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Parmley (1958)

V&%RS;%T(E E p | d e m IO I Ogy Bertrand et al. (2008)

/ Automobile crash accounts for the majority
of TRA.

/ TRA from 1998 - 2006 (United Kingdom):
— 1.2% of all occupants,
— 21.4% of all fatalities,
— Side impact: 2.4%,
— Frontal impact: 1.1%.

/ Most prevalent concomitant injuries:
— Multiple bilateral rib Fx. 2



ey Et10 ogy Bertrand et al. (2008)

/ The risk of TRA increases with:
— Greater speed,
— Passenger compartment intrusion,
— Subject age.

/ The risk of TRA decreases with:
— Seatbelt use In frontal crashes.

/ TRA is related to:

— “Severe direct chest impact or
compression”. 3



Katyal et al. (1997)

ey Patho genes IS Viano (1983)

Strassmann (1947)

/ The pathology of TRA is well defined
and consistent.

/ 94% of automotive TRA involves the
ISthmus.

/ Aortic tears are nearly always
circumferential.

/ Aortic tears usually involve the intima
and the media.
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ey Anatomy cewen

Netter

Intima
Media

Adventitia

Anterior scalene muscle and phrenic nerve
Brachial plexus{
Left subclavian vein and arte-r
Subclavius musc
ClAvic
Left brachiocephalic ven
Left internal thoracic arter. |

Thymus gland (seen through
mediastinal pleura)

Ligamentum arteriosum
Left pulmonary artery

Left phrenic nerve and
pericardiacophrenic
artery and vein*

Mediastinal part of
parietal pleura
(cut edge)

Fibrous pericardium

Left pulmonary
veins

Pulmonary ligament
(cut)

Esophagus and
esophageal plexus
(covered by mediastinal
part of parietal pleura)

Diaphragm (covered
by diaphragmatic part
of parietal pleura)

Costodiaphragmatic
recess of pleural cavity

Costal part of
parietal pleura (cut edge)

Cervical (cupula, or dome
’suprapleura membrane (S

/1strib

Esophagus
/ phagl

‘ /Thoracic duct

Left vagus nerve X)
x 8

Left superior
intercostal vein

Arch of aorta
Recurrent laryngeal n

Accessory
hemiazygos vein

Bronchopulmonary
(hilar) lymph nodes

Posterior intercostal
vein and artery and
intercostal nerve

Internal intercostal
muscle

Internal intercostal
membrane deep to
external intercostal
muscle

Gray and white
rami communicantes

Costal pleura
(cut edge)

Sympathetic trunk

Greater
splanchnic nerve

Thoracic
(descending) aorta

Left main bronchus
and bronchial artery




e Postulated Mechanisms

/ Rindfleisch (1893): Stretch deformation.
/ Oppenheim (1918): Overpressure.

/ Hass (1944): Differing acceleration rates.
/ Zehnder (1960): Hilum fulcrum.

/ Voigt (1969): Shoveling, traction of the
head.

/ Viano (1983): Atherosclerosis.

/ Melvin (1998): Anterior sternum
displacement.



ey Cadaver Testing

/ Coermann et al. (1972) frontal sled tests:
— 6 tests, 1 of 2 tears clinically relevant.

/ Kroell et al. (1974) pendulum impacts:

— 23 tests, 2 aortic tears, 210 intraluminal
kPa.

/ Cavanaugh et al. (1990) side impact sled
tests:

— 17 tests, 5 aortic tears, concomitant
Injuries.



=, Objectives

/ Develop areliable method for producing
clinically relevant TRA in the cadaver
model.

/ Investigate potential mechanisms of TRA.

/ Determine how the aorta moves within the
mediastinum during impact.

/ Observe aortic deformation patterns and
measure strain generated within isthmus.



e Multl-Scale Testing

Mason et al. (2005)
Shah et al. (2005, 2006, 2007)
Hardy et al. (2006)



ey Whole Body Testing

High-Speed Biplane X-
Ray




et Specimen Preparation

A Collagen Gel

‘ Aortic Perfusion
S

11



st Specimen Characteristics

Test Gender Age Stature Mass Cadaver
(cm) )
XR1 M 72 184 63 861
XR2 M 69 184 74 536
XR3 M 69 189 87 749
XR4 = 85 163 55 666
XR5 = 63 187 47 679
XR6 M 73 182 79 710
XR7 = 62 166 78 682
XR8 = 64 153 38 792

Avg.

70

175

65
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e [mpact Conditions

Test Migaea[r?izlm Direction  Location Splr(ldeeg;lgle
XR1 40v
XR2  shoveling frontal Xiphoid 40v
XR3 40v
XR4 left arm 30v
XR5 side impact medial left ribs 30v
XR6 left arm 30v
pretensione umbilicu

XR7 submarining 40v

I )

XR8 combined oblique left ribs 40v, 30h

13
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Impact Conditions
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Shoveling Impact
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et High-Speed X-Ray




ey TRA FINdINgs
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e, Peak Impact Responses

Mechanis Tes Load Speed ' oo°d  Ram

re Travel
m t (N) (m/s) (kPa) (mm)
XlR 4953 9.3 33.5 134
. XR
Shoveling 5 4815 6.8 165.0 205
X3R 4460 7.2 85.4 255
X4R 3880 7.0 51.5 229
Side  XR 3166 69 400 104
Impact 5

CFC 180 Hz
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e Kinematics: Shoveling

S] A I
7
A / : /
75 [ mm 75 [ mm

ysterior and superior along line of impact; slightly left away from spir
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e Kinematics: Side Impact

XR4 Arm

A

S

751

mm

XR5 Rib

A

751

mm

anterior and slightly superior; right toward and around the spine
anterior and slightly inferior; right toward the spine 20



e Kinematics: Submarining

XR7
S| A]
) =
i S5
SR, S,
75 ] mm 75 ] mm

superior and moderately posterior; slightly lateral, right and left
21



e Deformation Patterns

Fringe Levels

Time = 160
Contours of X-strain-Green St Venant

min=10.00340322, at node# 4 100000
max=0.0174934, at node# 15 8.000e 01

6.000e 01 _
4.000e 01 |
2.000e.01
0.000e+00
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vy Avg. Longitudinal Strain
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Strain

Cente

Targe
t

Shoveling

XR1 XR2

Side Impact

XR4 XR5

0O N O O b WO DN P+ O

0.088 0.350
0.075 0.301

0.050 0.644
0.107 -

0.131 -
0.217

0.188 .
0.021 0.076 0.022

0.073 0.042
0.013

0.137 0.130
- 0.153

XR6

Feak AV(. LONgiwudairial

Belt

XRY7

Com
b

XR8

0.032
0.026
0.088
0.009
0.001

+ 0,137 (Shah, 2007)

0.072 - -
0.022 0.067




e Atherosclerosis

/ Atherosclerosis potentiates TRA (Viano
1978).

/ A number of the damage sites observed in
this study correspond to regions of
plaque.

/ The greater the plaque, the greater the
damage.

/ Failure strain is lower when plaque is
present.

25



e RID Fracture

/ Bertrand et al. (2008):

—79.1% of TRA victims had associated rib
FX,

— 68% suffered multiple bilateral rib Fx,
— Typically, ribs 2 - 7 were involved,

— Minor or no rib fracture was related to
age.

/ The most prevalent concomitant injury
seen throughout this study was multiple
bilateral rib fractures. Test TR7 produced

. 26
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e INtraluminal Pressure

/ Bass et al. (2001):
— Pressure-based injury index,
— 101 kPa for 50% injury risk,
— TRA was longitudinal, circular, or in the
arch,

— Extraluminal pressure was atmosphere.

/ Forman et al. (2008):
— Pressure > 101 kPa for half of the tests,
— No TRA was observed,
— Differential pressure << 101 kPa.

27



e INtraluminal Pressure

/ TRA can occur without any pressure effects
(Roberts et al., 1966 and Hardy et al., 2006).

/ TRA is not longitudinal:

- Qytransverse / § longitudinal < 2,

— Mohan and Melvin (1982):1.23 to 2.04,
— Shah et al. (2006): 0.78 to 1.24.

/ This study generated 34 to 165 kPa (68 kPa):
— Mohan and Melvin (1983) needed 800 kPa.

/ Pressure influences aortic turgor and
geometry, and possibly the extent of
damaae/iniury.



= Inertial Components

/ Stapp (1957):
— Linear AP acceleration to 45 g tolerated.

/ Roberts et al. (1966):
— Whole-body acceleration not required.

/ Melvin et al. (1998):
—51 g in frontal, 53 g in side.

/ Forman et al. (2008):
— 169 + 35 g,
— 7% chest compression.

/ Whole-body acceleration does not cause
TRA 29



et Ligamentum Arteriosum

/ TRA occurs with and without LA
Involvement.

/ Convenient anatomical landmark:
— Relatively weak peri-isthmic region.

/ Local change in properties at the
anastomosis that could result in stress
concentrations.

/ No pulmonary artery damage:
— Interstitial tissue provides strain relief,

) ) ) 30
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e General Mechanisms

/ Relatively mobile arch and heart.

/ Pericardiosternal ligaments, central
tendon.

/ Pleuratethers descending thoracic
aorta.

/ Nominal levels of axial tension.

/ Straightening of inferior arch.

31
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Fringe Levels
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ey Conclusions

/ Clinically relevant TRA can be generated in
the cadaver using the experimental
techniques developed for this study,

/ When atherosclerosis is present, TRA tends
to occur within regions of plaque,

/ When TRA occurs within a region of plaque,
longitudinal tensile strain can be below
established failure thresholds for the aorta,
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ey Conclusions

/ The isthmus of the aorta moves

dorsocranially during frontal shoveling and
submarining loading modes,

/ The isthmus of the aorta moves medially and
anteriorly during impact to the left side,

/ Dorsocranial and anteromedial motion
mediastinal contents result in axial tension In
the aortic isthmus,
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ey Conclusions

/ Axial elongation (longitudinal stretch) of the
aorta is central to the generation of TRA,

/ Tethering of the descending thoracic aorta by
the parietal pleurais a principal aspect of
TRA,

/ Deformation of the thorax is required for TRA.

35
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Fringe Levels
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CXperimerital
Considerations

/ Prep damages structures surrounding aorta.
/ Not all of the markers could be tracked.

/ Some markers were scrubbed off of the
aorta.

/ The markers were not typically located at
the tears.

/ Strain was taken along a 3D line between
markers.

/ The aorta could fold along its axis. 39



e Mediastinal Motion

/ Dorsocranial motion was generated during
shoveling impacts and submarining.

/ Motion to the right side away from the
Impact was generated for the lateral
blows.

/ The aorta moved anteriorly during side
Impacts.

/ The aorta moved more anteriorly and
further around the spine when both arms

winavrns Aarn~nan~nnAdAd tharm fAr Airacrt i mmnact +tA +th A
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TRA Characteristics

UNIVERSITY
Tes Length From LA From
Direction Depth J LSA
t (mm) (mm)
(mm)
12 10 25
XlR transevers media 5 64 79
- -15 0
XR transvers adventitia 17 5 30
2 e media 6 -5 40)
AR none
3
XR transvers adventitia 21 10 20
4 e media 7 0 10
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TRA Characteristics

UNIVERSITY
Tes Length From LA From
Direction Depth J LSA
t (mm) (mm)
(mm)
XR transvers media 25 -20 0
5 e media 3 0 40
X6R oblique media 21 0 5
XR transvers media 3 5 5
4 e
X8R transevers Intima 8 14 37
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Feak AV(Q. LONngiwddairial

Strain
Cente Shoveling Side Impact Belt sz
Targe
¢ XR1 XR2 | XR4 XR5 XR6 | XR7 | XR8
0 - - 0.072 0.158 - - -
1 0.088 0.350|0.022 0.067 0.041 | 0.166 -
2 0.075 0.301|0.073 0.042 0.032|0.127 -
3 0.093 0.188|0.093 0.013 0.026 | 0.154 | 0.081
4 0.021 0.356|0.076 0.022 0.088 | 0.095 | 0.075
5 0.050 0.644|0.137 0.130 - 0.062 | 0.073
6 0.107 - - 0.153 0.009 | 0.056 | 0.087
7 0.131 - - - 0.001 | 0.067 | 0.077
8 - - - - - - 0.074 *




e Deformation Patterns




= Inertial Components

/ Bertrand et al. (2008):

— Minimization of chest compression is
Important.

/ The cadavers were fixed in space for this
study and some form of TRA was observed
In 7 of 8 tests.

/ Whole-body acceleration does not cause
TRA and is not needed for TRA.

/ Thoracic deformation is essential for TRA.
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ardy et al. (2006)

e General MechaniSmMShan et a. (zoos)

Hardy et al. (2008)

/ Nominal levels of axial
tension.

/ Straightening of inferior
arch.

46



e Injury Consequences
/ Clinically, TRA is observed within the peri-

Isthmic region (Parmley et al., 1958).

/ Typically, TRA involves the intima and the
media (Cammack et al., 1959).

/ TRA is nearly always transverse to the
axis of the vessel (Zehnder, 1960).

/ The TRA damage generated within this
study mimics that seen clinically.

a7



Mason et al. (2005)

WAYRESS . .
U?“YSERST@E Tlssue TeStI ng Shah et al. (2005, 2006, 2007)

Longitudinal

3.0 1

True Stress (MPa)

0.0 0.1 0.2 0.3 0.4

Lagrange Strain

Region Strain Rate (s1) Failure Strain
Ascending 100.94 + 31.34 0.277 £ 0.126
Descending 7251 +£49.24 0.244 + 0.044

Isthmus 89.68 + 58.18 0.217 £ 0.137

Overall 84.97 + 48.07 0.244 + 0.100
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e Structure Testing Shah et al. (2006

Test  Strain Rate (s Load (N) Failure Strain
!)

LS2 17.0 82 0.174
LS3 13.0 91 0.319
LS4 11.0 96 0.222
LS6 6.0 98 0.170

Avg. 11.8 +4.6 92 +7 0.221 + 0.069 49



Vﬂ?\mgﬂf In SItU TeStIng Hardy et al. (2006)

Test Cadaver Load (N) Stz;: )C h
TR2 31907 133 30
TR3 32065 153 27
TR4 571 159 33

Avg. 148 30



