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Paraspinal muscle spindle response to intervertebral fixation
and segmental thrust level during spinal manipulation in an
animal model
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Abstract

Study Design—In vivo cat model study.

Objective—To determine whether intervertebral facet joint fixation and segmental thrust level
alter paraspinal muscle spindle activity during simulated spinal manipulation.

Summary of Background Data—Intervertebral motion is commonly assessed by manual
therapy practitioners during clinical evaluation and treatment. Mechanoreceptor activity elicited
during spinal manipulation has been theorized as a potential mechanism of its efficacy. The degree
to which intervertebral fixation and segmental thrust level alter paraspinal muscle spindle activity
during high velocity low amplitude spinal manipulation (HVLA-SM) is unclear.

Methods—Intervertebral fixation was created by inserting facet screws through the left Ls_g,
Le_7 and left Ly_s, Ls_g, Lg_7, facet joints of a cat spine. Changes in the mean instantaneous
frequency of Lg muscle spindle discharge were determined during five HVLA-SM thrust durations
((0-control, 75, 100, 150, 250ms) delivered at the L4 or Lg spinous process in each of 3 conditions
within the same preparation: laminectomy-only (surgical control; n=23), Ls_g and Lg_7 fixations
(n=20), and L4_s5, L5_g, and Lg_7 fixations (n=7). Comparisons were made between thrust levels,
thrust durations and spinal joint conditions using a linear mixed model.

Results—Insertion of facet screws compared to laminectomy-only significantly increased (P<.
001) lumbar spinal stiffness during Lg HVLA-SM. Compared to laminectomy-only, both the 2
facet screw (100ms; P<.05) and 3 screw conditions [75 and 100ms (P<.001), 150 ms (P<.005), and
250 ms (P<.05)] significantly decreased Lg spindle response during the Lg HVLA-SM. HVLA-SM
delivered 2 segments rostral to the level of muscle spindle input significantly decreases spindle
response compared to HVLA-SM delivered at-level, however non-target HVLA-SM still elicits
60-80% of at-level muscle spindle response.

Conclusions—Intervertebral fixation decreases paraspinal muscle spindle response during Lg
HVLA-SM in a cat model. While HVLA-SM target accuracy maximizes spindle response, non-
target HVLA-SM still elicits substantial levels of muscle spindle activity.
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Introduction

At any given time 15-30% of adults will have low back pain (LBP) with a majority
experiencing recurrent episodes within a 12-month period.! Although aberrant spinal joint
motion has yet to be established as causative for LBP,2 altered intervertebral motion (hypo-
or hypermobility) is associated with neck and LBP.3-11 There is evidence to suggest that
when clinical identification of aberrant spinal joint motion is accompanied by a
correspondingly tailored manual therapy treatment approach therapeutic outcomes
improve.”.11-17

High velocity low amplitude spinal manipulation (HVLA-SM) is a commonly used
noninvasive form of manual therapy recommended by both clinical guidelines and evidence
reports as a treatment for neck and low back pain.18-21 HVLA-SM is typically applied to
reduce clinically-identified intervertebral joint fixation/hypomobility with the goals of
normalizing intervertebral motion, reducing pain and/or improving function. Physical exam
and clinical diagnostic methods traditionally used to identify the optimal site for manual
therapeutic intervention typically focus on joint malalignment, joint fixation/hypomobility,
pain provocation, and static or dynamic findings of paraspinal tissue abnormality.22-25 The
physical contact site for an HVLA-SM is usually intended to target a specific vertebra.
However the clinician’s ability to locate and deliver substantial forces to, and/or cavitate
intended target levels has been questioned.2426-34 |t has been shown that by the time the
manipulative thrust is delivered, the area of peak pressure for the applied force may have
migrated up to 10mm from the intended target.33 Similarly, the mean discrepancy from the
intended targeted lumbar vertebra for an HVLA-SM and the resulting joint cavitation
location was determined to be 5.29cm (at least one vertebra away) and could be as great as
14cm (two to three vertebrae away).3! A more recent study found that only 71.7% of
HVLA-SM related cavitations are confined to a 3 vertebral segment area.2 Despite the
importance typically imputed to clinically identifying the precise level of spinal joint
fixation and contacting that target level for an HVLA-SM, it is not clear to what extent
fixated joints (targeted) would respond differently from non-fixated joints (non-targeted) to
HVLA-SM.

It has long been postulated that manual therapy interventions, including spinal manipulation
provide benefit by disrupting joint adhesions, musculoskeletal pain cycles and/or muscle
hypertonicity.3>-38 Spinal manipulation is thought to elicit a barrage of sensory activity from
a diverse set of spinal joint and paraspinal tissue mechanoreceptors which in turn influence
spinal reflexes and/or subcortical processing to alter motoneuron output resulting in positive
clinical outcomes.36-46 We previously showed that only when the thrust of an HVLA-SM is
delivered at a clinically relevant duration (<150ms) does a very high frequency discharge
occur from paraspinal muscles. This occurs in both a laminectomy-only#®47 and single
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(Ls_g) lumbar facet joint fixation*® cat model. The purpose of the current study was two-
fold. First, we wanted to determine how intervertebral facet joint dysfunction created by
multiple unilateral facet joint fixations alters muscle spindle discharge during HVLA-SM.
Second, we sought to determine how muscle spindles respond to HVLA-SM thrusts that
were delivered two vertebral segments rostral in both functionally intact facet joint
preparations and in the presence of multiple unilateral intervertebral facet joint fixations.
Both objectives are clinically relevant. Individuals undergoing spinal manipulation often
present with intervertebral joint dysfunction at one or more segmental levels,47:1349-51 ang
manipulative thrust force may not be delivered accurately to the clinically identified site of
spinal joint dysfunction.29-34

Materials and Methods

All experiments were approved by the Institutional Animal Care and Use Committee.
Electrophysiological activity in single primary afferent fibers from paraspinal muscle
spindles was obtained during simulated HVLA-SM in 23 deeply anesthetized male cats
weighing an average of 5.4 kg (SD 0.55). All general surgical and electrophysiological
procedures have been previously described in detail elsewhere.47:48:52-55

Preparation & Procedures

Anesthesia was induced using isoflurane. Catheters were placed in a carotid artery and
external jugular vein to monitor blood pressure, introduce fluids, and maintain deep
anesthesia with Nembutal (35 mg/kg, iv; Oak Pharmaceuticals, Lake Forest, IL). The
trachea was intubated and the cat was artificially ventilated. Arterial pH, PCO,, and PO,
were maintained within the normal range (pH 7.32-7.43; PCO,, 32-37 mmHg; PO,, >85
mmHg). Since our focus was on low back afferents, the right sciatic nerve was cut to reduce
afferent input from the hindlimb. A laminectomy was performed at Lg exposing Lg dorsal
rootlets. Finely teased Lg dorsal root filaments were placed on a monopolar electrode until
the recording contained a single unit that responded only to mechanical pressure applied
directly to multifidus or longissimus muscles in the lumbar spine. Afferent fibers remained
positioned on the recording electrode while facet screws were carefully placed unilaterally
into the left Ls_g & Lg_7 and left Ly 5 Ls ¢, & Lg_7 facet joints. Titanium endosteally
anchored miniscrews (10 mm tomas-pin; Dentaurum, Ispringen, Germany) were inserted
through the articular pillars*8:52 (Fig. 1). At times, the afferent recording was lost during
facet screw placement. Paraspinal muscle tissues on the right side remained intact with the
exception of a small slit made for attaching toothed forceps to apply the HVLA-SM.

Afferents were identified as muscle spindles by their increased discharge to succinylcholine
(100 mg/kg; Butler Schein, OH), sustained response to a fast vibratory stimulus (~70 Hz)
and/or decreased discharge to muscle twitch caused by bipolar direct muscle stimulation
(0.2-0.3 mA,; 50 ps).#8:53.56.57 One spindle afferent was investigated per cat because
removing and re-inserting facet joint screws multiple times would likely reduce the lumbar
spinal joint stiffness the screws were intended to impart.
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Simulated HVLA Spinal Manipulation

Simulated HVLA-SM thrusts were applied in a dorsal-ventral direction either at the L4 (hon-
target) or Lg (target) spinous process under 3 spinal joint conditions in the same animal:
laminectomy-only, 2 level fixation (Ls_g, Lg_7), or 3 level fixation (L4_s, Ls_g, Lg_7).
HVLA-SMs were delivered via forceps attached to and controlled by a feedback motor
system.#8:5254 peak manipulative forces of 3.95 kg (55% of an average cat body weight as
determined in larger studies*’-57) were applied to the spinous process under force control.
Five HVLA-SM thrust durations (0-control, 75, 100, 150, 250ms) were applied. Spinal
manipulations were separated by 5 minutes.#8:57 Lg muscle spindle responses during L, and
Lg HVLA-SM thrusts were determined in the following order: laminectomy-only, 2 level
fixation, and 3 level fixation condition (Fig. 1). The order of thrust duration was randomized
within each of the 3 spinal joint conditions. Lumbar spinal stiffness was determined during
each HVLA-SM. Forces and displacements were measured simultaneously by the feedback
control system. Stiffness was calculated as the slope of the force-displacement curve from
thrust onset to peak thrust amplitude.

Data analysis

Results

As previously described,*7:48:5257 neyral discharge was quantified as instantaneous
frequency (IF) by taking the reciprocal of the time interval between successive action
potentials. Muscle spindle responses during HVLA-SM protocols were obtained by
subtracting the mean IF (MIF) of a 2s baseline preceding the HVLA-SM from the MIF
during the HVLA-SM’s thrust. The difference in MIF (AMIF) constituted the response
measure. All neural activity is reported in impulses per second (imp/s).

Of the 23 animals used in this study, laminectomy-only data were obtained in all
preparations. Data were obtained in 20/23 preparations following the placement of 2 facet
screws (Ls_g & Lg_7), and in 7/23 preparations following placement of 3 facet screws (L4_s,
Ls_g, Le—7). Placement of the 3rd facet screw was less successful due to technical/device-
related space constraints. Comparisons among manipulative thrust levels, thrust durations,
spinal joint conditions and their interactions were tested using a linear mixed model repeated
measures ANOVA with spinal joint conditions as the repeated factor. Individual
comparisons following significant main effects were performed using Bonferroni post hoc t-
tests. Statistical significance was set at .05.

Recordings were obtained from 23 single Lg muscle spindle afferents. Seventeen had
receptive fields in the longissimus and 6 in the multifidus muscle. All afferents increased
their mean discharge frequency following succinylcholine injection and had sustained
responses to fast vibratory stimuli. All afferents, with the exception of 2 whose recordings
were lost prior to muscle stimulation, were silenced by muscle twitch.

During the thrust phase of an HVLA-SM, resting muscle spindle discharge frequency
increased. This was typically followed by a period of silence due to spindle unloading and
subsequent resumption of resting spindle discharge. Representative examples from the same
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muscle spindle afferent responding to 100ms Lg HVLA-SMs under the three different spinal
joint conditions are shown in Fig. 2. The laminectomy-only condition exhibited the greatest
increase in response during the manipulative thrust, whereas there was a relative decrease in
response proportional to the number of intervertebral facet fixations (Fig. 2).

Intervertebral Fixation and HVLA-SM Thrusts at L, or Lg

Facet screws were placed unilaterally at the left Lg_g and Lg_7 (2 level fixation) and at the
left Ly_s, Ls_g and Lg_7 (3 level fixation). Placement of these screws did little to alter
lumbar spinal stiffness during the Ly HVLA-SM (Fig. 3A1). During non-target L4 HVLA-
SM, muscle spindle response from Lg afferents clearly demonstrated a pattern in which
shorter thrust durations caused graded increases in spindle response, however there were no
significant changes across conditions at any of the L4 thrust durations (75-250ms) (Fig.
3A2). On the other hand, the 2 level and 3 level fixations increased Lg spinal stiffness during
the Lg HVLA-SM compared to the laminectomy-only condition (P<.001) (Fig. 3B1).
Addition of the third facet screw at L4_5 did not significantly increase stiffness compared to
the 2 level fixation during Lg HVLA-SM (Fig. 3B1). During target Lg HVLA-SM, the 2
level fixation compared to the laminectomy-only condition significantly decreased muscle
spindle response at 100ms HVLA-SM thrust duration (Fig. 3B2). After placement of the 3
screw, and compared to the laminectomy-only condition, muscle spindle response
significantly decreased at all target Lg HVLA-SM thrust durations (75, 100, 150, 250ms).
The largest decreases in spindle response occurred with Lg HVLA-SMs whose thrust
durations were 75 and 100ms (Fig. 3B2). In addition, the 3 level fixation condition produced
greater decreases in spindle response compared to the 2 level fixation condition only at the
two shorter (75 and 100ms) Lg HVLA-SM thrust durations (Fig. 3B2).

Comparisons between spindle responses to HVLA-SMs delivered at L4 (non-target) vs Lg
(target) for each thrust duration and joint condition are shown in Figure 4. In the
laminectomy-only and 2 level fixation, Lg spindle responses to the L4y HVLA-SM were
significantly less than the Lg HVLA-SM at thrust durations < 150ms. There was a 20-40%
decrease in Lg spindle response with Ly HVLA-SM compared to Lg HVLA-SM in the
laminectomy-only and 2 level fixation conditions (Fig. 4). Whereas with the 3 level fixation,
there were no differences in L6 spindle response between L4 and Lg HVLA-SM at any
thrust duration =75ms. In the 3 level fixation during the two control protocols (Oms, non-
thrust), the significant difference in spindle response was small representing less than 1
imp/s (Fig. 4, inset).

Discussion

This animal study demonstrates important findings regarding two aspects of a commonly
used noninvasive therapeutic intervention (spinal manipulation). First, during clinically
relevant spinal manipulative thrust durations (< 150ms), unilateral intervertebral joint
fixation significantly decreases paraspinal muscle spindle response compared to non-fixated
conditions. Second and perhaps more importantly, this study shows that while Lg muscle
spindle response decreases with Ly HVLA-SM, 60-80% of a Lg HVLA-SM muscle spindle
response is still elicited from an HVLA-SM delivered 2 segments away in both the absence
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and presence of intervertebral joint fixation. These findings may have clinical implications
concerning specific (targeted) vs non-specific (non-targeted) HVLA-SM.

The laminectomy-only condition elicited the most change in muscle spindle response during
targeted (Lg) HVLA-SM and non-targeted (L4) HVLA-SM. This indicates that the change in
paraspinal muscle length was greatest during the manipulative thrust in the laminectomy-
only condition as one might have expected. Despite the additional 3" screw placed at a
distal joint (L4_s) not significantly increasing lumbar spinal stiffness above that of the 2
screw fixation during the targeted Lg HVLA-SM (Fig. 3B1), mean Lg HVLA-SM muscle
spindle response was consistently less at all thrust durations for the 3 screw versus 2 screw
fixation condition (Fig. 3B2).

The shortest Lg HVLA-SM thrust durations elicited the greatest change in mean spindle
response regardless of the degree of unilateral facet joint fixation (Fig. 3B2). This finding
supports earlier findings that larger changes in paraspinal muscle spindle response occur as
thrust durations become more clinically relevant (<150ms, manually-delivered34:58) in
laminectomy-only47>9 and single facet (Ls_g) fixated preparations.*8 Shorter duration non-
target Ly HVLA-SMs failed to significantly increase Lg muscle spindle response more than
longer durations but a pattern of increasing Lg response with decreasing thrust duration
regardless of facet fixation condition is clearly evident (Fig. 3A2).

The finding that non-target HVLA-SM delivered 2 segments away elicited significantly less
but yet a substantial percentage (60-80%) of the neural response elicited during target
HVLA-SM may have important clinical implications with regards to HVLA-SM thrust
accuracy/specificity requirements. It may explain how target vs non-target site manual
therapy interventions can show similar clinical efficacy.13:60-62 |n a recent study using the
same model as the current study, the increase in Lg muscle spindle response caused by an
HVLA-SM is not different between 3 anatomical thrust contact sites (spinous process,
lamina, mammillary body) on the target Lg vertebra but is significantly less when the
contact site is located 1 segment caudal at L; (Reed et al. submitted). The current study
confirms that a non-target HVLA-SM compared to a target HVLA-SM decreases spindle
response but adds the caveat that a substantial percentage (60-80%) of afferent response can
be elicited from an HVLA-SM delivered 2 segments away irrespective of the absence or
presence of intervertebral fixation.

Together these studies provide a strong argument for a regional model of an HVLA-SM
mechanoreceptor activation gradient such as depicted in Figure 5. The greatest
mechanoreceptor discharge would occur at the anatomical site of peak force delivery with a
diminution of mechanoreceptor activation propagating bi-directionally to adjacent and to
non-adjacent vertebrae. This concept of a mechanoreceptor activation gradient is supported
by biomechanical studies showing that while a majority of HVLA-SM related cavitations
are typically confined to a 3 contiguous vertebra area, more distant cavitations do occur
albeit with less frequency.2931 In addition, HVLA-SM has been shown to produce
measurable in vivo intervertebral motions at remote vertebra®3 and less forceful grade IV
posterior-to-anterior spinal mobilizations applied at each lumbar spinous process elicit
vertebral movement at all levels of the lumbar spine as demonstrated using in vivo dynamic
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MRI studies.84:65 While it remains mechanistically unclear, various theories have been
proposed of how HVLA-SM mechanoreceptor stimulation could produce sustained
physiological changes.56:67 If the underlying mechanism(s) of HVLA-SM requires a certain
mechanoreceptor activation threshold for altering central motoneuronal or nociceptor
excitability then a mechanoreceptor activation gradient in which 60-80% of paraspinal
mechanoreceptor activity could be generated by an HVLA-SM applied as far as 2 segments
away from the intended target vertebra suggests that precise segmental accuracy may be less
important to HVLA-SM clinical efficacy than commonly believed. To date, at least 2
randomized clinical trials involving HVLA-SM support the concept that while precise
segmental level accuracy may be ideal, it is not an absolute prerequisite for clinical
efficacy.13.62

It is evident from this current and previous work?8 that spinal joint fixation which decreases
intervertebral mobility also decreases paraspinal muscle spindle responses during simulated
spinal manipulation. Therefore it is possible that in order to achieve positive clinical
outcomes, purposed or intuitive modifications of the HVLA-SM’s biomechanical
parameters (preload, thrust magnitude, thrust duration, etc.) are required on the part of the
manual therapy practitioner. These modifications are most likely determined consciously or
unconsciously during manual physical assessment of the patient (which typically includes

evaluation of segmental stiffness, muscle hypertonicity and mechanical pain response
levels).”:24:68,69

The experimental preparation was considered functionally de-efferented because the deep
level of Nembutal anesthesia, evidenced by the need for ventilation and absence of
withdrawal reflexes, likely caused little to no y-motoneuron activity.’%-"2 Although the
methods used to create intervertebral fixation in this study were invasive, the purpose of the
model was to produce a moderate degree of segmental dysfunction, less than what would be
achieved using greater intervertebral body instrumentation such as steel rods and/or
intervertebral cages. The anterior lumbar vertebral bodies were not fixated and thereby this
model of posterior spinal joint dysfunction may provide greater similarity to the degree of
overall intervertebral dysfunction most commonly encountered by manual therapy
clinicians. Study limitations include the use of healthy animals without confounding factors
such as degenerative and/or inflammatory joint changes and the exclusion of rotary and/or
non-posterior-anterior thrust vectors which are commonly used in clinical settings. These
factors could alter the present findings.

Conclusion

Intervertebral fixation decreases muscle spindle discharge during target HVLA-SM in a cat
model. While HVLA-SM target accuracy maximizes spindle response, non-target thrust
muscle spindle response is substantial and possibly provides a neurophysiological rationale
for clinical efficacy despite low levels of inter-examiner reliability in determining optimal
specific sites for HVLA-SM.
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Figure 1.

Diagram and x-ray showing the anatomical location and order of surgical/
electrophysiological procedures (laminectomy-only, laminectomy & 2 facet screws*,
laminectomy & 3 facet screws) performed in the same animal while maintaining a primary
afferent recording. Lam., represents the extent of the surgical laminectomy performed, n =
number of preparations tested.
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Figure 2.
Representative example of a simulated Lg HVLA-SM with a 100ms thrust duration and

paraspinal muscle spindle recordings from the same Lg afferent in 3 spinal joint conditions.
Note the stability of baseline discharge between conditions and the decrease in afferent
response during the HVLA-SM thrust with increased intervertebral joint fixation.
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Figure 3.

Comparisons of lumbar spinal stiffness from thrust onset to thrust peak during an HVLA-
SM delivered at L4 (A1) or Lg (B1) between 3 joint conditions (laminectomy-only,
laminectomy & 2 facet screws, laminectomy & 3 facet screws). Comparisons of the mean
change in MIF (AMIF) during 5 manipulative thrust durations applied at L4 (A2) and Lg
(B2) in 3 spinal joint conditions. Oms thrust duration represents a time control. Data reported
as means and SD. Lam., laminectomy, MIF, mean instantaneous frequency.
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Comparisons of the mean change in MIF (AMIF) during 5 manipulative thrust durations
applied at L4 and Lg in 3 spinal joint conditions. Oms thrust duration represents a time
control. Data reported as means and SD. Lam., laminectomy, MIF, mean instantaneous
frequency.
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Figureb5.
Schematic of a proposed spinal manipulation neural mechanoreceptor activation gradient

model in which maximum afferent activity occurs at the site of peak thrust force and
decreasing, yet substantial levels of afferent activity is elicited from this point bi-
directionally. While not reducing the emphasis on clinical HVLA-SM thrust accuracy, this
gradient may account for clinical efficacy despite technique diversity and poor inter-
examiner reliability for optimal thrust site determination.
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