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Abstract
OBJECTIVE—Mechanical characteristics of high velocity low amplitude spinal manipulations
(HVLA-SM) can be variable. Sustained changes in peripheral neuronal signaling due to altered
load transmission to a sensory receptor’s local mechanical environment are often considered a
mechanism contributing to the therapeutic effects of spinal manipulation. The purpose of this
study was to determine whether an HVLA-SM’s thrust amplitude or duration altered neural
responsiveness of lumbar muscle spindles to either vertebral movement or position.

METHODS—Anesthetized cats (n=112) received L6 HVLA-SMs delivered to the spinous
process. Cats were divided into 6 cohorts depending upon the peak thrust force (25%, 55%, 85%
body weight) or thrust displacement (1, 2, 3mm) they received. Cats in each cohort received 8
thrust durations (0–250ms). Afferent discharge from 112 spindles was recorded in response to
ramp and hold vertebral movement before and after the manipulation. Changes in mean
instantaneous frequency (MIF) during the baseline period preceding the ramps (ΔMIFresting),
during ramp movements (ΔMIFmovement), and with the vertebra held in the new position
(ΔMIFposition) were compared.

RESULTS—Thrust duration had a small but statistically significant effect on ΔMIFresting at all
six thrust amplitudes compared to control (0ms thrust duration). The lowest amplitude thrust
displacement (1mm) increased ΔMIFresting at all thrust durations. For all the other thrust
displacements and forces, the direction of change in ΔMIFresting was not consistent and the pattern
of change was not systematically related to thrust duration. Regardless of thrust force,
displacement, or duration, ΔMIFmovement and ΔMIFposition were not significantly different from
control.
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Conclusion—Relatively low amplitude thrust displacements applied during an HVLA-SM
produced sustained increases in the resting discharge of paraspinal muscle spindles regardless of
the duration over which the thrust was applied. However, regardless of the HVLA-SM’s thrust
amplitude or duration, the responsiveness of paraspinal muscle spindles to vertebral movement
and to a new vertebral position was not affected.

Keywords
spinal manipulation; dose; neurophysiology; paraspinal muscles; muscle spindle; Spine;
Chiropractic

INTRODUCTION
The classification, training, and clinical application of spinal manipulative techniques
involve a number of mechanical considerations including application rate, amplitude and
direction, the type of leverage; the specificity of the manual contact site on both the clinician
and patient, as well as the magnitude and duration of any preload.1 From the perspective of
clinical practice, these parameters may be adapted to the needs of a given patient2, with
clinical responses potentially depending upon their characteristics.2 From a research
perspective, the extent to which these features can be characterized or measured provides a
basis for comparing outcomes from experimental studies because these parameters can be
considered elements of the manipulation’s dose. From a training perspective, these
parameters identify elements of the clinical skill set that need to be taught and acquired.3

High velocity, low amplitude (HVLA) thrust techniques represent one form of spinal
manipulation (HVLA-SM) often used in clinical practice and research.4,5 When HVLA-SM
is applied to the lumbar region, preload forces preceding the manipulative thrust generally
range between 20 and 180 N, comprise up to 25% of the thrust force6, and last between 0.5
and 2.2s.7 The HVLA-SM’s thrust phase rises to a peak force of 220 to 889N6,8–10 within
150ms.6,9,11 Clinicians performing short-lever manipulations in the low back typically make
contact with the patient over the spinous process, lamina, or mammillary process of a
specific lumbar vertebra using their hypothenar eminence or pisiform bone.1 It is has been
reported that by the time SM is delivered the actual contact point may have migrated up to
10mm from the originally intended contact point.12 The direction in which the thrust force is
applied is considered important in that it should be parallel to either the plane of the
intervertebral disc or the facet joint space so as to provide the least resistance to vertebral
movement.13,14 It has been suggested that in the absence of preload, only forces directed
perpendicular to the skin surface are actually transmitted to the vertebra and deep soft
tissues because the skin-fascia interface can slide.15

Clearly, mechanical characteristics of an HVLA-SM can be variable. Little is known about
the relationship between this variation and clinical outcomes. For example, is it important
that the thrust amplitude be kept within a certain range or that the thrust be applied with a
minimum speed in order to be effective? Controlling and/or measuring these characteristics
in a clinical study is challenging. As an initial step, we have begun approaching this issue
using an animal preparation in which the mechanical characteristics of an HVLA-SM can be
more easily controlled.16,17 Because spinal manipulation is thought to alter the pattern of
sensory input into the central nervous system as part of its therapeutic effect,18–24 we used
changes in primary afferent nerve activity as a response measure.

In this study we investigated the response of one type of proprioceptor located in back
muscles of the lumbar spine, the muscle spindle. Muscle spindles lie parallel to extrafusal
fibers, respond to changes in muscle length, and thereby supply sensory information about
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joint position.25,26 We investigated whether the thrust amplitude and/or thrust duration of an
HVLA-SM alters the responsiveness of muscle spindle afferents to either vertebral position
or vertebral movement. Altered responsiveness would suggest that the HVLA-SM can
produce changes in the local mechanical environment of the sensory receptor. We
hypothesized that as the thrust duration approached that used clinically, the responsiveness
of muscle spindles to vertebral position and movement would change.

METHODS
All experiments were approved by the Institutional Animal Care and Use Committee
(#20070101). Electrophysiological activity in 112 single primary afferent fibers of the L6
(cats have 7 lumbar vertebrae) dorsal root (92 units from lumbar longissimus muscle and 20
from multifidus muscle) was obtained from cats (n=112) of either sex weighing an average
of 3.97kg (SD 0.85). Only one afferent could be investigated per cat because following
delivery of the spinal manipulative protocols to the intact lumbar tissues deeper tissues
needed to be surgically exposed to confirm that the source of afferent activity was from
muscle spindles in the lumbar multifidus or longissimus muscles. Calibrated nylon
monofilaments (Stoelting, Ill) were applied to the exposed muscles to verify that the most
sensitive potion of the afferent’s receptive field was in fact located in the paraspinal
muscles. Muscle spindle afferents were identified based upon their increased discharge to
succinylcholine (100 – 400μg/kg, ia) and decreased discharge to electrically induced muscle
contraction as described previously.16 In addition, to help differentiate muscle spindle from
Golgi Tendon Organ afferents27 we determined whether the afferent was able to produce a
sustained response to a fast vibratory stimulus applied to the muscle’s surface close to the
afferent’s receptive field.

GENERAL PROCEDURES
The surgical procedures and device used to apply spinal manipulations have previously been
described in detail.16,28,29 Under isoflurane anesthesia, catheters were placed in a common
carotid artery and an external jugular vein to monitor blood pressure and introduce fluids.
Deep anesthesia was then maintained with Nembutal (35mg/kg, iv). The trachea was
intubated and the cat ventilated mechanically using a Harvard Respirator (Model 681). The
laminae of L5 and of the caudal half of L4 were removed to expose the cranial portion of the
L6 dorsal rootlets. Thin filaments from the rootlets were teased using forceps under a
dissecting microscope until impulse activity from a single neuron was identified 30. The
region of the lumbar spine where the spinal manipulations were applied remained intact,
including the skin, muscle, ligament, and bone, beginning at the L6 vertebra and extending
caudalward.

SPINAL MANIPULATION
A schematic of the preparation is shown in Figure 1. With the cat lying prone, an L6 spinal
manipulation was applied at the spinous process in a posterior to anterior direction using a
feedback-controlled motor (Aurora Scientific, Lever System Model 310). The motor was
attached to a custom-made manipulandum which terminated in a rectangular-shaped tip (7
mm x 10 mm) with a narrow channel (5 mm wide x 2 mm deep ) designed to cradle the
sides of the spinous process and prevent lateral slippage (photographic inset in Fig. 1). The
tip made direct contact with the skin overlying the L6 spinous process. Load-time profiles
for the spinal manipulations were similar to HVLA-SMs given to human subjects6,9,11 being
delivered as triangle waves (Fig. 2). The thrust phase was applied under linear control of
either force or displacement and the resolution or recoil phase always occurred faster than
the thrust phase to minimize continued contact with the back. The programmable output of
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the data acquisition system provided the linear signal controlling the applied force or
displacement.

Because the thrust of a spinal manipulation is intended to impart movement to a vertebra1

we determined the minimal applied force beyond which the L6 vertebra would be expected
to move ventralward using methods previously described.31 Briefly, we attached a vertical
post with markings to the cranial edge of the L6 spinous process and used the motor to
slowly actuate the L6 spinous process 4 mm ventralward (1.33 mm/s). We simultaneously
captured vertebral movement using a high resolution optical recording system (Motion Pro
Digital Image System, Redlake MASD Inc, San Diego, CA) and the forces required to
actuate the vertebra. We obtained the relationship between the visual onset of movement and
the force at which the movement occurred. Movement occurred at a force represented by the
inflection of the force-displacement curve as the spinal segment transitioned from a lower to
a higher region of stiffness. This inflection force was termed the contact load and was
determined in each cat. Future experiments will determine how manipulative preloads
greater than the contact load affect neural activity.

COHORTS AND PROTOCOLS
Cats were grouped into 6 cohorts based upon the manipulative thrust amplitude received by
the group (Fig. 2). With the motor in displacement control, a cohort received one of 3
displacement amplitudes (1, 2, or 3 mm) or with the motor in force control, a cohort
received one of 3 force amplitudes [25%, 55%, or 85% of the cat’s body weight (BW)]. All
cohorts consisted of 20 cats except the 25%BW cohort which consisted of 12 cats. Cats in
each cohort received 8 manipulative thrust durations (0, 25, 50, 75, 100, 150, 200, and 250
ms) encompassing durations both longer and shorter compared to that delivered clinically [≤
150 ms].6,9,11 The 0ms thrust duration served as a time control. These thrust durations and
amplitudes were identical to those described and used in previous biomechanical studies31.
Experimental protocols were separated by 5 minutes and were presented in random order
yielding a randomized complete block experimental design.

Prior to and following each thrust duration, the motor applied a ramp and hold displacement
to the L6 vertebra (Fig. 2). The lever arm slowly (0.5mm/s) moved ventralward 1.5mm for
the displacement control experiments and 2.0mm for the force control experiments and held
the vertebra at this new position for 4 seconds in all experiments. The lever arm was then
slowly returned to its original position. During the displacement control experiments the first
ramp and hold was applied 30 seconds before the thrust. During the force control
experiments the first ramp and hold was applied 5 minutes before the thrust. The second
ramp and hold was identical to the first and was always applied 30 seconds following the
thrust.

DATA ANALYSIS
Spindle discharge was first quantified as instantaneous frequency (IF) by taking the
reciprocal of the time interval between successive action potentials. Mean IF (MIF) was then
determined at time intervals during each ramp and hold and represented: 1) resting spindle
discharge prior to the onset of the ramp (MIFresting); 2) response to vertebral movement
(MIFmovement); and 3) response to a new vertebral position (MIFposition). MIFresting was
calculated over the 2s preceding the onset of the ramp (letter A, Fig. 2). MIFmovement was
obtained by taking the average of the 3 largest IFs during the last half of the ramp (letter B,
Fig. 2). MIFposition was calculated during the last 2s of the 4s hold which minimized
mechanical contributions from the effects of tissue creep and spindle receptor adaptation to
this metric32 (letter C, Fig. 2). Changes in the responsiveness of muscle spindles due to the
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manipulation were determined by subtracting MIFs during the 1st ramp and hold from MIFs
during the 2nd ramp and hold yielding ΔMIFresting, ΔMIFmovement, and ΔMIFposition.

Neural responses were compared across the 8 levels of thrust duration with an ANOVA for
the randomized complete block design using SAS System for Windows (Release 9.2) (SAS
Institute Inc., Cary, NC). Cat served as a blocking factor in order to control for the level of
spindle activity and intra-animal variability. An overall F-test was used to test whether the
means were the same over the thrust durations. For statistically significant overall F-tests,
preplanned contrasts using Fisher’s least significant difference tests between the time control
(0 ms thrust duration) and each of the 7 other thrust durations were performed. Residual
plots were used to confirm the assumptions of normality and homogenous variances. Overall
F-tests and pre-planned contrasts were tested at the 0.05 level of significance.

To our knowledge no previous studies of muscle spindle responses before and after an
HVLA-SM have been performed. Therefore, sample size calculations were based on
previous reports33,34 of muscle spindle responses that occur during the HVLA-SM. Cohort
sizes of 20 cats yielded >99% power for the overall F-test and at least 80% power to detect
mean differences of 60 impulses per sec (imp/s) or more between adjacent levels of thrust
duration. The 25%BW cohort was the last cohort studied. After collecting data from 8 cats
in this cohort, we observed little difference among the cohorts in muscle spindle responses
during the thrust of the HVLA-SM.29 Following data collection from an additional 4 cats,
the pattern and magnitude of spindle responses remained similar. Therefore, we considered
it appropriate to reduce the number of cats in the 25%BW cohort without compromising the
interpretability of the results.

RESULTS
Stability of the preparation across the 6 cohorts

For control protocols where no spinal manipulative thrust was applied, Figure 3 provides
comparisons of changes in muscle spindle discharge during the baseline period and during
the ramp and hold challenge for all 6 cohorts. All changes in discharge were small and
consistent in direction across the cohorts. ΔMIFresting (Fig. 3A) decreased between −1.2 and
−4.5 imp/s. ΔMIFmovement (Fig. 3B) increased between 1.8 and 4.6 imp/s. ΔMIFposition (Fig.
3C) increased between 1.6 and 4.0 imp/s. The changes in discharge across the ramp and hold
intervals did not show any systematic trends among the cohorts (Fig. 3D).

Effect of spinal manipulation on resting spindle activity
Manipulative thrust duration during linear control of thrust displacement (Fig. 4A) had a
significant effect on ΔMIFresting for all 3 thrust amplitudes (1mm, p=0.03; 2mm, p=0.02;
and 3mm, p<0.001; Table 1). For the 1mm thrust amplitude, preplanned comparisons (see
Data Analysis) showed that all manipulative thrust durations significantly increased (p <
0.04) resting spindle discharge ~4 imp/s compared to control. For the 2mm thrust amplitude,
the 200ms thrust duration significantly (p = 0.03) increased resting spindle discharge when
compared to no thrust. For the 3mm thrust amplitude, the 50ms thrust duration significantly
(p=0.006) increased and the 75ms thrust duration significantly (p = 0.002) decreased resting
discharge when compared to no thrust control.

Similarly, thrust duration during linear control of thrust force (Fig. 4B) had a significant
effect on ΔMIFresting at all 3 force amplitudes (25%BW, p=0.01; 55%BW, p=0.01; and
85%BW, p<0.001; Table 1). For the 25%BW thrust amplitude preplanned comparisons
showed that the 25ms thrust duration significantly (p=0.02) increased resting spindle
discharge when compared to no thrust. For the 55%BW thrust amplitude, the 50 and 250 ms
thrust duration significantly (p= 0.009 and 0.001, respectively) increased resting spindle
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discharge when compared to no thrust. For the 85%BW thrust amplitude, the 200ms thrust
duration significantly (p < 0.001) decreased resting spindle discharge when compared to no
thrust. All significant changes in resting discharge when compared to control were less than
4 imp/s.

Effect of spinal manipulation on spindle responses to vertebral movement during the ramp
Regardless of the magnitude of thrust displacement (Fig. 5A), thrust duration did not affect
muscle spindle responses to movement (ΔMIFmovement) of the L6 vertebra (1mm, p=0.65;
2mm, p=0.41; and 3mm, p=0.09; Table 1). Similarly, regardless of thrust force (Fig. 5B),
thrust duration did not affect muscle spindle responses during the change in vertebral
position (25%BW, p=0.27; 55%BW, p=0.71; and 85%BW, p=0.59; Table 1).

Effect of spinal manipulation on spindle responses to the new vertebral position during
the hold

Regardless of the magnitude of thrust displacement (Fig. 6A), thrust duration did not affect
muscle spindle responses to the new position of the L6 vertebra (ΔMIFposition) during the
hold (1mm, p=0.25; 2mm, p=0.80; and 3mm, p=0.65; Table 1). Similarly, regardless of
thrust force (Fig. 6B), thrust duration did not affect muscle spindle responses to the new
static position (25%BW, p=0.28; 55%BW, p=0.68; and 85%BW, p=0.93; Table 1).

DISCUSSION
Sustained changes in sensory signaling from peripheral paraspinal tissues are often
considered a possible mechanism contributing to the therapeutic effects of spinal
manipulation.20–23 Such changes have been thought to arise subsequent to improved spinal
biomechanics following the manipulation.20–24 The new mechanical behavior would be
expected to alter load transmission to the local mechanical environment of sensory nerve
endings and/or sensitized peripheral axons.35 Previous clinical and animal studies suggest
that following a spinal manipulation, stiffness of the lumbar spine changes31,36 thus altering
the extent of tissue strain for any given stress.

The present study is the first to our knowledge to investigate whether changes in peripheral
sensory signaling persist beyond the duration of the manipulation itself. Its design enabled
us to specifically investigate whether several of the mechanical features that characterize a
high velocity low amplitude spinal manipulation (HVLA-SM) change the passive
mechanical signaling properties of lumbar muscle spindles. The mechanical features that
characterize a spinal manipulation in clinical practice are widely variable6,8–11,37 and their
relationship to clinical outcomes unknown. Using a computer-controlled feedback motor we
defined and controlled the variation in these features. Thrust duration and amplitude were
varied whereas thrust site, thrust direction and preload were kept constant. Previous studies
show that the relationship between the duration of a manipulative impulse and the discharge
of muscle spindles during the manipulation is non-linear with spindle discharge becoming
substantially greater when thrust duration approaches that used clinically (i.e. <
150ms).33,34,38 While thrust amplitude controlled as either force33 or length34 does not
affect this pattern, lumbar muscle spindles show more sensitivity to the smaller thrust
displacements (1 vs 2mm).34

Our hypothesis that an HVLA-SM’s thrust duration would be related to sustained changes in
muscle spindle responsiveness was not supported. Thrust duration did not significantly
affect the way spindles responded either to vertebral movement (ΔMIFmovement) or to a new
vertebral position (ΔMIFposition). Thrust duration for each thrust amplitude had an overall
significant effect on ΔMIFresting, but the direction in which the changes occurred was not
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consistent and the pattern of changes were not systematically related to thrust duration
except with the 1mm thrust displacement. That resting muscle spindle discharge consistently
increased at all thrust durations following specifically the 1mm HVLA-SM resembles results
from a previous study34 where muscle spindles were found to be more sensitive to smaller
thrust displacements (1 vs 2mm) during an HVLA-SM. It was suggested that the latter
behavior arises from the non-linear properties of spindles where spindle sensitivity is
markedly high to very small muscle stretches.39 Biomechanically, very small muscle
stretches load both the parent muscle and spindle in the neutral zone (the start of the force-
displacement curve where force increases very little for any change in displacement.)40 With
little restoring force after the displacement, tissues don’t necessarily return to their original
position. We speculate that following the very low thrust amplitudes of an HVLA-SM
regardless of thrust duration, the spindle apparatus did not return to its original position,
remaining slightly stretched following the HVLA-SM, resulting in an increase in resting
spindle discharge. In contrast, we speculate that the restoring force generated by the higher
thrust displacements allowed the spindle apparatus to return to its original position. While
the increases in ΔMIFresting for all thrust durations were small in magnitude (less than ~4
imp/s) following the 1mm thrust displacement, lumbar muscle spindles appear to have 3–5
times greater resolution for vertebral position than those in appendicular muscle.41 Thus,
even small changes in the discharge of lumbar muscle spindles could represent meaningful
changes in sensory input to the central neuronal circuits following spinal manipulation. Thus
spinal manipulation, low in amplitude over a wide range of thrust durations, may produce
sustained and physiologically-relevant increases in resting spindle discharge to secondary
neurons in the spinal cord42 following the manipulation.

The manner in which the HVLA-SM was delivered in the current experiments when
compared with previous studies using a similar preparation33,34,38 more closely resembled
the manner in which it is given clinically. Previously, contact with the spinous process was
made by incising the skin overly the L6 vertebra and rigidly clamping forceps onto the sides
of the process. The vertebra and the direction of its movement were obligatorily coupled to
movement of the forceps. In the present experiment, the skin overlying the L6 vertebra was
left intact and contact was made on the skin as is performed clinically. While we did not
vary the preload, contact site or the thrust’s vector in the present study, these variables are
being investigated.

LIMITATIONS
While mechanical aspects of the high velocity low amplitude spinal manipulation we used in
this study closely resembled its clinical counterpart when delivered to a human patient lying
prone, one aspect in particular was not similar. HVLA-SM is typically delivered after
positioning the facet joint where slack has been removed from soft tissues and the facet
joints are essentially locked or engaged at their end range of motion.1,24 This is thought to
most effectively achieve the goal of gapping the facet joint, enabling it to move beyond its
normal physiological range of motion without exceeding its anatomic limits.1,24 However,
there is no objective measure of which we are aware for determining when this barrier is
reached. In the current preparation, the range of preparatory movements needed to be limited
otherwise the nerve filament could tear from the electrode. We used a contact load which
ensured that the vertebra would begin to move as the manipulative thrust was applied to it
(see description in Methods). However, we cannot exclude the possibility that loading
toward the end range of motion might have created biomechanical changes that would have
affected the passive mechanical signaling properties of the lumbar muscle spindles.

Findings in the present study were obtained using an experimental preparation that might be
considered asymptomatic with the cats not clearly demonstrating a musculoskeletal
condition for which spinal manipulation might typically be applied clinically. Spinal
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manipulation is typically delivered to patients who exhibit signs or symptoms reflective of
biomechanical dysfunction.20,24,43 While there is as yet no clear measure to identify the
location and presence of this dysfunction44,45 no effort was made in the present study to
identify any biomechanical abnormality at the level of the manipulated vertebra. While
studies show manipulation induces physiological responses, including reduced in H-
reflexes46,47 and increased pain thresholds48 in asymptomatic human subjects, it remains
possible that the lack of sustained changes in muscle spindle responsiveness to the HVLA
reflected the lack of an initial biomechanical abnormality.

FUTURE DIRECTIONS
In addition to muscle spindles, other mechanoreceptors lie embedded in soft tissues of the
lumbar spine. Studies are needed to determine whether HVLA-SM changes the signaling
behavior of these paraspinal mechanoreceptors. But, muscle spindles are unique sensory
structures. Not only can they transduce length changes in muscle, they are the only sensory
receptor whose sensitivity can be controlled by the central nervous system. In the present
study we evaluated an HVLA-SM’s ability to change their peripheral signaling behavior
independent of any changes in efferent gamma-motoneuronal output an HVLA-SM might
cause. The study design would not allow us to determine potential changes caused by central
mechanisms because our cutting the dorsal roots prevented the inflow of sensory input and
the cats were deeply anesthetized. Future work will need to determine in a centrally-intact
system, if the high frequency sensory input from muscle spindles known to occur during an
HVLA-SM33,34 changes the behavior of gamma motoneurons and produces sustained
changes in the proprioceptive signaling from paraspinal muscle spindles.

From the perspective of clinical practice, this study and ones like it, that determine how the
biomechanical characteristics of the HVLA-SM affect either clinical outcomes or the
physiological systems that we currently think contribute to the therapeutic benefits of spinal
manipulation, will lead to improved patient care. We specifically determined how
manipulative thrust durations and amplitudes affected the responsiveness of lumbar muscle
spindles before and after the manipulation. Over a range of thrust amplitudes, as thrust
duration approached that used clinically, we found that an HVLA-SM manipulation did not
establish a lasting influence on muscle spindle responsiveness to vertebral movement or to a
new vertebral position. However, a low amplitude thrust displacement given over a wide
range of thrust durations increased resting muscle spindle discharge and thus was not unique
to a clinically relevant, simulated HVLA spinal manipulation. We speculate that clinically, a
wide variety of thrust velocities, low in displacement amplitude may be able to change the
resting behavior of paraspinal muscle spindles.

Conclusion
This study showed that relatively low amplitude thrust displacements applied during an
HVLA-SM produced sustained increases in the resting discharge of paraspinal muscle
spindles regardless of the duration over which the thrust was applied. However, regardless
of the HVLA-SM’s thrust amplitude or duration, the responsiveness of paraspinal muscle
spindles to vertebral movement and to a new vertebral position was not affected.
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Figure 1.
Schematic of the preparation for recording neural activity and delivering spinal manipulation
at the lumbar spine. Manipulations were delivered via the motor which was controlled by an
electronic feedback system (not shown). Computer-controlled rotation of the motor’s shaft
rotated the lever arm. The lever arm was attached to a custom built rotary-to-linear
converter, which in turn was attached to a rod terminating in a plexiglass tip (see
photographic inset) that contacted the skin overlying the L6 spinous process (see inset). The
converter transformed the lever arm’s rotary motion to linear motion of the rod and
plexiglass tip.
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Figure 2.
Schematic of experimental protocols. Six cohorts were established based upon the thrust
amplitude each received. Each cohort received all thrust durations. The high velocity, low
amplitude spinal manipulations (HVLA-SMs) are represented by the triangular waveform.
Trapezoidal waveform represents the ramp and hold displacement of the L6 vertebra. Letters
with arrows represent the portion of the ramp and hold where neural activity was quantified
determined: A) baseline resting discharge, B) during movement at the end of the ramp, C) at
the new position during the last half of the hold. Numbers next to the A, B, and C represent
activity before (1) and after (2) the HVLA-SM. See Methods for complete description.
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Figure 3.
Time control protocols. Change in neural activity between 1st and 2nd ramp and hold in the
absence of a spinal manipulation. A) change in resting discharge during the baseline period;
B) change in responsiveness during vertebral movement; C) change in responsiveness to a
new vertebral position; D) pattern of the change in responsiveness across the 6 cohorts. Data
are reported as means and 95% confidence intervals (lower, upper 95% CI).
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Figure 4.
Effect of thrust amplitude and thrust duration of a spinal manipulation on resting responses
of lumbar paraspinal muscle spindles. Statistical comparisons are all relative to a time
control where no thrust was delivered (data shown in Fig. 3). * p≤0.05; † p≤0.01; ‡ p≤
0.001. Data are reported as means and 95% confidence intervals (lower, upper 95% CI).
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Figure 5.
Effect of thrust amplitude and thrust duration of a spinal manipulation on the response of
lumbar paraspinal muscle spindles to vertebral movement. Data are reported as means and
95% confidence intervals (lower, upper 95% CI).
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Figure 6.
Effect of thrust amplitude and thrust duration of a spinal manipulation on the response of
lumbar paraspinal muscle spindles to a change in vertebral position. Data are reported as
means and 95% confidence intervals (lower, upper 95% CI).
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