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REVIEW OF THE LITERATURE 

Injury Threshold: Whiplash-Associated Disorders 

Charles G. Davis, DC" 

ABSTRACT 
Objectives: To review current knowledge and 

recent concepts of the causes of injuries after 
minor impact automobile collisions and to ac-
quaint those who treat these types of injuries 
with possible injury thresholds and mecha-
nisms that may contribute to symptoms. 

Data Sources: A review of literature involving 
mechanisms of injury, tissue tensile threshold, 
and neurologic considerations was undertaken. 
A hand-search of relevant engineering, 
medical/chiropractic, and computer Index 
Medicus sources in disciplines that cover the 
variety of symptoms was gathered. 

Results: Soft-tissue injuries are difficult to diagnose or quantify. 
There is not one specific injury mechanism or threshold of 
injury. With physical variations of tissue tensile strength, 
anatomic differences, and neurophysiologic considerations, 
such threshold designation is not possible. 

Conclusions: To make a competent assessment of injury, it is 

important to evaluate each patient individually. 
The same collision may cause injury to some 
individuals and leave others unaffected. With 
the variability of human postures, tensile 
strength of the ligaments between individuals, 
body positions in the vehicle, collagen fibers 
in the same specimen segment, the amount 
of muscle activation and inhibition of muscles, 
the size of the spinal canals, and the 
excitability of the nervous system, one specific 
threshold is not possible. How individuals react 
to a stimulus varies widely, and it is evident 
peripheral stimulation has effects on the central 
nervous system. It is also clear that the 

somatosensory system of the neck, in addition to signaling 
nociception, may influence the control of neck, eyes, limbs, 
respiratory muscles, and some preganglionic sympathetic nerves. 
(J Manipulative Physiol Ther 2000;23:420-7) 

Key Indexing Terms: Whiplash Injury; Cervical Vertebrae; 
Spine; Central Nervous System 

  

INTRODUCTION 
The method of research of whiplash varies from mail re-

sponses, emergency department and doctor records, and 
crash testing of cadavers, animals, and human volunteers. 
Whiplash-associated injuries may occur from any angle, with 
rear-impact collision injuries occurring at a higher rate.1 

Those who develop chronic conditions from whiplash have 
been reported from none2 to 86%.3 It is difficult to extrapolate 
from the small number of samples of these reports and apply 
them to the population at large. Whiplash injuries are 
common, with some symptoms persisting for a number of 
years in a minority of patients. Vehicular damage may not occur 
with a delta velocity of less than 13 km/hour,4'5 and there does 
not appear to be a relation between vehicle damage and 
occupant injury.6"9 

Injury has been produced with in vitro ligament tensile 
tests with force less than the weight of the average head in 
volunteers with a speed change of 4 km/hour (2.5 mph),10 

torso acceleration of 4.5g,11 and extrapolated from primates, a 
50% chance of concussion in a 5-g acceleration.12 
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Experimental studies and postmortem studies have yet to 
prove the lesion of whiplash, but they have set out possibilities. 
The lesions are likely tears to muscles, rim lesions of the 
disks, and occult fractures or injuries to the zygapophy-seal 
joints.13 

DISCUSSION 
Today, vehicles are made with crumple zones. These 

zones are designed to absorb energy and leave the passenger 
compartment intact. In a collision with little or no damage to a 
vehicle, the collision impact would be a sharp impulse with little 
to no absorption of energy. In whiplash, an inertial type of 
injury, there is complex buckling with concomitant flexion and 
extension occurring simultaneously in different regions of the 
cervical spine. Because of inertia, an S-shaped curvature takes 
place. This S-shape phase shift has been found in volunteers,14 
cadavers,15 and animal testing.16 In a rear-end impact, the neck 
forms an S-shaped configuration at 50 to 75 ms after 
accelerating motion. This time period shows cervical spine 
flexion at the upper levels and greater extension at the lower 
levels than in the later stages of maximum extension of the 
head. At 100 to 125 ms, the cervical spine reverts to a C-shape 
curvature of the entire cervical spine. The physiologic 
extension limits were exceeded at the lower in-tervertebral 
levels. Therefore although there is no gross hy-
perextension/hyperflexion with ranges of motion in whiplash 
experiments, segmental levels may exceed physiologic limits 

 



without overall cervical hyperextension/hyperflexion.15 This 
type of injury may involve multiple, noncontiguous mecha-
nisms of injury. There may be injuries to nonadjacent seg-
ments, as in damage to the lower cervical segments and at the 
occipital-atlantal segment. There may be apparently non-
musculoskeletal symptoms, such as dizziness, vertigo, mild 
brain injury, and proprioceptive disorders. 

The human spinal colum, which is devoid of muscle function, 
is incapable of carrying the loads imposed on it.17 Without muscles, 
the spine buckles under very low loads. The average critical load 
that causes the osteoligamentous human cervical spine to 
buckle is 10.5 N, with a standard deviation (SD) of 3.8 N. 
This is about one fifth to one quarter the weight of the average 
head.18 Instability has been defined as loss of stiffness. 
Mechanical instability is an unstable structure that is not in a 
state of equilibrium.19 Mechanical instability has been 
induced to the cervical spine in vitro, when the acceleration of 
the Tl vertebrae is subjected to a 4.5-g rear-end acceleration.11 
In clinical instability under physiologic loads, there are 
changes in the patterns of motion that may result in neurologic 
deficit, excessive deformity, and/or pain, acutely or with 
time.20 The neutral zone, or lax zone, may be a better parameter 
in defining the onset and progression of spinal injury than range 
of motion. The upper boundary of the neutral zone has been 
described as the displacement at which the lig-amentous 
resistance begins.21'22 

Studies have been attempted that evaluate possible injury 
thresholds based on cadavers and volunteers. One engineering 
study had their important torque at the occipital condyles. An 
injury envelope of 47 Nm (35 ft-lb) was proposed as noninjuri-
ous, and 57 Nm (42 ft-lb) was proposed to cause injury based on 
a static torque test. The injury measurement was made from an 
extrapolation of visible ligamentous damage at 33 Nm (24.6 
ft-lb) from a cadaver.23 The Society of Automotive Engineers 
indicates a torque of 57 Nm (42 ft-lb) to represent a severe 
injury.24 The difference in these forces fall within the SD of 
ligaments tested for failure.25'26 Anatomic studies of the tensile 
strength of spinal ligaments reveal a wide range of variability to 
failure (Table 1). Variability exists among suboccipi-tal 
muscles,29 articulations,30'31 and in the same specimen at the 
same level from anterior to posterior.32 In vitro failure testing of 
whole cadavers and on cadaveric spinal segments has resulted 
in widely varying patterns of injuries. Even controlled flexion or 
flexion-compression loading of 2-vertebrae functional spinal 
units has resulted in a wide variety of injuries, including 
disruption of the supraspinous and interspinous ligaments, 
ligamentum flavum, facet capsules, and disks.33 There are also 
anatomic differences between the cervical and lumbar spine.34 

In a low-velocity impact, the soft tissue is seldom torn 
completely. It is most likely stretched beyond its elastic 
limit, resulting in an incomplete injury.35 A subfailure injury to 
a ligament significantly alters its mechanical properties,36 and 
many subfailure injuries have potential injury conse-
quence.37 Microscopic collagen fiber failure begins at 3% to 
5% strain. Strain greater than 7% to 8% may result in the 
ligament undergoing plastic deformation and more exten- 

 
 ALL PLL LF JC IS

C2-3 207 (98) 84(81) 86(61) 211 (130) 37(2)
C2-3 66 (37) 150(71)
C3-4 47(14) 82 (66) 75(8) 224 (60) 33(2)
C3-4 104(99) 1 1 1 (49)
C4-5 47(13) 47(11) 56(17) 170(20) 26 (24)
C4-5 106(61) 102(67)
C5-6 89 (67) 85 (50) 89 (48) 144 (36) 33(15)
C5-6 104(54) 89 (42)
C6-7 176(25) 102 (29) 160 (38) 277(147) 31(12)
C6-7 105(44) 95 (65)    

All measurements are in Newtons (N). 1 N » .225 pounds. 
ALL, Anterior longitudinal ligament; PLL, posterior longitudinal ligament; 

LF, ligamentum flavum; JC, joint capsule; IS, interspinous ligament.27,28 

sive collagen failure. The load-carrying capacity may be 
lost, even when the ligaments appear macroscopically con-
tinuous.38 The properties of ligaments vary in collagen 
mRNA levels and cytoskeletal assembly under normal con-
ditions and in response to injury and healing capacities.39'40 

Muscles 
Because the spine cannot support itself and depending on 

the sample tested, the amount of force to produce failure of 
the ligaments can be low. Muscles are needed for protection, 
and the deep extensor muscles may have a different response 
than superficial muscles.41 The deep segmental muscles are 
under nonvoluntary control. The bigger muscles that cross 
over multiple segments are under voluntary control. In sled 
acceleration testing, the average muscle response was first in the 
levator scapulae (73.2 ms, 15.2 SD) followed by the ster-
nocleidomastoid (73.3 ms, 14.7 SD).42 Testing has indicated it 
takes approximately 200 ms to develop sufficient muscle force 
to limit motion43; it would appear that the muscle reflex 
contraction would be too little and too late to restrict 
motion.44 A quick shoulder elevation before sudden accelerations 
may prevent or reduce injury.45 In animal testing, a 
threshold for stretch-induced muscle injury does exist, with 
micro-failure occurring at 16.5% strain.46 

Delayed onset muscle soreness has been shown to occur at 
submaximal levels.47 Disequilibrium from whiplash injury 
may be caused by hypertonicity of the muscles, auto-nomic 
reflexes, and over-excitation of proprioceptors that affect the 
central nervous system.48 As a result of disorganized neck 
proprioceptive activity, a whiplash injury can cause 
distortion of the posture control system.49 Vestibular input and 
neck motor neurons are closely related,50 as the central 
cervical nucleus relays information between upper cervical 
muscle afferents and neurons on the contralateral vestibular 
nuclei.51 The vestibular contribution in neck reflexes 
gives an advantage over stretch reflexes alone because 
the vestibulocollic reflex mediates an earlier response in 
normal subjects than in labyrinthine-defective subjects.52-53 
In diagnosing and treating disequilibrium, functional 
examination of the motion segments of the upper cervical 
spine54 and eye movement are justified.49'55'56 
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Table 1. The average and SD of force at failure of cervical human 
spinal ligaments
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Controlled Testing 
In human testing procedures, the normal seated position 

with the occupant's head in close proximity to the head 
restraint is coincidentally the optimal position for occupant 
injury protection in rear-end impact, an intuitive fact demon-
strated by the measured increase in injury levels for the few 
out-of-position tests that have been performed.57 Transient 
symptoms have been produced in test subjects not affiliated 
with professional associations at 4.0 km/hour (2.5 mph).10 

Minor, temporary symptoms have occurred in controlled 
testing, but chronic pain has not been reported. The selection 
process of test subjects in itself may be a discriminating factor 
in an effort to extrapolate controlled testing findings to the 
population as a whole. 

In an experiment to simulate the trauma to the neck in 
rear-end impacts, anesthetized pigs were exposed to a swift 
extension-flexion motion of the cervical spine. This motion 
also produced an S-shaped phase shift of the cervical spine. 
Fluid pressure in the spinal canal was monitored, and nerve 
tissue was microscopically examined with findings of sig-
nificant injuries in the lower cervical region. Injuries to the 
spinal ganglia were found, particularly in the lower cervical 
region.16 The dorsal root ganglion demonstrates mechanical 
sensitivity in its normal state, with some discharges occurring 
spontaneously. This baseline excitability is heightened after 
peripheral nerve injury, contributing ectopic barrages above 
and beyond those generated by the region of nerve injury.58 
With increasing age, there can be sprouting of sympathetic 
nerves in the dorsal root ganglion, which may be responsible 
for sympathetic pain generation or maintenance of pain.59 The 
phase shift in the cervical spine, which occurs in low-speed 
collisions, causes a change in volume of the spinal canal 
between C2 and C7 motion, an increase in cerebral spinal 
pressure, and central venous pressure.60'61 This phase shift of 
the spine may also have effects in vertebral artery and 
somatic and autonomic nerve activity.62'63 Human studies have 
shown increases in the amplitudes of the H-reflex (a 
monosynaptic segmental reflex used to assess neu-
ropathologic changes in the nerve root and spinal excitability) 
in all head position movement except flexion.64 

Symptoms 
Anesthetic injections have been used to identify structures 

that may be the site of peripheral pain generators.65 Patients 
with chronic neck pain had a symptomatic disk and a symp-
tomatic zygapophyseal joint at the same segment in 41% of 
patients with posttraumatic neck pain. Disks alone were 
symptomatic in 20%, and zygapophyseal facet joints alone 
were symptomatic in 20% of the sample.66 Studies have 
indicated that the cervical zygapophyseal (facet) joint may be 
a source of chronic symptoms after whiplash injuries.67'68 In 
addition to the S-shaped phase shift of the spine that has been 
found in controlled collision testing in cadavers and in human 
volunteers, an elevation of the instantaneous axis of rotation 
takes place in the lower cervical spine. This movement of the 
cervical spine is different from normal and may cause injury of 
the facet.14 Along with changes in the instan- 

taneous axis of rotation, axial compression causes a loosening 
and a decrease in shear stiffness of the cervical ligaments, 
making it easier for shear type of soft-tissue injury.69 The facet 
joint capsules are not homogenous, with the dorsal part being 
thin and the ventral part being thick and reinforced with 
oblique elastic fibers.70 Injury to the facet capsu-lar ligament is 
likely to affect segmental motion71 and therefore joint sensory 
input to the neuroaxis. 

Not everyone injured has immediate symptoms. Delayed 
instability may occur,37'72 and approximately 22% of those 
involved in collisions do not have symptoms at the scene but 
develop them later.13 In the joints, there is both a peripheral 
source of nociceptive input and afferentation arising from 
the joint mechanoreceptors that decrease the intensity of the 
nociceptive impulses. In joint dysfunction, nociception that 
would normally be "gated out," that is, pain usually inhibited 
by mechanoreceptors (type-A fibers), may lead to deaf-
ferentation pain. Pain by this mechanism may occur imme-
diately in one third, within a year in a second third, and after 1 
year in the remainder. The pain in deafferentation is 
described as "burning, raw, or searing" or as a "tingling, 
numb sensation."73 Activation of nitric oxide signal trans-
duction contributes to the sensitization of wide dynamic 
range spinothalamic tract neurons in the deep dorsal horn 
causing simultaneous attenuation in inhibition produced in 
the periaqueductal gray.74 Sensitization of the spinothalamic 
tract cells is, in part, produced by disinhibition.74'75 

The cause of injury, the patient's age, and the presence of 
head injury or focal neurologic deficit are important predictors 
of cervical spine fracture. In minor impact collisions, there 
is a low incidence of fracture.76 Head impact increases the risk 
of fracture by a factor of 3.77 The preferred screening modality 
in trauma patients at high and moderate risk for cervical spine 
fractures is computer tomography.78 Routine use of magnetic 
resonance imaging is not justified79 but may be of use in 
patients with persistent, radiating pain.80 Videofluoroscopy 
can demonstrate different motion patterns between normal and 
pathologic spines.81 Bone scintigraphy may detect occult 
damage not visible on x-ray.82 

Pain 
Pain is defined as "an unpleasant sensory and emotional 

experience associated with actual or potential tissue damage or 
described in terms of such damage." Nociceptive pain is the 
pain that results from activation of nociceptors, nerve 
fibers, and pathways associated with tissue damage. Pain 
has subjective elements and does not necessarily require tissue 
damage. There are technical differences between pain and 
nociception.83 

Activation of subthreshold neural pathways in controlled 
experimental conditions have been elicited by a puff of air.84 

After activation of a pathway caused by a stimulation, the 
nervous system processes this information. Stimulation of 
the peripheral mechanoreceptors, chemoreceptors, and noci-
ceptors have effects on the central nervous system. Pain can be 
abolished, inhibited, or facilitated by the brain. Clinically, 
mechanical pain may be triggered from normal structure.85 



Pain and changed somatosensory thresholds may occur after 
relatively minor axonal damage and nerve sheath inflammation 
when no axonal damage is present.86 Nociceptors are primary 
afferent neurons that respond to noxious or potentially tissue-
damaging stimuli, and they can be sensitized. Inflammation 
increases the sensitivity of the receptors in the periphery and 
in the central nervous system. All C-fibers of the sensory 
system have beta-adrenergic receptors. Injury to a muscle or a 
joint can result in sensitization of peripheral no-ciceptors87 that 
are associated with unmyelinated and small myelinated 
peripheral nerve fibers. 

Peripheral inflammation results in an enlargement of the re-
ceptor fields of many neurons, which may result in pain that is 
experienced with less intense stimulation than normal and is 
called allodynia. Injury may also lead to increases in neuronal 
activity that are reflected in gene expression and prolonged 
changes in the nervous system. The functional result is hyper-
algesia and spontaneous pain associated with tissue injury.88 

Tissue acidosis appears as a dominant factor in inflammatory 
pain.89 Inflammation increases in the sensitivity in the 
peripheral terminals of A-delta and C-fibers, which can result in 
A-beta fibers that normally inhibit nociception to now express 
substance P.90 Substance P in the dorsal horn appears to be 
controlled by N-methyl-D-aspartate receptors.91 Inflammation 
elevates nerve growth factor,92 and progressive tactile 
hyperalgesia induced by peripheral inflammation is nerve 
growth factor-dependent. Peripheral nerve injury can trigger 
central sprouting of myelinated afferents93 and central sensi-
tization in the spinal cord.94 Cytokines released from an injury 
may be proinflammatory or antiinflammatory.95 

Chronic Pain 
Chronic neck pain after whiplash injury is a reproducible 

phenomenon in need of an explanation.96 The occurrence of 
chronic neck pain in benign chronic pain studies in adults 
varied from 2% to 40% of the population.97 A common 
usage is 13% of the general population.98 Chronic problems 
from whiplash-type injury have been stated to range from 0 in 
one study2 to 86% in another study3 and at least 3%13 to 33%99 
in reviews. 

Chronic pain can play a role in locomotor system dys-
function and its perpetuation.100'101 Patterns of normal pro-
prioceptive input are profoundly distorted when articular 
nociception is incurred. This interferes with the precise con-
tinuous input necessary for coordinated normal patterns of 
motion, balance, and equilibrium.102 Muscle spindle output 
from the neck muscles is significantly altered when the 
bradykinin concentration is elevated. This may induce pain 
through supraspinal projections and at the same time cause 
disturbances in motor coordination and proprioception by 
altering the activity of the gamma-muscle spindle system.103 

Abnormal processing allows transmission of signals along 
the central nervous system nociceptive pathways, independent 
of the degree of nociception that is occurring in the 
periphery. It does not require months for the development of 
the sensory and affective meaning of persistent pain.104 

Deep pain is different than superficial pain because deep 
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pain lasts longer than superficial pain105 and does not follow 
dermatomal patterns.106'107 

Mechanoreceptors and nociceptive nerve endings in the 
cervical facet capsules and cervical disks prove that these tissues 
are monitored by the central nervous system and imply that 
neural input from these structures is important to pain 
sensation and proprioception in the cervical spine.108-109 

Symptoms may occur with deficient intrinsic pain inhibition 
mechanisms because a dynamic balance exists between exci-
tatory and inhibitory synaptic input into the spinal dorsal horn 
that functions to prevent central sensitization. An increase in 
sensitivity resulting from peripheral tissue injury has both a 
peripheral and central component. The responses of deep dorsal 
horn neurons depend on the previous state of the neuron.75 The 
midbrain periaqueductal gray, rostal ventromedial medulla 
and spinal cord are crucial components of endogenous pain-
modulating pathways.110"112 Areas of the brain stem 
descending pathways are not only involved in modulation of 
spinal nociceptive neurons in response to transient stimuli, 
they are also active in modulating spinal nociceptive processes 
in developing persistent pain. These fine-tuning, descending 
modulating systems underlie the variability of perceived pain 
and hyperalgesia. The imbalance can be a mechanism in acute 
and chronic pain conditions.113 Descending noradrenergic and 
serotoninergic pathways differentially modulate 
spinoparabrachial neurons in the superficial and deep dorsal 
horn in inhibiting nociceptive neurons. The descending 
serotonergic pathway is more effective in suppressing neuronal 
hyperexcitability in the deep dorsal horn.114 The medullary dorsal 
reticular nucleus plays a pronociceptive role in both acute and 
tonic inflammatory pain, leading to amplification of the 
nociceptive signal,115 and also may underlie the noxious 
response to the temporomandibular joint.116 Different 
mechanisms mediate dynamic and static mechanical hy-
peralgesia. : 17 In fibromyalgia and chronic whiplash, there is a 
state of central hyperexcitability in the nociceptive system.118'119 

In the subset of patients with persistence symptoms who 
are resistant to treatment,120 central sensitization may have 
been induced by prior or ongoing nociceptive involvement of 
the central nervous system.121 Treatment at the peripheral 
source may not completely relieve the symptoms because 
sensitization of the nervous system can cause some excitatory 
influences that local treatment cannot suppress.122 

Inhibition of C-fiber synaptic transmission can be achieved 
by A-delta stimulation123 and with stimulation of afferents in the 
contralateral deep tissue by activating inhibitory 
descending projections from higher centers.124 With age, 
there is a greater reduction in the density of myelinated A-
delta fibers compared with unmyelinated C-type fibers.125 In 
addition, physical activity can increase the nociceptive 
reflex threshold.126 

Brain Imaging 
The cerebral cortex is involved in pain activity127-128 and with 

the side of pain, having a hemispheric effect.129'130 Imaging 
studies of the brain include functional magnetic res- 
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onance imaging with the signal generated by the differences in 
magnetic properties of oxygenated versus deoxygenated 
hemoglobin. The spatial resolution of functional magnetic 
resonance imaging is higher than positron emission tomog-
raphy or single photon emission computed tomography. 
Positron emission tomography or single photon emission 
computed tomography technologies is used for measure-
ments of molecular targets that bind selective molecules to 
tissue.131 In dynamic encoding of pain intensity, functional 
magnetic resonance imaging has demonstrated a distributed 
cortical system including the parietal areas and cingulate and 
frontal regions.132'134 Single photon emission computed to-
mography and positron emission tomography studies indicate 
brain activation patterns of nociceptive afferent nerves from 
the upper cervical spine in whiplash patients.135'136 Acute skin 
and muscle pain have similar and different cerebral activation 
patterns in forebrain structures.137 

For a person to have suffered a mild traumatic brain injury, a 
loss of consciousness is not required. An alteration in mental 
state at the time of the accident (eg, feeling dazed, disoriented, 
or confused) may be a sign of mild brain injury.138 Animal 
testing has suggested that a person in a car that is 
accelerated to 5g would have a 50% chance of sustaining a 
concussion.12 In crash testing, humans have been exposed to 
lOg without apparent effects.139 In evaluating patients for 
soft-tissue injury, at least 2 different syndromes have oc-
curred. The cervicoencephalic syndrome is characterized by 
headache, fatigue, dizziness, poor concentration, disturbed 
accommodation, and impaired adaptation to light intensity. 
The second syndrome, the lower cervical spine syndrome, is 
accompanied by cervical and cervicobrachial pain. Poorer 
results occur with those with attention deficit.140 Of course, 
there may be a combination of these 2 syndromes. 

CONCLUSION 
An injury or noninjury cannot be deduced from the vehicle 

alone. Injury has been produced with in vitro ligament tensile 
tests with the force of less than the weight of the average 
head in volunteers with a speed change of 4 km/hour (2.5 
mph), torso acceleration of 4.5g; a person in 5g acceleration 
may have a 50% chance of a concussion. With the possibility of 
130,027,600 human postures,141 variability of tensile 
strength of the ligaments between individuals, body positions in 
the vehicle, the differences of collagen fibers in the same 
specimen segment, the amount of muscle activation and inhi-
bition of muscles, the size of the spinal canals, and the 
excitability of the nervous system, one specific threshold is 
not possible. How individuals react to a stimulus varies widely, 
and it is clearly evident that peripheral stimulation has 
effects on the central nervous system. It is also clear that the 
somatosensory system of the neck, in addition to signaling 
nociception, may influence the control of neck, eyes, limbs, 
respiratory muscles, and some preganglionic sympathetic 
nerves.55-56'142'143 Evaluation of the individual patient should 
include more than a traditional orthopedic examination 
geared to find ablative lesions. Dysfunction may be apparent in 
muscles, joints, and motor, sensory, vestibular, and eye 

function. The forces applied may be harmless to one person, 
may cause an injury in another, and may create a chronic 
condition in some. Individual evaluation is required. 
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