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Injuries and symptoms

The symptoms of injury following neck trauma in rear-end collisions include pain, weakness or
abnormal responses in the parts of the body (mainly the neck, shoulders and upper back) that
are connected to the central nervous system via the cervical nerve-roots(Table A). Vision
disorder, dizziness, headaches, unconsciousness, and neurological symptoms in the upper
extremities are other symptoms that have been reported (Deans et al., 1987; Hildingsson, 1991;
Nygren et al., 1985; Spitzer et al., 1995; Sturzenegger et al., 1995; Watkinson et al., 1991). The
neck injury symptoms appear to be very similar for all impact directions (Minton et al., 2000).

Table A: Common WAD-symptoms

Pain in neck, shoulders and upper back
Weakness in neck, shoulders and upper back
Vision disorder

Dizziness

Headaches

Unconsciousness

Neurological symptoms

It is important to distinguish between initial symptoms and long term symptoms (Krafft, 2000).
Long term (chronic) whiplash symptoms appear to be associated with central pain sensitisation
(Sheather-Reid and Cohen, 1998; Johansen et al., 1999). The exact origin of this pain
sensitisation has not been established. Successful treatment methods could possibly provide a
clue. Byrn et al. (1993) reported significantly reduced symptoms during a time period after sub-
cutanious sterile water injections on the back of the neck. Bogduk (2000) reported pain relief in
about 50 percent of the patients after coagulation of the small nerves that innervate the facet
joint that is associated with the painful dermatome.

Soft tissue injuries have been found in several different structures and locations in the neck
region in experimental studies and autopsy studies. In a recent study Yoganandan et al. (2000)
reported injuries to several ligaments, the intervertebral discs and the facet joint structures.
Siegmund and Brault (2000) and Brault et al. (2000) presented indications of muscle injury due
to eccentric muscle loading in the early phase of the neck motion in rear impacts. Taylor et al.
(1998) reported interstitial haemorrhage in cervical dorsal root ganglia in an autopsy study of
victims who had sustained severe inertial neck loading during impacts to the torso or to the
head. The structures around the ganglia were mostly uninjured. These findings correlate to
experimental findings in pigs of nerve cell membrane dysfunction in cervical spinal root ganglia
reported by Svensson et al. (2000).

It appears likely that several types of neck injury may appear as a result of a whiplash trauma
(muscles, ligaments, facet joint, discs, nerve tissue etc.) (Table B). Several injury types may be
present in the same patient at the same time. The relation between these possible injuries and
the large set of known whiplash symptoms is unclear. It would be of particular interest to know
which one (ones) of these injuries that would result in long term symptoms and central pain
sensitisation. It would then also be of interest to know which injury mechanism is responsible for
this particular injury.

Table B: Possible WAD-injury locations in the neck region




Muscles
Ligaments

Facet joints
Intervertebral discs
Nerve tissue

At the initial symptom stage, arm pain and high symptom intensity seem to correlate to an
increased risk of long term consequences (Sturzenegger, 1995; Karlsson et al., 2000). The
apparent influence of the crash pulse on the risk of long term consequences in patients with
initial symptoms (Krafft, 2000) indicate that there could be a separate injury and a separate
injury mechanism behind the long term symptoms. This particular injury could in the acute stage
often co-exist with other injuries that normally heal without causing residual pain. Sturzenegger
et al. (1995) found a higher risk of long term symptoms in those patients that were injured in a
rear end collision and this may indicate that one particular injury (which may cause long term
symptoms) is more likely to occur in a rear impact.

In more peripheral parts of the body most of these injury types (tissue types) normally recover
without long term pain and central pain sensitisation. Is there something special about the neck
region that makes one or several of these injuries result in long term pain? Cavanaugh (2000)
for instance, explained that the facet joint capsules are particularly rich in nerve endings why an
injury at this point would be a likely reason for long lasting pain. This pain may cause referred
pain in e.g. the shoulder region. Facet joint capsule strain and pinching has been shown in post
mortem human subjects in rear impact testing (Yoganandan and Pintar, 2000b; Deng et al.,
2000). It is however not known whether the same type of mechanisms may occur also in side
impacts and frontal impacts. Is there some type of structure that is unique for the neck? The
spinal nerve root ganglia would be an example of such a structure. Cavanaugh (2000) explained
that injury to the dorsal root ganglia is likely to cause radiating pain to dermatomes of for
instance the shoulders and the arms. These symptoms are, as mentioned earlier, known to
correlate to increased risk of long term consequences. Cervical dorsal root ganglion injuries
have been observed in various impact directions (Svensson et al., 2000, Taylor et al., 1998) and
would explain the similarity in symptoms between different impact directions.

Neck kinematics

A number of experimental studies on volunteers and post mortem human subjects have been
reported. There is a relatively good view of the overall body kinematics in different crash
directions. Derived from the kinematics, several biofidelity requirements have been formulated
and were used as a basis for the development of rear impact dummies. The typical neck loading
in a car accident is caused by the acceleration of the torso resulting in an initial neck bending
motion illustrated in Figure 1a. This event is usually followed by a rebound of the body due to
the elastic recoil of the seatback. At the end of the rebound motion the neck may undergo a
motion similar to the illustration in Figure 1b. The thoracic spine normally undergoes some type
of bending motion in this type of event. In rear end collisions the thoracic kyphosis is
straightened resulting in an elevation and a rearward tilt of the T1 vertebra (Davidsson et al.,
1998; van den Kroonenberg, 1998; Ono et al., 2000). Several studies have focused also on the
detailed motion of the cervical spinal segments during rear-end impact loading (Ono et al.,
1997; Panjabi et al., 1999; Winkelstein et al., 1999; Youganandan and Pintar, 2000b; Deng et
al., 2000). The intervertebral motion appears to deviate from normal physiologic human neck
bending motion.
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Figure 1a: Schematic drawing of the head-neck motion during the early part of a rear-end collision.
Phase 1: Retraction motion
Phase 2: Extension motion
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—_— —_—

b)
Figure 1b: Schematic drawing of the head-neck motion during rebound or during a frontal collision.
Phase 1: Protraction motion
Phase 2: Flexion motion

Injury Mechanisms and Injury Criteria

Several neck injury mechanisms and neck injury criteria have been proposed during recent
years. Two criteria, Nij (Kleinberger et al., 1998; Kleinberger et al. 1999) and Nkm (Muser et al.,
2000), use combinations of upper neck loads to predict the risk of injury to the skeletal spine.

The neck injury criterion, N;j, was proposed to assess AIS 2+ neck injuries (not normally
classified as “whiplash injuries”) in frontal impacts including those with airbag deployment. This
criterion could potentially be of interest if a high speed rear impact test was to be included. AIS
2+ neck injuries are however rare in rear impacts. Nij is based on dimensional analysis of the
load to the neck. It combines the effects of force and moment measured at the occipital
condyles and is based on both the tolerance levels for axial compression and bending moment.
The N; criterion is calculated by:
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where F, represents the axial force and M, represents the flexion/extension bending moment.
The index "int" gives a critical intercept value for the load and the moment, respectively. The
intercept values for the 50" percentile Hybrid Il male are proposed to be Fi(tension) =
Fini(compression) = 4500N, My(flexion) = 310 Nm and F;(extension) = 125Nm according to
Eppinger et al. (1999). The threshold for injury levels based on Nj is 1. Since the intercept
values for the forces are based on the corresponding values for the Hybrid Ill and do not
represent human physiological values, they must be redefined if a dummy other than the Hybrid
Il is used. . The Nij may be of interest in high severity seat back integrity tests. There is
however currently no validated dummy available and the frequency of AIS 2+ injuries in rear
impacts is relatively small (>10% of the neck injuries in rear impacts according to GIDAS and
CCIS databases).



The Ny, criterion (Muser et al., 2000; Schmitt et al., 2001) was proposed to assess neck injuries
in rear impacts. It is a combination of moments and shear forces. The Ny, criterion is calculated
as
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where F, represents the shear force and M, the flexion/extension bending moment. The index
"int" gives a critical intercept value for the load and the moment. The intercept values for the 50"
percentile Hybrid Ill male where F(anterior) = Fi(posterior) = 845N, M;(flexion) = 88.1Nm,
and M;(extension) = 47.5Nm (Schmitt, 2001). The threshold for injury levels based on Ny, is 1.
Schmitt et al. (2001) has shown that Ny, varies depending on the dummy used in the test.

The lower neck moment is sensitive to seat design parameters (Prasad et al.,1997; Song et al.,
1996). Lower neck loads are also consistent with the facet-based injury mechanism supported
by the works of Yoganandan et al. (2000), Ono et al. (1997) and Deng et al. (2000). Heitplatz et
al. (2003) presented the Lower Neck Load — Index (LNL). It incorporates a combination of neck
loads at T1-level. Indications of LNL correlation to injury risk were reported but the need for a
more extensive evaluation of the LNL was also emphasised (Heitplatz et al.; 2003)
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The IV-NIC criterion developed by Panjabi et al. (1999) is based on the hypothesis that a neck
injury occurs when an intervertebral extension-flexion angle exceeds its physiological limits. It is
defined as the ratio of the intervertebral motion T y.uma Under traumatic loading and the
physiological range of motion T puysioiogica- The 1V-NIC is calculated by:

IV-NIG = 2=
Qphys ological,i ( 4)

This criterion still lacks a threshold. Using the IV-NIC requires a dummy neck capable of
simulating intervertebral motion. At present, only the neck of the BioRID has this capacity in the
sagittal plane. The biofidelity of the angular motion of the individual BioRID spinal units has
however not been evaluated.

The NDC, proposed by Viano and Davidsson (2001), is based on the angular and linear
displacement response of the head relative to T1, from volunteer tests. The criteria are given as
corridors of the z versus angular and x versus angular displacement of the occipital condyle of
the head relative to the T1. Working performance guidelines for NDC in the Hybrid Il and the
BioRID P3 for low speed rear impacts are proposed in four different categories: Excellent,
Good, Acceptable and Poor. For the Hybrid Ill, the requirements for Excellent are:

The head relative to T1 angle should be < 20 degrees.
The x displacement of the head relative to the T1 < 30 mm.

The z displacement of the head relative to the T1 < -15 mm.
The requirements for Good are:

The head relative to T1 angle should be < 35 degrees.
The x displacement of the head relative to the T1 < 50mm.

The z displacement of the head relative to the T1 < -25mm.
The requirements for Acceptable are:

The head relative to T1 angle should be < 50 degrees.
The x displacement of the head relative to the T1 < 70mm.



The z displacement of the head relative to the T1 < -35mm.
The requirements for Poor are:

The head relative to T1 angle is > 50 degrees.
The x displacement of the head relative to the T1 > 70mm.
The z displacement of the head relative to the T1 > -35mm.

In addition, a response outside the corridor places the response in the category “Poor”. For the
BioRID, the guidelines were 5 degrees higher for the head relative to T1 angle, 5mm more for
the x displacement of the head relative to the T1 and the same as for the Hybrid Il for the z
displacement of the head relative to the T1 (Viano and Davidsson, 2001). The correlation
between these three injury criteria and the risk of long term soft tissue neck injury has not yet
been established.

The Neck Injury Criterion (NIC) (Bostréom et al., 2000) uses differential horizontal acceleration
between the head and the T1 vertebra to assess the neck injury risk. The NIC was initially
based on experimental injury findings summarised by Svensson et al. (2000). NIC would also
function as a predictor of other types of injury mechanisms and indications of correlation
between NIC and long term neck injury risk have been presented (Bostrom et al., 2000).

NIC=0.2" ay +VZ (5)

a,e is the relative horizontal acceleration between T1 and the occipital joint,
Ve is the relative horizontal velocity between T1 and the occipital joint.

In rebound, the rebound velocity or the seat belt load may be used as injury criteria.

The Nij, Nkm, NIC, NDC and lower neck moment can be applied to current rear impact
dummies. Reference values have to be adapted to the chosen dummy. The validity of all these
criteria, in predicting the injury risk, needs to be established.

International Insurance Whiplash Prevention Group (IIWPG) recently presented performance
assessment values that are expected to be used in their insurance rating programmes. These
assessment values are based on various hypotheses on injury mechanisms and injury criteria.
They are intended to be simple and robust measurements that reflect the key concepts of the
earlier proposed criteria.

The seats and head restraints first have to meet minimum geometric criteria. Seats that get
geometric approval are then exposed to a sled test using a generic crash pulse and a BioRID Il
dummy. The dynamic test criteria are divided into two groups — seat design parameters and
test dummy response parameters (Table C). The seat design parameters are time to head
restraint contact (max 70 ms) and T1 acceleration (max 9g) of which at least one has to be met.
The dummy response parameters are the neck forces, shear (max 130N) and tension (max
600N) and neck distortion (retraction of the head relative to first thoracic vertebra, T1).

Table C: IIWPG rating matrix

Dynamic Test Results

HR Contact Torso Neck Summary
Initial Time Acceleration NeckFihear Tension Dynamic FINAL
Geometry Thre Tig Fz Performance RATING

any value

any value

any value any value ACCEPTABLE




any value any value

any value

any value any value any value

any value

Acceptable
Backset =9

cm

any value any value any value

any value any value any value

No Dynamic Test

A rear impact test program was recently launched as collaboration between the Swedish
National Road Administration (SNRA) and the Swedish insurance company Folksam to give car
buyers information about the crash performance of recent car models on the market (Krafft et
al., 2004). This programme uses a BioRID Il dummy on an accelerating sled and includes3 test
conditions at different velocity and acceleration (Table D).

Table D. Test speed and acceleration

Test Speed Mean acceleration
1 — Low severity 16 km/h 459
2 — Mid severity 16 km/h 5549
3 — High severity 24 km/h 6,59

The SNRA/FOLKSAM procedure uses three assessment parameters, NIC, Nkm and rebound
speed with limits according to Table E. The overall rating is based on point scores. In the
calculation of points, the seats got points if each measured parameter exceeded critical limits as
described in Table 6. Two limits per injury criteria were used and maximum 2 points for NIC,ax
and Ny, and were given, while maximum 1 point was given for head rebound velocity. High
point scores indicate poor protection levels.

Table E. Critical limits and points.

Criterion Lower limit | Upper limit Green Yellow Red
Low risk Medium risk High risk
NICmax >15m%s® |>18 m%s® | =15 m?/s? | 15 < NICmay = > 18
18
Nim >0,3 >0,4 =0,3 0,3<Nyn,=0,4 >0,4
Rebound >45m/s |>6,0m/s =45m/s |4,5<Vel. =6,0 >6,0
velocity




ADAC (2004) has launched a similar test programme in Germany. The tests are carried out
using a BioRID Il dummy on a decelerating sled at three delta-v levels, 10, 16 and 25 km/h. One
additional seat integrity test is done with a 95" percentile Hybrid 1l dummy at 30 km/h delta-v.
The assessment parameters and score system is not yet published.

Table F: Required dummy instrumentation

NIC

Head x-acc
T1 x-acc

Nij

Occipital Fz
Occipital My

Nkm

Occipital Fx
Occipital My

NDC

Head angular displacement relative T1
Head horizontal and vertical displacement relative
Tl

LNL

T1Fz
T1 Fx
T1 My

IIWPG

Rebound

Occipital Fz

Occipital Fx

T1 x-acc

Scull cap contact foll

Neck retraction measurement (e.g. high speed
camera)

Seat belt load cell

High speed film analysis

Appropriate transducers for NICmin, Nkm, Nij,
NDC etc.

Injury criteria and risk curves

Recently studies have shown predictability of some of the proposed whiplash injury criteria
(Kullgren et al 2003, Eriksson and Kullgren 2003). Based on reconstruction of real-life crashes
where the crash pulse was recorded, dummy readings have been compared with real-life injury
outcome. The injuries were divided in duration of symptoms, less than one month and more
than one month. The studies only involved 3 car models of the same make and the numbers of
injured occupants were relatively low. In one study including 110 front seat occupants whereof
14 with symptoms more than one month, the crashes were reconstructed in computer
simulations using a BioRID Il Madymo model. In another including 45 front seat occupants
whereof 9 with symptoms for more than one month, the crashes were reconstructed with sled
tests using a BioRID Il dummy. Despite the relatively low number of crashes it gives an
indication of criteria possible to use and also injury reference values. It was found that both
NICax and Ny, predict whiplash injury risk, while NDC and lower neck moment were found to
be less applicable using the BioRID Il dummy. NIC,. of 15 and Ny, of 0.3 corresponded to 10-
20% risk of injury with symptoms for more than one month, see figures below. NIC,. of 15 and
Nym of 0.3 also corresponded to 40%-50% risk of initial symptoms of whiplash injury. It was also
indicated that both NIC,.x and Ny, separately influence the injury risk, why both are preferable

to use to increase the predictability.
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Figure 2: Schematic Neck injury risk curves...

Recent unpublished findings within EU-Whiplash2 (May 2004) give somewhat contradictory
indications. The LNL in combination with the RID 3D dummy in sled tests appears to give the
most consistent correlation with the injury risk of the so called “statistical performance list”
(SPL). The SPL is based on the risk of long term WAD symptoms in six common European car
models. These recent findings call for a thorough investigation of the methods used in these
different injury criteria evaluation studies.

Conclusions of injury criteria
* The injury symptoms are well known both regarding type and duration.

* The injuries causing the acute symptoms are not known though several possibilities have been
suggested in the literature. Several injuries may coexist and cause very similar symptoms. It is
unknown if one or several of these injuries could cause chronic neck symptoms. The relation
between acute injury and chronic pain is not known and the origin of the chronic pain is not
known. Strong indications however exist for central nervous system pain sensitisation in the
chronic stage.

» The head and neck kinematics during whiplash trauma is relatively well known.

« Several injury criteria have been suggested but in published studies only two of them, NIC and
Nym, have been thoroughly evaluated.

 There are three ways that injury criteria could be verified:

1) By identification of the actual acute injury that causes chronic pain. This would probably tell
us which injury mechanism is the cause.

2) Evaluation of proposed criteria against experimental data where certain injuries have been
caused and where injury threshold levels can be identified (this will however leave an
uncertainty about the relation between the observed injuries and the symptoms experienced
by living patients)

3) By high quality evaluation against field accident data.

* An injury criterion with proven correlation to injury risk is a requirement for a future test
procedure. Injury risk curves have been developed for NICmax and Nkm (Kullgren et al 2003;
Eriksson and Kullgren 2003; Linder et al., 2004).

References

AAAM (1990) The Abbreviated Injury Scale - 1990 Revision, American Association for
Automotive Medicine, Des Plaines, IL.

ADAC (2004): www.adac.ge

Bogduk, N. (2000): An overview of Whiplash. In: Eds. Yoganandan, N; Pintar, F.A.: Frontiers in
Whiplash Trauma. 10S Press, The Netherlands, ISBN 1 58603 012 4, pp. 3-9

Bostrom, O.; Haland, Y.; Lovsund L.; Svenssom, M.Y. (2000): Neck Injury Criterion (NIC) and its
Relevance to Various Possible Neck Injury Mechanisms. In: Eds. Yoganandan, N; Pintar,
F.A.: Frontiers in Whiplash Trauma. IOS Press, The Netherlands, ISBN 1 58603 012 4



Brault, J.R.; Siegmund, G.P.; Wheeler, J.B. (2000): Cervical muscle response during whiplash:
evidence of a lengthening muscle contraction. Clinical Biomechanics 15 (2000) 426-435

Byrn C, Olsson |, Falkheden L, Lindh M, Hosterey U, Fogelberg M, Linder LE, Bunketorp
(1993): Subcutaneous sterile water injections for chronic neck and shoulder pain following
whiplash injuries. Lancet. 1993 Feb 20;341(8843):449-52.

Cavanaugh, J.M. (2000): Neurophysiology and Neuroanatomy of Neck Pain. In: Eds.
Yoganandan, N; Pintar, F.A.: Frontiers in Whiplash Trauma. IOS Press, The Netherlands,
ISBN 1 58603 012 4, pp. 79-96

Davidsson, J.; Deutscher, Hell, W.; Linder, A.; Loévsund, P.; Svensson, M.Y. (1998) Human
Volunteer Kinematics in Rear-end Sled Collisions. SAE paper no. 1998-13-0020, Proc. Int.
IRCOBI Conf., pp. 289-302

Davidsson, J. (2000): Development of a Mechanical Model for Rear Impacts: Evaluation of
Volunteer Responses and Validation of the Model. Dissertation, Crash Safety Division,
Chalmers University of Technology, Goteborg, Sweden, ISBN 91-7197-924-7

Deans, G.T, Magalliard, J.N.; Kerr, M.; Rutherford, W.H. (1987) Neck sprain - a major cause of
disability following car accidents. Injury 18, 10-12.

Deng, B.; Begeman, P.C.; Yang, K.H.; Tashman, S.; King, A.l. (2000): Kinematics of Human
Cadaver Cervical Spine During Low Speed Rear-End Impacts. STAPP Car Crash Journal,
Vol. 44, pp. 171-188

Deutscher, C. (1994) Bewegungsablauf von Fahrzeuginsasse beim Heckaufprall. Ermittlung
von objektive Messwerten zur Beurteilung von Verletzungsart und —Schwere, ISBN 3-
9520040-9-X, Erstauflage Herbst. Eurotax AG, Freienbach.

EEVC (2002): Working Group 12 Report, Document N°157, Ad-Hoc Group on Whiplash
Injuries, Final Report, www.eevc.org

Eriksson L, Kullgren A (2003) Influence of seat geometry and seating posture on NICmax and
Nkm AIS1 neck injury predictability. Proc. of the 2003 IRCOBI Conf. on the
Biomechanics of Impacts, Lisbon.

Eppinger, R., Sun, E., Bandak, F., Haffner, M., Khaewpong, N., Maltese, M., Kuppa, S.,
Nguyen, T., Takhounts, E., Tannous, R., Zhang, A. Saul, R. (1999) Development of
improved injury criteria for the assessment of advanced automotive restraint systems - I,
US Department of Transportation, Docket No. 1999-6407-5.

Fildes, B., Vulcan. P. (1995) Neck and Spinal Injuries: Injury Outcome and Crash
Characteristics in Australia, Biomechanics of Injury Panel seminar, |.E., Adelaide,
Australia.

Heitplatz, F.; Sferco, R.; Fay, P.; Reim, J.; Kim, A.; Prasad, P. (2003) AN EVALUATION OF
EXISTING AND PROPOSED INJURY CRITERIAWITH VARIOUS DUMMIES TO
DETERMINE THEIR ABILITY TO PREDICT THE LEVELS OF SOFT TISSUE NECK
INJURY SEEN IN REALWORLD ACCIDENTS. Proc. of the 18" Techn. Conf. on ESV,
Paper No. 504, Tokyo.

Hell, W., Schick, S., Langwieder, K. (2000) Epidemiology of Cervical Spine Injuries in Rear-
End Collisions and Influence of Different Anthropometric Parameters in Human
Volunteer Tests, In: Frontiers in Whiplash Trauma: Clinical & Biomechanical,
Yoganandan, N. and Pintar, F.A. (Eds.), ISO Press, Amsterdam, The Netherlands, ISBN
158603 912 4, pp. 146-163.

Hildingsson, C. (1991) Soft Tissue Injury of the Cervical Spine. Umea University Medical
Dissertations, New Series No 296, ISSN 0346-6612, ISBN 91-7174-546-7.

Johansen, M.K.; Graven-Nielsen, T.; Olesen, A.; Arendt-Nielsen, L. (1999): Generalised

muscular hyperalgesia in chronic whiplash syndrome. Pain 83 (1999) 229-234

Karlsson, E-L.; Falkheden-Henning, L.; Olsson, I.; Bunketorp, O. (2000): Clinical findings at a
primary examination by physiotherapist and the outcome one year after neck sprain in traffic
accidents. J Traffic Medicine (2000) Vol. 28, No 2S, p. 47

Kleinberger, M.; Sun, E.; Eppinger, R.; Kuppa, S.; Saul, R. (1998): Development of Improved
Injury Criteria for the Assessment of Advanced Automotive Restraint Systems, NHTSA
Docket 98-4405-9, US Dept. of Transportation, Washington DC

Kleinberger, M. Et al. (1999): Effects of head restraint position on neck injury in rear impact.
WAD'99 Compendium/Traffic Safety and Auto Engineering, World Congress on Whiplash
Associated Disorders, Feb 7-11, Vancouver, Canada

Kleinberger M. (2000) Importance of Head Restraint Position on Whiplash Injuy, In: Frontiers in
Whiplash Trauma: Clinical & Biomechanical, Yoganandan, N. and Pintar, F.A. (Eds.), ISO
Press, Amsterdam, The Netherlands, ISBN 1 58603 912 4, pp. 477-490.



Krafft, M.; Kullgren, A.; Lie, A.; Tingvall, C. (2004) Assessment of Whiplash Protection in Rear
Impacts — Crash Tests and Real-life Crashes. Folksam, SE-106 60 Stockholm, Sweden,
www.folksam.se

van den Kroonenberg, A.; Philippens, M.; Cappon, H; Wismans, J.; Hell, W.; Langwieder, K.
(1998): Human head-neck response during low-speed rear end impacts. SAE paper no.
983158, 42nd Annual Stapp Car Crash Conference, Tempe, Arizona, USA

Kullgren A, Eriksson L, Bostrom O, Krafft M (2003) Validation of neck injury criteria usin%
reconstructed real-life rear-end crashes with recorded crash pulses. Proc. of the 18
Techn. Conf. on ESV, Paper No. 344, Tokyo.

Kullgren A, Bostrém O (2003) Predictability of NICmax, Nkm and upper neck forces using
reconstructed real-life rear-end crashes with recorded crash pulses. (to be submitted
2003).

Linder, A. (2001):NECK INJURIES IN REAR IMPACTS - Dummy Neck Development, Dummy
Evaluation and Test Condition Specifications Chalmers University of Technology, SE-412
96 Goteborg, Sweden, www.chalmers.se , ISBN 91-7291-106-9

Linder, A.; Avery, M.; Kullgren, A:; Krafft, M. (2004): Real-World Rear Impacts Reconstructed in
Sled Tests. Proc. Int. IRCOBI-conf. Graz, Austria, pp. 233-244, September 2004,
www.IRCOBI.org

Lundell, B., Jakobsson, L., Alfredsson, B., Jernstrom, C., Isaksson-Hellman, |. (1998)
Guidelines for and the Design of a Car Seat Concept for Improved Protection Against
Neck Injuries in Rear End Car Impacts, SAE International Congress and Exposition,
SAE Paper No. 980301, Detroit, MI, USA.

Maag, U., Laberge-Nadeau, C., Tao, X.-T. (1993) Neck Sprains in Car Crashes: Incidence,
Associations, Length of Compensation and Cost to the Insurer, Proc. 37" Annual AAAM
Conf., San Antonio, TA, pp. 15-26.

Minton, R.; Murray, P.; Stephenson , W.; Galasko C.S.B. (2000) Whiplash injury — are current
head restraints doing their job?. Accident Analysis and Prevention 32 (2000) 177-185

Morris, A.P., Thomas, P. (1996) A Study of Soft Tissue Neck Injuries in the UK, Proc. 15" ESV
Conf., Melbourne, Australia, Paper No. 96-S9-O-08.

Muser, M.; Walz, F.; Zellmer, H. (2000): Biomechanical significance of the rebound phase in low
speed rear end impacts. 2000 International IRCOBI Conference on the Biomechanics of
Impact, Montpellier, France, pp.393-410

Nygren, A; Gustafsson, H., Tingvall, C. (1985) Effects of Different Types of Headrests in Rear-
End Collisions. SAE paper no. 856023, 10th Int. Conference on Experimental Safety
Vehicles, pp. 85-90, NHTSA, USA.

O’Neill, B. (2000) Head Restraints - The neglected Countermeasure, Accident Analysis &

Prevention, Vol. 32(2), pp. 143-150.

Ono, K.; Kaneoka, K.; Wittek, A.; Kajzer, J. (1997): Cervical injury mechanism based on the
analysis of human cervical vertebral motion and head-neck-torso kinematics during low-
speed rear impacts. 41st Annual Stapp Car Crash Conference, Florida, USA, SAE paper no.
973340

Ono, K.; Kaneoka, K., Inami, S. (2000): Analysis of Seat Properties on Human Cervical
Vertebral Motion in Low-Speed Rear-End Impacts. In: Eds. Yoganandan, N; Pintar, F.A.:
Frontiers in Whiplash Trauma. 10S Press, The Netherlands, ISBN 1 58603 012 4

Panjabi, M.M.; Wang, J.L.; Delson, N. (1999): Neck injury criterion based on intervertebral
motions and its evaluation using an instrumented neck dummy. 1999 International IRCOBI
Conference on the Biomechanics of Impact, Barcelona, Spain, SAE paper no: 1999-13-0043

Prasad, P.; Kim, A.; Weerappui, D.P.V.; Roberts, V.; Schneider, D. (1997): Relationships
between passenger car seat back strength and occupant injury severity in rear end
collisions. SAE paper no. 973343, 41st Annual Stapp Car Crash Conference, Orlando,
Florida, USA

Ryan, G.A., Gibson T. (2000) Field Studies of Whiplash in Australia, In: Frontiers in Whiplash
Trauma: Clinical & Biomechanical, Yoganandan, N. and Pintar, F.A. (Eds.), ISO Press,
Amsterdam, The Netherlands, ISBN 1 58603 912 4, pp. 164-169.

SCB (1999) Road Traffic Injuries 1999, Official Statistics of Sweden, Annual report, Swedish
Institute for Transport and Communication Analysis, Statistics Sweden 2000, Stockholm,
Sweden, ISBN 91-973613-5-6.

Schmitt, K.-U., Muser, M.H., Niederer, P. (2001) A neck injury criterion candidate for rear-end
collisions taking into account shear forces and bending moment, Proc. 17" ESV Conf.,
Amsterdam, The Netherlands, Paper No. 124.

10



Sheather-Reid, R.B.; Cohen, M.L. (1998): Psychophysical evidence for a neuropathic
component of chronic neck pain. Pain 75(1998) 341-347

Siegmund, G.P.; Brault, J.R. (2000): Role of Cervical Muscles During Whiplash. In: Eds.
Yoganandan, N; Pintar, F.A.: Frontiers in Whiplash Trauma. IOS Press, The Netherlands,
ISBN 1 58603 012 4

Song, D.; Uriot, J.; Trosseille, X.; Mack, P.; Tarriere, C.; Got, C. and Démont, A. (1996):

Modelling and analysis of interactions between occupant, seatback and headrest in rear
impact. 1996 International IRCOBI Conference on the Biomechanics of Impact, Dublin,
Ireland, pp.165-185.

Spitzer, W.O.; Skovron, M.L.; Salmi, L.R. et al. (1995): Scientific Monograph of the Quebec
Task Force on Whiplash-Associated Disorders: Redefining "Whiplash" and Its Management.
Spine, Supplement 20

Sturzenegger, M.; Radanov, P.B.; Di Stefano, G. (1995): The effect of accident mechanisms
and initial findings on the long term course of whiplash. J. Neurol (1995) 242:443-449

Svensson, M.Y.; Bostrom, O.; Davidsson, J.; Hansson, H.-A.; Haland, Y.; Lovsund, p.; Suneson,
A.; Saljé, A. (2000): NECK INJURIES IN CAR COLLISIONS - A REVIEW COVERING A
POSSIBLE INJURY MECHANISM AND THE DEVELOPMENT OF A NEW REAR-IMPACT
DUMMY. Accident Analysis and Prevention, 32 (2000) 167-175

Taylor, J.R.; Twomey, L.T.; Kakulas, B.A. (1998): Dorsal root ganglion injuries in 109 blunt
trauma fatalities. Injury, vol. 29, No. 5; pp. 335-339

Temming, J., Zobel, R. (2000) Neck Distortion Injuries in Road Traffic Crashes (Analysis of the

Volkswagen Database), In: Frontiers in Whiplash Trauma: Clinical & Biomechanical,
Yoganandan, N. and Pintar, F.A. (Eds.), ISO Press, Amsterdam, The Netherlands, ISBN
158603 912 4, pp. 118-133.

Viano, D.; Davidsson, J. (2001): Neck Displacements of Volunteers, BioRID P3 and Hybrid Il in
Rear Impacts: Implications to Whiplash Assessment by a Neck Displacement Criterion
(NDC). IWPG/IRCOBI Symposium, Isle of Man, October 9, 2001

Watanabe, Y., Ichikawa, H., Kayama, O., Ono, K., Kaneoka, K., Inami, S. (2000) Influence of

seat characteristics on occupant motion in low-velocity rear-end impacts, Accident
Analysis & Prevention, Vol. 32(2), pp. 243-250.

Watkinson, A.; Gargan, M.F.; Bannister, G.C. (1991) Prognostic Factors in Soft Tissue Injuries
of the Cervical Spine. Injury 22, 307-309.

Winkelstein, B.A.; Nightingale, R.W.; Richardson, W.J.; Myers, B.S. (1999): Cervical facet joint
mechanics: Its application to whiplash injury. 43rd Stapp Car Crash Conference, California,
USA, SAE Paper no. 99SC15

Yoganandan, N; Pintar, F.A. (2000b): Mechanics of Head Ache and Neck Pain in Whiplash. In:
Eds. Yoganandan, N; Pintar, F.A.: Frontiers in Whiplash Trauma. 10S Press, The
Netherlands, ISBN 1 58603 012 4, pp. 173-185

Yoganandan, N; Pintar, F.A.; Stemper, B.D.; Schlick, M.B.; Philippens,M.; Wismans, J. (2000):
Biomechanics of Human Occupants in Simulated Rear Crashes: Documentation of Neck
injuries and Comparison of Injury Criteria. STAPP Car Crash Journal, Vol. 44, pp. 189-204

11



