1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Clin Biomech (Bristol, Avon). 2008 February ; 23(2): 159-165. doi:10.1016/j.clinbiomech.2007.09.003.

Whiplash causes increased laxity of cervical capsular ligament

Paul C. Ivancic®”, Shigeki ItoP, Yasuhiro TominagaP, Wolfgang Rubin?, Marcus P. CoeC,
Anthony B. Ndu?, Erik J. Carlson®, and Manohar M. Panjabi2

a Biomechanics Research Laboratory, Department of Orthopaedics and Rehabilitation, Yale University
School of Medicine, New Haven, Connecticut, USA

b Department of Orthopaedic Surgery, . Marianna University School of Medicine, Kanagawa, Japan

¢ Department of Orthopaedic Surgery, Dartmouth-Hitchcock Medical Center, Lebanon, New Hampshire,
USA

Abstract

Background—-Previous clinical studies have identified the cervical facet joint, including the
capsular ligaments, as sources of pain in whiplash patients. The goal of this study was to determine
whether whiplash caused increased capsular ligament laxity by applying quasi-static loading to
whiplash-exposed and control capsular ligaments.

Methods—A total of 66 capsular ligament specimens (C2/3 to C7/T1) were prepared from 12
cervical spines (6 whiplash-exposed and 6 control). The whiplash-exposed spines had been
previously rear impacted at a maximum peak T1 horizontal acceleration of 8 g. Capsular ligaments
were elongated at 1 mm/s in increments of 0.05 mm until a tensile force of 5 N was achieved and
subsequently returned to neutral position. Four pre-conditioning cycles were performed and data
from the load phase of the fifth cycle were used for subsequent analyses. Ligament elongation was
computed at tensile forces of 0, 0.25, 0.5, 0.75, 1.0, 2.5, and 5.0 N. Two factor, non-repeated measures
ANOVA (P<0.05) was performed to determine significant differences in the average ligament
elongation at tensile forces of 0 and 5 N between the whiplash-exposed and control groups and
between spinal levels.

Findings—Auverage elongation of the whiplash-exposed capsular ligaments was significantly
greater than that of the control ligaments at tensile forces of 0 and 5 N. No significant differences
between spinal levels were observed.

Interpretation—Capsular ligament injuries, in the form of increased laxity, may be one component
perpetuating chronic pain and clinical instability in whiplash patients.
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1. Introduction

Whiplash injuries of the neck, caused by relative acceleration between the head and thorax
during motor vehicle collisions, produce acute and chronic neck pain, headache, dizziness,
vertigo, and parasthesias in the upper extremities (Barnsley et al., 1994; Spitzer et al., 1995;
Sterner and Gerdle, 2004). MRI and autopsy studies have correlated chronic symptoms with
injuries to the cervical discs, ligaments, and facet joints in whiplash patients (Jonsson et al.,
1991; Kaale et al., 20054, b; Krakenes and Kaale, 2006; Pettersson et al., 1997). Previous
clinical studies have targeted the cervical facet joint and capsule, including the capsular
ligament (CL), as sources of chronic pain in whiplash patients (Barnsley et al., 1995; Lord et
al., 1996a). These studies administered blockage of the facet joint afferents, including the CL
nerves, in whiplash patients. Results demonstrated pain relief in up to 60% of the patients.
Single or cumulative micro-trauma due to overstretching of CLs causing subfailure injuries
and increased ligament laxity have been hypothesized to injure embedded ligament
mechanoreceptors (Panjabi, 2006). The effect of injured ligament mechanoreceptors on spine
stability has not been studied. However, in vivo animal models have demonstrated that
stimulation of spinal ligaments initiated activity of spinal musculature (Indahl et al., 1997;
Solomonow et al., 2002; Solomonow et al., 1998). Corrupted signals from the injured
mechanoreceptors may potentially elicit abnormal muscle response patterns causing excessive
facet loading and CL strains, further increasing the CL laxity and injury and preventing or
delaying ligament healing.

Previous in vitro biomechanical studies have investigated potential neck ligament injuries due
to whiplash (Panjabi et al., 2006; Pearson et al., 2004; Stemper et al., 2005; Tominaga et al.,
2006). Tominaga et al (2006) compared the high-speed mechanical properties of cervical bone-
ligament-bone preparations between whiplash-exposed and control cervical spines. They found
that the average failure force and average energy absorption capacity of the whiplash-exposed
ligaments were significantly less than those of the control ligaments. The effect of whiplash
on ligament laxity was not investigated. Others have documented potentially injurious CL
strains and abnormal facet kinematics due to simulated whiplash loading (Pearson et al.,
2004; Stemper et al., 2005). Although implied, neither study documented actual injury or
increased laxity of CLs due to whiplash. Lastly, Panjabi et al (2006) applied quasi-static
physiological loading to cervical spine specimens prior to and following simulated rear impacts
and documented injuries at the middle and lower cervical spine and increased injury risk due
to rotated head posture at the time of impact, as compared to forward facing. Injuries to specific
ligaments were not identified.

In vivo animal studies have investigated the relation between painful chronic symptoms and
injurious CL strains (Lee et al., 2004; Lee et al., 2006). Using a rat model, Lee et al (2004)
determined the CL strain threshold for behavioral hypersensitivity as measured by mechanical
allodynia up to 2 weeks following application of injurious CL strain. This CL strain injury
threshold was used to demonstrate that the CL mechanical properties at failure differed
significantly from those at the onset of subfailure strain injury (Lee et al., 2006). Others have
used a goat model to measure and correlate CL nerve root activity, load, and strain during CL
elongation (Chen et al., 2005; Lu et al., 20053, b). Nonetheless, these aforementioned animal
studies have limitations. The tensile loading used to produce the CL strain does not fully
represent the complex neck loading experienced by those involved in automobile collisions
(Ivancic et al., 2006). Behavioral hypersensitivity was measured for up to only 2 weeks and
these animal results have yet to be correlated with chronic symptoms in whiplash patients.

To our knowledge, no previous clinical or biomechanical studies have identified CL injuries
due to whiplash as determined by increased ligament laxity. These data may aid understanding
of the mechanism causing painful chronic symptoms in whiplash patients. Our goal was to
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determine whether whiplash caused increased CL laxity by applying quasi-static loading to
whiplash-exposed and control facet-CL-facet preparations.

2. Methods

2.1 Specimen preparation

Facet-CL-facet specimens were prepared from 12 osteoligamentous whole cervical spines (6
whiplash-exposed: average age of 70.8 years, range, 52 to 84 years; 6 control: average age of
80.6 years, range, 71 to 92 years) (Tominaga et al., 2006). There were four male and two female
donors in each group. The whiplash-exposed spines had been previously rear impacted using
experimental methodology described in detail elsewhere (lvancic et al., 2005). Briefly, this
protocol entailed mounting of the occiput and T1 vertebra in resin mounts. A surrogate head
was rigidly attached to the occipital mount while the T1 mount was fixed to a trauma sled. The
sled was mounted on linear bearings. The surrogate head and spine were stabilized using muscle
force replication. To simulate rear impact loading, the trauma sled and thus the T1 vertebra,
were accelerated anteriorly using the incremental trauma protocol up to a maximum peak T1
horizontal acceleration of 8 g. The control spines and the whiplash-exposed spines, following
the 8 g impact, were frozen at —20°C prior to preparation for mechanical testing (Panjabi et
al., 1985). All spines had no history of any disease that could have affected the
osteoligamentous structures. The spines were divided into two equal groups with each group
consisting of three whiplash-exposed and three control spines. Facet-CL-facet specimens were
prepared using C2/3, C4/5, and C6/7 spinal levels in the first group and C3/4, C5/6, and C7/
T1 spinal levels in the second group. Left and right facet-CL-facet specimens from each spinal
level were prepared separately. Each preparation was then mounted for mechanical testing
(Figure 1). To ensure rigid anchoring of the facets within quick setting bondo mounts (Evercoat
Z-Grip, Fibre Glass-Evercoat, Cincinnati, OH), two perpendicular thru-holes were drilled into
each facet in which 19 gauge needles were inserted. Each mount contained an anchoring screw
for subsequent attachment to the testing apparatus. In total, 66 facet-CL-facet specimens were
prepared (Table 1). Each specimen was mounted in a custom designed, displacement-
controlled mechanical testing apparatus which was controlled by a computer (Panjabi et al.,
1996). The main components of the bench-top apparatus included a stationary, horizontal
frame, stepper motor which controlled a movable platform (resolution 0.01 mm), and load cell
(222 N capacity, model LCCA-50, Omega, Stamford, CT). To achieve neutral CL position,
the apparatus allowed ligament alignment in the plane perpendicular to the axis of CL
elongation. One end of the specimen was rigidly fixed to the horizontal frame by means of the
load cell, while the other end was fixed to the movable platform. To standardize the neutral
CL position, the facets were preloaded to 1 N of compression immediately prior to testing and
this was defined as zero CL elongation.

2.2 Experimental protocol

The facet-CL-facet specimen was elongated at 1 mm/s in increments of 0.05 mm until a tensile
force of 5 N was achieved and subsequently was returned to neutral position. Force and
elongation data were recorded at each motion step following a 0.5 s rest period. Four pre-
conditioning cycles were performed and data from the load phase of the fifth cycle were used
for subsequent analyses. Preliminary experimentation demonstrated that four load/unload
cycles were adequate for preconditioning, and that force-elongation curves among subsequent
cycles showed little change.

2.3 Data analyses

CL elongation was computed at tensile forces of 0, 0.25, 0.5, 0.75, 1.0, 2.5, and 5.0 N using
the equation of the line through the two data points that encompassed the desired force. This
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uneven distribution provided more readings in the early phase of the average force-elongation
curves, when changes occurred most rapidly.

Statistics—Data from left and right CLs were combined within each group. Two factor, non-
repeated measures ANOVA was used to determine differences in the average CL elongation
at tensile forces of 0 and 5 N between the groups (whiplash-exposed vs. control) and between
spinal levels (C2/3 though C7/T1). The significance level was set at P<0.05. If differences
between spinal levels were observed, pair-wise Bonferroni post-hoc tests were performed with
adjusted P-values computed based upon the number of post-hoc tests performed.

The force-elongation curve is shown for each whiplash-exposed CL (Figure 2A) and control
CL (Figure 2B) along with the average curves with standard deviations (Figure 2C). As
expected, the average force-elongation curves were nonlinear, with greater flexibility at low
forces and increasing stiffness at higher forces. Greater flexibility was generally observed in
the whiplash-exposed CLs, as compared to the control CLs, particularly at low forces. The
difference between the average elongation of the whiplash-exposed and control CLs
progressively increased from 0.4 mm at 0 N to 0.9 mm at 5 N. The standard deviations for the
average elongations of the whiplash-exposed CLs were generally larger than those of the
control CLs.

The average elongation of the whiplash-exposed CLs was significantly greater than that of the
control CLs at tensile forces of 0 N (Table 2A) and 5 N (Table 2B). No significant differences
between spinal levels were observed at either tensile force. No significant interactions were
found (tensile force of 0 N: P=0.711; tensile force of 5 N: P=0.777).

4. Discussion

Whiplash causes soft tissue neck injuries that result in substantial societal costs (Spitzer et al.,
1995). There is controversy as to which anatomical components are injured during whiplash
and even greater debate regarding the specific cause and source of the chronic symptoms
reported by whiplash patients. These chronic symptoms include neck pain, headache, dizziness,
vertigo, and parasthesias in the upper extremities. Previous clinical and biomechanical studies
have identified the cervical facet joint, including the capsular ligaments (CLs), as sources of
pain due to whiplash loading (Barnsley et al., 1995; Lee et al., 2004; Lord et al., 1996a; Pearson
et al., 2004). While subfailure ligament injuries are common, non-destructive methods for
detecting and quantifying these injuries in specific ligaments are not well established. The
present study utilized a new methodology for quantifying ligament laxity using quasi-static,
non-destructive loading of facet-CL-facet specimens. The force-elongation curves of whiplash-
exposed and control CLs were compared at and in the vicinity of the neutral zone (Panjabi,
1992). Significant increases were observed in the laxity of the whiplash-exposed CLs, as
compared to the controls. Chronic symptoms reported by whiplash patients may be caused by
elongation-induced CL strains during trauma which produce subfailure tears in some or all CL
fibers and injuries to embedded mechanoreceptors (Panjabi, 2006). The present biomechanical
results may help to explain, at least in part, the chronicity of painful symptoms in whiplash
patients.

The limitations of the present study should be considered before interpreting the results. The
average age of whiplash-exposed spines, 70.8 years, was older than the younger population
most likely to suffer whiplash injuries. Being an in vitro biomechanical study, the in vivo tissue
responses of healing and adaptation were not modeled. Histological evaluation or scanning
electron microscopy techniques were not performed as they were outside the scope of this
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study. Tensile force up to 5 N was applied to the facet-CL-facet specimens. This peak load was
large enough to evaluate the CL laxity in the vicinity of the neutral zone, but small enough not
to injure the specimens. The latter was demonstrated by reproducible force-elongation curves
following the four preconditioning cycles. Although only six whole cervical spines were
available in each of the whiplash-exposed and control groups, a total of 34 and 32 facet-CL-
facet specimens were analyzed in each of the respective groups. In order to determine the effect
of whiplash on CL laxity, data from left and right CLs were combined within each group. No
significant differences in CL laxity were observed between spinal levels, most likely due to
the limited sample sizes. Increased sample sizes may have demonstrated significantly greater
CL laxity at the lower, as compared to upper and mid cervical spine regions. Greatest high-
speed CL strains during simulated rear impact have been documented at the lower cervical
spine, C5/6 and C6/7, indicating that these spinal levels may be at greatest risk of injury due
to whiplash (Pearson et al., 2004). Also due to the limited sample sizes, we did not evaluate
the laxity of other cervical ligaments, such as the anterior longitudinal ligament and annular
fibers, however these ligaments may also be injured due to excessive strains during whiplash
(Ivancic et al., 2004; Panjabi et al., 2004).

The variability of the average whiplash-exposed CL elongation was between 85% and 275%
larger than that of the average control CL elongation, as measured by standard deviation (Figure
2C). This percentage difference in variability of CL elongation was greatest at the neutral zone
(O N tensile force) and least at 5 N tensile force. This result corresponds with in vivo studies
that have reported greater variability in neck range of motion, position sense, and postural
activity of whiplash patients, as compared with controls (Feipel et al., 1999; Madeleine et al.,
2004). These cumulative results demonstrate that whiplash loading may cause CL subfailure
injuries that vary in severity from microscopic tears of a few CL fibers to near complete rupture
of all fibers. These CL subfailure injuries may potentially cause injury of varying severity to
embedded mechanoreceptors. The effects of injured CL mechanoreceptors on neck stability
are not well understood. Animal models have shown that stimulation of spinal ligaments
initiated activity of spinal muscles (Indahl et al., 1997; Solomonow et al., 2002; Solomonow
et al., 1998). Varying injury severity of the mechanoreceptors embedded in the CLs may
potentially lead to a wide range of corrupted transducer signals received by the neuromuscular
control unit. It has been hypothesized that these corrupted signals may produce the varied
abnormal muscle response patterns that lead to the decreased neck mobility and proprioception
in whiplash patients (Panjabi, 2006).

The present data, which conclusively demonstrates CL injury in the form of increased laxity
due to whiplash, builds upon previously reported findings. Decreased strength of whiplash-
exposed human neck ligaments has been observed due to high-speed elongation following
simulated rear impacts, as compared to controls (Tominaga et al., 2006). Multiple studies have
documented non-physiological CL strains during simulated whiplash loading of human
cadaveric spines (Cusick et al., 2001; Pearson et al., 2004; Siegmund et al., 2001; Stemper et
al., 2005; Winkelstein et al., 2000; Yoganandan et al., 2002). An increase in behavioural
sensitivity in excess of three-fold was observed using an in vivo rat model that underwent 34%
CL strain, as compared to 11% strain. This composite evidence of CL injuries due to whiplash-
type loading provides a biomechanical basis to explain the chronic symptoms reported by
whiplash patients.

Increased laxity and subfailure injuries of CLs and embedded mechanoreceptors may be the
origin of at least some neck neuromuscular abnormalities observed in whiplash patients, such
asrepositioning error (Heikkila and Astrom, 1996; Loudon et al., 1997), altered range of motion
(Antonaci et al., 2002; Bonelli et al., 2000; Madeleine et al., 2004), and muscle spasm (Norris
and Watt, 1983; Ronnen et al., 1996). While neck muscle injuries may explain short term
neuromuscular abnormalities, they most likely do not lead to chronic symptoms due the
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abundant blood supply of muscles which enables relative quick healing. Ligaments, in contrast,
heal slowly and poorly and may scar (Osti et al., 1990; Osti et al., 1992). Panjabi (2006)
hypothesized that abnormal mechanoreceptor transducer signals produced from injured CLs
may cause corrupted neck muscle response patterns, hindering the neck proprioception of
whiplash patients. Reduced active neck motion in whiplash patients may be a response of the
neuromuscular control system to stiffen the injured neck to prevent excessive spinal motions,
nerve tissue impingement, and further CL injuries. This may also result in the muscle spasm
observed in the whiplash patients.

Increased CL laxity in whiplash patients may be one component perpetuating chronic neck
pain and clinical instability. As the CL contains both mechanoreceptive and nociceptive nerve
endings, CL injury during whiplash causing increased laxity may potentially injure these
structures causing inflammation and pain. Increased CL laxity may cause residual instability,
altered loading patterns, and nerve tissue impingement. Partial injury of embedded CL
mechanoreceptors due to subfailure stretching of CLs may potentially cause abnormal
transducer signals leading to altered muscle response patterns, muscle spasm, repositioning
errors, and altered neck range of motion.

5. Conclusions

This well-controlled biomechanical study, utilizing quasi-static, non-destructive tensile
loading of whiplash-exposed and control facet-CL-facet specimens, documented injury in the
form of significant increases in the laxity of whiplash-exposed CLs, as compared to controls.
Our results are consistent with several clinical studies that have reported pain relief in whiplash
patients following nerve block and radiofrequency ablation of facet joint afferents (Lord et al.,
1995; Lord et al., 1996b). The present biomechanical data improves our understanding of injury
and increased laxity of CLs due to whiplash.
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Figure 1.
Schematic showing the orientation of the capsular ligament (CL) within the facet-CL-facet

specimen.
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Figure 2.

Force-elongation curves for A) whiplash-exposed capsular ligaments (CLs), B) control CLs,
and C) averages with standard deviations. The average CL elongation for each group was
computed at tensile forces of 0, 0.25, 0.5, 0.75, 1.0, 2.5, and 5.0 N.
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Table 1

Sample sizes for cervical capsular ligament (CL) preparations
A total of 66 facet-CL-facetspecimens were analyzed.
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Whiplash-exposed

Control
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Totals

34

32
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