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Abstract

Background. The impact of six sequential static loading and rest of the lumbar spine on the changes in the neuromuscular neutral
zones and thereby on spine stability was assessed.

Methods. Six 10 min sessions of static load of a moderate level each spaced by 10 min rest were applied to the in vivo feline model. Test
cycles of 0.25 Hz and at the same moderate peak load were applied before and every hour after the static loading sequence up to 7 h.
Load, displacement and electromyographic activity of the lumbar multifidi muscles were recorded throughout.

Findings. Displacement and tension neuromuscular neutral zones were defined as the displacement or tension, in the increase and
decrease phases of each cycle, when the electromyogram initiated and ceased activity, respectively. Displacement neuromuscular neutral
zones demonstrated significant (P < 0.001) increase immediately post-static loading, followed by an exponential decrease to pre-loading
baseline by the 7th hour. Tension neuromuscular neutral zones, however, demonstrated significant (P < 0.001) increase in the 2 h imme-
diately after the static loading and a significant decrease (P < 0.001) thereafter. Peak electromyogram decreased in the first 3 h post-load-
ing, but significantly (P < 0.001) increased thereafter to the 7th hour.

Interpretation. It was concluded that the first 2–3 h post-static loading finds the spine with significant laxity in the viscoelastic tissues
concurrently with deficient muscular activation and therefore exposed to the risk of instability. It is also evident that a neural control
compensation mechanism exists where it enhances the activation of the musculature to earlier and at higher activation magnitude,
2–3 h post-loading, increasing lumbar stability while the viscoelastic tissues are still lax.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Spinal stability is a multifactoral problem, the extent of
which is slowly emerging (Adams, 2007; Reeves et al.,
2007). Panjabi (1992, 1996) hypothesized that a key structural
component in spinal stability is that of neutral zones (NZ). By
definition, a small perturbation of the vertebrae relative to
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adjacent vertebrae meets very little resistance from the various
viscoelastic tissues (ligaments, discs, facet capsules, etc.) and
in that region of displacement, the spine is considered struc-
turally stable. Displacements beyond that region – the neutral
zone – meet a fast increase in resistance as the spine becomes
unstable and in need of support from the viscoelastic tissues.

Recently, the structural stability defined by the neutral
zones was linked with contribution of the motor control
system. In this approach, the neuromuscular neutral zone
(NNZ) was defined as the amount of displacement or ten-
sion applied to the lumbar spine before reflexively triggered
muscle activity increases the stiffness of the inter-vertebral
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joints to maintain stability (Eversull et al., 2001; Solomo-
now et al., 2001). To date, it has been shown that NNZ
magnitude is dependent on the rate of displacement or ten-
sion loading; smaller NNZs and an increase in peak elec-
tromyogram (EMG) amplitude of the multifidus muscle
were observed at higher loading rates during spinal loading
that approximated a flexion–extension movement. Further-
more, the NNZ during flexion was demonstrated to be
smaller than the NNZ during the return extension.

Several epidemiological studies have shown static load-
ing of the spine to be a risk factor for developing low back
disorders (Hoogendoorn et al., 2000; Marras, 2000; Punnett
et al., 1991). Recent experimental investigations have
offered biomechanical and neurophysiologic validation in
the feline model (Courville et al., 2005; LaBry et al., 2004;
Sbriccoli et al., 2004a,b, 2007), and humans (Dickey et al.,
2003; Granata et al., 1999, 2005; Krajcarski & Wells,
2006; Li et al., 2007; Little and Khalsa, 2005; Olson et al.,
2004, 2006, in press; Shin and Mirka, 2007; Solomonow
et al., 2003a). The emerging experimental data have demon-
strated that creep develops in the lumbar viscoelastic tissues
during prolonged static flexion (Adams et al., 1987; Hed-
man and Fernie, 1995; Keller et al., 1988; McGill and
Brown, 1992; Solomonow et al., 1999; Twomey and Taylor,
1982) and that it is associated with observed spasms in the
multifidus, decreased reflexive muscular activity during
work and two stages of hyperexcitability during the hours
after loading. Development of acute inflammation and a
neuromuscular disorder have been observed for periods of
high static loads, insufficient rest between work sessions,
large number of repetitions, and long work duration (Cour-
ville et al., 2005; LaBry et al., 2004, Sbriccoli et al., 2007;
Solomonow et al., 2003b). Such pronounced changes in
the biomechanical and motor control properties of the lum-
bar spine may also have significant implications on the
NNZ after a period of static loading.

Therefore, the purpose of this study was to investigate
potential changes in the NNZ after prolonged static lum-
bar loading. We hypothesized that displacement and ten-
sion NNZs would increase following a session that
included periods of static lumbar loading separated by
equal periods of rest, and that several hours of rest would
be necessary for the NNZs to return to baseline (pre-static
loading levels). We also hypothesized that changes would
occur in the EMG amplitude following static loading and
during several hours of following rest. The results of this
investigation may provide important new insight into the
changes in the stability of the lumbar spine after static
work, injury potential and possible prevention, and base-
line data for designing safe work scheduling.

2. Methods

2.1. Preparation

Eight adult cats (weight: 3.34 ± 0.51 kg) were used in
this study. The cats were anesthetized with 60 mg/kg chlo-
ralose, according to a protocol approved by the Institu-
tional Animal Care and Use Committee. The skin
overlying the lumbar spine was incised to expose the
dorso-lumbar fascia, and an S-shaped stainless steel hook
made of 1.5-mm-diameter rod was inserted around the
supraspinous ligament between L4 and L5. The preparation
was then positioned in a rigid stainless steel frame and fixed
for subsequent EMG electrode insertion. The lumbar spine
was isolated by means of two external fixators applied to
the L1 and L7 posterior processes, respectively. The exter-
nal fixation was intended to isolate the elicited flexion to
the lumbar spine and prevent interaction with the thoracic,
sacral, and pelvic structures.

2.2. Instrumentation

Three pairs of fine stainless steel wire EMG electrodes
(interelectrode distance: 3–4 mm) were inserted in the
right L3–4, L4–5, and L5–6 multifidus muscles 6–8 mm lateral
to the posterior spinal processes. A ground electrode was
inserted into the gluteus muscle. Each electrode pair
constituted the input to a differential EMG amplifier with
a 110-dB common mode rejection ratio, a gain of up to
200,000, and a band-pass filter in the range of 6–500 Hz.
The EMG was sampled at 1000 Hz before storage on a
computer and continuously monitored on an oscilloscope.
The S-shaped stainless steel hook inserted around the L4–5

supraspinous ligament was connected to the crosshead of
the Bionix 858 Material Testing System (MTS, Minneapo-
lis, MN, USA). The load was applied through the MTS
actuator with a computer-controlled loading system.
Vertical displacement and tension applied to the hook
around the supraspinous ligament were continuously mon-
itored, and sampled at 1000 Hz before storage on a
computer.

2.3. Protocol

Just prior to each test cycle or static load, a pretension
of 1 N was applied to standardize the baseline tension
across all preparations. First, the baseline NNZs were
established using three pre-static loading test cycles of
40 N peak load at 0.25 Hz. The test cycles were applied
with a 10 min rest (no load) between each. A peak load
of 40 N was selected, as it represents a moderate load in
the physiological range as was determined in previous
research (Sbriccoli et al., 2004a). Next, a static loading per-
iod was applied that consisted of six 10 min static loads at
40 N, each separated by 10 min periods of rest, resulting in
a cumulative static loading period of 60 min. A recovery
period after static loading followed and consisted of 7 h
rest (no load). Single test cycles identical to those before
the static loading session were applied at 10 min, 30 min,
and 60 min, and then once every hour during the recovery
period. Overall, nine test cycles were applied during the 7-h
recovery as shown graphically in the bottom panel of
Fig. 1.



Fig. 1. A typical recording of the EMG from L3–4, L4–5, and L5–6 vertebral levels along with the displacement and tension. Three test cycles were applied
before the static loading period (consisting of six static loads with rest periods between) and nine test cycles were applied during the 7 h recovery period.
Note: The creep developing and accumulating during the static loading phases and the spontaneous large amplitude EMG spasms such as in the L3–4 level.
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2.4. Data processing

The NNZ analysis considered the recorded EMG, dis-
placement, and tension applied to the supraspinous liga-
ment during the three test cycles prior to the static
loading session and the nine test cycles during the 7 h
recovery period. Each test cycle was analyzed in a 5 s win-
dow that consisted of 0.5 s before and 0.5 s after the 4 s
cycle (0.25 Hz). The EMG signal was conditioned in the
following manner: EMG recorded from each lumbar level
were full-wave-rectified, and a moving window of 200 ms
was smoothed with a 200 ms low-pass filter, followed by
similar smoothing of the next 200 ms window moved up
10 sampling points along the time axis, thereby, obtaining
the Mean Absolute Value (MAV) of each EMG channel
without creating a time delay. The mean MAV of the first
500 ms of each 5 s window, which occurred before the load-
ing was initiated, was used as the baseline MAV. After the
tension was applied, muscle activation onset was consid-
ered to be when the MAV exceeded three times the baseline
value. Three times baseline value was chosen in order to
avoid false identification of NNZ due to spontaneous
action potentials which are common in resting EMG.
The corresponding displacement and tension values during
the stretch phase (increasing tension) of the cycle were
recorded as the onset displacement neuromuscular neutral
zone (DNNZ) and the onset tension neuromuscular neutral
zone (TNNZ), respectively. When the EMG signal dropped
below three times the baseline MAV during the relaxation
(decreasing tension) phase of the cycle, the corresponding
displacement and tension were recorded as the offset
DNNZ and TNNZ, respectively. This procedure was visu-
ally supervised to ensure that signal artifacts were not
detected as thresholds.
The maximum MAV value from each loading cycle was
denoted as the peak MAV. The peak MAV from the three
pre-static loading cycles were averaged together and used
to normalize the peak MAV values in the cycles of the same
preparation during the 7 h recovery period.
2.5. Statistics

The DNNZ and TNNZ from the three pre-static load-
ing cycles were averaged together to give a baseline value
for each dependent variable. A three-way repeated mea-
sures ANOVA was used to test for differences in the stretch
and relaxation phases of the DNNZ and TNNZ. The
independent variables included time (pre-static loading,
recovery times), lumbar level of the multifidus (L3–4, L4–5,
L5–6), and loading phase (stretch, relaxation). All the
dependent variables were tested for changes in time and
lumbar level with a two-way repeated measures ANOVA.
The independent variables were time (pre-static loading,
recovery times) and lumbar level of the multifidus (L3–4,
L4–5, L5–6), and the dependent variables included both
stretch phase and relaxation phase thresholds for the
DNNZ and TNNZ and peak MAV. All higher order facto-
rial terms were included in the statistical models to test for
interaction of the independent variables. Upon determining
a significant interaction or main effect, pair-wise compari-
sons were performed using a Student t-test. Level of signif-
icance was set as P = 0.05.
2.6. Modeling

The mean ± SD values of the DNNZ, TNNZ, and peak
MAV during recovery for each lumbar level were fit with



Fig. 2. Typical response to a single cycle of load from one preparation.
The top trace show the raw EMG from the three lumbar levels with the
associated mean absolute value (MAV) superimposed. The second trace
from the top shows the displacement and the bottom trace shows the
tension. The arrows shown on the EMG traces denote the onset and offset
of the EMG. The vertical projections of the arrows into the displacement
and load traces determine the corresponding displacement and tension
neuromuscular neutral zones. The solid circles denote in NNZ during
flexion and the hollow circles show the NNZ during extension.
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exponential-based models, as they represent the classical
response of viscoelastic tissues (Solomonow et al., 2000).

The time-course of the DNNZ thresholds during the
stretch phase and relaxation phase of the test cycles during
the recovery period were described by

DISPðtÞ ¼ D0 þDR þ ðDL �DRÞðe�
t�sr
s1 Þ ftj150 6 t 6 560g;

ð1Þ
where

� D0 is the steady-state displacement (mm);
� DL is the amplitude of the exponential decay (mm);
� DR is the residual creep after recovery (mm);
� t is time measured since the beginning of the experiment

(min);
� s1 is the exponential time constant (min);
� sr is the time of the first recovery measurement

(150 min).

As noted above, the model was evaluated from the time
point of 150 min to 560 min, which constitute the 7 h of
recovery post-static loading.

The time-course of the TNNZ thresholds during the
stretch phase and relaxation phase of the test cycles during
the recovery period were described by

TENðtÞ ¼ T 0 þ ðt � srÞT L e�
t�sr
s2

� �

þ T M e
�t�sr

s3

� �
ftj150 6 t 6 560g; ð2Þ

where

� T0 is the intercept of the tension (N);
� TL affects the rise amplitude (N/s);
� TM is the amplitude of the decay dominating the end of

the recovery period (N);
� ðt � srÞT Le�ðt�150Þ=s2 allows for a transient rise at the

beginning of the recovery period;
� s2 affects the rates of rise and fall (s);
� s3 is the exponential time constant of the decay that

dominates the end of the recovery period (min).

The time-course of the peak MAV during the recovery
period were described by

peak MAVðtÞ ¼ P 0 þ P Lðe�
t�sr
s4 Þ þ P Mð1� e�

t�sr
s5 Þ

þ ðt � sdÞP Hðe�
t�sd
s6 Þ ftj150 6 t 6 560g;

ð3Þ

where

� P0 is the intercept of the peak MAV (mm);
� PL is the amplitude of the exponential decay (mm);
� PM is the amplitude of the exponential increase (mm);
� t is time measured since the beginning of the experiment

(min);
� s4, s5 are exponential time constants (min);
� sr is the time of the first recovery measurement
(150 min);
� ðt � sdÞP He

�t�sd
s6 is the hyperexcitability term. This term

has a delayed onset during the recovery period and is
equal to zero when t < sd.

Levenberg–Marquardt nonlinear regression algorithms
were used to generate the best fit models, optimizing for
regression coefficient.

3. Results

A typical recording of the raw EMG taken from L3–4,
L4–5 and L5–6, along with the measured displacement and
tension from the three pre-static loading test cycles, static
loading period, and nine test cycles during the recovery
period is shown in Fig. 1. EMG, MAV, tension and dis-
placement recorded during a typical test cycle are shown
in Fig. 2 as well as the arrows denoting the initiation and
cessation of EMG.

3.1. Displacement neuromuscular neutral zone (DNNZ)

Fig. 3 shows the mean (SD) of the DNNZ for the first
three cycles and the nine test cycles during recovery. The



Fig. 3. The mean (SD) displacement neuromuscular neutral zones (DNNZs) during the stretch and relaxation phases of the cycle, before the static loading
period and during the 7 h recovery period. The resulting exponential-based model is superimposed on the plot.
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mean(SD) of the baseline DNNZ during the stretch phase
of the test cycle were 3.18(SD 2.3) mm, 2.57(SD 1.75) mm,
and 3.16(SD 2.25) mm for the L3–4, L4–5, and L5–6 levels,
respectively. The DNNZ during stretch of the three lumbar
levels demonstrated significant differences with time
(P < 0.001) in that they increased nearly three fold follow-
ing the static loading period to 8.33(SD 2) mm, 7.94(SD
2.24) mm, and 8.76(SD 1.95) mm, and remained signifi-
cantly elevated to the sixth hour into the recovery period.
The final DNNZ during stretch were 3.26(SD 1.8) mm,
2.87(SD 1.9) mm and 3.03(SD 2.18) mm for the L3–4, L4–5,
and L5–6, respectively. DNNZ during stretch for L4–5 was
significantly lower (P = 0.009) than those in L3–4 and
L5–6. A time and vertebral level interaction was not present
(P = 0.989).

The baseline DNNZ during the relaxation phase of the
test cycle were 7.87(SD 2.3) mm, 7.72(SD 2.3) mm and
7.73(SD 2.38) mm for the L3–4, L4–5, and L5–6 levels,
respectively. The DNNZ of the three lumbar levels during
relaxation demonstrated significant differences with time
Fig. 4. The mean (SD) tension neuromuscular neutral zones (TNNZs) durin
period and during the 7 h recovery period. The resulting exponential-based m
(P < 0.001) in that they nearly doubled following the static
loading period to 13.8(SD 1.8), 13.2(SD 1.4), and 13.58(SD
1.6), and remained significantly elevated to the fifth hour
into the recovery period. The final DNNZ during relaxa-
tion were 7.62(SD 2.6), 7.07(SD 2.5) and 7.52(SD 2.8) for
the L3–4, L4–5 and L5–6 levels, respectively. Differences
across vertebral level (P = 0.363) or time and vertebral
level interaction (P = 1.000) were not present.

The DNNZ during relaxation were significantly higher
(P < 0.001) than their corresponding DNNZ during
stretch, before and after the static loading.

3.2. Tension neuromuscular neutral zone (TNNZ)

The mean ± SD of the TNNZ before and after the
static loading are shown in Fig. 4. The baseline TNNZ
thresholds during the stretch phase of the test cycle were
9.86(SD 5.7) N, 7.85(SD 4.8) N, and 9.18(SD 5.2) N for
the L3–4, L4–5, and L5–6 levels, respectively. The TNNZ
during stretch demonstrated a significant effect of time
g the stretch and relaxation phases of the cycle, before the static loading
odel is superimposed on the plot.



Fig. 5. The mean (SD) normalized peak mean absolute values (PMAVs) during the stretch and relaxation phases of the cycle, before the static loading
period and during the 7 h recovery period. Note the region of significant increase beginning around minute 320. The resulting exponential-based model is
superimposed on the plot.

Table 1
Displacement NNZ model DNNZðtÞ ¼ D0 þ DR þ ðDL � DRÞe�½ðt�sRÞ=s1 �

Stretch Relaxation

L3/L4 L4/L5 L5/L6 L3/L4 L4/L5 L5/L6

D0 3.18 2.57 3.16 7.87 7.72 7.72
DR 0.082 0.293 �0.141 �0.252 �0.648 �0.207
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(P < 0.001), which included an increase that occurred at
30 min into the recovery period and a decrease below the
baseline after 2 h into the recovery period. The final TNNZ
during stretch were 7.62(SD 2.6) N, 7.07(SD 2.5) N and
7.52(SD 2.8) N for the L3–4, L4–5 and L5–6 levels, respec-
tively. When pooled across vertebral level, the final TNNZ
was 48.6(SD 29.9)% lower than baseline. The TNNZ for
L4–5 was significantly lower (P = 0.010) than those in
L3–4 and L5–6. A time and vertebral level interaction was
not present (P = 0.971).

The baseline TNNZ during the relaxation phase of the
test cycle were 23.4(SD 10.6) N, 21.3(SD 9.3) N, and
21.9(SD 10) N for the L3–4, L4–5, and L5–6 levels, respec-
tively. The TNNZ during relaxation of the three lumbar
levels demonstrated significant differences with time
(P < 0.001) in that they increased during the first hour into
the recovery period. Measurements at 2 h and 3 h into the
recovery period demonstrated no significant difference
from baseline. After the third hour into the recovery per-
iod, the TNNZ threshold significantly decreased below
the baseline throughout the remainder of the recovery per-
iod. The final TNNZ during relaxation were 12.7(SD
9.5) N, 9.27(SD 6.8) N and 11.5(SD 7.7) N for the L3–4,
L4–5 and L5–6 lumbar levels, respectively. When pooled
across vertebral level, the final value was 51.6(SD 25)%
lower than the baseline thresholds. TNNZ relaxation
threshold for L4–5 was lower (P = 0.020) than the threshold
in L3–4. A time with vertebral level interaction was not
present (P = 0.998).

The TNNZ during relaxation were significantly higher
(P < 0.001) than their corresponding TNNZ during stretch,
before and after static loading.
DL 4.95 5.36 5.75 5.65 5.56 5.75
s1 170.5 127.6 126.9 217.0 231.6 213.6
r2 0.9813 0.9876 0.9767 0.9709 0.9739 0.9524

Model parameters for displacement neuromuscular neutral zone thresh-
olds during the recovery period. The stretch and relaxation phases of
loading denotes the onset of and offset of the EMG signal, respectively.
3.3. EMG peak mean absolute value

(Fig. 5) shows the peak mean absolute value of the
EMG before and after the static loading. During the recov-
ery period, the peak MAV demonstrated an initial decrease
below the baseline values during the first hour and then
gradually increased to levels exceeding the baseline after
the third hour. The peak MAV demonstrated significant
changes with time (P < 0.001) as seen in the 33.7(SD
28.4)% (average change in the three muscle sites) reduction
below the baseline within 1 h after the static loading period
ended, and then rising as high as 58.1(SD 116.1)% above
baseline at 6 h into the recovery period. Differences across
vertebral level (P = 0.526) or time with vertebral level
interaction (P = 1.000) were not present.
3.4. Models

The exponential models derived for the DNNZ, TNNZ,
and peak MAV are superimposed on the experimental data
in Figs. 3–5, and the corresponding model parameters are
given in Tables 1–3.

The time-course of the DNNZ during the recovery per-
iod was modeled with a single exponential decay at each
vertebral level. Regression coefficient (r2) for the models
representing the DNNZ ranged from 0.95 to 0.99. The
amplitudes of exponential decay, DL, were similar across
vertebral level and also between the stretch and relaxation



Table 2
Tension NNZ model TNNZðtÞ ¼ T 0 þ ðt � sRÞT Le�½ðt�sRÞ=s2 �þ
T Me�½ðt�sRÞ=s3 �

Stretch Relaxation

L3/L4 L4/L5 L5/L6 L3/L4 L4/L5 L5/L6

T0 5.58 3.52 4.49 0.00 0.00 0.00
TL 0.123 0.358 0.480 0.156 0.225 0.253
s2 50.1 27.9 27.8 100.7 80.6 74.2
TM 4.84 6.00 7.16 24.5 23.9 24.7
s3 140.0 144.9 106.4 643.9 485.7 498.2
r2 0.8645 0.9927 0.9831 0.8775 0.9468 0.8974

Model parameters for tension neuromuscular neutral zone thresholds
during the recovery period. The stretch and relaxation phases of loading
denotes the onset of and offset of the EMG signal, respectively.

Table 3
Peak MAV model. Peak MAVðtÞ ¼ P 0 þ P Le�½ðt�sRÞ=s4 � þ P Mð1�
e�½ðt�sRÞ=s5 �Þ þ ðt � sdÞP He�½ðt�sdÞ=s6 �

L3/L4 L4/L5 L5/L6

P0 �8.069 �7.64 �5.57
PL 9.00 8.52 6.33
s4 40.0 58.7 37.7
PM 8.99 8.81 6.57
s5 43.8 65.1 42.0
sd 330.3 339.4 308.5
PH 0.006 0.004 0.004
s6 287.4 230.0 233.5
r2 0.9835 0.9175 0.9848

Model parameters for the EMG peak mean absolute value during the
recovery period.
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phases (stretch: 4.95–5.75 mm, relaxation: 5.56–5.75 mm).
The time constants, s1, were lower in the stretch phase
(126.9–170.5 min) than the relaxation phase (213.6–
231.6 min).
Fig. 6. Percent change compared to the baseline values for displacement ne
(TNNZ), and peak mean absolute value (MAV) of the EMG during the reco
relaxation phase offset of EMG signal. Time zero indicates the end of the static
from baseline. Data is for the average (SD) across all three levels.
The time-course of the TNNZ during the recovery per-
iod was modeled with two exponential terms, one with a
linear multiplier and exponential decay and the other with
only exponential decay, at each vertebral level. Regression
coefficient (r2) for the models representing the TNNZ ran-
ged from 0.86 to 0.99. The linear multipliers, TL, were gen-
erally higher for the stretch phase (0.123–0.480 N/min)
than the relaxation phase (0.156–0.253 N/min). Con-
versely, the time constants, s2, in the same term were lower
in the stretch phase (27.8–50.1 min) than the relaxation
phase (74.2–100.7 min). In the decaying term that domi-
nated the later part of the recovery period, the amplitudes
of exponential decay, TM, were lower during the stretch
phase (4.84–7.16 N) than the relaxation phase (23.9–
24.7 N). Conversely, the time constants, s3, for the stretch
phase were lower (106.4–144.9 min) than the relaxation
phase (485.7–643.9 min).

The initial time-course of the peak MAV during the
recovery period was modeled at each vertebral level with
two exponential terms, one decaying and one rising. The
rising peak MAV in the later portion of recovery was mod-
eled by adding a term with a linear multiplier and exponen-
tial decay after time sd. Regression coefficient (r2) for the
models representing the TNNZ ranged from 0.92 to 0.98.
The exponential amplitudes, PL and PM, and time con-
stants, s4 and s5, were similar in decay and rise as well as
across vertebral level (exponential amplitudes: 6.33–9.00,
time constants: 37.7–65.1). Amplitudes and time constants
of the delayed term were similar across vertebral level
(amplitudes, Ph: 0.004–0.006, time constant, T6: 230.0–
287.4). Onsets of the rising exponential, sd, varied from
308.5 to 339.4 min.

Fig. 6 provides a summary of the percent increases/
decreases in the DNNZ, TNNZ and peak MAV and the
associated statistical significance over the 7 h recovery
period.
uromuscular neutral zone (DNNZ), tension neuromuscular neutral zone
very period. Solid circles indicate EMG onset, and hollow circles indicate

loading period, and the asterisks denote a significant difference (P < 0.05)
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4. Discussion

The major findings of this investigation demonstrate
that a period of static lumbar loading in flexion results in
the development of laxity in the associated viscoelastic tis-
sues, which in turn, elicit significant increases in the dis-
placement and tension NNZ, compromising spinal
stability in the post-loading period. Seven hours of rest,
post-static loading, were required to restore the DNNZ
to normal. Surprisingly, the TNNZ demonstrated a short
increase for the first 2 h after loading, followed by a signifi-
cant decrease thereafter. The peak MAV of the EMG from
the multifidi also demonstrated a decrease in amplitude for
the first 3 h post-loading, followed by a significant increase
thereafter. Overall, while the viscoelastic tissues were lax
after static loading and remained so for 7 h, a motor con-
trol mechanism compensated for the laxity by triggering
the muscles earlier and with increased amplitude 2–3 h
after the loading. A decreased lumbar stability consisting
of laxity of the viscoelastic tissues concurrent with signifi-
cantly delayed and decreased muscular activity were, nev-
ertheless, noted in the first 2–3 h after the static loading.
The 2–3 h post-static loading, therefore, presented a period
of exposure to injury secondary to combined deficiency of
viscoelastic tissues and the muscles to maintain inter-verte-
bral stability.

The large and significant post-loading increases in the
DNNZs during the stretch (about 150%) and relaxation
(86%) phases were relatively unsurprising. Static and cyclic
loading have been repeatedly shown to induce creep in the
passive viscoelastic tissues of the spine in normal humans
(Dickey et al., 2003; Hedman and Fernie, 1995; McGill
and Brown, 1992; Olson et al., 2004, 2006, in press), cadav-
eric specimens (Twomey & Taylor, 1982), and in vivo feline
models (Courville et al., 2005; LaBry et al., 2004; Sbriccoli
et al., 2004a,b; Solomonow et al., 1999). These results indi-
cate that as laxity develops in the viscoelastic tissues, they
must be stretched to longer lengths in order to excite the
mechano-receptors and trigger the muscular reflexes
(Stubbs et al., 1998). Therefore, neuromuscular activity
after the static loading was not triggered until the displace-
ments were much larger than before the static loading.

The increased laxity in the viscoelastic tissues persisted
for several hours, as the DNNZ was not fully restored until
the 7th hour of recovery. Over this time the lumbar spine
did not benefit from the normal level of stiffness provided
by these tissues, which potentially increased the risk of
spinal instability with movement.

The gradual decreases in the DNNZs during the recov-
ery period were fit well with models that included a single
decaying exponential. This form represents the typical sim-
plified creep recovery response of viscoelastic tissues such
as ligaments and discs that contain viscous and elastic ele-
ments, (Solomonow et al., 2000) and has been used in pre-
vious investigations to model recovery of creep induced in
the lumbar viscoelastic tissues (Courville et al., 2005;
LaBry et al., 2004; Sbriccoli et al., 2004a,b; Solomonow
et al., 1999). One key difference between the creep recovery
and the DNNZ recovery is that the associated time con-
stants are much larger for the recovery of the DNNZ for
similar static loading magnitudes (DNNZ: 127–171 min
(stretch), 214–232 min (relaxation); creep recovery: 35–
45 min (LaBry et al., 2004; Sbriccoli et al., 2004b)).
Although the DNNZ is certainly related to the viscoelastic
creep in the supporting tissues, this drastic difference sug-
gests that relying upon viscoelastic creep to approximate
changes in the neutral zone may produce an artificially fast
rate of recovery. The sharp increase in the muscular activ-
ity in the last 4 h of the recovery period tends to increase
the stiffness of the lumbar spine and obscure the actual
creep measurements.

Surprisingly, the TNNZs displayed a completely differ-
ent behavior than the DNNZs. Following the static loading
period, moderate increases in the TNNZs of 40% and 60%
were observed within the first hour for the stretch and
relaxation phases, respectively. The trend was reversed,
and the TNNZs dropped below the baseline levels after
the second hour of the recovery period and continue to
decrease. This pattern is indicative of a temporarily
increased risk of spinal instability, within the first 2 h fol-
lowing the static loading period, followed by a compensa-
tory region where muscle activity was triggered at much
lower tensions in the viscoelastic tissues. After the 3rd hour
post-static loading, the tension at which the muscles trig-
gered activity was 15% below baseline and up to 55% as
additional time elapsed.

A visualization of the compensatory action of the
TNNZ with respect to the DNNZ can be seen in Fig. 7.
The left panel of Fig. 7 shows the baseline hysteresis col-
lected from a test cycle before the static loading period
and the hysteresis collected from a test cycle 1 h into the
recovery period. Solid circles mark the NNZ during the
stretch phase and the hollow circles mark the NNZ during
the relaxation phase. The hysteresis recorded 1 h into the
recovery period demonstrates a large increase in the
DNNZs and TNNZs during the stretch and relaxation
phases. In the middle panel, the baseline hysteresis is dis-
played on the same plot as the hysteresis recorded 2 h into
the recovery period. It is clear that while the DNNZ during
stretch phase remained elevated above the baseline DNNZ,
the TNNZ during the stretch phase was nearly 50% smaller
than the baseline TNNZ. In the right panel, the baseline
hysteresis is displayed with the hysteresis recorded 6 h into
the recovery period. This plot shows that the TNNZ during
both the stretch and relaxation were well below the baseline
TNNZ, even while the DNNZ had not fully recovered.
Overall, these trends indicate that certain levels of indepen-
dence from viscoelastic tissues laxity are exercised by the
motor control system by reflexively activating the muscula-
ture at significantly lower tension thresholds, and provid-
ing stiffness that was absent in the lumbar spine due to
increased intrinsic laxity.

The original ligamento-muscular reflex was shown to
originate from mechano-receptors in the lumbar ligaments



Fig. 7. Each panel shows a typical hysteresis recorded before the static loading period with a hysteresis collected during the recovery period. The curve
labeled 0 – denotes the baseline test curve before the static loading, 1 – denotes the curve of the test cycle after 1 h of recovery post-loading, 2 – denotes the
test cycle 2 h into the recovery, and 6 – denotes the test cycle 6 h into the 7 h recovery period. Solid circles mark the EMG onset during the stretch phase
and the hollow circles mark the EMG offset during the relaxation phase. Note: The decrease of the TNNZ in the middle panel while the DNNZ was still
substantially high and also in the right panel where the DNNZ is still not fully recovered.
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to the multifidi muscles, with a decreasing EMG amplitude
with the increased duration of flexion (Solomonow et al.,
1999; Stubbs et al., 1998). The EMG was repeatedly
observed to recover exponentially in parallel with the
recovery of the creep (Courville et al., 2005; LaBry et al.,
2004; Sbriccoli et al., 2004a,b, 2007). Since the TNNZ were
triggered much earlier and out of synchronization with the
DNNZ or creep, it is doubtful that the simple ligamento-
muscular reflex was the source or the trigger. Most likely,
a different compensatory motor control mechanism was
the source of the early activation of the multifidi and the
sharp decrease in the TNNZ.

Analysis of the peak MAV confirmed the compensatory
effect due to the motor control component of spinal stabil-
ization. Following the static loading period, the peak MAV
decreased for the first hour and then increased throughout
the remaining 6 h. After the third hour, the peak MAV
exceeded the baseline values. Accounting for all of the vari-
ables in this investigation, we can conclude that in addition
to the typical laxity that occurs after static loading, the
motor control stabilizing mechanism is compromised as
seen in the increased DNNZs and TNNZs as well as the
decreased peak MAV. This period of compromised motor
control, lasting from 2 to 3 h, likely exposes the spine to
increased risk of destabilization and potential injury.
Beyond this period, a neuromuscular compensatory mech-
anism is triggered. While the DNNZ is still significantly
increased and deficient, the TNNZ significantly decreases
up to 50% below the baseline values and triggers stabilizing
muscle activity at nearly a 60% higher level than baseline
values. This protective mechanism may be necessary to
provide the needed stability while allowing creep recovery
in the viscoelastic tissues. This compensatory motor con-
trol mechanism, therefore, consists of two components;
activation of muscles at significantly lower tension in the
viscoelastic tissues and at significantly higher activation
magnitude.

The compensatory mechanism is consistent with both
clinical and occupational findings. van Dieen et al. (2003)
demonstrated that patients with compromised structural
stability exhibit a high level of activation in the lumbar
musculature and significant increase in stiffness. Likewise,
it has been commonly observed that individuals sustain
increased stiffness of the lumbar spine several hours after
completing a period of work (Granata and Marras, 2000).

These findings raise several questions regarding this
compensatory reaction: What is the neural monitoring
mechanism that identifies periods of potential instability
and elicits earlier muscular activity at a higher intensity?
How long does the compensatory activity last? By what
mechanism is the cessation of compensatory activity
prompted?

Precise answers to such questions are presently unavail-
able; however, recent research with human subjects pro-
vides insight into the possible mechanism of the
compensatory reaction. Olsen et al. (2004, in press) tested
normal human subjects performing cyclic flexion–extension
in passive and active conditions, as well as with various ori-
entations with respect to the gravity vector. These tests
indicated that reflexive muscular activity could be triggered
or inhibited by the moment requirements on the spine.
When the same flexion–extension motions were performed
along with a different orientation with respect to gravity
(and thereby its effect on the trunk mass), the triggering
moments demonstrated large changes in the paraspinal
muscle activation patterns. Similarly, tension–relaxation
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induced in the lumbar viscoelastic tissues during passive
cyclic flexion–extension resulted in pronounced increases
in muscular activity during subsequent active movement.
We can speculate from these findings that the motor con-
trol system of the spine regularly monitors the moments
developed in the viscoelastic tissues for any given move-
ment, and uses this information to activate or inhibit the
spinal musculature to meet the demands for executing the
movement and maintenance of spinal stability. Precisely
timed reflexive excitation and inhibition of spinal muscles
were triggered as required and not necessarily by a hard-
wired ligamento-muscular reflexive loop.

While such an assertion is reasonable and has now been
confirmed in the feline and human models, the question
remains as to why the first 2–3 h after static loading were
not compensated, potentially increasing the risk to instabil-
ity and injury. This question should be addressed in future
investigations of the NNZs and the parallel compensatory
mechanisms of the spine.
5. Conclusions

Based on the data contained and its implication, the fol-
lowing could be concluded:

1. A sequence of static lumbar loading/rest at 1:1 ratio and
at moderate load elicits a significant increase in the dis-
placement and tension neuromuscular neutral zones
concurrent with a decrease of paraspinal muscular
activity.

2. A reduction in spinal stability composed of viscoelastic
tissues laxity as well as deficient activation of the muscu-
lature exists post-static loading.

3. The laxity of the viscoelastic tissues persists for 7 h
before full recovery, whereas significantly early activa-
tion of the musculature at a substantially higher magni-
tude than normal is observed 2–3 h post-static loading.

4. The presence of a motor control compensatory mecha-
nism, more complex than a simple reflex is confirmed
and supported by evidence of complex activation or
inhibition as required by the moments developed in
the spine.

5. The 2–3 h immediately post-static loading finds the lum-
bar spine with deficient stability and exposes it to high-
risk of injury.

It is expected that the new finding available from this
study will shed additional light on the issues revolving
spinal stability and its motor control, as well as in our
understanding of low back disorders and their prevention.
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