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Abstract: An extensive series of biomechanics studies, including injury epidemiology, facet capsule liga-
ment mechanics, injury mechanisms, was undertaken to help elucidate these whiplash injury mechanisms and 
gain a better understanding of cervical facet pain. These studies provide the following evidence: (1) Whiplash 
injuries are generally considered to be a soft tissue injury of the neck with symptoms such as neck pain and 
stiffness, shoulder weakness, dizziness, headache and memory loss. (2) Experimental findings have examined 
strains across the facet joint as a mechanism of whiplash injury, and suggested a capsular strain threshold or a 
vertebral distraction threshold for whiplash related injury, potentially producing neck pain. (3) Injuries to the 
facet capsule region of the neck are a major source of post-crash pain. (4) There are several hypotheses of 
how whiplash associated injury may occur and three of these are related strains within the facet capsule con-
nected with events early in the impact. These results form the biomechanical basis for a hypothesis that the 
facet joint capsule is a source of neck pain and that the pain may arise from large strains in the joint capsule 
that cause pain receptors to fire. 
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1. Definitions of Whiplash Injury 

1.1. Whiplash-Associated Disorder (WAD) 

Harold Crowe first used the term whiplash in 1928. The 
term “whiplash-associated disorder” is used to describe 
the clinical manifestations of whiplash injury. The Qué-
bec Task Force on Whiplash-Associated Disorders1 de-
scribes these entities thus: 

“Whiplash is an acceleration-deceleration mechanism 
of energy transfer to the neck. It may result from rearend 
or side-impact motor vehicle collisions, but can also 
occur during diving or other mishaps. The impact may 
result in bony or soft-tissue injuries (whiplash injury), 
which may lead to a variety of clinical manifestations 
(Whiplash-Associated Disorders).” (Spitzer et al., 1995) 

1.2. Quebec Classification of WAD 

Whiplash associated disorders (WAD) are generally con-
sidered to be a soft tissue injury of the neck with symp-
toms such as neck pain and stiffness, shoulder weakness, 
dizziness, headache and memory loss. The Québec Clas-
sification of Whiplash-Associated Disorders (Table 1) 
was devised by the Québec Task Force in 1995 to assist 
clinicians in making decisions about the treatment of 
whiplash injury and symptomatology. It was also pro-
posed to allow research on WAD to be evaluated (Spitzer 
et al., 1995). 

Table 1. The Québec classification of whiplash-associated disorders 

Grade Clinical presentation 

0 No complaint about the neck, and no physical signs 

I 
Neck complaint of pain, stiffness or tenderness only, and No 
physical signs 

II Neck complaint, and musculoskeletal signs* 

III Neck complaint, and neurological signs** 

IV Neck complaint, and fracture dislocation 

* Musculoskeletal signs include decreased range of motion and point tenderness; 
** Neurological signs include decreased or absent deep tendon reflexes, weak-
ness and sensory deficits 
 

2. Clinical aspects of Whiplash Injury 

In an extensive review of whiplash injury, Barnsley, 
Lord and Bogduk (1998) concluded[4][5] that the struc-
tures most likely to be injured in whiplash are the facet 
capsule, the intervertebral discs and the upper cervical 
ligaments.  

Injuries to other structures may occur but the available 
evidence appears to suggest that these are less common. 
The most likely injuries to be associated with whiplash 
(Figure 1), were identified, and included the following: 

--- Facet capsule injury - ligament tears, cartilage 
damage, contusion of the intraarticular meniscus he-
marthrosis (joint haemorrhage) and possibly extending to 
microfractures; 

--- Disc injury - AF ligament tears, cracks in the nu-
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cleus pulposus and protrusions, and vertebral end plate 
avulsions; 

--- Major neck ligament injury - tears to the ALL. 
In general, whiplash injuries are considered to be a 

soft tissue injury of the neck. The clinical manifestations 
of whiplash injury include the collection of symptoms 
and signs that exist in a patient beyond a period in which 
recovery might normally be expected. These symptoms 
include headache, radicular deficit, cranial nerve/brain-
stem disturbance, cervical spine osteoarthritis, fatigue, 
anxiety, sleep disturbances, blurred vision, forgetfulness, 

illness/disability worry, and stress. The transition of a 
minority of cases of whiplash from an acute phase to a 
chronic phase is an important phenomenon that may de-
pend on many factors, of which the initial injury is 
probably but one. However, the length of time since the 
crash that should be used to indicate chronic whiplash 
injury is inconsistently defined. The Quebec Task Force 
nominated 6 months post-crash as defining the transition 
from acute to chronic injury (Spitzer et al., 1995)[3] al-
though one similar review used 8 weeks post crash. 

 

 
Figure 1. A lateral view of a section of the lower cervical spine showing possible whiplash associated injuries, adapted from Barnsley et al. 

(1995) 
 
3. Cervical Facet Capsule Ligament     

Mechanics 

Many studies have examined the cervical facet capsule 
specifically for its risk of mechanical injury. Kaneoka et 
al. (1999) demonstrated altered[6] facet joint motion dur-
ing human volunteer studies of rear-impact collision with 
differential kinematics between upper and lower cervical 
spine regions. Panjabi et al. (1998) estimated linear cap-
sular ligament strains using transducers inserted in the 
articular facets to quantify displacements across the 
C6/C7 joint[7]. For 6.5 g accelerations of cadaveric head- 
neck specimens, C6/C7 capsular strains reached a peak 
of 29.5 ± 25.7%. However, for these same specimens, 
the maximum C6/C7 capsule strain was 6.2 ± 5.6% for 
flexion-extension moments producing normal ranges of 
motion, suggesting capsular elongation in whiplash as a 
potential mechanism of injury. More recent work by that 

group (Pearson et al. 2004)[8] has further substantiated 
the C6/C7 joint as experiencing the greatest strains dur-
ing simulated accelerations. For 8g accelerations, Pear-
son et al. (2004)[8] reported the maximum C6/C7 strain 
produced by facet joint sliding and separation was 39.9 ± 
26.3%, consistent with earlier work of Panjabi et al. 
(1998)[7]. Yoganandan et al. (2002)[9] quantified relative 
facet motion (local sliding and compression) for human 
cadaveric head-neck whiplash simulations and demon-
strated mean peak sliding motions in the anterior and 
posterior joint regions of 2.76 ± 0.78 mm and 1.94 ± 0.98 
mm, respectively; mean peak compression motions in 
anterior and posterior regions of 2.02 ± 0.65 mm and 
2.84 ± 0.47 mm, respectively. These studies provide 
evidence that whiplash kinematics alter strains across the 
bony surfaces of the facet joint and further hypothesize 
this as a mechanism contributing to painful capsule in-
jury. 
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While experimental findings have examined strains 
across the facet joint as a mechanism of whiplash injury, 
more recent work has focused specifically on closer ex-
amination of the cervical facet capsule strain field (Lu et 
al, 2005)[10]. For vertebral bending motions matching 
human volunteer whiplash kinematics, full-field capsular 
strains have been quantified for cervical motion seg-
ments. For these joint kinematics, maximum principal 
strains were found to be directed across the joint 
(Winkelstein et al., 2000)[11], in a direction perpendicular 
to the joint articulation. While not sustaining any gross 
capsule injury during these vertebral kinematics, maxi-
mum principal strains reached as high as 23.0 ± 4.4%. 
These strains were not significantly different from those 
capsular strains (64.6 ± 73.8%) produced at the first 
(“subcatastrophic”) failure during tensile testing of the 
isolated capsule. Despite the 2.5-fold difference in strains 
reported for those conditions, the lack of statistical dif-
ference due to high variation in subcatastrophic strains 
led the authors to suggest that whiplash-like bending of 
the facet joint can produce maximum capsular strains 
that are similar to those produced during pure tension. 
Likewise, Siegmund et al. (2001)[12] also documented the 
likelihood of subcatastrophic failures in combined shear 
loading during whiplash kinematics, with the capsule 
sustaining strains of 35.0 ± 21.0%. The broad collection 
of full spine and motion segment studies suggests a cap-
sular strain threshold for whiplash related injury, poten-
tially producing neck pain. While these studies provided 
mechanical bases for whiplash pain and a potentially 
painful facet capsule subcatastrophic injury, they did not 
provide physiologic context for those subcatastrophic 
injuries. 

Considering all data from biomechanical testing using 
human volunteers, head-neck preparations and motion 
segments, it is possible that a critical distraction of the 
facet joint may be required for its painful capsular injury. 
It is hypothesized that such a distraction threshold may 
initiate nociception and/or pain symptoms. As such, this 
study examines a range of vertebral distractions, which is 
inclusive of those distractions producing subcatastrophic 
C6/C7 capsular strains, as noted in human cadaveric 
whiplash studies (Winkelstein et al, 2000; Siegmund et al, 
2001)[11,12]. Using human capsule dimensions and dis-
placement responses under tensile loading (Winkelstein 
et al, 2000)[11], geometric scaling between the human and 
rat species defined vertebral distraction ranges for the 
present study. Accordingly, vertebral distractions in the 
rat (0.9 mm = SV), scaled to be equivalent to joint dis-
tractions for human subcatastrophic failures, are exam-
ined for their potential to induce pain symptoms. More-
over, to evaluate whether joint distraction below these 
levels initiates any nociceptive or symptom outcomes, 
vertebral distractions sufficiently below (<10%) the SV 
magnitude are also examined (0.1 mm = PV). This study 
examines these two categories of vertebral distraction in 

vivo, in the context of pain behavioral outcomes and one 
indicator of nociception for insight into facet-mediated 
neck pain. 

4. Injury Mechanisms 

4.1. Hyperextension of the Neck 

Formerly, hyperextension of the neck was thought to be 
a cause of injury. These early studies[1] included primate 
studies (MacNab, 1965), volunteer and cadaver studies 
(Mertz & Patrick, 1967) and field accident studies (States 
et al, 1972). However, it was inadequate to explain the 
continuous occurrence of whiplash injuries even after 
most vehicles had been equipped with head restraints as 
a result of motor vehicle safety regulation in the 1980s. 
In addition, the increasing levels of whiplash associated 
injury in the last decade combined with the results of the 
volunteer testing, which suggests possible injury in the 
early phase of motion, are indications that simple hyper-
extension of the neck is not the problem 

4.2. Muscle Strains 

The motion of the head leading to extension of the neck 
stretches the anterior muscles such as the sternocleido-
mastoid muscles. One hypothesis[13] is that these muscles 
are at risk of injury from attempting eccentric contraction 
(Phase: 100-160ms) of whiplash motion. Eccentric con-
traction occurs when a muscle contracts as it is stretched. 
Studies have shown that muscle failure occurs at forces 
much larger than maximal isometric force and stretch is 
necessary to create injury (Garrett et al, 1997)[13]. The 
contraction is due to the stimulation of muscle spindles 
in the flexor muscles that are being stretched as the neck 
and head move into extension (Phase: 40-100ms). At this 
stage, the large extensor muscles in the back of the neck 
are moving into compression and are hence unlikely to 
contract at the time of impact. 

A second hypothesis is that the extensor muscles are 
injured during rebound of the head and neck as they un-
dergo eccentric contraction during the rebound phase of 
the impact (Phase: 150-200ms). Hell et al (2002)[14] re-
garded the rebound into the belt system as a possible ad-
ditional injury source, because the measured head veloci-
ties in this phase have been shown to reach higher values 
than previously expected. This mechanism is consistent 
with the findings of Garrett et al (1997)[13] but fails to 
explain the significant number of belted occupants in 
severe frontal impacts who do not have neck pain fol-
lowing a crash. Further, the muscle strain mechanism 
may explain short-term muscle stiffness following the 
impact, but such injuries typically last only a few days. 

These two hypotheses indicated that muscles were also 
focused on as a candidate of soft tissue injuries in rear 
impacts. However, the assumption was not consistent 
with the fact that most patients had pain in the posterior 
region of the neck, whereas the anterior muscles would 
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be stretched first in rear impacts. 

4.3. Spinal Column Pressure Pulses 

Svensson et al (1993)[15] conducted an animal study to 
investigate whether whiplash injury was produced by 
pressure pulses generated in the spinal column. The 
necks of pigs were exposed to rapid flexion-extension 
motion in simulated rear impacts. Pressure pulses of up 
to 150 mmHg were found in the lower cervical spinal 
canal during neck motion and were greater in magnitude 
across the vertebral foramen than along the canal. Mi-
croscopic analysis of the nerve cells in the spinal dorsal 
root ganglia (DRG) revealed a leakage of dye from the 
CFS across the cell membranes, indicating membrane 
damage. 

Eichberger et al (2000)[16] conducted a total of 21 tests 
including pressure measurements with 5 cadavers. Sled 
experiments were performed using a test set-up similar to 
real rear-end collisions. Impact velocities of approxi-
mately 9 km/h and 15 km/h were chosen. The subjects 
were fitted with 2 triaxial accelerometers on the head and 
chest, one biaxial accelerometer at the height of T1, and 
one angular accelerometer at the head. Pressure meas-
urements in the cerebrospinal fluid (CSF) were per-
formed using 2 catheter-tip pressure transducers, placed 
subdurally in the spinal canal. The upper transducer was 
placed at the C1/C2 level and the lower transducer at 
C6/C7. The researchers found pressure peaks reaching 
220 mmHg at approximately 100 ms in the cadavers 
tested. This confirmed the pressure pulse amplitudes and 
times obtained in the animal experiments by Svensson et 
al (1993)[15] were also possible in humans. Injuries to the 
nerve tissue in the neck resulting from these pressure 
effects could not be observed due to limitations with the 
use of cadavers. 

There is a need to note that their theory does not ex-

plain the fact that many patients indicate the location of 
pain at the inferior region of the neck, while the pressure 
gradient can be raised anywhere in the spinal column. 

4.4. Facet Impingement 

Based on the neck radiographs from the volunteer tests, 
the researchers[6, 17] (Kaneoka et al, 1999; Ono et al, 1997) 
found that the lower motion segments had the larger the 
relative rotation angle. The rotation between the fifth and 
sixth vertebral segments is the largest and earliest (Fig-
ure 2). 

To quantify this motion, the position of the instanta-
neous axis of rotation (IAR) was analyzed for the C5/C6 
motion segment (Ono et al, 1997)[17]. Volunteer neck 
measurements provided the expected positions of the 
IAR within the C6 vertebral body, in normal cervical 
extension (Figure 2). 

When the S-shape of the neck occurs in the whiplash 
motion, the IAR moves upward to a position within the 
C5 vertebral body (Figure 2). This upward motion of the 
IAR indicates that the C5 motion at this point is largely 
one of rotation rather than shear. 

This upward shift of the IAR during the crash motion 
was only observed in the C5/C6 motion segment. It was 
hypothesised that, as a result of the motion, the articular 
facet surfaces would collide, resulting in mechanical 
impingement on the synovial fold or meniscoid in the 
facet capsule. Further, it was hypothesized that if this 
torque is large enough, there was the possibility of the 
anterior longitudinal ligament or separating of the annu-
lus fibrosus from the end plate of the associated verte-
brae (a rim lesion). 

Subsequent testing of cadaver head and necks by both 
Yoganandan et al [9] and Pearson et al (2004)[8] has sup-
ported the impingement motion of the facet capsule. 

 

 
Figure 2. With normal cervical extension motion the IAR is positioned in the C6 vertebral body. When the S-shape is reached in the whiplash 

motion, the IAR moves upward to a position within the C5 vertebral body, from Ono et al. (1997) 
 

4.5. Shear 

A rear impact causes the seatback to push the torso for-
ward, while the head remains stationary. The effect of 
the seatback pushing on the cervical spine is to straighten 
the thoracic spine. The inertia of the head converts this 
vertical motion of the spine into a compression loading 
to the cervical spine. This compression has been ob-

served in volunteer and cadaveric tests simulating whip-
lash. As the torso pulls the head forward, a shear force is 
generated at each level of the cervical spine. Yang and 
Begeman (1996)[18] suggested that this shear force was a 
candidate to cause soft tissue injury to the intervertebral 
joints of the cervical spine. Under compression, the cer-
vical vertebrae slide relative to each other and the facet 
capsules are stretched and possibly torn, resulting in in-
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flammation and pain. 
Deng et al (2000)[19] carried out 26 low-speed rear-end 

impacts on six human cadavers in a rigid seat. The study 
showed that the upper cervical vertebrae go into relative 
flexion with respect to the lower cervical vertebrae dur-
ing whiplash motion, while the entire neck is in exten-
sion (the S-shape). In addition, the upper neck is under 
flexion when the head contacts the head-rest, while the 
facets reach peak strain prior to head contact with the 
head-rest. It was concluded that if stretching of the facet 
capsular ligaments were the reason for the high incidence 
of neck pain, the upper cervical spine would sustain a 
flexion injury while injury to the lower cervical spine 
would be due to a combination of shear and compres-
sion. 

Deng et al (2000)[19] also reported that a 20-degree 
seatback as compared to a 0-degree seatback resulted in 
less cervical lordotic curvature, more upward ramping 
motion of the thoracic spine, and greater relative rotation 
of each cervical motion segment. 

4.6. Axial Compression 

Yang et al (1996)[18] proposed a hypothesis to explain the 
rear-end neck injury mechanism stating that axial com-
pression can cause loosening of ligaments and make it 
easier for the facet joint capsule and other soft tissues to 
be injured. 

In Yang’s studies, cervical spine specimens from 
C1-T1 were tested. The C1 vertebra was fixed to an alu-
minum plate with screws. The other end (T1) was potted 
in epoxy and attached to a six-axis load cell. The entire 
assembly was placed in a jig on an INSTRON testing 
machine. This jig limits the C1 vertebra from moving to 
simulate the inertial effect of the head. The T1 vertebra 
was attached to the actuator of the INSTRON testing 
machine. During the test, the actuator moves upward to 
simulate the seat back pushing from behind. Five tests 
were done for each specimen. In the first test, the T1 was 
moved anteriorly to simulate a rearend impact for 20mm 
displacement at a quasi-static speed of 0.04 m/s. In the 
next four tests, an axial compression of 10, 20, 30 and 40 
lbs of dead weight were applied through a cable-pulley 
system. The same procedure as in the first test was then 
repeated.  

Yang’s data indicated that at C5-C6 level a shear of 
22.5 N without any pre-compression produced a 2.5-mm 
deflection and a shear of approximately 10 N with the 
axial pre-compression of 40 lbs produced a 3.5-mm de-
flection. Further analysis showed that shear stiffness 
values were reduced significantly with increased axial 
compressions and validated Yang’s hypothesis. 

5. Discussions 

Whiplash injury is not necessarily accompanied by ob-
vious tissue damage detectable by X-ray or MRI. Many 
different injury mechanisms of the cervical spine have 

been identified thus far, but the extent to which a single 
mechanism of injury is responsible remains uncertain. 
The future research should provide more clinical evi-
dence for injury mechanisms of whiplash injury. 
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