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We determined whether spinal manipulation could 
prevent and/or reverse the decrease and increase in 
paraspinal muscle spindle responsiveness caused 
respectively by lengthening and shortening histories of 
the lumbar muscles. Single unit spindle activity from 
multifidus and longissimus muscles was recorded in 
the L6 dorsal root in anesthetized cats. Muscle history 
was created and spinal manipulation delivered (thrust 
amplitude: 1.0mm, duration: 100ms) using a feedback-
controlled motor attached to the L6 spinous process. 
Muscle spindle discharge to a fixed vertebral position 
(static test) and to vertebral movement (dynamic test) 
was evaluated following the lengthening and shortening 
histories. For the static test, changes in muscle spindle 
responsiveness were significantly less when spinal 
manipulation followed muscle history (p<0.01), but not 
when spinal manipulation preceded it (p>0.05). For the 
dynamic test, spinal manipulation did not significantly 
affect the history-induced change in muscle spindle 

Nous avons déterminé si les manipulations vertébrales 
pouvaient prévenir ou inverser la diminution et 
l’augmentation de la réactivité du fuseau musculaire 
paravertébral causé respectivement par les antécédents 
d’allongement et de raccourcissement des muscles 
lombaires. L’activité des fuseaux musculaires des 
muscles multifidus et longissimus prise isolément a 
été notée pour la racine dorsale de la vertèbre L6 chez 
des chats anesthésiés. Les muscles ont été soumis à un 
antécédent musculaire et la manipulation vertébrale 
a été effectuée (amplitude la pulsion : 1,0 mm, durée : 
100 ms) au moyen d’un moteur contrôlé par rétroaction 
fixé à l’apophyse épineuse de L6. Les décharges du 
fuseau musculaire à une position vertébrale fixe (test 
statique) et au mouvement vertébral (test dynamique) 
ont été évaluées à la suite des antécédents d’allongement 
et de raccourcissement musculaires. Pour ce qui est 
du test statique, les changements dans la réactivité du 
fuseau musculaire étaient significativement moindres 
lorsque la manipulation vertébrale était effectuée après 
l’antécédent musculaire (p<0,01), ce qui n’était pas 
le cas lorsque la manipulation vertébrale la précédait 
(p>0,05). Pour ce qui est du test dynamique, la 
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Introduction
Spinal manipulation is often applied to correct disturb-
ances in the mechanical behavior of spinal motion seg-
ments. Motion between facet joints is thought to become 
restricted or functionally asymmetric due to paraspinal 
muscle dysfunction, synovial meniscoids or inclusions 
trapped between articular surfaces of the facet joints, in-
tra-articular or myofascial adhesions, and/or distortion of 
the annulus fibrosus.1-5 The disturbance, a spinal lesion, 
has had at least 100 synonyms used to describe it.6 Chiro-
practic labels it a subluxation, osteopathy labels it som-
atic dysfunction, and manual medicine labels it fixation 
or functional blockage. Regardless of professional disci-
pline, a consensus opinion is that altered segmental mo-
tion characterizes the spinal lesion for which spinal ma-
nipulation is delivered.7,8 Controlled randomized studies 
indicate that spinal manipulation can induce short lasting 
changes in the spine’s passive range of motion and longer 
lasting changes in its active range of motion.9,10, but see 11

	 Recent findings in humans demonstrate the importance 
of proprioceptive input from paraspinal muscle spindles for 
controlling spinal motion including regional repositioning 
of the lumbar spine and eliciting paraspinal muscle reflex 
activity. In the human lumbar spine, paraspinal muscle 
spindles are known to contribute to conscious awareness 
of low back position and movement velocity.12-14 While 
healthy individuals can accurately reposition their lumbo-
sacral spine, their repositioning ability is impaired when 
muscle spindle discharge is increased by applying vibra-
tion to the lumbar paraspinal muscles.12,15 During vibra-

tion, the correct position is consistently undershot due to 
the misperception of paraspinal muscle length; lumbo-
sacral orientation is “sensed” as being flexed more than it 
actually is. Interestingly, lumbosacral repositioning ability 
is impaired in individuals with a history of low back pain 
even in the absence of vibration15 suggesting that abnormal 
proprioceptive signals can contribute to the pathophysio-
logical mechanism of idiopathic low back pain. Additional 
evidence shows that simply increasing the background dis-
charge from paraspinal muscle spindles affects paraspinal 
muscle reflexes. For example, vibration-induced stimu-
lation of lumbar paraspinal muscle spindles inhibits the 
short latency paraspinal EMG activity normally evoked 
by tapping the erector spinae muscles.16

	 Paraspinal muscle dysfunction may arise from the hist-
ory-dependence of muscle spindles in paraspinal muscles. 
This thixotropic property was first shown clearly for spin-
dles in limb muscles of the anesthetized cat.17,18 A history 
of having stretched and held the triceps surae muscles at 
a relatively long length (hold-long) followed by returning 
them to a shorter, initial length and slowly stretching them 
decreases the responsiveness of their muscle spindles to 
both the initial length and the slow stretch when compared 
to a history of only having held the triceps surae muscles at 
the shorter, initial length. It was proposed18 that the muscle 
spindle apparatus stiffens at each held length. However, as 
the muscle is shortened following the hold-long history, 
the spindles kink or buckle and their ability to take up the 
new muscle length decreases.18 This decrease in spindle 
responsive following a hold-long history alters afferent 

responsiveness. Spinal manipulation may partially 
reverse the effects of muscle history on muscle spindle 
signaling of vertebral position. 
 
 
 
 
 
(JCCA 2014;58(2):149-159) 
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manipulation vertébrale n’a pas eu d’effet significatif 
sur le changement de la réactivité du fuseau musculaire 
provoqué par l’antécédent. La manipulation vertébrale 
peut partiellement inverser l’effet de l’antécédent 
musculaire sur la signalisation de la position vertébrale 
du fuseau musculaire. 
 
(JCCA 2014;58(2):149-159) 
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inflow to the central nervous system and changes the bias-
ing of spinal cord excitability.19 In the leg’s of humans 
and cats, the lengthening history alters the magnitude and 
timing of stretch-reflexes.20,21 In the arm’s of humans both 
lengthening and shortening histories relative to an inter-
mediate length adversely affects repositioning accuracy.22

	 Muscle spindles in the lumbar multifidus and longissi-
mus muscle also act thixotropically wherein the fidelity of 
their proprioceptive signaling is influenced by very small, 
maintained changes in the position of a vertebra.23-27 Main-
taining a lumbar vertebra in a position that holds the at-
tached paraspinal muscles at a relatively long versus short 
length compared to an intermediate length decreases or in-
creases, respectively the subsequent responsiveness of the 
lumbar muscle spindles to both the intermediate position 
and to subsequent muscle lengthening from the intermedi-
ate position. The magnitude of the altered responsiveness 
is graded with the magnitude of the change in vertebral 
position26 and the plane in which the position occurs24. The 
changes are also graded with the duration over which the 
vertebral position is maintained.25,27 The effect is maximal 
by approximately 4 s of lengthening history with a time 
constant of 1.1 s.25 These changes in spindle behavior rep-
resent inaccuracies in the proprioceptive information they 
provide because the afferent inflow does not represent 
the actual position of the vertebra. It has been speculated 
that a history-induced reduction in feedback support from 
muscle spindles could be a causal element contributing to 
segmental tissue strain and injury in the low back.27

	 Based upon a suggestion that spinal manipulation may 
alter spindle sensitivity and affect muscle activity in the 
low back27, the aim of the present study was to determine 
whether spinal manipulation in an animal preparation can 
correct errors in muscle spindle input that may arise from 
the thixotropic property of muscle spindles. Specifically, 
we determined whether spinal manipulation prevented 
changes in muscle spindle discharge caused by the history 
of vertebral position and whether spinal manipulation re-
versed the changes in muscle spindle discharge caused by 
the history of vertebral position.

Materials and Methods

Preparation
Experiments were performed on 27 deeply anesthetized 
adult cats (22 males and 5 females) weighting 3.0-5.7 

kg. All cats were treated in accordance with the Guiding 
Principles in the Care and Use of Animals approved by 
the American Physiological Society. All procedures were 
initially described by Ge et al.27 Briefly, deep anesthesia 
was initiated with pentobarbital sodium (35 mg/kg, iv) 
and maintained with additional dosages (~5 mg/kg, iv). 
Cats were mechanically ventilated (model 681; Harvard 
Apparatus Company, Inc., Millis, MA, USA). Arterial 
pH, PCO2, and PO2 were measured every 90 minutes using 
i-STAT System (i-STAT Corporation, East Windsor, NJ, 
USA) and were maintained within normal range (pH 
7.32-7.43; Pco2, 32-37 mm Hg; Po2, >85 mm Hg).
	 Paraspinal tissue dissection and a bilateral laminec-
tomy limited to the caudal half of L4 and the entire L5 
vertebra provided access to the L6 dorsal roots. The low 
back from L6 caudalward remained intact. To record 
from muscle spindle afferents from these muscles, thin 
filaments were teased from L6 dorsal root using sharp-
ened forceps under a dissecting microscope until impulse 
activity from a single unit with a receptive field in the 
paraspinal muscles could be identified. Action potentials 
were identified using a PC-based data acquisition system 
(Spike 2, Cambridge Electronic Design, Cambridge, UK). 
Activity from a putative muscle spindle in the lumbar 
spine was first identified when gentle, manual compres-
sion of the lumbar paraspinal tissues evoked a high fre-
quency discharge. Afferents whose discharge was highest 
in response to probing the back muscles compared with 
the gluteal, hip, or leg regions, and which responded to 
manual movement of the L6 vertebra in the dorsal-ventral 
directions were used. Following the experimental proto-
cols, the back muscles were mechanically isolated by 
removing the lumbococcygeus muscle. That a receptive 
ending in the lumbar longissimus or multifidus muscles 
was the source of neural activity was determined using 
von Frey hairs (Stoelting Co, Wood Dale, Il, USA) to con-
firm that the most sensitive area for mechanically activat-
ing the afferent was actually located in the back muscles. 
Three methods were used to confirm that neural activity 
was from a muscle spindle as described previously:28,29 1) 
the afferent’s ability to follow vibration (90 Hz, 0.06 mm; 
Mini-Vibrator, Model NC70209, Morgan Hill, CA, USA 
) applied to the muscle, 2) decreased discharge to a direct 
muscle twitch, and 3) sustained increase in discharge to 
succinylcholine injection (100-300 μg/kg, intra-arterial).
	 While recording afferent activity from lumbar para-
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spinal muscle spindles, actuation of the L6 vertebra was 
induced using an electronic feedback control system 
(Lever System Model 310; Aurora Scientific, Aurora, On-
tario, Canada). A horizontally-aligned lever arm attached 
to the motor’s rotary drive shaft was coupled to the L6 
spinous process via a pair of adjustable tissue forceps 
(152.4 mm long, 1 × 2 teeth) vertically aligned. The for-
ceps were clamped tightly onto the lateral surfaces of the 
L6 spinous process through thin slits along either side of 
the vertebra. Controlled displacements of the lever arm 
were applied along the cat’s dorsal-ventral axis thus actu-
ating the vertebra in a dorsal-ventral direction.

Muscle History Caused by Changes in Vertebral 
Position
Muscle history was created by holding the L6 vertebra at 
an intermediate position for 4.0s (hold-intermediate), or 
by moving it ±1.7mm and then holding it for 4.0s at the 
new position. Moving the vertebra ±1.7mm maintained 
the attached muscles at lengths relatively shorter (hold-
short) or longer (hold-long) than the hold-intermediate 
length (see Fig. 1). At the hold-intermediate position, 
paraspinal tissues exerted no force against the motor’s 
drive shaft. The direction that constituted hold-short was 
identified by a reduction in spindle discharge and hold-

long by an increase in spindle discharge. Prior to creating 
each type of muscle history, the system was placed in a 
similar mechanical state by rapidly moving (10 mm/s): 
the L6 vertebra back and forth 10 times, stretching and 
shortening the attached muscles to the same magnitude as 
the hold amplitude (Fig. 1).
	 The effects of each muscle history were assessed 
using a static test and a dynamic test as performed pre-
viously.23-27 The static test occurred immediately follow-
ing each “hold” condition by returning the vertebra to the 
intermediate position for 0.5s. The dynamic test followed 
the static test. The vertebra was slowly moved at 0.2 mm/s 
to the same displacement as the hold condition (1.7mm) 
in a direction that stretched the paraspinal muscle. Muscle 
spindle discharge during each of these tests in response 
to the hold-intermediate history was compared with the 
hold-long and with the hold-short histories.

Spinal Manipulation
Spinal manipulations were delivered in a fashion similar 
to those described previously.30-33 Forceps were attached 
at the L6 vertebra to guide its motion. The forceps were 
positioned perpendicular to the lever arm so that force 
and displacement at the end of the lever arm were the 
same as that at the back of the cat where it was contacted 

Figure 1. 
Schematic of the experimental protocol during 3 spinal manipulation conditions and a representative response (inset 

during the control condition) of one spindle to three the 3 muscle history conditions. Loading protocol shows the 
change in vertebral position relative to the intermediate position.
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by forceps. With the cat lying prone, spinal manipula-
tion was applied in a vertical direction from dorsalward 
to ventralward. The displacement-time profile of the ma-
nipulation simulated that delivered clinically [discussed 
in 29,30]. The manipulation was always delivered with the 
motor in displacement control and at constant velocity 
(0.01m/s: thrust amplitude = 1.0mm; thrust duration = 
100ms).

Experimental Design
Each cat received 3 muscle history conditions: hold-
intermediate, hold-long, hold-short. Each cat received 3 
manipulation conditions: no spinal manipulation (con-
trol), spinal manipulation before creating muscle his-
tory (prevention), and spinal manipulation after creating 
muscle history (intervention). Thus, each cat received 
9 protocols and served as its own control. Each of the 
9 protocols was separated by at least 5 minutes. The 
presentation order of the 3 manipulation conditions was 
randomized across cats. The presentation order of the 3 
muscle history conditions was randomized within a ma-
nipulation condition.

Data Analysis
Spindle activity was quantified as mean instantaneous fre-
quency (MIF) for the static test and mean frequency (MF) 
for the dynamic test.23-27 MIF was calculated by averaging 
the reciprocal of each time interval between consecutive 
action potentials. MF was calculated by dividing the num-
ber of action potentials by the dynamic test’s duration. 
The responsiveness was defined as the change in MIF 
or MF between the hold-intermediate and the hold-short 
(ΔMIFshort, ΔMFshort) or hold-long protocols (ΔMIFlong, 
ΔMFlong). A positive value indicated an increase in muscle 
spindle responsiveness and conversely, a negative value 
indicated a reduction in muscle spindle responsiveness. 
Values close to zero indicated that conditioning had lit-
tle or no effect. Spindle responses are reported as means 
(lower 95% confidence limit, upper 95% confidence lim-
it) unless otherwise indicated.
	 One-way ANOVA was used to compare the effects of 
the control, prevention and intervention conditions on 
muscle spindle responsiveness during the static and dy-
namic test. Statistical significance was set at the P < 0.05 
level for the entire study. Post-hoc pairwise comparisons 
were performed when significance reached P < 0.05 and 

were adjusted for multiple comparisons using the Bon-
ferroni method. Statistical analyses were conducted using 
SAS (version 9.1, SAS Institute, Cary, NC).

Results

Physiological Characteristics of the Spindles
Twenty-eight paraspinal muscle spindle afferents were 
studied. Receptive fields from 8 afferents were in the 
lumbar multifidus muscle and 20 were in the longissimus 
muscle. The most sensitive portion of each receptive field 
was located medially (i.e., either in the multifidus muscle 
or the medial border of the longissimus muscle) and near 
the L6–7 or L7-S1 facet joint. Mechanical thresholds of 
lumbar paraspinal muscle spindles ranged between 4.0 
and 115.2 mN [35.7 (39.2) mN; mean (SD)].
	 The discharge of all 28 afferents increased in response 
to succinylcholine injection. Twenty-seven afferents were 
silenced by bipolar muscle stimulation; 1 afferent could 
not be tested because the unit was damaged by insertion 
of the stimulating electrode. Twenty-seven afferents were 
tested with vibration applied indirectly to the muscle 
through the thoracolumbar fascia and 28 were tested with 
vibration applied directly to the muscle’s exposed surface 
after removing the overlying fascia. During vibration 
through the fascia, all 27 spindle afferents were activated. 
Twenty-six were driven 1:1 (70 – 93 imp/s; i.e. with a 
discharge frequency similar to the vibration frequency) 
and 1 responded with a subharmonic discharge frequency 
(44 imp/s), however this latter unit was driven with direct 
muscle vibration. During vibration applied directly to the 
surface of the exposed muscle, 27 units were driven by 
direct muscle vibration. One unit could not be tested by 
direct muscle vibration because it died before the protocol 
was completed.

Responses to Conditioning and Spinal Manipulation
Before analyzing how the 3 spinal manipulation condi-
tions affected the history-dependent responsiveness of 
muscle spindles during the static and dynamic tests, we 
wanted to be sure that the spinal manipulation given prior 
to the creation of muscle history did not differentially 
affect the creation of muscle history. Therefore,we com-
pared between each of the 3 spinal manipulation condi-
tions spindle activity during the conditioning phase (see 
“conditioning” label in left panel of figure 1) of both the 
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Figure 2. 
Mean discharge frequency of paraspinal muscle spindles for each of the 3 spinal manipulation conditions during the 
conditioning phase used to create muscle history. Conditioning phase identified graphically in left panel of figure 1. 

Each symbol represents the mean ± 95% confidence interval of 28 spindles.

Figure 3. 
Mean change in resting spindle afferent discharge 
during the static test for the 3 spinal manipulation 
conditions. Y-axis represents the change in muscle 

spindle discharge following the hold-long or hold-short 
compared with the hold-intermediate conditionings 
(ΔMIFlong or ΔMIFshort). Each symbol represents the 

mean ± 95% confidence interval of 28 spindles.

Figure 4. 
Mean change in spindle afferent discharge during the 
dynamic test for the 3 spinal manipulation conditions. 

Y-axis represents ΔMF averaged over the entire 
movement of the dynamic test. Each symbol represents 

the mean ± 95% confidence interval of 28 spindles.
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hold-long and hold-short histories. As shown in figure 2, 
spindle activities regardless of manipulation condition 
were similar during the 4 second lengthening histories 
and during the 4 second shortening histories. Thus, the 
spinal manipulation given prior to the creation of muscle 
history did not affect the process of creating history in the 
spindles.

Static Test
Results from the static test are summarized in figure 3. 
For the control condition with no spinal manipulation, 
hold-long compared with hold-intermediate (ΔMIFlong) 
decreased resting muscle spindle discharge by −19.4 
(−23.6, −15.3) imp/s on average whereas hold-short com-
pared with hold-intermediate (ΔMIFshort) increased it by 
4.7 (3.0, 6.4) imp/s. This result is consistent with findings 
from previous studies.23-25,27 For the prevention condi-
tion where spinal manipulation was given prior to creat-
ing muscle history, ΔMIFlong decreased by −16.0 (−20.9, 
−11.1) imp/s and ΔMIFshort increased by 3.7 (1.8, 5.7) 
imp/s. There was no significant difference in the respon-
siveness between the control and prevention conditions 
for either the hold-long or hold-short condition (P = 0.33 
for ΔMIFlong, P = 0.38 for ΔMIFshort). For the intervention 
condition where spinal manipulation was given follow-
ing the creation of muscle history, ΔMIFlong decreased by 
−10.9 (−16.7, −5.1) imp/s and ΔMIFshort increased by 1.7 
(−0.6, 4.1) imp/s. Responsiveness to the effects of muscle 
history during the intervention condition was signifi-
cantly less than that during the control condition both for 
hold-long and hold-short muscle history (P = 0.002 for 
ΔMIFlong, P < 0.001 for ΔMIFshort).

Dynamic Test
Averaged over the 8.4 s duration of the dynamic test 
which displaced the vertebra the same amount as the 
hold-long condition, ΔMFlong for the control, preven-
tion, and intervention conditions was −7.2 (−9.8, −4.5) 
imp/s, −6.4 (−8.6, −4.2) imp/s, and −5.5 (−7.4, −3.5) 
imp/s, respectively. ΔMFshort for the three hold conditions 
was 1.9 (0.9, 2.9) imp/s, 1.3 (0.4, 2.3) imp/s, 1.0 (0.1, 
1.9) imp/s, respectively. The magnitudes of the absolute 
changes in ΔMFlong and ΔMFshort were substantially lar-
ger to the lengthening compared to the shortening history. 
There were no significant differences in either ΔMFlong 
or ΔMFshort among the 3 spinal manipulation conditions 

Figure 5. 
Time course of changes in muscle spindle discharge 

during the dynamic test for hold-short compared with 
hold-intermediate (upper panel) and for hold-long 
compared with hold-intermediate (middle panel). 

Bottom panel shows the magnitude of the vertebral 
movement over which the dynamic test was analyzed. * 
p<0.05 compared with the spinal manipulation control 
condition. Each symbol represents the average value 
between its time position and the time position of the 

previous data point, except for 5% which represents the 
average value between its time position and time 0 s.
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(F2, 83 = 2.45, P = 0.10 and F2, 83 = 2.54, P = 0.09, respect-
ively, Fig. 4).
	 The effect of spinal manipulation on spindle respon-
siveness during the dynamic test was also averaged over 
smaller increments of the test. Because the dynamic test 
was always applied at the same velocity (0.2 mm/s) and 
to the same magnitude of vertebral movement (1.7mm), 
identical time points during the test represent the same 
magnitude of vertebral movement. Therefore responsive-
ness during similar amounts of vertebral movement could 
be compared based upon time points of the dynamic test. 
As shown in Figure 5 (bottom panel), comparisons were 
made for vertebral movement between the intermediate 
position and the first 0.09mm of movement (5% of total 
movement), between 0.09 and 0.42mm (next 20% of total 
movement), between 0.42 and 0.85mm (25 -50 % of total 
movement), between 0.85 and 1.28 mm (50-75% of total 
movement), and between 1.28 and 1.70 mm (75-100% of 
total movement (Fig. 5 bottom panel). Comparisons aver-
aging over 100% of the movement (1.70 mm) represent 
the average over the entire duration as described in the 
preceding paragraph. The spinal manipulation interven-
tion condition returned dynamic spindle responsiveness 
toward normal (i.e., ΔMFlong approached zero) significant-
ly more than either the control or prevention conditions 
when the vertebra was moved 5% and 25% of the full 
movement (F2, 83 = 6.22, P = 0.004 and F2, 83 = 3.16, 0.05, 
respectively, Fig. 5 middle panel). Similarly, the spinal 
manipulation intervention condition returned dynamic 
spindle responsiveness toward normal (ie ΔMFshort ap-
proached zero) significantly more than either the control 
or prevention conditions when the vertebra was moved 
5% of the full movement (F2, 83 = 7.95, P < 0.001, Fig. 5 
top panel). While the effects of the hold-short and hold-
long muscle history conditions were present throughout 
the dynamic test, the specific effect of the spinal manipu-
lation intervention condition was not present after 25% of 
the dynamic test.

Discussion
One clinical consequence of spinal manipulation is 
thought to be the normalization of paraspinal neuro-
muscular dysfunction. The present study demonstrated 
that spinal manipulation partially reversed but did not 
prevent the decrease in muscle spindle responsiveness 
caused by the lengthening history of lumbar paraspinal 

muscles (i.e. by hold-long), This suggests that spinal ma-
nipulation could reduce proprioceptive errors caused by 
the thixotropic property of muscle spindles in paraspinal 
muscles. Although the nature of the paraspinal muscle 
dysfunction amenable to spinal manipulation is not clear, 
changes in proprioceptive input or processing have often 
been proposed as a cause.34,35 In the limbs, muscle his-
tory has been shown to disrupt neuromuscular integration 
by altering proprioceptive feedback from muscle spindles 
which creates positioning errors and modifies the timing 
and magnitude of reflex support.20-22 In the vertebral col-
umn, we do not know with any certainty whether para-
spinal muscle history contributes to the dysfunction for 
which spinal manipulation is applied clinically.36

	 The effect of both the hold-long and hold-short history 
during the control condition (no spinal manipulation) was 
similar to our previous studies showing that the positional 
history of a lumbar vertebra differentially alters the re-
sponsiveness of the paraspinal muscle spindles.25,27 The 
discharge of spindles with a vertebra held at an intermedi-
ate position and during vertebral movement from that 
intermediate position decreases significantly when the 
intermediate position has been preceded by a vertebral 
position that maintains the spindle apparatus at longer 
length. Conversely, maintaining the spindle apparatus at 
shorter length relative to that at the intermediate position 
increases spindle responsiveness to both vertebral pos-
ition and movement.
	 Several studies suggest that small changes in para-
spinal muscle force can have a large impact on a mo-
tion segment’s biomechanical behavior and stability.37-40 
These studies have contributed to the idea that damage 
to structures of the vertebral column and the risk of in-
jury to the spine can be great during easy, non-demanding 
tasks.38 For example, in vitro experiments accompanied 
by a modeling approach that incorporates graded increas-
es in the activity of 1 lumbar paraspinal muscle show 
an increase in vertebral stabilization.37 Graded increases 
in the muscle’s modeled activity decreases the interseg-
mental neutral zone (range: 33%-40%) during flexion, 
extension, and axial rotation but not lateral bending, and 
decreases intersegmental range of motion (range: 7-27%) 
during extension and axial rotation but not flexion or 
lateral bending. The largest decrease in the neutral zone 
(hence greatest stabilization) and range of motion dur-
ing these maneuvers occurs at low muscle forces (20N 
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compared with 40N and 60N). Similarly, a very small 
increase (1-3% of maximal voluntary contraction) in 
lumbar multifidus, iliocostalis and thoracic longissimus 
muscle activity at L2-L4 is sufficient to restore segmental 
stability of the lumbar spine even when the loading mo-
ments are increased to 75% of body weight.38 When the 
force vectors from 5 paraspinal muscles are incorporated 
into the modeling approach, stabilization of an individ-
ual lumbar motion segment also increases: the interseg-
mental neutral zone decreases (range: 76-83%) during 
flexion, extension, axial rotation, and lateral bending and 
intersegmental range of motion decreases (range: 55-
93%) during flexion, extension, axial rotation, and lateral 
bending.39 Multifidus muscle accounts for 40-80% of the 
increased stability during sagittal flexion-extension, 45% 
during axial rotation, and 10-20% during lateral bend-
ing suggesting that neuromuscular mechanisms control-
ling multifidus muscle activity alone could functionally 
impact the motion segment especially during flexion-ex-
tension and axial rotation. Abnormal control of multifidus 
muscle may contribute to the fact that mechanical injury 
to the intervertebral disk occurs most often during loading 
moments that combine flexion, lateral bending, and axial 
rotation.40 We speculate that intersegmental and regional 
spinal postural history, when it changes the responsive-
ness of paraspinal muscle spindles, represents a source 
of inaccurate proprioceptive information from the para-
spinal muscles that could affect development of low level 
muscle activity and compromise neuromuscular control 
of spinal stability.
	 The phenomenon of muscle history is thought to arise 
from the spontaneous formation of stable, non-recycling 
intrafusal cross-bridges between actin and myosin fila-
ments when muscle is held at constant length.41 During 
voluntary muscle contraction in the limbs, co-activation 
of gamma- with alpha-motoneurons is thought to break 
these non-recycling crossbridges and return spindle af-
ferent signaling to normal.18,42,43 However, in the spine, 
voluntary paraspinal extensor contractions may not be 
as effective at reversing the effects of muscle history44 
in that forward flexion does not eliminate proprioceptive 
changes whose origins are consistent with a lengthening 
history44,45. The present study demonstrated that spinal 
manipulation helped reduce errors in muscle spindle sig-
naling caused by the history of vertebral position. While 
passive stretching will eventually break the crossbridges 

as indicated in Figure 5, spinal manipulation may reduce 
the effects of history when voluntary movement is unable 
to stretch the muscles to a length that created the history 
in the first place. In clinical practice, spinal manipulation 
may have a greater influence on reducing the effects of 
muscle history than shown in this study because when ap-
plied manually, the practitioner typically brings a joint to 
its end range of motion and then moves it slightly beyond 
what the patient can accomplish through voluntary activ-
ity alone.46

Relevance and application
Well-designed, scientific studies using animal prepara-
tions are a means to understand neural mechanisms that 
contribute to the physiological effects of spinal manipula-
tion. The knowledge gained through such studies can pro-
vide biological validation for the use of spinal manipula-
tion, and help improve its delivery for the healthcare of 
patients.
	 In clinical practice, palpatory examination of the back 
identifies abnormalities in the texture and tone of para-
spinal soft tissues, the presence of pain and/or tenderness 
in these tissues, and restrictions in spinal joint motion in 
or near these areas.47,48 The idea that altered propriocep-
tive input from paraspinal tissues can cause these abnor-
malities and that spinal manipulation corrects these inputs 
is not new. Nearly 4 decades ago Korr35,49 presented the 
idea the central nervous system’s ability to appropriately 
control and coordinate activities of the paraspinal mus-
culature and its autonomic support requires an accurate 
representation of their conditions. Such assessment arises 
in part from reliable, coherent patterns of neural feedback 
from sensory receptors in the paraspinal tissues.
	 Korr originally proposed35 that decreased muscle spin-
dle input from paraspinal tissues causes the central nerv-
ous system to increase gamma motoneuron activity in an 
effort to regain or normalize sensory feedback from these 
proprioceptors. One consequence of this increased gain 
was thought to be the change in paraspinal tissue texture 
and tone described above and previously measured by 
Denslow.50 Spinal manipulation was thought to induce 
a barrage of sensory input form the paraspinal muscle 
spindles which enabled the central nervous system to nor-
malize gamma motoneuron activity. Although there are 
no data regarding spinal manipulation’s effect on gamma 
motoneurons, animal studies have shown that a barrage 
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of sensory input from muscle spindles does occur during 
spinal manipulation when it is delivered with biomech-
anical characteristics similar to those used clinically.29,51 
The present study confirmed that lengthening histories of 
paraspinal muscles reduces normal muscle spindle input, 
creating errors in the assessment of segmental vertebral 
and revealed that spinal manipulation under these condi-
tions can return spindle input toward normal.
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