destabilizing perturbations. Therefore,
assessing spine and lower-limb kinematics under dynamic,
destabilizing conditions may serve as a more sensitive
indicator of altered postural control in chronic LBP
populations.
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