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Abstract

It has been well documented that low-back pain (LBP) patients have longer muscle response latencies to perturbation than

healthy controls. These muscle responses appear to be reflexive and not voluntary in nature, and as a result, might be useful for

objectively classifying LBP. The goal of the study was to develop an objective and accurate method for classifying LBP using a sud-

den load-release protocol. Subjects were divided into two groups: learning group (20 patients and 20 controls), and holdout group

(15 patients and 12 controls). Subjects exerted isometric trunk force against a cable in four different directions. Following cable

release, the trunk was suddenly displaced eliciting a muscle reflex response. Reflex latencies for muscles switching-on and shut-

ting-off were determined using electromyogram signals from 8 trunk muscles. Independent t tests were performed on the learning

group to determine which reflex parameters were to be entered into logistic regression analysis to produce a classification model.

The holdout group was used to validate this classification model. The three-parameter model was able to correctly classify 83%

of the learning group, and 81% of the holdout group. Using reflex parameters appears to be an accurate and objective method

for classifying LBP.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-back pain (LBP) is a common condition affect-

ing a large percentage of the population. It is estimated

that between 70% and 85% of the population will expe-

rience LBP at some point in their lives [3,4,13,35]. The

majority of these cases resolve without medical interven-
tion within the first 6 weeks [35]; however, the minority

of cases that progress to become chronic bear a signifi-

cant cost burden [1,10,33]. Not surprisingly, LBP is

one of the most prevalent and costly health problems

in Western Society [2], since it comprises 25% of all
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workplace injuries [38] and accounts for approximately

40% of compensation costs [33].

To address the impact of LBP, companies have estab-

lished disability management programs to reintegrate

workers following an injury in a safe and timely fashion,

thus reducing the likelihood of a case becoming a

chronic condition. One obstacle in effective disability
management is the mistrust between employers and

workers. This may be particularly true of back injuries

where the cause may be unknown, or where the injury

event was trivial (i.e., picking-up a light object). On

one side, there are employers and insurance groups

who sometimes question the legitimacy of a worker�s in-
jury, and on the other side, there are injured workers

who feel pressure from employers and insurance groups
to return to work before they are ready. If an objective

method was developed that could discriminate those
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with and without LBP, and determine when those with

LBP are work-ready, disability decision-making would

be less arbitrary and more case-specific.

Starting in the late 1980s, a number of investigators

have used spectral electromyography (EMG) to assess

fatigue in the paraspinal muscles in order to classify
LBP [9,14,19,26,30–32]. Typically, mean or median fre-

quency is used as a fatigue marker during sustained iso-

metric contraction at a specified effort level. It has been

claimed that these tests are objective due to the fact that

it is difficult to control volitionally the action potential

signal registered with EMG [26]. However, with these

protocols, subjects are required to perform maximum

voluntary efforts (MVEs) to set the resistance level dur-
ing the test, and because of inaccuracy in predicting

MVE, the power of these tests is diminished and may

lead to erroneous results. It could be argued that during

MVE tests, motivational factors and/or fear of re-injury

can have a significant effect, which in turn could alter

spectral parameters during the fatigue trials. In addition,

fatigue-based tests require significant exertions both

during the estimation of MVE and during the actual
test, which can range from 40% to 80% of MVE. This

also brings in to question whether performing these tests

may be safe for someone who may have diminished tol-

erance for spinal loading. And finally, a number of

researchers cast doubt about the validity of EMG spec-

tral methods applied to the erector spinae muscle group

[7,15]. Consequently, an objective and safe method for

classifying LBP still remains elusive.
It has been well documented in the literature that the

response latencies of trunk muscles are delayed in LBP

patients [11,18,27,28,37]. Radebold et al. [27] used a

quick load-release protocol to measure response laten-

cies for trunk muscles and found muscles typically re-

sponded within 100 ms following the load-release. This

quick response is indicative of a reflex rather than a vol-

untary response, which suggests that this measure may
serve as the basis for an objective classification tool.

Although differences have been observed between LBP

patients and healthy controls, the use of reflex parame-

ters has not been used to classify LBP. There is some evi-

dence to suggest that with rehabilitation reflex responses

can improve [37]. If this is the case, then by monitoring

performance in a reflex-based test, timelines for return

to work could be established, and the likelihood of dura-
ble return to work improved.

In a preliminary study using 15 subjects (eight LBP

patients and seven healthy controls), we compared fati-

gue and reflex parameters to determine which were bet-

ter for classifying people with and without LBP. From

this study, no significant differences (p < .05) were found

for fatigue parameters (although the initial mean fre-

quency was close to significant at p = .07), while a num-
ber of significant parameters were found for reflex

responses between groups. We concluded that the fati-
gue parameters were more sensitive to inaccuracies in

predicting MVE. Interestingly, LBP patients showed

no sign of fatigue indicating that their MVEs may have

been under-estimated. Also, these preliminary data

showed that reflex parameters were better at classifying

LBP than fatigue parameters: classification rates were
higher and fewer scores fell near the cut-off point in

the reflex-based test than the fatigue tests. In addition,

the subjects reported that the reflex-based test was less

physically stressful than the fatigue-based test.

Based on these results, a large study was undertaken

with a larger population to develop a classification

model based on reflex parameters from sudden unload-

ing. A large holdout group was used to cross-validate
the model.
2. Methods and materials

2.1. Approach

The current experiment used a sudden load-release
method in four directions of isometric trunk exertions

to study the muscle response patterns in patients with

LBP and healthy controls. EMG signals from eight

trunk muscles were recorded for 1 s before and 2 s

after the load-release. Based on these signals, the reflex

latencies for muscles switching-on and shutting-off fol-

lowing sudden load-release were determined. Data was

collected both at Yale and Simon Fraser Universities
using a similar experimental apparatus, and combined

for the purposes of this study. Before testing, all sub-

jects read and signed a consent form which outlined

the testing protocol. The protocol was approved by

the institutional review boards at the respective

universities.

2.2. Subjects

Sixty-seven people in total participated in the study

of which 35 were LBP patients and 32 were healthy con-

trols. Healthy control subjects were defined as persons

who had never experienced back pain lasting longer

than 3 consecutive days. LBP patients were defined as

persons past the acute phase of their condition with no

neurological deficits and no structural deformities, ge-
netic spinal disorders or previous spinal surgery. Pa-

tients had experienced LBP for periods ranging from 6

months to 35 years, with pain intensity that varied from

mild to severe with some pain-free intervals. Patient�s
pain was centralized to the back region, and patient�s
with radicular pain into the leg were excluded from

the study. The consumption of analgesics, mostly nons-

teriodal anti-inflammatory, varied from daily use to
medication as needed. Most patients were undergoing

rehabilitation, typically involving some form of super-



Table 1

Number, mean age, weight and height (SD) of LBP patients and

matched controls for the learning group set #1

Females Males

Controls Patients Controls Patients

Number 4 4 16 16

Age (years) 34.5 (12.82) 35.8 (9.03) 38.7 (12.08) 37.3 (10.56)

p = .879 p = .723

Weight (kg) 60.9 (14.44) 64.6 (9.68) 80.8 (16.60) 81.3 (13.99)

p = .683 p = .927

Height (m) 1.64 (.10) 1.64 (.07) 1.79 (.07) 1.77 (.10)

p = .999 p = .700

Analysis of variance revealed that there were no significant differences

between patients� and controls� age, weight, and height.

Fig. 1. Subject position in testing apparatus. Tension through a cable

connected to a chest harness produced an isometric moment.
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vised exercise therapy. Testing was conducted prior to

treatment sessions. The Roland-Morris Disability Ques-

tionnaire showed, on average, low scores (5.14 out of 24,

SD = 4.32). Eight of the LBP patients were receiving

compensation benefits at the time of testing. Compensa-

tion patients were screened for non-organic signs of

LBP[36], and patients were omitted from the study if

they received a positive score on any of the tests. The
purpose of this study was to identify individuals with

physiologically based impairment. For this reason, we

used a clean subject pool free of psychological or non-

organic issues. All patients were screened by a health-

care professional before testing to assure that other

inclusion criteria were meet.

The subject pool was divided into two groups with 40

being assigned to a learning group (Table 1) used to de-
velop the classification model, and 27 to a holdout

group (Table 2) to test the accuracy of the classification

model. For the learning group, healthy controls were

matched as closely as possible for gender, age, weight,

and height.

2.3. Task

Subjects were placed in a semi-seated position in the

testing apparatus (Fig. 1) for exerting isometric contrac-

tion in trunk flexion, extension and lateral bending to
Table 2

Number, mean age, weight, and height (SD) of LBP patients and

healthy controls for the holdout group set #1

Females Males

Controls Patients Controls Patients

Number 6 4 6 11

Age

(years)

37.8 (14.03) 41.8 (13.72) 42.3 (10.42) 34.5 (13.06)

Weight

(kg)

60.4 (6.08) 68.3 (12.27) 70.28 (11.29) 86.0 (16.02)

Height

(m)

1.71 (.06) 1.59 (.05) 1.72 (.07) 1.83 (.05)
the left and right. This apparatus was designed to re-

strain hip motion while allowing the upper body to
move freely in any direction. Consequently, response

patterns of trunk muscles were responsible for postural

readjustments. Isometric force was applied through a

cable attached to a chest harness at approximately T9

and was held with an electromagnet. The release of this

electromagnet produced sudden unloading resulting in

displacement of the trunk, and initiating reactive re-

sponses in the trunk muscles.
Each subject performed three trials at a predeter-

mined force level of 65 N for males and 40 N for fe-

males. These force magnitudes were established in a

preliminary study, and are approximately 20% of the

maximal isometric exertion averaged for flexion, exten-

sion, and lateral bending. An oscilloscope was used to

provide visual feedback to the subject. The force was

displayed as a line which moved up and down while
the target was displayed as a stationary line. Subjects

were asked to keep the force output line steady at the

target and were asked not to anticipate the release.

The time of release was randomly varied after the target

force level was reached.

2.4. Data collection and processing

Eight channels of EMG were recorded using bipolar,

Ag–AgCl, disposable electrodes with a centre-to-centre



Fig. 2. Examples of muscles switching-on and shutting-off following

load-release. The magnet release was followed by a sudden drop in

tension in the cable (bottom trace). The reflex latencies were calculated

from a 50% (Yale) or 5% (SFU) drop in force to an increase or

decrease of 1.5 standard deviations in the EMG signal.
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spacing of 30 mm (at Yale), and bipolar, stainless steel

electrodes with an active circuit and centre-to-centre

spacing of 13 mm (at SFU). The electrodes were posi-

tioned over the following muscles on each side of the

body: rectus abdominis (3 cm lateral to the umbilicus),

external oblique (approximately 15 cm lateral to the
umbilicus), thoracic erector spinae (5 cm lateral to T9

spinous process), and lumbar erector spinae (3 cm lat-

eral to L5 spinous process). All EMG signals were

band-pass filtered between 20 and 250 Hz (at Yale)

and 20–500 Hz (at SFU), differentially amplified, and

then A/D converted at a sample rate of 1600 Hz (at

Yale) and 2000 Hz (at SFU). Initially, 12 channels of

EMG were collected. The four additional channels re-
corded the activity of latissimus dorsi, and internal obli-

que muscles bilaterally for the Yale subject pool. These

muscles were later removed from the Yale data and were

not measured for the SFU subject pool. Due to electrode

position for these muscles, there were some concerns

with artefact entering the signal from contact with the

pads and harness. Analysis of the Yale data indicated

that the latissimus dorsi muscle group played a minor
role in postural adjustments following load-release as

indicated by lower EMG activity. Discriminant analysis

on the Yale data indicated that the internal oblique mus-

cle group activity was not significantly different between

healthy controls and patients (p = .158).

To facilitate the detection of switching-on and shut-

ting-off of muscles from EMG signals (Fig. 2), a com-

puter algorithm was developed. When rectified mean
EMG increased by 1.5 standard deviations, muscle

switching-on was detected. When rectified mean EMG

decreased by 1.5 standard deviations, muscle shutting-

off was detected. Time between this detection and a

force drop represented the reflex latency. A decrease of

50% (at Yale) and 5% (at SFU) in mean force prior to

the release was used as the threshold. At SFU, the in-

creased strength of the electromagnet resulted in a
slower rate of force decline; consequently, the force

threshold appeared to be consistent between the Yale

and SFU data sets. Statistical analysis revealed that

there were no significant differences between mean reflex

latencies at Yale and SFU (p = .793).

To clarify, agonistic muscles were defined as muscles

that were active before the load-release and were ex-

pected to shut-off. Antagonistic muscles were quiet be-
fore the load-release and were expected to switch-on.

In flexion, flexors acted as the agonists (FOFF) group

and extensors as the antagonists (FON) group. In exten-

sion, extensors acted as the agonists (EOFF) group and

flexors as the antagonists (EON) group. In lateral bend-

ing to the left, ipsilateral muscles (left side) acted as the

agonists (LOFF) group and contralateral muscles (right

side) acted as the antagonists (LON) group, and vice
versa for lateral bending to the right (ROFF and

RON, respectively).
2.5. Data analysis

The average reflex latency of each muscle for the

three trials was determined. These reflex latencies were

grouped and averaged into switching-on and shutting-

off times for each of the four directions. EON, FON,
LON, and RON correspond to the average reflex la-

tency for muscles switching-on in the four respective

directions. EOFF, FOFF, LOFF, and ROFF corre-

spond to the average reflex latency for muscles shut-

ting-off in the four respective directions.

An independent t test was used to determine if reflex

latencies were statistically different (p < .05) between pa-

tients and healthy controls. Parameters reaching signifi-
cance were then entered into logistic regression analysis

to determine which parameters should be included in the

classification model. From the regression analysis, a pre-

diction equation was formulated and applied to the

holdout group to validate the model. To test the robust-

ness of classification, four new randomly assigned

groups were developed and the accuracy for classifica-

tion for these groups was determined. The average score
of the five groups was used to establish classification

accuracy.



Table 3

Learning group #1 mean reflex latency (standard deviation) and

significance level

Shutting-off (ms) Switching-on (ms)

Agonist Antagonist

Patients Healthy

controls

Patients Healthy

controls

Extension (E) 65 (18) 44 (11) 87 (28) 74 (20)

p < .001 p = .094

Flexion (F) 99 (67) 58 (37) 82 (15) 62 (10)

p = .028 p < .001

Lateral bending left (L) 81 (38) 54 (28) 87 (15) 78 (27)

p = .019 p = .237

Lateral bending right (R) 62 (41) 45 (22) 91 (32) 74 (15)

p = .125 p = .044
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Fig. 3. Classification plot for learning group set #1. ‘‘P’’ refers to

patients and ‘‘C’’ refers to healthy controls.
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Fig. 4. Classification plot for holdout group set #1. ‘‘P’’ refers to

patients and ‘‘C’’ refers to healthy controls.
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3. Results

In general, patients tended to have longer reflex laten-

cies than healthy controls and showed more variability
as indicated by mean reflex latencies and standard devi-

ations between groups (see Table 3).

Results from the independent t tests identified five

parameters that were significantly different (p < .05) be-

tween the patients and controls (Table 3). All of these

parameters were entered into binary logistic regression

analysis using a forward stepwise method. This analysis

yielded the following prediction equation incorporating
three parameters:

y ¼ expð29� 247� FON� 149�EOFF� 34� FOFFÞ;
ð1Þ

probability ¼ y
ðy þ 1Þ : ð2Þ

Re-entering the learning group into the classification

model resulted in 86.7% of patients and 84.2% of healthy

controls being correctly classified with the overall model

accuracy of 85.3% (six missing data points). For the

holdout group, the model accurately classified 81.8% of

patients and 76.9% of healthy controls with the overall

model accuracy being 79.2% (five missing data points).

Missing cases are the subjects for whom the algorithm
could not identify reflex latencies for one or more of

the parameters used for classification. Consequently,

no classification score could be obtained for those indi-

viduals. As depicted by the classification plots, the

majority of the cases scored at either end of the range

making the model more categorically distinct (Figs. 3

and 4).

The four randomly assigned groups used to develop
new classification models produced similar results for

classification accuracy. Averaging the scores from all five

groups resulted in 83% of the learning group and 81% of

the holdout group being correctly classified (Table 4).
4. Discussion

The primary goal of the study was to determine if mus-

cle reflex parameters could accurately classify LBP. Clear

groupdifferenceswere observed in reflex responses to sud-

den load-release: patients showed longer latencies and

more variability than healthy controls. This was particu-

larly true for parameters dominated by responses of the
erector spine muscle group (i.e., FON and EOFF, Table

3). Therefore, using these reflex parameters appears to

be an accurate method for classifying LBP. From a safety

perspective, only low-level exertions (20% MVE) are re-

quired for this type of test which is substantially lower

than that of fatigue-based protocols. No subjects experi-

enced any discomfort during testing or had their injury

aggravated suggesting that the test is safe. In addition, this
classification protocol is not as susceptible to the inaccu-

racies of predicting effort level than fatigue-based

protocols.



Table 4

Classification scores for four randomly assigned groups

Equations Learning group accuracy Holdout group accuracy

1 y = exp(19 � 184 · FON � 78 · EOFF � 23 · FOFF) 80% (5 missing) 83% (4 missing)

2 y = exp(24 � 229 · FON � 113 · EOFF � 14 · FOFF) 78% (3 missing) 81% (6 missing)

3 y = exp(25 � 242 · FON � 107 · EOFF � 30 · FOFF) 83% (4 missing) 77% (5 missing)

4 y = exp(26 � 264 · FON � 92 · EOFF � 29 · FOFF) 89% (5 missing) 83% (4 missing)

Average 83% 81%
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The unloading reflex is a common phenomenon
found in everyday activities. During sudden unloading,

agonist muscles experience a brief period of inhibition,

while concurrently, antagonist muscles activation levels

are increased. This activation pattern minimizes the per-

turbation by altering the net joint torque. The neural

pathways for control of trunk agonist and antagonist

muscles are not clearly understood. A number of recep-

tors may provide feedback to respond to an unloading
perturbation. Muscle spindle density is high in rotatores,

which is a small muscle spanning one or two segments of

the spine [6]. It is believed that this muscle acts as a kin-

esthetic sensor to monitor trunk position [24]. Human

supraspinal and interspinal ligaments were found to be

well innervated with Ruffini corpuscles receptors that

are believed to be sensitive to both fast movement and

static motion depending on their firing threshold [12].
Within the facet joints of the spine, mechanoreceptors

were identified that are believed to provide feedback

regarding joint position, tension, and pressure [20].

Also, in the intervertebral disc, receptors resembling gol-

gi tendon organs were found in the deeper layers of the

annulus fibrosus, and pacinian-like receptors were iden-

tified in the superficial annulus layers [21] suggesting

that the discs can act as more than just a shock absorp-
tion system [29]. Likely, convergent afferent input from

various receptors contributes to the divergent reflex re-

sponse observed during unloading.

It is possible that trauma to the spine might damage

receptors or nerve fibers which innervate them and may

produce ‘‘dead zones’’ in sensory feedback or at least al-

ter their sensitivity. This is supported by a number of

studies that have documented decreased trunk proprio-
ception [8,22,25], increased postural sway, and de-

creased postural control with LBP [16,17,23,28]. In

terms of the load-release protocol, such dead zones

may be responsible for the delays in reactive responses.

Possibly greater than normal displacement is then re-

quired before a reflex response is elicited.

The reflex latencies found in the present study

matched closely with those found in earlier work
[18,27,28,37], and is indicative of reflex responses and

not voluntary movement. Onset times are slightly longer

than those reported by Tani et al. [34] and Zedka et al.
[39], and may be explained in part by the experimental
protocol. These two experiments used a tapping proto-

col to elicit a stretch reflex, whereas in the present study,

a trunk perturbation was used to initiate reflex re-

sponses. The inertial mass of the trunk may have re-

sulted in a slight delay in muscle stretching which in

turn would result in longer latencies for muscle re-

sponse. During testing, subjects with less upper body

mass tended to be displaced more than heavier subjects
as result of inertial differences. If the sensory receptors

mediating the reflex responses are affected by length

and velocity changes in muscle, this difference in inertial

mass may result in a decrease in model accuracy. Per-

haps a model that normalizes effort to acceleration fol-

lowing release or upper body weight instead of setting

effort to a predetermined force level may produce better

classification.
To test if the protocol was sensitive to changes in

trunk stiffness that could be modulated volitionally, re-

flex latencies were compared between coactivation and

no coactivation conditions in preliminary tests on con-

trol subjects. From the results of this study, it appears

that the erector muscle group is not affected significantly

by coactivation, and in turn suggests that the model is

not significantly affected by changes in trunk stiffness.
There is considerable redundancy in force generators

in the spine [5] which allows for a variety of recruitment

patterns to achieve the same kinematic output. For this

reason, the average muscle response to the load-release

was used for classification. The accuracy of the model

may have been improved if smaller groups of muscles

or individual muscle responses were used for classifica-

tion, but this improvement in accuracy would come at
the expense of general validity of the model. The high

prediction accuracy in the holdout group suggests that

the model presented in this paper should be equally accu-

rate when applied to the general population. However,

with this said, the authors feel that the model accuracy

could be improved if customized to specific populations.

Proportionately more males than females were misclassi-

fied (seven out nine were males) suggesting the protocol
may be gender sensitive. Unfortunately due to the small

study population, it was not possible to generate two

gender specific classification models. In addition, both
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false positive and false negative misclassified subject

tended to be older than correctly classified subject (45

years versus 36.5 years, respectively) suggesting that the

classification is age sensitive. Group means indicate that

there were no significant differences in height and weight

of those misclassified from those who were not.
It should be mentioned that this type of classification

was intended for individuals with mechanical LBP and

not for individuals with non-organic issues. For this rea-

son, a clean subject pool, free of non-organic signs, was

used in the development of the classification model.

Classification indicating LBP suggests that there is a

physiological impairment in terms of delayed reflex re-

sponses. It has been shown that rehabilitation efforts
can correct this impairment [37]. Presumably, reflex

parameters should not be affected by non-organic signs,

so subjects with non-organic signs would not be classi-

fied as having physiological symptoms and could, there-

fore, be prescribed different treatment, perhaps more

psychologically based.

Finally, it should be mentioned that the algorithm for

detecting muscle switching-on and shutting-off some-
times required manual correction. A number of different

protocols were tested to improve accuracy as well as re-

duce the time spent processing data. However, because

of signal artefacts, it is difficult to completely automate

this process. Consequently, there is some subjectivity in

determining whether a change in the signal was a result

of a myoelectric event or from an external source. This is

particularly true for the abdominal muscles which tend
to have lower signal-to-noise ratio due to increased sub-

cutaneous fat. However, signals generated from the erec-

tor spinae muscle group appeared to be free of artefacts

making the process of determining reflex latencies more

objective for parameters derived from these muscle

groups.
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