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ifferences in Feedforward Trunk Muscle Activity in
ubgroups of Patients With Mechanical Low Back Pain
heri P. Silfies, PT, PhD, Rupal Mehta, PT, MS, Sue S. Smith, PT, PhD, Andrew R. Karduna, PhD
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ABSTRACT. Silfies SP, Mehta R, Smith SS, Karduna AR.
ifferences in feedforward trunk muscle activity in subgroups
f patients with mechanical low back pain. Arch Phys Med
ehabil 2009;xx:xxx.

Objective: To investigate alterations in trunk muscle timing
atterns in subgroups of patients with mechanical low back
ain (MLBP). Our hypothesis was that subjects with MLBP
ould demonstrate delayed muscle onset and have fewer mus-

les functioning in a feedforward manner than the control
roup. We further hypothesized that we would find differences
etween subgroups of our patients with MLBP, grouped ac-
ording to diagnosis (segmental instability and noninstability).

Design: Case-control.
Setting: Laboratory.
Participants: Forty-three patients with chronic MLBP (25

nstability, 18 noninstability) and 39 asymptomatic controls.
Interventions: Not applicable.
Main Outcome Measures: Surface electromyography was

sed to measure onset time of 10 trunk muscles during a
elf-perturbation task. Trunk muscle onset latency relative to
he anterior deltoid was calculated and the number of muscles
unctioning in feedforward determined.

Results: Activation timing patterns (P�.01; ��.50;
-��.99) and number of muscles functioning in feedforward
P�.02; ��.30; 1-��.83) were statistically different between
atients with MLBP and controls. The control group activated
he external oblique, lumbar multifidus, and erector spinae
uscles in a feedforward manner. The heterogeneous MLBP

roup did not activate the trunk musculature in feedforward,
ut responded with significantly delayed activations. MLBP
ubgroups demonstrated significantly different timing patterns.
he noninstability MLBP subgroup activated trunk extensors

n a feedforward manner, similar to the control group, but
ignificantly earlier than the instability subgroup.

Conclusions: Lack of feedforward activation of selected
runk musculature in patients with MLBP may result in a
eriod of inefficient muscular stabilization. Activation timing
as more impaired in the instability than the noninstability
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USCLE IMPAIRMENT AND motor control dysfunction
appear to be strongly associated with chronic and recur-

ent MLBP.1-5 While much of the literature has focused on
ifferences in muscle activation level, timing and pattern of
ecruitment also play an important role in spine stability and
ovement control. Dynamic trunk stability could be compro-
ised by delayed activation of trunk musculature during chal-

enges to postural control from unexpected perturbation or
oluntary movement.
The central nervous system uses several strategies (postural

reparation, anticipatory postural adjustments, reactive pos-
ural adjustments) to regulate control of posture during move-
ent. Postural preparation occurs well before movement in an

ttempt to increase one’s base of support or stiffen a joint or
oints prior to a perturbation (ie, holding onto a handrail during
tair climbing). Adjustments in posture that occur with or just
efore initiation of voluntary movement are termed anticipa-
ory or feedforward postural adjustments. These adjustments
ccur in anticipation of a known effect of a movement on
ostural stability and function to minimize the postural distur-
ance. Reactive or feedback strategies occur after the move-
ent and benefit from input of sensory information to the

ystem that triggers automatic strategies within 100 millisec-
nds postdisturbance. This strategy is the primary defense
gainst unexpected or external perturbations.6 Models for test-
ng trunk postural control have been developed for each of

List of Abbreviations

COM center of mass
Cont contralateral to side of arm perturbation
DDD degenerative disk disease
EMG electromyography
EO external oblique
ES erector spinae
ICC intraclass correlation coefficient
IO internal oblique
IO/TrA internal oblique/transversus abdominis
Isp ipsilateral to side of arm perturbation
LBP low back pain
LM lumbar multifidus
MLBP mechanical low back pain
MRI magnetic resonance imaging
RA rectus abdominis
RMQ Roland-Morris Questionnaire
SF-36 Medical Outcomes Study 36-Item Short-Form

Health Survey, v1

TrA transversus abdominis
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hese strategies. Postural preparation strategies have been as-
essed using ramped effort trunk muscle activation followed by
ransient support surface perturbation.7 Reactive strategies
ave used expected or unexpected external loading or unload-
ng of the trunk8,9 or perturbation of a support surface.10,11

nticipatory or feedforward postural control strategies have
een assessed using self-perturbation of extremities to test
tanding trunk postural control. This paradigm can be used to
elate the timing of extremity movement or muscle activation
o that of the trunk muscle activation.12-15

Using a model of self-perturbation of a single upper extrem-
ty provides a means to assess trunk muscle timing and acti-
ation patterns during an asymmetrical challenge to trunk
ostural control. Because this perturbation is self-initiated, the
entral nervous system can predict the changes and thus pre-
rogram its feedforward response. Evidence has been pre-
ented that attributes this anticipatory muscle activation to
ttempted control of COM displacement and trunk orienta-
ion.16,17 In fact, preparatory activity of trunk muscles appears
ecessary for preservation of postural equilibrium, because
lectromechanical delay of the reactive strategy of the trunk
uscles is greater than 100 milliseconds.18

The trunk postural response in healthy subjects using this
aradigm indicates that specific trunk muscles—TrA, IO, and
uperficial LM—act in a feedforward manner by firing prior to
r in conjunction with the limb prime mover to dampen the
oments created by the perturbation.13,15 It has been suggested

hat TrA and IO activation is a general response to a postural
hallenge, because their feedforward activation is not based on
he direction of extremity movement.19,20 However, interpre-
ation of data from more recent studies suggests this may not be
he case.21,22 Much of the research and clinical focus has been
n the role of the TrA, which is proposed to stiffen the spine by
reating a musculofascial corset around the lumbar spine or
hrough the creation of intra-abdominal pressure.23-25 Theoret-
cally, feedforward activation of the TrA contributes to control
f spinal segmental motion, which is necessary to prepare the
pine for contraction of the larger trunk musculature and for
imb movement. Larger and more superficial trunk musculature
lso responds in a feedforward manner; however, this appears
o be related to the direction of extremity perturbation or COM
ovement.19,20 For example, unilateral shoulder flexion move-
ents are generally accompanied by a preparatory firing of the

runk extensor musculature. During rapid upper extremity flex-
on, the COM is moved anteriorly; consequently, the extensors
re prior to limb movement, presumably to dampen the pos-

ural disturbance.16

Hodges and Richardson13,26 and Hodges27 used this self-
erturbation paradigm to examine differences in the response of
runk muscles in subjects with and without chronic MLBP. They
ound that the TrA and IO did not act in a feedforward manner in
atients with a history of chronic MLBP. Instead, the LM muscle
roup activated earliest and in a feedforward manner in the
atients with MLBP. These studies suggest that inappropriate
uscle recruitment and timing may be a component of or a

redisposing factor in chronic or recurrent MLBP.28,29

To date, most research reporting impaired feedforward trunk
ostural control has been completed on small (n�15–20) het-
rogeneous samples of patients with chronic MLBP, many of
hom were demonstrating minimal to no symptoms or disabil-

ty at the time of the study.13,27,30 However, the literature
ndicates that not all patients with chronic or recurrent MLBP
hare the same underlying cause or level of impairment.31-34 In
ddition, it has been suggested that heterogeneity in research
amples of patients with MLBP may account for the reported

igh variability in dependent variables representing muscle s

rch Phys Med Rehabil Vol xx, Month 2009
ctivation data.35,36 This variability is hypothesized to be the
esult of concealed patient subgroups.37,38 Nevertheless, stud-
es comparing trunk muscle timing and activation patterns in
ubgroups of the MLBP population have not been reported.

The subgroup of patients with MLBP that is most often
ssociated with poor neuromuscular control includes those
atients suspected of having segmental hypermobility or spinal
nstability.29,39-41 In fact, exercises that target key stabilizing

uscles (TrA, LM) of the trunk have become the standard of
are for patients with chronic and recurrent MLBP.24,42,43

hese exercises are the same exercises as those prescribed for
atients subgrouped into the “stabilization” category of a
idely used LBP subclassification system (Treatment-Based
lassification System).40,44,45 In the clinical prediction rule

tudy that identified the stabilization subgroup, over 70% of the
atients had previous episodes of LBP.40 Thus, a connection
etween lumbar instability and chronic and recurrent LBP
eems likely, so this subgroup was chosen for this study.

In addition to a lack of investigation into subgroups, previ-
us studies assessing trunk feedforward control strategies re-
orded from only 1 side of the trunk or from a limited number
f trunk muscles.27,46 Given the redundancy of the trunk mus-
ulature and reported differences in contralateral muscle acti-
ations,21,47 the current literature may provide only a partial
icture of the trunk’s postural response to self-initiated move-
ent of the extremities. By evaluating bilateral trunk muscles

n subgroups of patients with MLBP, we may begin to identify
pecific dysfunctions in trunk neuromuscular control that could
ssist with more directed treatment.

The purpose of this study was to describe bilateral trunk
uscle activation patterns and to investigate differences in

runk muscle timing between subgroups of patients with
hronic MLBP and asymptomatic controls. Based on previous
ndings of delayed onset of trunk muscles in patients with
hronic LBP, we hypothesized that subjects with MLBP would
emonstrate an altered pattern of muscle onset and have fewer
uscles functioning in a feedforward manner than the asymp-

omatic control group. We further hypothesized that we would
nd differences between patients with MLBP attributed to
egmental instability and those without clinical signs and
ymptoms of segmental hypermobility. The subgroup hypoth-
sis was based on clinical experience and research indicating
mproved treatment outcomes for patients with MLBP who
ere subclassified.44

METHODS

ubjects
Eighty-two subjects completed the testing protocol, 43 pa-

ients with chronic MLBP and 39 asymptomatic controls. Sub-
ects with MLBP were recruited from a university orthopedic
ractice specializing in spine care. All patients with MLBP had
urrent symptom durations in excess of 3 months and LBP pain
hat significantly limited normal activities. Their primary com-
laint was LBP with minimal leg pain that failed to resolve
dequately with conservative care. Conservative care included
trial of physical therapy (6–8wk) and pharmacologic man-

gement. Control subjects were recruited from the university
ampus and surrounding community. These participants re-
orted no history of LBP that required the attention of a health
are practitioner or limited function longer than 3 days. The
tudy was approved by the university’s Institutional Review
oard, and informed consent was obtained from all partici-
ants. All subjects were evaluated by a physical therapist prior
o testing to determine their eligibility for participation. Those

ubjects with a history of spinal or hip surgery, osteoporosis,
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nflammatory joint disease, frank neurological loss (ie, lower
xtremity weakness and sensory loss), pain or paresthesia be-
ow the knee, pregnancy, scoliosis, leg length discrepancy, or
estibular dysfunction were excluded from the study.
The patients with chronic MLBP were separated into 2 sub-

roups, those with a diagnosis of segmental instability (n�25) and
hose with noninstability (n�18). Their diagnosis was made by an
rthopedic spine surgeon. Patients meeting the criteria for the
nstability subgroup demonstrated at least moderate DDD on MRI
ith positive low pressure diskography at 1 or more correspond-

ng lumbar levels. This subgroup demonstrated osteoligamentous
njury or degeneration consistent with segmental hypermobility or
nstability.41,48 The relationship among DDD, concordant pain on
iskography, and increased segmental motion or neutral zone is
ffered by several researchers.25,49-52 The medical intervention
roposed for the subgroup diagnosed with instability was lumbar
usion. The noninstability MLBP subgroup (n�18) demonstrated
ild to moderate DDD on MRI. Twelve of the 18 subjects in this

ubgroup had negative diskographies. The remaining 6 did not
ndergo diskography based on their medical imaging and symp-
oms, but did have negative flexion-extension imaging studies.
hese findings decreased suspicion of segmental hypermobility,
r instability, in this subgroup. All of the subjects with MLBP had
heir medical imaging, diskography procedure, and examination
ompleted and interpreted by the same orthopedic spine surgeon.

To control confounding variables, the controls (n�39) were
atched by age (�5y), sex, and body mass index (�4 kg/m2)

o the subjects with chronic MLBP. Standard static and dy-
amic lumbar radiographs were used to rule out significant
egenerative changes (those atypical for the subject’s age) and
symptomatic segmental hypermobility or instability. These
mages were interpreted by the same orthopedic surgeon who

Table 1: Descriptive Statistics and Clinical Characteristics

Control (n�39)
M

Sex 14 F, 25 M
Age (y) 39.3�9.5
Body mass index (kg/m2) 25.3�4.6
Positive diskography (no. segments) ND
Pain location (% back pain only) ND
Current symptoms onset (y) ND
NPRS‡ pretest (0–10) ND
Lumbar flexion§ (cm) 6.1�2.2
Trunk extensor strength (N) 355�138
Painful movement (%)

Trunk flexion ND
Return to standing ND

Aberrant trunk motion� (% of subjects) 13
Extension hinge¶ (%) 28
RMQ# (0-24) ND
SF-36** (Physical Score) 56.5�4.8
SF-36 (Mental Score) 50.7�8.9

OTE. Data represent mean � SD unless otherwise indicated.
bbreviations: F, female; M, male; ND, no data.
P values for comparison of combined chronic MLBP and control g
P values for comparison of chronic MLBP subgroups; significant d
Numeric Pain Rating Scale (higher score indicates more painful co
Measurement in centimeters, using Modified Schober technique (h
Observed abnormal pattern of movement during standing trunk ra
Observed hypermobility of a segment during active trunk extensio
Higher score indicates greater disability.
*SF-36 Health Status Profile (norm based to general US populatio
iagnosed the patients with MLBP. o
The subjects’ self-perceived health status and function were
valuated using 2 self-report questionnaires. The RMQ, a condi-
ion-specific outcome measure designed for the LBP population,
nd the SF-36, a generic health status questionnaire, both with
ell documented psychometric properties, were used to assess

elf-perceived disability.53-58 An 11-point verbal numeric pain
ating scale was obtained pretesting and posttesting along with a
ain body diagram and a general history of the symptoms. Table
displays the group means and SDs for subject characteristics. To

est for significant differences between the control and MLBP
roup, t tests were used. The clinical findings from the physical
herapy examination and self-perceived pain and function are
rovided to describe our MLBP population better. MLBP sub-
roup differences were found in location of symptoms, RMQ
core, and SF-36 physical component score (see table 1) using
hi-square and t test analyses. The interpretation of any differ-
nces in physical therapy clinical findings between the subgroups
an be found in the Discussion.

nstrumentation
Preamplified bipolar surface electrodesa with an interelec-

rode distance of 35mm (common mode rejection ratio �100
B; bandwidth�6–29kHz; 300–380 gain) were used to record
runk muscle activity (1248Hz). Data were bandpass-filtered
10–500Hz), and the signal was differentially amplifiedb to
chieve a peak of 3 to 5V during a reference contraction.
uscle activity was recorded over 5 trunk muscles bilaterally:

O\TrA, EO, RA, superficial LM, and lumbar ES.5 The skin
as prepped, and electrodes were aligned parallel to muscle
bers and placed in accordance with previous studies demon-
trating that these placements maximize signal-to-noise ratio
elated to levels of cross-talk.59-61 An electrode was positioned

e Chronic Mechanical Low Back Pain and Control Groups

stability
25)

MLBP Noninstability
(n�18)

Control vs
MLBP*

P

Instability vs
Noninstability†

P

8 M 11 F, 7 M ND ND
8.6 41.2�8.4 .17 .63
5.6 28.7�7.2 .05 .43
1.0 ND ND ND

4 72 ND .05
7.8 5.7�5.6 ND .05
2.3 3.3�2.5 ND .88
3.6 5.5�1.9 .70 .46
110 238�82 �.01 .90

7 11 ND .21
2 33 ND .23
5 50 �.01 .52
4 61 �.01 .87
4.8 8.1�6.3 ND .05
8.4 40.8�12.2 �.01 .03
12.9 47.9�10.7 .04 .32

; significant difference at ��.05.
nce at ��.05.
n).

r score indicates more motion).
f motion testing.

an � SD, 50�10; lower score indicates reduced health status).
of th

LBP In
(n�

7 F, 1
42.5�

27.0�

2.2�

6
7.1�

4.2�

6.2�

234�

2
5
6
6

11.6�

33.6�

44.1�

roups
iffere
nditio
ighe

nge o
n.
n the dominant upper extremity over the anterior deltoid.46
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rotocol
The upper extremity self-perturbation paradigm was used to

est the response of the trunk musculature to perturbation when
he trunk was in the neutral position. Subjects stood in a
elaxed position with their foot position standardized to shoul-
er width apart and weight equally distributed. A specific
osture or alignment between the lumbar spine and pelvis was
ot mandated. Subjects were encouraged to relax in this pos-
ure for at least 20 seconds prior to each trial in an attempt to
ower resting EMG activity. Three repetitions of rapid shoulder
exion with 30 seconds between trials were performed in
esponse to an auditory stimulus (fig 1). An auditory warning
timulus was provided from 1 to 3 seconds prior to the auditory
ignal to raise the arm rapidly. Subjects performed 2 practice
rials to allow for adjustment in direction and speed of arm
ovement. Because of reported differences in onset time and

attern between slow and fast movements, subjects were asked
o move as quickly as possible through at least 60° of shoulder
exion.13 Trials not meeting these performance criteria were
ejected and the test repeated so that each subject had 3 appro-
riate trials for analysis.

ata Processing
Postprocessing consisted of removal of heart rate artifact,62

ig 1. Model of self-perturbation of the upper extremity used to
valuate response of trunk musculature.
ull-wave rectification, and low-pass filtering (10Hz; 2nd-order ‡

rch Phys Med Rehabil Vol xx, Month 2009
utterworth). Using a custom LabViewc program, muscle on-
et was determined as the point where EMG signal amplitude
xceeded 2 times the baseline EMG for a minimum of 50
onsecutive data points (42ms). Computer algorithm identifi-
ation of each muscle’s onset time was visually inspected by a
ingle rater, blinded to group and muscle. Onset time was
anually corrected if residual heart rate or baseline noise

nterfered with the accuracy of the computer’s onset identifi-
ation. Determination of changes was made using 2-millisec-
nd resolution and recorded as the next data point meeting the
stablished onset criteria. Rater reliability for detecting muscle
nset time with blind, visual override was established using 10
andomly selected subjects and trials from the described study
nd by analyzing the trials 5 days apart. Intrarater reliability of
uscle onset ranged from .66 to .99 for individual muscles

sing an ICC3,1.
Muscle onset latency was defined as the time difference

etween the onset of contraction of individual trunk muscles
nd the anterior deltoid. Individual subjects’ trunk muscle
atencies for each trial were then categorized as either feedfor-
ard or feedback. Responses were categorized as feedforward

f the trunk muscle onset was prior to or within 50 milliseconds
f the deltoid onset. This criterion was established and used by
everal authors.26,47,63 Onset latency for the 10 trunk muscles
n each subject and the number of muscles functioning in
eedforward were then averaged across the 3 trials. The sub-
ects’ mean values were used for subsequent data analysis.

Within-session reliability of dependent variables (average
uscle latencies, number of feedforward muscles) was esti-
ated with repeated testing in a subset of study subjects

n�18) using the same protocol. The subset included both
ontrol subjects and subjects with chronic MLBP. ICCs3,3
eporting the results for average measures, kappa statistics, and
tandard error of measurement values can be found in table 2.

ata Analysis
Deltoid reaction time (time from auditory stimulus to ante-

ior deltoid onset) was compared using an analysis of variance.
lpha level was set at 0.05. Because our subjects used the
ominant arm to perform the self-perturbation, we categorized
ach trunk muscle as Isp or Cont relative to the upper extremity
erturbation. Muscle latencies between the Isp and Cont RA,
M, and ES were not significantly different across subjects;

herefore, data were collapsed for these muscle groups.
To describe each group’s pattern of trunk muscle activation,

e used repeated-measures ANOVAs to determine whether the

Table 2: Within-Session Reliability of Trunk Muscle Onset
Latency, Deltoid Reaction Time, and Feedforward Classification

Muscle* ICC3,3 SEM (ms) Variance† CV (%) �‡

Isp IO/TrA .52 93 3276 80 .53
Cont IO/TrA .40 119 2818 92 .06
Isp EO .78 36 99 114 .72
Cont EO .81 46 740 92 .37
RA .56 73 1733 105 .22
LM .28 69 69 94 .26
ES .40 40 155 96 .46
Deltoid .83 27 167 96 ND

bbreviation: CV, coefficient of variation; ND, no data.
Reliability was calculated from a subset of study subjects (n�18)
ho repeated the protocol within the measurement session. Data

epresent both control subjects and subjects with chronic MLBP.

Variance of mean values.
Reliability of feedforward classification.
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ctivation latencies were different between the trunk muscles
ithin each subject group. For post hoc muscle comparisons, a

amilywise error rate was set at alpha equals .15 (per compar-
son, ��.007).64-66 This alpha level was used to maintain study
ower.
To assess group differences, the dependent variables of
uscle onset latency and number of muscle functioning in

eedforward were analyzed separately with multivariate anal-
sis of variance and planned comparisons. Planned compari-
ons were used to test the specific hypotheses related to dif-
erences between the groups. The first planned comparison
ested our hypothesis of differences between the asymptomatic
ontrol group and the heterogeneous MLBP group. We used
hese data to compare our results to those previously reported
n the literature for nonspecific chronic LBP groups. The sec-
nd planned comparison tested our hypothesis of differences
etween the subgroups of patients with chronic MLBP (insta-
ility, noninstability). Familywise error was again set at alpha
quals .15 for the planned comparisons resulting in a per
omparison error for latency at alpha equals .011 and for
umber of muscles at alpha equals .025. All statistical analyses
ere completed using SPSS v15.d To maintain study power,
e elected to use a familywise error rate of .15 (corrected for

he number of analyses) in our post hoc analyses. This may be
iewed as an overly cautious approach. Therefore, we provided
5% confidence intervals in our planned comparison data ta-
les to aid in interpretation of these data.

RESULTS

eltoid Reaction Time
Deltoid reaction times were not different among the 3 groups

F�2.292,79; P�.11; ��.23; 1-��.45). Mean � SD deltoid
eaction times were 212�62, 247�66, and 225�67 millisec-
nds for the control, instability MLBP, and noninstability
LBP groups, respectively.

atterns of Trunk Muscle Activation
Within the control group (n�39), the mean onset latency of

he trunk muscles differed significantly (F�27.12.5,97; P�.01;
�.65; 1-��1.0). The control group demonstrated a pattern of

eedforward activation of the Cont EO, LM, and ES. This
epresented 64%, 77%, and 56% of the control subjects, re-
pectively. These muscles activated significantly earlier than
he other trunk muscles (fig 2A, feedforward identified by the
triped boxes; table 3). Onset latencies for the 3 feedforward
uscles (Cont EO, LM, ES) were not statistically different.
Within the instability subgroup (n�25), there were no sig-

ificant differences between group mean muscle latencies
F�1.754.6,110; P�.14; ��.26; 1-��.56; latency ranged 105–
66ms). Their mean trunk muscle onset latencies were predom-
nantly feedback (see fig 2B). The earliest mean activation was
n the Cont EO at 105�191 milliseconds after deltoid onset. In
ddition, this group demonstrated the most variable response
attern.
Mean onset latency in the noninstability subgroup (n�18)

as significantly different between muscles (F�10.14.4,75;
�.01; ��.61; 1-��1.0). Their mean muscle latency pattern
as similar to that of the controls, with feedforward and

ignificantly earlier activation of the LM and ES than other
uscles (see fig 2C, feedforward identified by the striped

oxes). The LM and ES activated significantly earlier than the
sp IO/TrA and RA. The Isp EO activated significantly earlier
han the RA (table 4). Again, those muscles acting in feedfor-

ard (LM, ES) did not differ significantly in onset latency. The s
eedforward activation of the extensor muscles in this subgroup
s consistent with previous reports.13,27

roup Differences
Onset latency of trunk muscles differed significantly be-

ween the control and MLBP subgroups (F�3.6114,148; P�.01;
�.50; 1-��.99) (fig 3). The post hoc planned comparison
etween the control (n�39) and heterogeneous MLBP group
n�43) demonstrated significantly earlier activation of the Isp
O/TrA (P�.003), Cont EO (P�.006), LM (P�.008), and ES
P�.011) in the control group.

In post hoc comparisons between the 2 MLBP subgroups,
he instability subgroup demonstrated a significantly later onset
f the LM (P�.005) and ES (P�.001) than the noninstability
ubgroup. There were no significant differences in abdominal
uscle activation patterns between the MLBP subgroups. See

able 5 for group mean � SD and individual planned compar-
son results with 95% confidence intervals.

The number of muscles functioning in a feedforward manner
lso differed significantly between the control and MLBP sub-
roups (F�2.516,156; P�.02; ��.30; 1-��.83). Post hoc
lanned comparisons revealed the total number of feedforward
uscles was significantly greater for the control (4.3�2.2) than

he heterogeneous MLBP group (3.2�2.3; P�.025) (table 6).
n comparisons between the 2 MLBP subgroups, only the
umber of feedforward extensors was significantly less
P�.017) in the instability subgroup (1.3�1.2; noninstability,
.1�0.8).

DISCUSSION

attern of Trunk Muscle Activation
Asymptomatic control. The group mean trunk muscle re-
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ig 2. Mean � SD onset of each of trunk muscle relative to the
nterior deltoid onset (0ms) for (A) control, (B) MLBP instability, and
C) MLBP noninstability groups. The horizontal line represents the
nd (50ms) of the feedforward period (�100ms to 50ms relative to
nterior deltoid onset). Striped boxes represent muscles groups
cting in a feedforward manner. Note the differences between the
atterns and onset latency variability between groups.
ponse pattern demonstrated by our control subjects confirmed
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ARTICLE IN PRESS
he general assertion that the central nervous system uses a
arallel motor command to activate several trunk muscles in a
eedforward manner during a self-initiated postural challenge.
owever, our findings do not exactly mirror those of the

Table 3: Results of Control Group Post Hoc Pair

Mean Difference

Isp IO/TrA Cont IO/TrA �133 (36)
Isp EO �1 (16)
Cont EO 88 (17)
RA �59 (23)
LM 103 (17)
ES 112 (18)

Cont IO/TrA Isp EO 132 (33)
Cont EO 221 (40)
RA 75 (41)
LM 236 (34)
ES 245 (35)

Isp EO Cont EO 89 (18)
RA �58 (17)
LM 103 (17)
ES 113 (16)

Cont EO RA �147 (23)
LM 14 (16)
ES 24 (15)

RA LM 161 (23)
ES 170 (22)

LM ES 9 (8)

bbreviation: CI, confidence interval.
Muscle onset latency mean difference (SE) in milliseconds.
P value; Familywise error ��.15 with per comparison error adjuste
95% CIs from mean difference at P�.05.

Table 4: Results of MLBP Noninstability Subgroup Post

Mean Difference

Isp IO/TrA Cont IO/TrA 63 (51)
Isp EO 120 (36)
Cont EO 91 (66)
RA �27 (46)
LM 205 (44)
ES 226 (43)

Cont IO/TrA Isp EO 57 (31)
Cont EO 29 (56)
RA �90 (42)
LM 142 (37)
ES 163 (41)

Isp EO Cont EO �28 (47)
RA �147 (32)
LM 86 (28)
ES 106 (25)

Cont EO RA �118 (40)
LM 114 (56)
ES 135 (51)

RA LM 233 (39)
ES 253 (36)

LM ES 20 (16)

bbreviation: CI, confidence interval.
Muscle onset latency mean difference (SE) in milliseconds.

P value. Familywise error ��.15 with per comparison error adjusted to
95% CIs from mean difference at P�.05.

rch Phys Med Rehabil Vol xx, Month 2009
reviously reported “normal” neuromotor response, and given
he redundancy of the trunk muscle system, this is not a
urprise finding.13,15 Using a unilateral upper extremity flexion
erturbation, we found that in our control group, the Cont

Comparisons for Muscle Onset Latency Pattern

P†

95% CI for Mean Difference‡

Upper Bound Lower Bound

0.014 �250 �16
1.000 �53 52
0.000 33 143
0.345 �134 17
0.000 48 158
0.000 54 170
0.005 26 239
0.000 92 351
1.000 �60 209
0.000 124 348
0.000 131 359
0.000 31 147
0.041 �114 �1
0.000 48 158
0.000 62 163
0.000 �222 �72
1.000 �39 67
1.000 �26 73
0.000 85 237
0.000 100 241
1.000 �17 36

��.007.

airwise Comparisons for Muscle Onset Latency Pattern

P†

95% CI for Mean Difference‡

Upper Bound Lower Bound

1.000 �120 245
0.090 �10 249
1.000 �144 327
1.000 �192 138
0.004 50 361
0.001 74 378
1.000 �52 166
1.000 �172 229
1.000 �241 61
0.024 12 273
0.019 18 308
1.000 �195 138
0.005 �260 �34
0.166 �16 187
0.010 18 194
0.194 �262 25
1.000 �84 312
0.359 �47 316
0.000 93 372
0.000 125 381
1.000 �38 79
wise

*

Hoc P

*

��.007.
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O, LM, and ES muscles responded predominantly in an
nticipatory manner and were activated significantly earlier
han the remaining trunk muscles. While the preparatory
ctivation of the extensors (LM, ES) agrees with most of the
revious literature, feedforward activation of the Cont EO
as not been reported during a unilateral upper extremity
exion perturbation.16,47

Preparatory trunk motions in extension, contralateral bend-
ng, and contralateral rotation have been reported during a
nilateral self-initiated flexion perturbation of the upper ex-
remity, along with the presence of ES, IO, and TrA muscle
eedforward activation.17,47,67 Thus, it appears that the Cont
O, LM, and ES feedforward motor program in our control
ubjects was intended to maintain trunk alignment and mini-

ig 3. Group pattern of trunk
uscle onset latency (mean)

elative to deltoid onset
0ms). Plot demonstrates the
atency of the MLBP groups
elative to the control group
shaded region). *Significant
ifference (P<.007) between
ontrol and combined MLBP
roups. §Significant differ-
nce between the instability
nd noninstability MLBP sub-
roups.

Table 5: Results of the Planned Comparisons fo

Isp IO/TrA Cont IO/TrA

Control* (n�39) 115�102 248�232
Instability MLBP* (n�25) 195�179 266�349
Noninstability MLBP* (n�18) 236�177 173�169
Control vs MLBP† P�.003

�101 (33)
(�165, �36)

P�.628
28 (59)

(�88, 144)
Instability vs noninstability MLBP† P�.371

�41 (45)
P�.257
93 (81)

(�131, 49) (�69, 254)

Data represent group mean � SD in milliseconds.

Planned comparisons; P value; mean difference (standard error); 95% c
�.15 with per comparison error adjusted to ��.011.
ize displacement of the COM in all 3 planes simultaneously.
owever, in order to confirm this association, assessment of

runk kinematics would be required.
Most of the subjects in our control group activated neither

he Isp (79%) nor Cont IO/TrA (67%) in a feedforward man-
er. While several authors have reported inconsistent demon-
tration of TrA feedforward onset,60,68 others have reported
ont TrA feedforward onset in their asymptomatic sub-

ects.26,69 The inconsistency in findings could be accounted for
y methodologic differences. Previous studies using this pro-
ocol recorded a greater number of perturbation trials to deter-
ine mean onset, and our use of 3 trials may not have captured

he subjects’ true activation pattern. In addition, earlier inves-
igators used indwelling fine-wire electrodes to monitor the

up Differences in Trunk Muscle Onset Latency

EO Cont EO RA LM ES

103 26�83 173�145 12�58 3�53
223 105�191 219�137 134�188 174�269
115 144�217 263�156 30�61 10�53

.388
(34)
38)

P�.006
�98 (34)

(�167, �29)

P�.038
�68 (32)

(�132, �4)

P�.008
�70 (26)

(�121, �19)

P�.011
�89 (34)

(�158, �21)
.226
(47)

P�.414
�40 (48)

P�.334
�44 (45)

P�.005
103 (36)

P�.001
164 (48)

, 151) (�136, 57) (�133, 46) (33, 174) (68, 259)
r Gro

Isp

115�

173�

116�

P�

�29
(�97,

P�

57
(�36
onfidence interval for mean difference at P �.05. Familywise error

Arch Phys Med Rehabil Vol xx, Month 2009
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esponse of the abdominal muscles (TrA, IO, EO).13,26 While
se of surface electrodes does not allow individualized record-
ng from deeper trunk muscles such as the TrA and IO, our
urface electrode placement has been validated for combined
ctivity of these muscles.60 Furthermore, feedforward activa-
ion of the IO/TrA during rapid limb movement has been
eported in control subjects using this surface EMG place-
ent.46,60,70 Therefore, we believe our IO/TrA data represent

he combined function of these muscles.
The Cont EO, LM, and ES muscle groups activated signif-

cantly earlier than the other trunk muscles we monitored.
owever, not all the subjects within the control group used the

ame activation strategy, although each member of the group
ad at least 2 muscles act in a feedforward manner. Therefore,
t seems plausible that during this perturbation, more than 1
equence of trunk muscle activations may serve to stabilize the
runk adequately in persons with no history of LBP or spinal
egenerative changes unusual for their age.
MLBP subgroups. Within the MLBP subgroup diagnosed
ith instability, neither feedforward activation nor individual
uscle timing differences were found between mean muscle

atencies. This subgroup demonstrated a predominantly reac-
ive strategy with increased variability in the activation latency
f the trunk muscles. The lack of significant timing differences
etween the instability subgroup’s muscle latencies suggests a
elayed general stiffening of the spine. While a trunk muscle
oactivation response was predicted by Panjabi29 and modeled
y Cholewicki et al,59 it may have unintended consequences
hen the strategy is delayed or used over the long term. This
attern may also result in the central nervous system perceiving
diminished demand for fine-tuning the response.2 The lack of
feedforward postural response may result in an ineffective or

uboptimal control of the forces associated with this postural
erturbation, resulting in an inability to stabilize the spine
dequately in a timely manner, thereby increasing the risk of
urther trauma to the spinal structures.

The noninstability MLBP subgroup demonstrated an activa-
ion timing pattern more like that of the control group, although
ith greater group variability. As a group, the noninstability

ubgroup activated the trunk extensors in a feedforward man-
er and demonstrated a more selective firing pattern of trunk

Table 6: Results of Planned Comparisons for Group Differences
in the Number of Trunk Muscles Responding in a

Feedforward Manner

Total Abdominal Extensor

Control* (n�39) 4.3�2.2 2.2�1.7 2.1�0.8
Instability MLBP*

(n�25) 2.9�2.5 1.5�1.7 1.3�1.2
Noninstability

MLBP* (n�18) 3.4�2.0 1.3�1.7 2.1�0.8
Control vs MLBP† P�.025 P�.040 P�.045

1.15 (.50) .80 (.38) .44 (.22)
(.15, 2.16) (.04, 1.57) (.01, .87)

Instability vs
noninstability
MLBP† P�.505 P�.706 P�.017

�.47 (.70) .20 (.53) �.74 (.30)
(�1.86, .92) (�.86, 1.26) (�1.33, �.14)

Data represent group mean � SD.
Planned comparisons; P value; mean difference (standard error);
5% confidence interval for mean difference at P�.05. Familywise
rror ��.15 with per comparison error adjusted to ��.025.
uscles. The primary pattern difference between this subgroup e

rch Phys Med Rehabil Vol xx, Month 2009
nd our control group was fewer subjects activating the Cont
O in a feedforward manner. This subgroup’s postural re-
ponse to their unilateral arm movement is more consistent
ith that reported in the literature for patients with a history of

hronic MLBP.13,26 The altered trunk motor program and in-
reased pattern variability in the noninstability MLBP sub-
roup suggest they are more capable of actively seeking an
ppropriate response strategy.

roup Differences
Control versus heterogeneous MLBP group. The take-

ome message from previously published postural control stud-
es indicating that subjects with chronic LBP demonstrate
elayed onset of trunk muscles compared with healthy controls
s supported by our study.7,26,71 The differences in activation
iming patterns found in our study provide further evidence that
atients with chronic MLBP use an altered, and presumably
nadequate, neuromuscular control strategy for dynamic stabi-
ization of the spine during a self-initiated postural challenge.
onsistent with other studies, the deltoid reaction time was not

ignificantly different between groups for fast upper extremity
erturbation and was within the range reported in previous
tudies using a similar protocol.13,27

Results from the comparison between our heterogeneous
LBP group (combined subgroups) and asymptomatic control

ubjects partially agree with previous reports in the LBP liter-
ture. We also found significantly delayed onset of the IO/TrA
albeit the ipsilateral muscle group) and the Cont EO in our
hronic MLBP group.26 However, we did not find feedforward
nset of the LM.26 In fact, our heterogeneous MLBP group
emonstrated significantly delayed trunk extensor muscle ac-
ivation compared with the asymptomatic control group.

There are several plausible explanations for inconsistency in
ndings between this and previous studies. First, it is difficult

o compare the results of our study directly to others because of
ethodology differences previously mentioned and differences

n sample subjects. Our subjects were older (average
ifference�11y). Older persons are reported to demonstrate
ncreased trunk muscle latency.72 Unlike previous studies using

unilateral perturbation paradigm,13,26,27,67 our subjects with
hronic MLBP had pain and significant activity limitations at
he time of testing. While use of subjects with current pain
akes the determination of the underlying mechanism more

ifficult, the use of subjects with a history of LBP who are not
aving pain or having minimal symptoms at the time of testing
ay not epitomize the true clinical situation. While our sub-

ects with MLBP underwent a course of physical therapy, the
pecifics of the individual interventions were not controlled as
art of this study. Therefore, it may be that our patients with
hronic MLBP as a group were unable to adequately compen-
ate for their neuromuscular impairment (noncopers), thus re-
ucing system performance. Overall, we believe that these data
epresent further evidence of an adapted generalized motor
lan, the causes of which are hypothesized to be pain, injury,
ltered proprioception, and/or fear-avoidance.2,73,74

MLBP instability subgroup. To our knowledge, investiga-
ion of differences in trunk muscle latency responses to self-
erturbation between subgroups of patients with MLBP has not
een reported. Our findings suggest that not all subgroups of
atients with chronic MLBP demonstrate the same postural
esponse pattern, particularly related to the activation of the
runk extensors. The trunk extensors of the MLBP group with
nstability demonstrate both delayed onset and limited feedfor-
ard activation in comparison with the noninstability group.
he reason for the differences in these subgroups is not readily

xplained from the perspective of clinical signs and symptoms



b
m
d
W
d
(
i
i
t
t
p
s

a
s
d
g
s
s
h
s
t
v
t
s
e
t
r
r
p
b
l
d
m
fl

t
c
t
e
l
o
p
d
e
e
c
t
s

i
n
d
T
s
i
g
r
S
o
t
a
r
h
i
I

t
.
T
o
i
a
m
o
T
p
t
w
o
w
a
n
o
d
m
p
t
t
w
m
o
a
s
t
a

g
M
d
i
s
a
m
n
d
t
o
s
i
a
t
u
p
m
a
M

9TRUNK MUSCLE RESPONSE TO PERTURBATION, Silfies

ARTICLE IN PRESS
ecause their numeric pain rating scale, lumbar flexion range of
otion, extensor strength, and movement patterns did not

iffer significantly from those of the noninstability subgroup.
hile the instability subgroup did have greater self-perceived

isability on the RMQ (11.6) than the noninstability subgroup
8.1), the clinical significance of this is debatable given that the
nstrument’s measurement error and minimally important clin-
cal difference scores are 3 to 5 points.75 We cannot rule out
hat the course of conservative care, not controlled as part of
he study, may have influenced the patients’ responses to
erturbation and contributed to subgroup differences and large
ubgroup variability.

From a pathology or impairment perspective, it could be
rgued that these subgroups differ in the severity or amount of
pinal tissue degeneration or injury. Although we did not
irectly measure intersegmental motion, our instability sub-
roup presents with significant change in a major stabilizing
tructure of the spine that has been associated with increased
egmental mobility.41,48 Over time, these impairments could
ave resulted in an altered generalized postural motor program
pecifically involving the trunk extensor response. Because the
esting paradigm uses the neutral trunk position, which pro-
ides minimal passive restraint,76,77 the stability of the spine in
his situation is primarily dependent on muscle timing during
udden perturbation. Inability to stiffen the spine efficiently or
ffectively during a postural challenge may in turn allow con-
inued trauma to spinal structures, resulting in sustained or
epeated episodes of MLBP. Evidence suggests that even small
otations and translations can produce tissue injury.78-80 The
ossibility of continued tissue injury from an inability to sta-
ilize dynamically is further supported by recent findings of
ess preparatory trunk extension motion (presumably related to
elayed extensor onset) and greater resultant lumbar flexion
otion in subjects with recurrent MLBP after upper extremity
exion perturbation.67

MLBP noninstability subgroup. Although the overall pat-
ern in the noninstability subgroup approaches that of the
ontrols, this group still had pain and dysfunction. Possibly
hese subjects had not, as a group, maintained or fully re-
stablished appropriate abdominal muscle timing, and the de-
ayed activation of the Cont EO resulted in insufficient stability
r trunk control, particularly in the frontal and transverse
lanes. Consistent with the explanation for continued pain and
ysfunction offered, the lack of this feedforward control could
xpose spinal structures to continued microtrauma. Another
xplanation is that the primary impairment resulting in their
ontinued LBP is not that of impaired feedforward activation of
runk muscles, but is related to trunk muscle weakness, re-
tricted motion, or fear avoidance.

In addition to those already discussed, our results should be
nterpreted in light of the following limitations. First, we did
ot directly measure arm velocity, lower extremity weight
istribution, or postural alignment during data collection.
hese factors are reported to alter the trunk muscle responses
ignificantly and may account for the differences in our find-
ngs, even in the activation pattern demonstrated by our control
roup.26,81 However, we closely observed these variables and
erecorded trials that did not meet our performance criteria.
econd, our use of only 3 trials may not have allowed us to
btain adequately the predominant postural response pattern to
he self-perturbation. This may account for the increased vari-
bility in performance that is reflected in our within-session
eliability findings. Further testing (test-retest, 7 days apart,
ealthy adults) in our laboratory using 6 repetitions resulted in
mprovements in these reliability estimations (range�.91–.61;

CC2,6). Marshall and Murphy60 have reported their labora-
ory’s test-retest reliability of onset latency ranged from .90 to
33 (ICC1,1) for surface EMG over abdominal muscles (IO/
rA, EO, RA) in young healthy adults. To date, the reliability
f this measurement has not been widely reported or discussed
n the literature. Generally a large number of practice trials and

mean of 10 repetitions are used, likely increasing measure-
ent stability and perhaps more accurately representing the

nset pattern. This issue should be pursued more thoroughly.
hird, the medical imaging and testing used to subclassify our
atients with MLBP should be kept in mind when interpreting
he results. For this reason, we compared all of our subjects
ith MLBP to our control group to determine consistency of
ur results to previous studies where the patients with MLBP
ere defined primarily by verbal report of history of LBP. In

ddition, we have provided the results of our physical exami-
ation to assist with interpretation of our findings relative to
ther studies or to a specific patient population. Finally, the
esign of this study does not allow determination of which
echanisms might be responsible for the altered recruitment

atterns nor whether the changes in trunk neuromuscular con-
rol were a cause or result of their LBP. Future studies designed
o address the mechanism question in subgroups of patients
ith MLBP would be extremely helpful for customizing treat-
ents to the patient’s primary impairments. Exploration of

ther aspects of feedforward postural control, muscle response
mplitude, and/or onset duration may further improve under-
tanding of these motor program changes. Despite these limi-
ations, we believe the study’s design and statistical power
dequately support our hypotheses.

CONCLUSIONS
Overall, our findings add to the evidence for an altered

eneralized trunk motor program in patients with chronic
LBP. In addition, we are the first to investigate and report

ifferences in subgroups of patients with MLBP. The medical
maging findings and clinical signs and symptoms demon-
trated by our patient subgroups further substantiate the char-
cteristics of patients with MLBP who demonstrate impair-
ents in the trunk feedforward motor program and support the

otion that subgroups exist within the MLBP population. These
ata also introduce the notion of timing impairments in other
runk muscles (Cont EO, LM, ES) and suggest that the number
f muscles functioning in feedforward may also be a marker of
uboptimal trunk control. These unresolved impairments may
ndicate an inability of some patients with MLBP to adapt
dequately (noncopers), which might ultimately contribute to
heir development of a recurrent and chronic condition. Better
nderstanding of the impairments associated with subgroups of
atients with MLBP is expected to improve our trunk neuro-
uscular training programs for individual patients, resulting in
reduction of severity or frequency of recurrent episodes of
LBP.
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