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Objective

» To review the published papers including the
data and the current available knowledge for a
reduction of minor neck Injury on rear-end
Impacts.

» To share the biomechanical knowledge and the
valuable information based on current existing
available data for rear-end Iimpacts, and to
reflect proper neck Injury evaluation
parameters and Injury criteria Into the
regulation documents of the informal GTRY.
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1. Overview of Reduction Methods on Minor
Neck Injuries during Rear-end Impacts

A) Influence factors for the occurrence of neck injuries during
rear-end impacts

B) Needing proper minor neck injury parameters in rear-end
Impacts

C) Current knowledge for clarifications of neck injury
mechanisms in rear impacts

® Example: Clinical Findings

D) Flowchart for clarifications of neck injury criteria/threshods in

rear impacts



A) Influence Factors for the Occurrence of Neck Injuries
during Rear-end Impacts
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Current evaluation method
Not enough

Minor neck injury

Not only neck region

Focus on whole spine motion

focuses only on upper neck
1) Angle
2) Moment, axial force

ZB S-Shape Motion
: . . . Neck angle
Cervical r -3 (Vertical, Horizontal Motion)

vertebral motion g Additional parameters

Lower neck
1) Axial, shear forces

2) Neck angle wrt T1

Spine

— straightening

Ramping-up Needs to consider proper
neck injury parameters

B) Needing proper minor neck injury pararmeters
in rear-end lrnpact



C) Current Knowledge for Clarifications of Neck Injury Mechanisms in Rear Impacts

Local deformation of cervical spine (S-shape)
» Local motion of cervical vertebrae
» Facet capsule stretch of cervical spine

Excessive neck
loads

Local hyper-
extension/flexion

Pressure pulses
in the spinal
canal

Abnormal
vertebral motions
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1. Aldmans et.al. 1986 12. Knibestol et al. 1990 . ) .

2. Bogduk and April 1993 13. Macnab 1982 Mainly two approaches have been identified:
3. Bogduk et al. 1998b 14. Ono et al. 1997, 1998 those suggesting factors causing tissue injuries
4. Brault et al. 2000 15. Panjabi et al. 1998a by modeling or performing volunteer studies
5. Clemens and Burow 1971 16. Svensson et al. 1993c (upper half figure); and those suggesting tissue
6.  Davis et al. 1991 17. Watkinson et al. 1991 injuries by observation of symptoms and
7. Dvorak et al. 1987 18. Wickstrom et al. 1967 response to diagnosis or treatment (lower half of
8. Harriton 1989 19. Yoganadan et al. 1998, 200 figure). The numbers in the figures refer to
9. Kischka et al. 1991 20. Yuan et al. 1998 references that have studied the relationship
10. Kaneokaet al. 1997 21. Ortengren et al. 1996 between injured tissue and factors causing
11. Kaneokaet al. 1999 injury/symptoms and response to diaghosis or

treatment

Suggested factors causing tissues injuries such as abnormal vertebral motions,
excessive neck loads, local hyper-extension/flexion, and pressure pulses in the spinal
canal are predicted by the expression of the local deformation of cervical spine (s-
shape). According to this result, the proper evaluation for the reduction of the risk of
neck injury is proposed.



Example : Clinical Findings on Zygopophysial Joint

S Passive neck
extension with

' right rotation induced
pain

Tenderness around
the right facet joint

Full range of motion
without pain




Example : Cervical Zygapophysial Joint ( Facet Joint)

. Meniscoid,
Synovial fold

'

Sample shown by Autopsy Case



D) Flowchart for Clarifications of Neck Injury
Criteria/Thresholds in Rear Impacts
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2. Injury Evaluation Parameters &
Injury Criteria based on HVT & ARS

HVT : Human Volunteer Tests
ARS : Accident Reconstruction FE- Model Simulation

A) Necessary Method for Neck Injury Evaluation

B) Research Flow for Clarification on Minor Neck Injury
Parameters & Criteria

C) Injured Regions in PMHS Tests and Clinical Findings



A) Necessary Method
i for Neck Injury Evaluation
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B) Research Flow for Clarification on
Minor Neck Injury Parameters & Criteria

Occupant
(Height, Weight)

Accident
information Data

Analysis of
cervical vertebral motions

Cervical vertebrae motion f@3 . e . ; - Inj(ury |esle| 20 cases
->Intervertebral strain - . ¥ WAD AV8~28km/h

Discomfort in neck

Correlation between neck injury and intervertebral motion

Feedback on dummy

Parameters related with
intervertebral strain

—>Risk curve
Injury criteria based on neck injury

Step 4



C) Injured Regions in PMHS Tests and
Clinical Findings

gﬂg Disk
1
2
Facet Joint

Cervical Spine

PMHS tests : Excessive deflection - Soft tissue injury (Panjabi, 1997; Yoganandan ,1998 and etc.)
Clinical ﬁndings " Facet jOint injury IS most common (Manchikanti et al.,1995 Lord et al.1996, Barnsley et al. and etc.)
PMHS test: Strain rate affects rupture strength of soft tissue (voganandan), 2001)

Animal test : Stretch of Facet capsule is related with pain (tee, 2004 and etc)

Excessive deflection between vertebrae - Intervertebral soft tissue injury




A)
B)
C)
D)
E)
F)

3. Stepl: Human Volunteer Tests

Human Volunteer Test

Analysis of Cervical Vertebral Motion

Injury Thresholds based on Cervical Vertebral Motions
Comparison of Strains/Strain Rates reported by the References
Threshold of Strain and Strain Rate

Summary of the Correlations between the Injury Parameters and
the Symptoms of the Human Volunteer Tests



A) Human Volunteer Test

Test Conditions:
Seatback Angle:25 degree, Sled Acc.:40m/s? , Muscle Tone:
Relaxed Condition

Volunteer Motion Cervical Vertebral Motion




B) Analysis of Cervical Vertebral Motion

Strain calculation
a )

Localized deformation between cervical vertebrae ra
. . : L. \ -

Vertebra C;

N
4@5’

Max. principal

Representative [EeEll
point Max. shear strain

N F &

Sequential X-ray image

Strain rate: Temporal differentiation
of strain



C) Injury Thresholds
based on Cervical Vertebral Motions

Neck discomfort after experiments

Subjects

(Human Vol ) Neck discomfort

I Stiff shoulder on test day

1 Stiff shoulder on test day

|1 None
IV None
V None
\ Pain in the neck while sleeping on test day

. B

Strain ratios to limitation of physiological motion (%)



D) Comparison of Strains/Strain Rates
reported by the References

] Strain Strain rate
Reference Specimen Symptom [%] [mm/s]

This study Human volunteer Slight discomfort in neck 129 63

Yoganandan N. et al. (1998) Human cadaver Catastrophic failure 149 10

Winkelstein B. A. et al. (1999) Human cadaver Catastrophic failure 118103
Subcatastrophic failure 67126

Siegmund G. P. et al. (2000) Human cadaver Catastrophic failure 94+85
Subcatastrophic failure 35=%21

Lu Y. et al. (2005) Goat Pain in facet joint capsule 47=+10
Lee K. E. et al. (2004) Rat Pain in facet joint capsule 28112

\

Comp./ Tension _
Joint Capsule Tension

Joint Capsule

Relationship between FJ and FJC/Ligament Strains




D1) Lateral view of right facet joint

spinal cord
facet capsule

articular
cartilage

intervertebral

disc
nerve root
ligaments dorsal root ganglion
Facet
capsule

G. Siegmund et.al.; 2007 IBR Proceedings of 35" International Workshop



D2) Facet capsule configuration
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D3) Correlation Experiments between the Pain Sensation
and the Strain of FJ Capsular of Animal (Goat)
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Figure 2: Deformation of a left C5-C6 FJC at 6 mm stretch.
The spinal cord is denoted on the right. Also shown are the
C5 anchoring hooks, an array of 5 x 5 tantalum spheres and
two vertebral markers. (from Lu et al., 2005b)
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E) Threshold of Strain and Strain Rate

*with/without discomfort around neck
->Region of cervical intervertebral strain for occurrence of neck discomfort

Lower limit Upper limit
of hazard zone of safety zone

.
/ﬂﬁ?

Vertebra C,,

X with discomfort
® w/o discomfort

2 3 4
Strain rate [1/s]
C6/C7 Max Pmmcigai Stiaim
Max. Principal | Max. Shear Max. Principal Max. Shear
Threshold Strain Strain Strain rate Strain Rate
Average
(Ave. between C2/C3~C6/C7) 0.06 0.05 2.68 1.81




F) Summary of the Correlations between the Injury
Parameters and the Symptoms of the Human Volunteer Tests

Injury Parameters
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For the J-NCAP assessment program of injury parameters, NFM and NIC were selected.
The kinematics of OC-T1 (Disp.) as undefined measurement method was omitted.




4. Step2: Accident Analysis

A) Accident Data
B) Accident Reconstruction - FE Model Simulations



Cases

A) Accident Data

Acceleration Injury Level Occupant
Crash Pulse WAD Height-Weight
AL AL A
r N\ N\

CASE RECORDED CRASH PULSE REPORTED INJURY

PASSENGER CHARACTERISTICS

Av Mean | Peak Acc. . . :
.- Acc.[g] [q] Neck/Spine Symptoms | WAD | Gender | Age | Height | Weight

Dr|ver

-

= Crash pulse
Drlver

| 8 | Driver

| 8 |Passenge

| 6 | Passenge

Drlver

Car acceleration

measured with Crash Pulse Recorder
4 AV 8 ~ 28 km/h

Driver SHSSEa— LS —

175 55
| 57 | 168 | 80 |
| 59 | 156 | 60 |
| 18 | 179 | 80 |
| 61 | 154 | 69 |
| 68 | 176 | 77 |

SNSRI 35 | 165 | 55



) Accident Reconstruction - FE Model Simulations

H Time = 0 Fringe Levels
S C al I n g Cl]n(l]ur; :Ifenh:;dqslllj[:';:ue Effective Strain A4676e-01
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2.338e-01 _
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5. Step3: Accident Reconstruction

A)
B)
)
)
E)

based on FE model

Relationship between Cervical Strain and WAD

Risk Curves (Cervical Strain and WAD)

Selection of Neck Injury Evaluation Parameters
Neck Injury Risk Curve

Injury Risk Curve (WAD2+/IV-NIC FIx.) CAE: Accident
Reconstruction)



A) Relationship between Cervical Strain and WAD

€ Method to Calculate cervical
strain with VVolunteers

€ Extract max. value of the strain
(C2/C3~C6/C7)

Cervical Strain

0.05 0.1
X. Shear Strain

grade 0:No complaint

grade 1:Pain, stiffness(no physical sign(s))
grade 2:Musculoskeletal sign(s)

grade 3:Neurological sign(s)

grade 4:Fracture or dislocation

Ce

4
ate[l/s]



B) Risk Curves (Cervical Strain and WAD)

¢ Method to Calculate cervical ety Vertebra ¢,
strain with Volunteers e ﬂﬂﬂh

€ Extract max. value of the strain
(C2/C3~C6/C7)

Vertebra C;,,;

Cervical Strain

probability of WAD2+
probability of WAD2+

0 0.1 0.2 . 0.05 0.1 0.15
Max. Principal Strain Max. Shear Strain

100%
80%
60%

Cervical Strain rate Ezm

probability of WAD2+
probability of WAD2+

20%
0%

0.0 75.0 10.0 15.0 0.0 2.0 40 6.0 8.0
Max. Principal Strain Rate[1/s] Max. Shear Strain Rate[1/s]




C) Selection of Neck Injury Evaluation Parameters
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D) Neck Injury Risk Curve
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E) Injury Risk Curve (WAD2+/IV-NIC FIx.)
CAE: Accident Reconstruction)
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6. Draft Proposal on Evaluation of Injury
Parameters and Injury Risk Curve, a
Collaborative Undertaking between

NHTSA and Japan

A) Common injury evaluation parameter : IV-NIC(R) =Flexion

B) Setting methods of neck injury criteria

C) Correlations between the Injury Parameters and the Symptom of
the Human Volunteer Subjects

D) Injury Evaluation Parameters and Injury Criteria

E) Injury Evaluation Parameters and Injury Criteria for GTR7 (
Proposal)



A) Common Injury Evaluation Parameter : IV-NIC(R) =Flexion

-Human Volunteer Test (~6km/h) PMHS Test
- 20 accident cases of FE Simulation (16, 17.3, 17.6, 24km/h)
(8~28km/h) 1
I Injury Scale : WAD I I Injury Scale : AIS I
I Injury evaluation parameters : Strain I I Injury evaluation parameters : IV-NIC(R) I

| g

I Correlation between WAD and Strain I I Correlation between AIS and IV-NIC(R) I

' !

Correlation among Strain and ‘ Correlation among Intervertebral Rotation,

NIC, NFM NDC, IV-NIC, and NFM




B) Setting Methods of Neck Injury Criteria

® Fig. 1 shows that IV-NIC value corresponding to the AIS1+ 50% on the risk curve
obtained by the PMHS Tests (Production seat)

® The IV-NIC value 1.1 corresponds to the AIS1+50% on the risk curve obtained by
the PMHS tests shown in Fig.1. This IV-NIC value 1.1 also corresponds to 82.9%
of WAD2+ risk curve wrt the IV-NIC.

® The IC of NFM, NIC, and NDCr will be created by WAD2+82.9% based on the risk
curve of WAD2+ wrt IV-NIC (see Table on the next E) page).

IV-NIC=1.1

IV-NIC:‘1‘.,’L/"‘ WAD2+; 82.9%

AIS1+,50.0%
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>
=
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O 05 1 15 2
IV-NIC_R(FIx_NHTSA_Produttio IV-NIC_R(FIx_Mean)

Fig. 1 Injury Risk Curve (AIS1+: Fig. 2 Injury Risk Curve (WAD2+:
PMHS: Production Seat) CAE: Accident Reconstruction)




C) Correlations between the Injury Parameters and the
Symptom of the Human Volunteer Subjects

Injury Parameters
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The OC-T1 (Disp.) as undefined measurement method was omitted. The H-T angle was
also excluded due to overlapping with the NDCir.




D) Injury Evaluation Parameters and Injury Criteria
NHTSA/VRTC

PMHS tests
Injury scale : AIS

Injury Evaluation Parameters
Intervertebral Rotation, IV-NIC, NDC, NFM

Human Volunteer/Accident Reconstruction
Injury scale : WAD

Injury Evaluation Parameters

Neck Forces/Moment, NIC

Common injury evaluation parameters : IV-NIC(R) -Flexion

l

| AIS 1+ = 50% |
]

Common |ndicator - I\N/_NIC/(R) sElavinn vvaliia —1 1

y Decision made by the Correlations
I WAD 2+ = 82.9% between the Injury Parameters and the
t Symptoms of the Human Volunteer Tests
Injury evaluation parameters for BioRID-I : Injury evaluation parameters for BioRID-II :
NIC NIC
UpperNeck-FX Harmonization : VNIC .(R). Flexion
(Suggest Common Criteria) Intervertebral Rotation+Flexion
UpperNeck-MY (FIX/Ext) NDCrot
LowerNeck-FX NDCXx
LowerNeck-MY (FIX/Ext) Neck Forces/Moments In progress




C all Al c al |l U Cl o
O ~ ProposSa
WAD2+ AlS1+ Literature
Injury Criteria 82.9% Value | 50.0% Value Human
(IV-NIC=1.1) | (IV-NIC=1.1) | Tolerance
NDCrot ? 12.2 deg.
NIC Max 22 29.7 -
Upper FX 640 ? 845" 2
Neck  |MY(FIX/Ext) 34 ? 50.22
Lower FX 640 ? 600~800%
Neck |MY(FIX/Ext) 34 ? .

Japan works NHTSA works



/. Influence of Muscle Conditions
to Cervical Vertebral Motions

A) Comparison of Head/Neck/Torso behavior between the
relaxed and tensed conditions

B) Comparison of Cervical vertebral motion between the
relaxed and tensed conditions

C) Influence of Muscle Conditions to Cervical Vertebral
Motions



A) Comparison of Head/Neck/Torso behavior
between the relaxed and tensed conditions

0 Relax
B Tension

* p<0.1
++ P < 0.05

Head X- Head Z- Head Rot. Neck Rot.
Head X- Head Z- T1X- T1Z- _ Head Rot. T1 Rot.
Disp.  Disp. WItTL | ead Rot, Wt TL

Disp.  Disp.  Disp. Disp. wrtT1 wrtT1 wrt Neck

(a) Head/Torso Displacement (b) Head/Neck/Torso Rotation




B) Comparison of Cervical vertebral motion
between the relaxed and tensed conditions

Rot. Angle [deg]

CO/C1 C1/C2 C2/C3 C3/C4 C4/C5 C5/C6 C6/CT CO/C1 C1/C2 C2/C3 C3/C4 C4/C5 C5/C6 C6/C7
(a) Vertebral Flexion wrt Lower Vertebra (b) Vertebral Extension wrt Lower Vertebra

O Relax

® Tension
-0.06

* p<0.1
-0.12 *x P <0.05

-0.18
C0/C1 C1/C2 C2/C3 C3/C4 C4/C5 C5/C6 C6/C7 C0/C1 C1/C2 C2/C3 C3/C4 C4/C5 C5/C6 C6/C7
(c) Vertebral Forward Disp. wrt Lower Vertebra (d) Vertebral Rearward Disp. wrt Lower Vertebra
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C) Influence of Muscle Conditions to
Cervical Vertebral Motions
Comparison of Strains between Relaxed and Tensed Muscle Conditions

1
[II'II'III IH_J ! IEI-IIII'I-I |

HEH T HE . IIIII | II'IH
L

HEREHEE | II il

I v v Vi mn v v Vi | i v v v

Upper Facet Joint Strains Lower Facet Joint Strains Lower Facet Joint Strains
(Tension Strains) (Rearward Shear Strains) (Compression Strains)

Upper Facet Joint Strains (Tension) ‘ Strain by Tensed Condition
Ratio =

— |t is definite to point out that it is very hard to evaluate
n the minor neck injuries only by OC-T1 kinematics. )“

Relaxed < Tensed H Relaxed < Tensed




Conclusions

In the past, an evaluation method for minor
neck Injuries did not exist. Now, the evaluation
parameters and thresholds for the reduction of
minor neck injuries are obtained.



Summarized Minor Neck Injury Parameters & Criteria

for Rear Impacts
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Conclusions (Continued)

» The published papers including the data and the current available
knowledge for a reduction of minor neck injuries on rear-end impacts
was successful reviewed.

» The proper neck injury evaluation parameters and the injury criteria
based on HVT, ARS, and PMHS into the regulation documents of the
informal GTR7 was well clarified.

» Based on the results of volunteer tests, the threshold of the strain and
the strain rate that caused subjects to feel neck discomfort (minor neck
Injuries) during the tests were well defined.

» The relationship between the strain/strain rate and parameters was
Investigated based on the results of HVT, ARS, and PMHS. The
parameters which have good correlations with the strain/strain rate
were selected as evaluation parameters (IV-NIC) for neck injury.

» The IV-NIC value 1.1 corresponds to the AIS1+50% on the risk curve
obtained by the PMHS tests. This IV-NIC value 1.1 also corresponds
to 82.9% of WAD2+ risk curve wrt the IV-NIC.



Conclusions (Continued)

» The IC of NFM, NIC, and NDCr will be created by
WAD2+82.9% bhased on the risk curve of WAD2+ wrt IV-NIC.

» The risk curve for causation of neck injuries were clarified as neck
Injury criteria based on HVT, ARS, and PMHS into the regulation
documents of the informal GTRY.

» The risk curve of WAD2+ concerning neck forces/moments, NIC, and
NDCr based on the results of HVT, ARS, and PMHS was

recommended.

» It is definite to point out that it is very hard to evaluate the minor neck
Injuries only by OC-T1 (NDCr) kinematics.

» A draft proposal on injury evaluation parameters and injury risk curve,
based on the collaboration with NHTSA and Japan was suggested.

» It should similarly be proposed as the neck injury evaluation
parameters and the neck injury criteria for the informal GTR7.



Thank you for your attention.

If you have any comments and questions,
please feel free to contact me: Koshiro Ono.
mailto: kono@jari.or.jp
Tel: +81-29-856-1114



