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Abstract
Purpose The goal of this study was to assess differences in low back stabilization and underlying mechanisms between 
patients with low back pain (LBP) and healthy controls. It has been hypothesized that inadequate trunk stabilization could 
contribute to LBP through high tissue strains and/or impingement. Evidence to support this is inconsistent, and not all 
methods that have been used to study trunk stabilization are equally suitable. We have recently developed a method to assess 
intrinsic and reflexive contributions to trunk stabilization, which aims to circumvent the limitations of previous studies.
Methods Forty-nine participants suffering from chronic LBP and a control group of fifty healthy subjects participated in 
this study. Trunk stabilization was measured using force-controlled perturbations directly applied to the trunk. The actuator 
displacement and contact force between the actuator and subject were measured as well as electromyography (EMG) of the 
M. Longissimus. Underlying mechanisms were characterized using system identification.
Results LBP patients showed lower admittance, i.e., less displacement per unit of force applied, mainly due to higher position, 
velocity and acceleration feedback gains. Among patients, lower trunk admittance and higher reflex gains were associated 
with more negative pain-related cognitions.
Conclusion Trunk stabilization differs between LBP patients and controls, with the same perturbations causing less trunk 
movement in patients, due to stronger reflexes. We interpret these changes as reflecting protective behavior.

Graphic abstract
These slides can be retrieved under Electronic Supplementary Material.
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Take Home Messages

1. We compared trunk stabilization between patients with chronic
non-specific low-back pain and healthy controls.

2. Patients showed reduced trunk displacement per unit of
perturbation force applied.

3. Associations of trunk stabilization and pain-related cognitions 
suggest that changes of trunk stabilization in low-back pain reflect 
protective behavior.
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Introduction

Inadequate trunk stabilization has been hypothesized to 
contribute to low back pain (LBP) [1]. Trunk stabiliza-
tion is often assessed by studying responses to mechani-
cal perturbations. Using this approach, several studies have 
shown longer response delays after external mechanical 
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perturbations of trunk posture in LBP patients than in con-
trols [2], which has been interpreted as an impairment and 
a cause of the incidence and persistence of LBP [3–5]. In 
apparent contrast to impaired stabilization, higher trunk 
stiffness, i.e., a higher mechanical resistance to perturba-
tions, has been reported [6], possibly due to altered trunk 
muscle recruitment patterns in patients compared to con-
trols [7]. These changes have been interpreted as adaptive 
responses to enhance control over trunk movement and 
therewith prevent pain provocation [7]. In fact, increased 
trunk muscle activity and increased trunk stiffness could 
explain the longer response delays found in LBP patients. 
Higher muscle activity before the perturbation would ren-
der detection of reflex onsets, i.e., the onset of a change in 
muscle activity after the perturbation, more difficult causing 
overestimated delays. In addition, with increased stiffness, 
the same mechanical disturbance will cause a smaller and 
slower deviation of trunk posture. Consequently, the per-
turbation might be sensed later, causing a later change in 
excitation of trunk muscles. So paradoxically, the finding of 
increased response delays might not reflect a slower reflex 
loop, but a methodological issue or a change in the input into 
the reflex loop resulting from functional, adaptive responses 
to enhance trunk stabilization.

We have recently developed a method to assess intrin-
sic and reflexive contributions to trunk stabilization, which 
aims to circumvent the limitations described above [8–10]. 
The method was shown to have good reliability in healthy 
subjects and LBP patients [9]. The present study used this 
method to assess differences in trunk stabilization between 
LBP patients and healthy controls when maximally resist the 
perturbation or when sitting relaxed but upright, to investi-
gate their maximal ability, natural behavior and their abil-
ity to modulate between both tasks. Based on findings of 
changed muscle recruitment [7] and intrinsic stiffness [6], 
we hypothesized that LBP patients would show lower admit-
tance during the relax task (explained by higher intrinsic 
stiffness and damping) and, related to that, less modulation 
between the relax task and resist task. Given the methodo-
logical issues regarding onset determination in previous 
studies, we expected no difference in reflex delays between 
the groups.

Materials and methods

Participants

Forty-nine participants suffering from LBP and a control 
group of fifty healthy subjects participated in this study. 
The groups were group matched on sex and height, but the 
patient group was significantly older and heavier (Table 1). 
The patients suffered from nonspecific LBP for at least 

3 months and were under treatment by physical therapists 
(9), pain specialists (26) and rehabilitation centers (14). 
The healthy participants had not experienced LBP in the 
12 months prior to the experiments. None of the participants 
suffered from radicular pain or other (neurological) disorders 
or used medication that could affect balance control. All par-
ticipants gave informed consent according to the guidelines 
of the medical ethical committee of VU Medical Center, 
Amsterdam (2013/37).

Throughout the measurements, patients reported momen-
tary pain six times with a BS-11 score [11]. In the week 
prior to the measurement, they filled in a pain diary for seven 
days, containing BS-11 scores in the morning, afternoon, 
evening, and scoring the lowest and highest pain level during 
the day. The LBP patients also filled in the questionnaires on 
illness beliefs, fear of movement, catastrophizing, depression 
and anxiety: the Oswestry Disability Index (ODI) [12], Back 
Beliefs Questionnaire (BBQ) [13], Tampa Scale for Kinesio-
phobia (TSK) [14], Hospital Anxiety and Depression Scale 
(HADS) [15] and Pain Catastrophizing Scale (PCS) [16]. 
Averages of their scores are found in Table 1. In view of high 
correlations between questionnaire scores, two composite 
scores were constructed. A pain and disability score was 
calculated as the average of z-normalized momentary pain 
scores, pain diary scores and ODI scores, and a pain-related 
cognition score was calculated as the average of z-normal-
ized scores on the BBQ, TSK, HADS and PCS.

Measurements

In the experimental setup, subjects were seated in a kneel-
ing-seated posture with their pelvis restrained (Fig. 1). 

Table 1  Information about the patient and control group

Average values are given with their standard deviations (±) or range 
([xxx])
*Significant difference

Patients Controls t statistic P value

Gender 
(#male/#female)

28/21 27/23 – –

Age (years) 48 ± 10 35 ± 16 − 3.75 < 0.001*
Body length (cm) 176 ± 10 175 ± 09 − 0.49 0.653
Body weight (kg) 83 ± 19 71 ± 13 − 3.53 < 0.001*
Momentary pain (–) 4.6 [0.3–9] –
Pain diaries [–] 6.2 ± 1.5 –
Absence current year 

(days)
196 [90–365] –

Oswestry LBPQ [–] 37 ± 18 –
Back beliefs [–] 28 ± 7 –
Tampa scale [–] 41 ± 10 –
HADS [–] 13 [2–37] –
PCS [–] 20 [2–52] –
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Force perturbations were applied in ventral direction on 
the T10 spinous process by a magnetically driven lin-
ear actuator (Servotube STB2510S Forcer and Thrustrod 
TRB25-1380, Copley Controls, MA, USA), with a ther-
moplastic patch (4 × 4 cm) placed between the subject and 
the actuator to improve force transfer and comfort. Dur-
ing the trials, subjects were instructed to keep their eyes 
closed, arms crossed in front of the chest, and to minimize 
lateral excursions. Task instructions were to ‘maximally 
resist the perturbation’ by minimizing flexion/extension 
excursions (resist task), or to ‘relax but remain sitting 
upright’ (relax task).

Each trial had a duration of 50 s and consisted of a 
linearly increasing force ramp of 3 s from 0 N to 60 N 
followed by a crested multi-sine signal [17] with a 35 N 
amplitude superimposed on a 60 N baseline preload.

The actuator displacement and contact force between 
the actuator and subject were measured, as well as sur-
face electromyography (EMG) of the lumbar part of the 
bilateral M. Longissimus at level L3 and L4 recorded at 
2048 samples/s (REFA, TMSi, the Netherlands). The M. 
Longissimus was chosen because of the high coherence 
between this muscle’s activity and thorax displacement 
[8].

System identification

Closed loop identification techniques [17] were used to 
describe the translational low back admittance and reflexes 
as frequency response functions (FRFs). The admittance 
FRF describes the actuator displacement as a function of the 
contact force, representing the resistance against the pertur-
bation as a function of frequency. The reflex FRF describes 
the EMG amplitude of the lumbar part of the M. Longis-
simus as a function of the actuator displacement.

Coherences of admittance and reflex FRFs were assessed 
for the frequencies containing power in the perturbation sig-
nal. Coherence ranges from zero to one, where one reflects 
a perfect, noise-free relation between input and output. A 
coherence greater than 0.24 was considered significant with 
α ≤ 0.05 [18].

Because task-related modulation of the FRFs mainly 
occurs below the natural frequency around 1.1 Hz, and 
because trunk mass dominates responses at higher frequen-
cies [8], low-frequency gains (LF gains) of the admittance 
and reflexive FRFs were defined by averaging over the five 
frequency pairs within the 0.2–1.1 Hz range.

Parametric identification

A linear neuromuscular control model was constructed to 
translate the FRFs into physiological elements representing 
intrinsic and reflexive contributions [8, 10]. Model param-
eters were estimated by optimizing the fit of the model trans-
fer functions to the transfer functions estimated as described 
above, using simulated annealing. The effective trunk mass 
(m) was fitted. The stabilizing properties of passive tissues 
and muscle co-contraction and the destabilizing effect of 
trunk mass were lumped into two parameters describing 
the overall intrinsic stiffness and damping (k, b) of the low 
back. The reflexive contribution was described by position, 
velocity and acceleration feedback gains (kp,kv,ka) with a 
single reflex delay (τref). Muscle activation dynamics were 
implemented as a second-order system [19] with a cutoff 
frequency and a dimensionless damping, set to 0.75 Hz and 
1.05, respectively, as the average activation dynamics in 
van Drunen et al. [8]. Contact dynamics between the sub-
jects’ trunk and the actuator were estimated as a spring and 
damper (kc, bc).

The validity of the optimized model and its param-
eters was assessed in the time domain using the variance 
accounted for (VAF). A VAF of 100% reflects a perfect 
description of the measured signal by the model at the input 
frequencies.

For more detailed information on the perturbation charac-
teristics, data recording, data processing, system identifica-
tion and parametric identification, see van Drunen et al. [8] 
and van Dieën et al. [10].

Fig. 1  Experimental setup
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Statistics

The FRF gains and LF gains were log-transformed to satisfy 
the assumption of normality. To test our hypotheses, nonpar-
ametric LF gains and parametric parameters were compared 
between tasks and groups with generalized estimating equa-
tions (GEE) with LBP, task, task*LBP, age and LBP*age as 
predictors. In this analysis, age was dichotomized based on 
the median age of all participants. Preliminary checks were 
conducted to ensure validity of the assumption of normal-
ity, linearity, homogeneity of variances and homogeneity of 
regression slopes. Body mass was not used as a covariate, 

since effective mass is accounted for in the parametric 
estimation.

Linear correlation analyses were performed to test the relation 
between trunk stabilization parameters, pain and disability and 
pain-related cognitions. Pearson’s R ranges from 0–1 where < 0.3 
indicates a ‘poor’ correlation, 0.3–0.5 represents a ‘moderate’ 
correlation and > 0.5 represents a ‘strong’ correlation [20].

For all tests, results with p-values smaller than 0.05 (two-
sided) were considered significant. Processing, system iden-
tification, parametric identification and statistical analyses of 
the data were performed using MATLAB (The Mathworks, 
Inc., Natick, MA, USA).

Fig. 2  Group-averaged frequency response functions (FRFs) of the 
admittance (upper two rows) and EMG (lower two rows). Results 
for controls (blue lines) and patients (red lines) during the relax task 
(left) and resist task (right) were averaged over subjects (with shad-

ows as standard deviation). The gain (amplitude difference) and phase 
(time shift) illustrate the transformation of the input signal into the 
output signal
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Results

Group‑level comparison between LBP patients 
and controls

Mean admittance coherence was high (average and stand-
ard deviation: 0.93 ± 0.05), indicating good input–output 

correlations, while the mean EMG coherence (0.73 ± 0.10) 
was good considering the noisy character of EMG signals.

A significant main effect of LBP was found on LF admit-
tance, with as hypothesized, lower admittance in LBP 
patients than in healthy subjects (Figs. 2, 3 and Table 2). In 
contrast to our hypotheses, damping and stiffness did not dif-
fer between groups (Fig. 4). Position, velocity and accelera-
tion reflex gains, however, were significantly higher in LBP 
patients. The hypothesized larger modulation in healthy con-
trols compared to LBP patients (task*LBP interaction) was 
only seen in velocity reflex gains, and a trend was seen in 
admittance. As expected, there was no significant difference 
in reflex delays between LBP patients and healthy controls.

Task and age effects were found in LF admittance gains 
(higher in the relax condition and younger subjects). Also, 
task effects were found for LF reflex gains, acceleration 
and velocity reflex gains (lower in the relax condition). 
Interaction effects between LBP and age were found on LF 
admittance gains, damping and position reflex gains, show-
ing smaller differences between LBP patients and healthy 
controls in the older group. Effective mass was larger in 
participants with LBP, in line with their larger body mass.

Histograms of the LF admittance gains (Fig. 5) illustrate 
the difference in admittance between groups, but also show 
large overlap between LBP patients and healthy controls in 
both conditions and do not suggest subgroups among LBP 
patients.

Relation of trunk stabilization with pain 
and disability, and cognition

LF admittance gain in the relax condition was moderately 
correlated with pain and disability, but also with pain-related 
cognitions (Table 3). Moderate correlations of intrinsic 
damping and velocity reflex gains in both conditions and of 

Fig. 3  Box plots for admittance (top window) and reflexes (bottom 
window) showing lower admittance and lower reflexes in patients 
(red bars) compared to healthy controls (blue bars). Error bars rep-
resent one standard deviation. * denotes significance at the p < 0.05 
level

Table 2  B-values of the effects of LBP, age, task, the interaction effect of task and LBP and the interaction effect of age and LBP

Age was dichotomized on the median of 43 years
*Significant difference

LBP Age Task Task*LBP Age*LBP

B value P value B value P value B value P value B value P value B value P value

LF admittance (m/N) − 0.45 < 0.000* − 0.60 < 0.000* − 0.53 < 0.000* 0.21 0.138 0.55 < 0.000*
LF reflex (mV/m) − 0.23 0.326 0.80 < 0000* 0.51 0.006* −0.24 0.363 − 0.67 0.017*
B (Ns/m) 0.45 0.099 0.63 0.007* − 0.18 0.395 0.27 0.377 − 1.00 0.002*
K (N/m) − 0.45 0.203 0.69 0.021* − 0.30 0,271 0.51 0.191 − 0.03 0.935
bc(Ns/m) 29.9 0.412 52.6 0.159 – – − 45.6 0.385
kc (N/m) 0.43 0.013* 0.77 < 0.000* – – − 0.79 0.001*
Ka  (Ns2/m) 0.25 0.049* − 0.16 0.136 0.33 < 0.000* − 0.23 0.101 0.03 0.824
Kv (Ns/m) 1.91 < 0.000* − 0.32 0.446 1.54 < 0.000* − 1.27 0.019* − 0.66 0.258
Kp (N/m) 0.99 0.011* 0.35 0.287 0.55 0.068 − 0.28 0.512 − 1.19 0.010*
Reflex delay (s) − 0.00 0.640 − 0.00 0.429 – – 0.01 0.210
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position feedback gains in the relax condition were found 
with pain-related cognitions only.

Discussion

We used a novel system identification technique to assess 
differences in mechanisms of low back stabilization between 
LBP patients and healthy controls. We hypothesized that 
LBP patients would show lower admittance during the 
relax task, because of higher intrinsic stiffness and damp-
ing, and less modulation between the relax and resist tasks. 
In the relax task, we found the expected lower admittance in 
patients with LBP, and this effect was also found in the resist 

task. The group differences were larger during the relax task 
than during the resist task, but modulation between tasks 
was not significantly different between groups. As expected, 
parametric identification showed no effects on reflex delays 
and additionally showed that differences in trunk stabiliza-
tion between LBP patients and healthy subjects were mostly 
due to increased position, velocity and acceleration feedback 
gains in LBP patients. So, in contrast to our hypothesis, dif-
ferences in trunk stabilization between LBP patients and 
controls were not dependent on intrinsic stiffness and damp-
ing and hence not on feed forward motor control changes, 
but on enhanced feedback control.

Johansson and Sojka [21] introduced a pathophysio-
logical model that might explain the increase in feedback 
gains found in our study. The model describes how noci-
ception activates gamma motor neurons and consequently 
enhances muscle spindle feedback. However, in the pre-
sent study we found no correlation between pain intensity 
as rated with the pain and disability questionnaires and 
reflex gains. Alternatively, the increased reflex gains in 
LBP patients could be a pain-induced behavioral change 
toward a more protective or more conservative behavior 
[22]. This interpretation is consistent with the associations 
found between outcomes reflecting trunk stabilization and 
pain-related cognitions, whereas correlations with pain 
and disability were less strong. Fear of movement, illness 
beliefs, catastrophizing and depression results coincided 
with a tighter control over trunk posture in LBP patients. 
This is in line previously reported associations of trunk 
stiffness with fear of movement [23] and of the level of 
trunk muscle activity during walking and catastrophizing 
[24] in chronic LBP patients. Osumi et al. [25] also have 
recently published a study on the effect of kinesiopho-
bia on lumbar movements. They divided their LBP group 
in a ‘high-fear’ and ‘low-fear’ group based on their TSK 
scores and found that in voluntary lumbar bending move-
ments, the high-fear group took longer on movement ini-
tiation and during the switch in movement direction. No 
differences were found between the low-fear group and 
healthy controls, also pointing toward a fear-based protec-
tive tighter control other than one that results from pain. 
We found no evidence to suggest subgroups among LBP 
patients with ‘tight’ and ‘loose’ control as proposed by 
van Dieen et al. [26]. One might expect ‘loose’ control 
to be most prominent during the relax task, but instead, 
we observed a lower admittance in the LBP group in both 
conditions. It should be taken in account that our method 
involves a 60 N baseline preload, which might make the 
relax task too demanding to allow ‘loose’ control.

The age effect and age*LBP interaction effect on admit-
tance found in this study emphasize the need to take age in 
account when analyzing trunk stabilization. We decided to 
dichotomize age in our analysis because the effect of age is 

Fig. 4  Box plots for the parametric parameters for the relax task 
(left window) and the resist task (right window) showing differences 
between patients (red bars) and healthy controls (blue bars). Error 
bars represent one standard deviation. *denotes significance at the 
p < 0.05 level
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not necessarily linear, and in this way the interaction is eas-
ier to interpret. Because dichotomization holds the chance 
of misclassification, we also performed an analysis without 
dichotomization. This did not result in different conclusions.

Some limitations of this study should be considered when 
interpreting the results. We only measured EMG from the M. 
Longissimus as most representative for the muscle responses 
to the imposed perturbations, where other muscles including 
deep muscles, which would require intramuscular electro-
myography recordings, could hold independent information 
regarding trunk stabilization. Also, we only collected data 
from subjects experiencing small sagittal plane perturba-
tions of an upright position and therefore will not have cap-
tured all relevant aspects of trunk motor control [27, 28]. 
Finally, most patients will have had physiotherapy, which 
often includes some form of motor control exercise (often 
stabilization exercise), and this may have contributed to 
the lower admittance. However, stabilization exercise does 
not specifically address reflex control and this was found 
to be the main factor underlying differences in impedance. 
Also treatment effects would not offer a full explanation for 
decreased admittance during the ‘relax task.’

As mentioned above, we interpret the difference 
between healthy subjects and LBP patients as an adapta-
tion to protect the lower back. However, it is question-
able whether this adaptive behavior is of benefit in the 
long term. Van Dieën et al. [22] suggested that in the long 
term more rigid control of posture and movement can be 
harmful, because the related muscle activity causes high 
compressive loading on the spine, which may contribute 
to injury and degeneration, and it reduces variability of the 
afferent signals from the lumbar area to the central nerv-
ous system, which could cause neuroplastic changes that 

Fig. 5  Histograms of LF admit-
tance gains of LBP patients and 
healthy controls in the relax 
task (top window) and resist 
task (bottom window) showing 
lower values for patients on 
average, but with substantial 
overlap between groups. The 
blue bars represent the controls, 
the red bars represent the LBP 
patients, and the purple color 
represents the overlap between 
the two groups

Table 3  Correlations between trunk stability parameters and pain and 
disability and cognitions

*Significant correlations

Pain and disability Cognitions

Pearson’s R P value Pearson’s R Pvalue

LF admittance relax 
(m/N)

− 0.30 0.037* − 0.31 0.027*

LF admittance resist 
(m/N)

− 0.05 0.709 − 0.15 0.306

LF reflex relax (mV/m) 0.16 0.262 0.14 0.325
LF reflex resist (mV/m) 0.20 0.164 0.08 0.572
B relax (Ns/m) 0.16 0.271 0.34 0.017*
B resist (Ns/m) 0.12 0.384 0.33 0.022*
K relax (N/m) 0.01 0.957 − 0.03 0.862
K resist (N/m) − 0.11 0.459 − 0.13 0.378
Ka relax  (Ns2/m) 0.19 0.193 0.20 0.162
Ka resist  (Ns2/m) 0.15 0.308 0.10 0.487
Kv relax (Ns/m) 0.24 0.102 0.31 0.032*
Kv resist (Ns/m) 0.22 0.133 0.31 0.033*
Kp relax (N/m) 0.14 0.334 0.29 0.045*
Kp resist (N/m) 0.04 0.804 0.09 0.533
Reflex delay (s) 0.08 0.576 − 0.19 0.194
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impair motor control. Combined with the motor control 
differences found in the present study, this would suggest 
that motor control exercises, at least in patients with low 
admittance, should aim for increasing admittance, inhibi-
tion of lumbar muscle activity and reduction in adverse 
pain-related cognitions.

In conclusion, LBP patients showed lower admittance 
during trunk stabilization tasks based on higher position, 
velocity and acceleration feedback gains. Furthermore, 
our results indicate a relation between low admittance and 
adverse cognitions regarding pain in LBP patients. Over-
all, these results support interpretation of changes in trunk 
motor control in LBP as protective behavior.
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