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Abstract
The aim of this study was to determine the effect of spinal manipulation therapy (SMT) force
magnitude and force duration on the spinal stiffness of a feline preparation. A mechanical device
performed simulated SMTs at the L6 spinous process in 22 anesthetised felines. Subjects were
divided into four groups. Two groups (no preload, preload) received SMT having maximal
displacements of 1.0mm, 2.0mm and 3.0mm of total displacement (displacement control). In two
other groups (preload, no preload), SMTs were applied with maximal loads of 25%, 55% and 85%
body weight (force control). Each of the SMTs were applied in order of increasing displacement
or force amplitudes, at increasing durations ranging from 25 to 250 ms. Spinal stiffness was
quantified by applying an indentation load to external surface of the back. Linear mixed effects
models were fit for post-SMT stiffness variables. When SMT was applied under displacement
control with and without a preceding preload, a significant interactive effect occurred between
force magnitude and force duration (p≤0.05) for some of the stiffness variables. The findings from
this experiment demonstrate that spinal stiffness in a feline model was affected by the interaction
of the force amplitude and force duration parameters but the exact nature of this interaction
remains unclear. This study provides guidance for further investigation given other SMT
parameters not tested here may facilitate the ability of SMT to alter spinal stiffness.
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INTRODUCTION
Spinal manipulative therapy (SMT) is one of many common approaches that clinicians use
to treat low back pain (LBP). Although a common intervention, evidence supporting the
efficacy of SMT is mixed (Assendelft et al. 2003; Bronfort et al. 2004). While various
hypotheses exist to explain these mixed results, one possibility is variation in SMT
application parameters between studies (Cleland et al. 2007; Cleland et al. 2009). As these
parameters (e.g. force magnitude and force duration) are believed to modulate the
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neurophysiological and biomechanical mechanisms underlying the clinical effect of SMT
(Herzog et al. 1993; Triano 2001; Pickar 2002; Colloca et al. 2006), differences in SMT
application parameters between investigations may produce these mixed outcomes.

To better understand how SMT parameters may influence investigative outcomes, Pickar
and Kang (2006) used a feline preparation to study neurophysiological responses to SMT.
Specifically, afferent activity from muscle spindles in lumbar paraspinal muscles was
measured in response to SMT delivered by a mechanical device (Pickar, and Kang 2006).
From this preparation, higher discharge frequencies were observed from individual spindle
afferents when the SMT duration was less than 100 ms. This observation suggests that SMT
parameters can influence the effect of SMT on the neurological system.

While the above study highlights one relation between a SMT application parameter and a
neurophysiological outcome, less is known about the influence of SMT parameters on spinal
mechanics. In fact, SMT has only recently been shown to selectively alter spinal mechanics
in those who benefit from SMT. Specifically, Fritz et al. demonstrated that following SMT
application, spinal stiffness decreased significantly in those identified as “responders”, but
does not change in those identified as “non-responders” (Fritz et al. 2011). These results
suggest that the effect of SMT is greater in some presentations of back pain, but not all
presentations of back pain. While these results help to further define the relation between
SMT and spinal mechanics, SMT application parameters were not measured in this study.
As such, the influence of these parameters on modulating SMT outcomes was not
investigated.

While future clinical studies may choose to measure these parameters during SMT
application, defining the relation between these parameters and clinical outcomes is a
difficult task. Given the multitude of potential application parameters (e.g. force magnitude,
duration, application site, application angle, etc.), investigators often limit the parameters
they study to decrease experimental complexity. In many cases, the chosen parameters are
force magnitude and force duration as these parameters can be readily quantified with a
range of technologies including pressure mats (Kawchuk, and Herzog 1993), instrumented
tables (Triano, and Schultz 1997) and manikins (Harvey et al. 2011). In addition, SMT force
magnitude and force duration have significant clinical importance as their values are used to
distinguish between types of manual therapy (e.g. SMT has a short force duration compared
to mobilization) (Kawchuk et al. 2010). Presently, there is considerable evidence that
suggests force magnitude and duration vary within and between clinicians (Herzog et al.
1993) but can become less variable with experience (Triano et al. 2011).

Given the above, the objective of this study was to use a reliable apparatus capable of
controlling multiple SMT application parameters to determine the relation between SMT
force magnitude, SMT force duration and a measure of spinal mechanics known to change
in SMT responders (spinal stiffness).

METHODS
Overview

A mechanical device, similar to that used in previous investigations (Pickar 1999), was used
to apply simulated high velocity SMT to the L6 spinous process in 22 anesthetized felines.
Ethical approval for this study was obtained prior to commencement of the study from the
Animal Care and Use Committee of the University of Alberta. Subjects were divided into 4
different SMT groups. In each group, 24 unique combinations of SMT duration and
amplitude were employed in a non-randomized manner. Before and after each SMT event,
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spinal stiffness was quantified by applying a low velocity indentation load via the same
mechanical device used to perform SMT.

Preparation
Experiments were performed on 22 felines in accordance with the guidelines of the Animal
Care Committee of the University of Alberta. Each animal was given a pre-anesthesia
subcutaneous injection of hydromorphone (0.05mg/kg), glycopyrolate (0.01mg/kg) and
acepromazine (0.1mg/kg). Anesthesia was then induced with isofluorane via inhalation (up
to 4.5% during induction, and maintained at 1.5–2% to effect). An endotracheal tube was
then inserted to allow for controlled mechanical ventilation (ADS 2000, Engler, Florida,
USA).

In preparation for SMT application and stiffness testing, the lumbar area of each animal was
shaved and the L4 vertebra identified through palpation. A stereotaxic system (David Kopf
instruments, Tujunga, California) was used to support the spine through the iliac crests and
the L4 spinous process (Pickar 1999).

Indentation/Vertebral Loading
Spinal manipulative therapy and stiffness measurements were performed in a posteroanterior
(PA) direction under displacement control using a variable rate force/displacement (VRFD)
device placed on the skin overlaying the spinous process of the L6 vertebra. The high
reliability of spinal stiffness measurements obtained with this device has been reported
previously (Vaillant et al. 2010). The subject’s respiration was held at full exhalation
through controlled ventilation for the duration of SMT applications and measurements of
stiffness (<10s).

Contact Load—To ensure adequate physical contact between the VRFD and the spinous
process for each SMT application and stiffness measurement, an initial contact load was
given. Contact load was determined on a per subject basis by applying a 4mm indentation at
a rate of 1.33mm/s. the applied force and resulting displacement (FD) data were collected
from this procedure and plotted (see below: stiffness testing). To identify the contact load, a
linear regression line was fit to the linear portion of the FD curve. The point where the FD
curve diverged from the linear fit was considered to be the contact load (Figure 1). Prior
work validating this choice was performed with a high resolution optical recording system
(Motion Pro Digital Image System, Redlake MASD Inc, San Diego, CA) to track vertebral
movement vs. soft tissue compression then synchronized to the FD curve. This process
confirmed that loading beyond the contact load (as identified above) produced no further
soft tissue compression without immediate vertebral displacement.

Stiffness testing—At the start of each experiment, five pre-conditioning stiffness
measures were performed at 5 minute intervals to obtain a baseline stiffness value. In these
pre-conditioning trials, and in each subsequent stiffness measure, the subject-specific
contact load was applied to the L6 spinous, and the indentation load applied to determine
spinal stiffness. Specifically, the indentation load was applied at a rate of 0.5 mm/sec to a
maximal depth of 4mm. Continuous values of applied force and resultant displacement were
recorded (Kawchuk and Herzog 1996; Shirley et al. 2002). In addition to pre-conditioning
the spine, these 5 trials were also use to assess the reliability of the stiffness measure
(below).

SMT parameters—Two SMT parameters (duration and amplitude) were studied while
controlling either force or displacement during SMT. These parameters were apportioned
between 4 experimental groups. Eight SMT durations were applied: 0 (control), 25, 50, 75,

Vaillant et al. Page 3

Man Ther. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



100, 150, 200 and 250 ms. Each duration was performed using three displacement
amplitudes (1, 2, and 3mm) in two of the four experimental groups. In the remaining two
groups, three force amplitudes were employed (25, 55, and 85% body weight). The force
and displacement amplitudes selected for the study were scaled-down values taken from
human trials (Herzog 2000; Pickar, and Kang 2006; Ianuzzi et al. 2009) and are similar to
values used in previous animal studies (Pickar and Kang, 2006; Pickar et al., 2007). To
further simulate clinical conditions, and in addition to the contact load, two of the four
experimental groups received a preload of 10% body weight (BW) for 4.31 s just prior to
SMT application.

As a result of the above, each of the four experimental groups contained 8 SMT durations
and 3 amplitudes (force or displacement) resulting in 24 unique combinations of SMT
application parameters. In each subject, these 24 SMT parameter combinations were
performed in order of increasing displacement or force amplitude and increasing duration.
Figure 2 illustrates the timing and order of SMT application for each group. A pre-SMT
stiffness measure was taken 4.5 min prior to each SMT application and a post-SMT measure
taken 0.5 min following SMT application. A 5 min recovery period separated the next block
of pre-SMT, SMT, post-SMT procedures (Figure 2). Following experimental procedures,
each animal was euthanized in accordance with standard operating procedures of the Animal
Care and Use Committee of the University of Alberta.

Determining Stiffness
Force-displacement data collected during indentation testing were plotted and the ascending
portion of the curve cropped at the starting (immediately after contact load) and ending
points (when the maximal indentation of 4mm was achieved). The resulting curve was then
fit using a 5th order polynomial and the resulting function normalized by subtracting the
first value of the displacement signal to all remaining displacement values (Kawchuk, and
Fauvel 2001).

The region of the FD curve displaying the greatest variability was identified by plotting the
variance of the force between post-SMT stiffness tests against the displacement for each
subject. An inflection point in the variance measures near 60% of the total displacement was
chosen as the most sensitive region of the FD curve. As a result, a stiffness coefficient (k)
was calculated for the region spanning 60% to 90% (2.35 to 3.6mm) of total displacement.
Specifically, a linear regression line was fit to this region, and the slope of this line was used
to describe the stiffness coefficient, k (Figure 3). A second measurement, terminal
instantaneous stiffness (TIS) was defined as the stiffness (i.e. force/displacement) just prior
to maximal indentation (3.8 mm) (Figure 3). Maximal indentation (4.mm) was not selected
as the final point on the curve to prevent measurement artifacts (+/− <0.01V) arising from
changes in motor direction.

Data Analysis
Repeatability—An Intraclass Correlation Coefficient (ICC (3,1)) was calculated for k and
for TIS. A two-way mixed model ANOVA was used to determine the reliability of a single
measurement (PASW Statistics 17.0, SPSS, IBM, Chicago, Illinois). Five values were used
as input for this analysis: the last four of the five pre-conditioning trials and the first pre-
SMT indentation trial (Shirley et al. 2002).

Primary Analyses—Linear mixed effects models were fit for post-SMT k and post-SMT
TIS variables with adjustments made for the respective pre-SMT value to account for
between-subject heterogeneity (SAS version 9.1, SAS Institute, Inc., Cary, North Carolina).
Direct product compound symmetry covariance structures were used in each model to
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account for within-subject correlation over the repeated measures of amplitude and duration.
When a significant interaction was found, post-hoc tests of each SMT duration were
compared to the no duration control (0 ms) using Dunnett’s test.

RESULTS
Descriptive statistics

Cats tested with SMT using displacement control without preload (DispPre−, protocol 1),
had a mean mass of 3.74 (±0.60) kg. In these animals, the mean contact load was 2.03
(±0.30) N yielding stiffness values of k= 12.14 (±2.53) N/mm and TIS = 9.32 (±1.72) N/
mm. Similarly, cats tested with SMT using displacement control and preload (DispPre+,
protocol 2) were on average 3.58 (±0.59)kg with a mean contact load of 1.26 (±0.31). The
average stiffen values of these animals was k = 4.39 (±0.51) N/mm and TIS = 3.96
(±0.54)N/mm.

In cats receiving load-control SMT without preload (ForcePre−, protocol 3) the mean mass
was 2.97 (±0.60) kg with a mean contact load of 1.08 (±0.36) N. The average stiffness
outcomes in these animals were k = 6.07 (±2.60) N/mm and TIS = 5.18 (±2.31) N/mm. For
animals given load-control SMT and preload (ForcePre+, protocol 4), the mean mass of the
animals was 3.73 (±0.61) kg with a contact load of 1.42 (±0.51) N. The average stiffness of
these animals was 9.18 k = (±3.08) N/mm and TIS = 7.01 (±2.30) N/mm.

Repeatability
The repeatability analysis for k and TIS yielded ICC values of 0.99 (95%CI 0.989–0.997)
for k and 0.99 (95%CI 0.985–0.996) for TIS. The mean within-subject change in k and TIS
for the 5 preconditioning measures was 0.05 (±0.10) and 0.03 (±0.07) N/mm respectively.
As seen in Table 1, these mean values fall outside the confidence intervals of k and TIS
values obtained following SMT.

Primary Analysis
Effect of SMT Force Amplitude and Duration on k—Figure 4 displays the adjusted
means and 95% confidence intervals for the 8 force durations and 3 levels of amplitude
including the no-force control (0 ms). Changing SMT force duration and force amplitude
had neither interactive nor main effects when the manipulation was applied under
displacement control and was not preceded by a preload (Figure 4A (DispPre−): amplitude:
F(2,10)=0.00, p=1.00; duration: F(7,28)=1.37, p=0.26; interaction: F(14,55)=1.24, p =0.27) nor
when it was applied under force control with a preload (Figure 4D (ForcePre+): amplitude:
F(2,10)=0.71, p=0.52; duration: F(7,35)=0.48, p=0.84; interaction: F(14,70)=0.79, p =0.67).

When SMT was applied under displacement control and preceded by a preload, a significant
interactive effect occurred between amplitude and duration (Figure 4B (DispPre+):
amplitude: F(2,10)=2.08, p=0.18; duration: F(7,35)=14.06, p<0.001; interaction: F(14,70)=2.77,
p=0.003). Inspection of Figure 4B shows the smallest force amplitude employed in the study
(1mm) increased k as force durations increased from 50 to approximately 100ms. At longer
force durations, and with larger force displacements regardless of force duration, k remained
relatively constant. Post-hoc comparisons shown in Figure 4B indicate that the 1mm force
amplitude increased k significantly in comparison to preload alone (0 ms duration) for force
durations greater than 25ms. The 2mm force amplitude significantly increased k when force
durations lasted 75, 200, and 250ms. Similarly the 3mm manipulative displacement
significantly increased stiffness at force durations of 100, 200, and 250ms.
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When manipulation was given under force control without a preload, no interaction
occurred. There was the suggestion of a main effect for force duration (Figure 4C (ForcePre
−): amplitude: F(2,8)=2.20, p=0.17; duration: F(7,28)=2.03, p=0.08; interaction: F(14,56)=1.25,
p=0.27).

Effect of SMT Force Amplitude and Duration on TIS—Figure 5 shows the adjusted
means and 95% confidence intervals for TIS of 8 force durations and 3 levels of force
amplitude including a no-force control (0ms). With manipulation given under displacement
control without and with a preceding preload, there was the suggestion of an interaction
effect (Figure 5A (DispPre−) amplitude: F(2,8)=0.00, p=1.00; duration: F(7,28)=1.57, p=0.19;
interaction: F(14,55) =1.75, p=0.07; Figure 5B (DispPre+): amplitude: F(2,10)=0.45, p=0.65;
duration: F(7,35)=1.38, p=0.24; interaction: F(14,70)=1.77, p=0.06)).

When manipulation was given under force control without a preload, no interaction occurred
although a main effect for force duration was observed (Figure 5C (ForcePre−): amplitude:
F(2,8)=1.75, p=0.23; duration: F(7,28) =2.62, p=0.03; interaction: F(14,56)=1.55, p=0.12).
Post-hoc comparisons demonstrated that the 55% and 85% BW force amplitudes
significantly increased stiffness compared to the control (0 ms duration) for the majority of
force durations of 150ms or less.

There were neither an interaction or main effect when SMT was given under force control
with a preload (Figure 5BD (ForcePre+): amplitude: F(2,10)=0.03, p=0.97; duration:
F(7,35)=0.99, p=0.45; interaction: F(14,70)=0.60, p=0.86).

DISCUSSION
Recently, it has been shown that spinal stiffness decreases significantly and immediately
following SMT application in human subjects classified as SMT responders (Fritz et al.
2011). To better understand the way in which SMT may influence spinal mechanics, the
current study was designed to investigate the effect of specific application parameters of
SMT (displacement or force) on spinal stiffness in a feline model. Our results suggest a
complex relation between these variables. Compared to the recent human trial described
above, this study did not identify any combination of SMT force duration and SMT
amplitude that resulted in an immediate decrease in spinal stiffness. Conversely, we
observed an small increase in spinal stiffness over the course of multiple SMT applications
with some SMT displacement amplitudes but not others. While this may suggest a
differential stiffness response between SMT amplitudes, the resulting stiffness increase is
not a preferred clinical outcome although several explanations for this observation can be
given.

First, several human studies have now shown that stiffness does not change significantly in
all subjects following SMT and in particular, those subjects who are classified as non-
responders (Fritz et al. 2011) or those who are asymptomatic (Tuttle et al. 2008; Campbell,
and Snodgrass 2010). Specifically, stiffness also appears to change most readily in subjects
identified as having segmental hypomobility (Fritz et al. 2005; Brennan et al. 2006) and
segmental pain (Tuttle et al. 2008). In the preparation used in this experiment, there was no
attempt to create hypomobilities or back pain. As a result, the subjects in this study may
have been unresponsive to SMT due to a floor effect; their spinal stiffness was near its most
minimal value. Accordingly, the small increase observed in stiffness at some SMT
amplitudes and durations is most likely a viscoelastic phenomenon in that fluid recovery in
the target tissues was not sufficient given the viscosity of the tissues, the rate of indentation
and the number of repeated indentations and SMTs performed in this experiment (Lee, and
Evans 1992; Latimer et al. 1996; Shirley et al. 2002). Alternatively, the observed changes
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may reflect variation within our measurement, however, the observed changes in k and TIS
following SMT were greater in magnitude (Table 1) than those observed in our
preconditioning trials where no SMT was provided. Second, the experimental preparation
employs a series of supports for the spine which may limit the mechanical response of the
spine to SMT and therefore affect the ability of SMT to alter spinal stiffness. Third, the use
of general anesthesia in the preparation may influence neurological mechanisms which
could facilitate decreases in stiffness following SMT (Pickar 2002; Colloca et al. 2006).
Fourth, several studies in this field have used different representations of “k” to quantify
stiffness (Edmondston et al. 1998; Kawchuk, and Fauvel 2001; Owens et al. 2007). While
one version of k has been observed to decrease following SMT in human responders, these
variables may not best-reflect post-SMT changes in spinal stiffness should they exist in a
feline model. As pointed out by others, separate regions of the cervical spine’s force-
displacement curve differ in their stiffness responses to spinal mobilizations (Tuttle et al.
2008). This variability in how stiffness may change across different regions of the force-
displacement curve is consistent with our observation of divergent changes when comparing
k and TIS results in the DispPre+ group: significant changes occurred in k but not TIS. This
comparison suggests that TIS may represent a different stiffness characteristic compared to
k. Fifth, the SMT technique used in this study is substantially different from those
techniques which have generated post-SMT decreases in human spinal stiffness (Fritz et al.
2011; Cleland et al. 2007; Cramer et al. 2002). As has been pointed out in the literature, not
every SMT technique should be expected to produce the same clinical effect (Cleland et al.
2007) because subject positioning and the direction of SMT force application are thought to
differentially affect the forces placed on the spinal tissues (Colloca et al. 2004).

Significance
While the application of SMT can be changed readily through numerous parameters, there is
little research that describes the resolution with which a human can control a given SMT
parameter. While there is some evidence to suggest that clinicians can control force
magnitude during slower applications of force (posteroanterior challenge of the spine)
(Chiradejnant et al. 2003), the ability of clinicians to control force magnitude over a smaller
time duration (e.g. SMT) remains unknown but can become more consistent with experience
(Triano et al. 2011). Should other studies demonstrate that these (Cambridge et al. 2012), or
other SMT application parameters may influence clinical outcome (e.g. application site,
application angle), there would be an interesting opportunity to train clinicians to reproduce
these specific parameters and then evaluate their ability to do so (Harvey et al. 2011).

Conclusion
The findings from this experiment demonstrate that spinal stiffness in a feline model was
affected by the interaction of the amplitude and duration parameters of SMT but not in the
expected direction. The exact nature of this interaction remains unclear but warrants further
investigation given that other possible SMT parameters not tested here may facilitate the
ability of SMT to decrease spinal stiffness.
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Figure 1.
A force vs. displacement curve showing the locations used to determine the contact load. To
obtain this data, a 4mm indentation was performed at a rate of 1.33mm/s. Force and
displacement data were obtained simultaneously then plotted. A linear regression line was fit
to the linear portion of the FD curve prior to the curve inflection point. The point where this
linear fit diverged away from the FD curve was identified as the contact load.
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Figure 2.
Diagram showing an overview of the protocol timing.
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Figure 3.
Force-displacement (FD) curve with normalized displacement values. The stiffness
coefficient (k) and the terminal instantaneous stiffness (TIS) are calculated from the FD
curve.
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Figure 4.
Effect of SMT force magnitude and force duration on lumbar spinal stiffness (k). Symbols
represent adjusted means bounded by their 95% confidence intervals. † p ≤0.04, ‡ p<0.01
compared with 0 ms force duration. Animals given SMT under displacement control without
preload = DispPre−. Animals given SMT under displacement control with preload =
DispPre+. Animals given SMT under force control without preload = ForcePre−. Animals
given SMT under force control with preload = forcePre+.
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Figure 5.
Effect of SMT force magnitude and force duration on the terminal instantaneous stiffness
(TIS). Symbols represent adjusted means bounded by their 95% confidence intervals.† p
≤0.04, ‡ p<0.01 compared with 0 ms force duration. Animals given SMT under
displacement control without preload = DispPre−. Animals given SMT under displacement
control with preload = DispPre+. Animals given SMT under force control without preload =
ForcePre−. Animals given SMT under force control with preload = forcePre+.
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