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Pattern Recognition: A Mecha-
nism-based Approach to Injury 
Detection after Motor Vehicle 
Collisions

Motor vehicle collisions cause substantial mortality, morbidity, 
and expense worldwide. Certain types of injuries are more likely 
to result from frontal versus side-impact collisions, and knowledge 
of these specific patterns and why they occur aids in accurate and 
efficient diagnosis of traumatic injuries. Although the proper use 
of seat belts decreases crash-related mortality during frontal im-
pact, certain injury patterns to the torso are directly attributed to 
restraint use. The spectrum of seat belt–related injuries ranges from 
mild skin and soft-tissue contusions to traumatic bowel injuries and 
unstable spine injuries that require surgery. Impact with the steer-
ing wheel or windshield during a frontal crash can cause charac-
teristic injuries to the head, neck, torso, and distal upper extremity. 
Steering wheel deformity is an independent predictor of serious 
thoracic and abdominal injury among front-seat passengers. Impact 
of a flexed knee with the dashboard during a frontal collision can 
cause knee, thigh, and hip injuries. Distal lower extremity injuries 
are encountered frequently when the floorboard is driven into the 
foot. Lateral impact crashes often result in traumatic brain, tho-
racic, abdominal, and pelvic injuries, which are more often fatal to 
occupants on the side of the impact. The specific mechanism-based 
injury patterns are reviewed to establish a structured systematic 
search pattern that enables the radiologist to identify traumatic in-
juries with greater accuracy and speed, thereby improving the care 
of patients who experience acute trauma.
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After completing this journal-based SA-CME 
activity, participants will be able to:

 ■ Compare the different mechanisms 
by which injury occurs during side- and 
frontal impact MVCs.

 ■ Identify specific patterns of injury relat-
ed to different MVC mechanisms, with 
particular focus on injuries related to 
side impact, upper-body steering wheel 
and windshield impact, lower extremity 
dashboard and floorboard impact, and 
seat belt use.

 ■ Use a structured systematic search 
pattern based on injury mechanisms to 
enhance sensitivity for detection of inter-
related osseous and soft-tissue injuries.

See rsna.org/learning-center-rg.

SA-CME LEARNING OBJECTIVES

Introduction
Motor vehicle collisions (MVCs) are a substantial cause of fatalities, 
short- and long-term morbidity, and medical cost worldwide. Ap-
proximately two-thirds of all MVCs involve frontal impact, when the 
car collides head-on with another car or a fixed object, and frontal 
impact MVCs account for 65% of MVC fatalities (1). Lateral or side-
impact MVCs, in which the car is hit from the side by another car or a 
fixed object, account for approximately one-third of MVCs and result 
in 30% of fatalities, while rear-end collisions are the least common 
and result in the fewest fatalities (1–4). Injury type and severity from 
MVCs depend on a variety of factors, including the passenger’s height, 
age, body habitus, sobriety, seat location, and body positioning at time 
of impact, the size of the vehicle and safety features, the shape and 
size of the colliding vehicle or object, the angle and combined speed of 
impact, the use of restraints, airbag deployment, and the presence of 

This copy is for personal use only. To order printed copies, contact reprints@rsna.org
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Frontal Impact
During frontal impact MVCs (Fig 1), injury to 
the occupant can result from contact with or 
intrusion by a variety of the vehicle’s structural 
components, including the steering column, the 
dashboard (also called the instrument panel), the 
front windshield and its vertical supports (A-
pillars), and the foot pedals and floorboard (also 
called the toe pan) (6). Safety devices includ-
ing seat belts also may contribute to injuries. 
Although we discuss specific frontal impact–re-
lated injuries, more extensive and unpredictable 
injuries can occur when the occupant is unre-
strained with or without ejection from the car, 
when restraints are used improperly, when there 
is substantial intrusion, or when airbags are not 
present or deploy incorrectly.

Seat Belt–related Injuries
The seat belt is standard safety equipment that 
is mandatory for all modern cars. When first 
introduced in 1964, the seat belt consisted of a 
two-point restraint system with only the lap belt 
component. The addition of the shoulder har-
ness in 1974 created the three-point restraint 
system that typically is used today (7). Seat belt 
use in the United States has increased from 70% 
of motor vehicle occupants in 2000 to 90% in 
2016, according to the National Highway Traf-
fic Administration (8). Proper seat belt use has 
reduced MVC fatalities by 70% since seat belt 
legislation was enacted. Seat belts primarily help 
prevent collision of the belted passenger with the 
dashboard and windshield, while also controlling 
deceleration during the collision and preventing 
ejection from the car (7).

Although seat belt use has greatly improved 
overall morbidity and mortality from MVCs, 
specific injury patterns have been ascribed to 
restraint use. The spectrum of seat belt–related 
injuries ranges from mild skin and soft-tissue 
contusions to visceral and unstable spine injuries 
that require surgery (9). More injuries occur with 
use of a two-point restraint system, because the 
fulcrum created by the lap belt leads to a higher 
incidence of bowel and spine injuries (9).

Superficial Body Wall Injuries.—First mentioned 
in 1968, the seat belt sign refers to a characteristic 
transverse contusion from the lap belt that is seen 
externally overlying the iliac bones (10). Now 
also attributed to the shoulder harness, these su-
perficial soft-tissue injuries most commonly occur 
transversely over the lower abdominal wall and 
obliquely along the anterior chest wall, breast, 
and anterolateral neck (Figs 2, 3). Occasionally, 
seat belt–related wounds will also include skin 
lacerations, disruption of the abdominal rectus 

other occupants and/or objects in the vehicle with 
which the passenger may collide (2,3,5). Injuries 
from the crash may be complicated further by 
other events such as ejection of a person from the 
vehicle, secondary impacts, inhalation injuries 
from smoke or water, and penetrating trauma.

Despite all of these variables, certain types 
of injuries are more likely with specific MVC 
mechanisms. Prompt recognition and treatment 
of injuries can increase the likelihood of survival 
and decrease morbidity; thus, the emergency ra-
diologist and treating physicians should be aware 
of the injuries most likely to occur in combina-
tion. When a specific mechanism-based injury 
pattern is known or suspected, the provided list 
(Table) can guide the search for concomitant 
injuries, which may be subtle at imaging and may 
require additional imaging to diagnose and which 
otherwise may be rare, and thus, not a normal 
part of the radiologist’s search pattern.

The objectives of this pictorial review are  
(a) to describe the mechanisms of injury related 
to frontal and side-impact MVCs, (b) to illustrate 
the types of injuries that typify MVCs resulting 
from side and frontal impact, with particular 
focus on injuries related to upper-body steering 
wheel and windshield impact, lower-extremity 
dashboard and floorboard impact, and seat belt 
use; and (c) to establish a structured systematic 
search pattern on the basis of the injury mecha-
nism to enhance sensitivity for detection of inter-
related osseous and soft-tissue injuries.

TEACHING POINTS
 ■ Certain types of injuries are more likely with specific MVC 

mechanisms. Prompt recognition and treatment of injuries 
can increase the likelihood of survival and decrease morbid-
ity; thus, the emergency radiologist and treating physicians 
should be aware of the injuries most likely to occur in com-
bination.

 ■ Bowel and mesenteric injuries are the most common seat 
belt–related abdominal injuries for which laparotomy is re-
quired, although their clinical manifestation often is delayed.

 ■ Although restraints and airbags protect the torso from direct 
collision with the frontal interior of the vehicle, the flexed low-
er extremity can still impact the dashboard, leading to knee, 
thigh, and hip injuries. The outcome of an anteroposterior 
force directed against the lower extremity varies depending 
on the location of the contact and the position of the leg at 
the time.

 ■ A plantar flexed foot is more prone to injury than one in a neu-
tral position, because forces are transmitted more effectively 
through bones than through soft tissues.

 ■ Near-side occupants (on the side of the impact) experience 
three times the incidence of serious or immediately fatal in-
juries compared with far-side occupants (contralateral to the 
side of the impact).
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a restrained passenger with a high-riding shoul-
der harness that is applying a compressive and 
rotational force against the cervical airway, and 
more rarely, the cervical esophagus (16). Simi-
larly, lethal tracheal injuries have been described 
in MVCs in which the occupant was using an 
automatic shoulder harness without the lap belt 
component, allowing the occupant’s torso to slide 
under the shoulder harness during impact (17).

Spinal Injuries.—Flexion-distraction injuries oc-
cur most often at the thoracolumbar junction and 
upper lumbar spine (9). The seat belt, particu-
larly if a lap belt is used alone, acts as a fulcrum 
on the anterior abdominal wall at impact, result-
ing in distraction forces through the posterior 

muscles, or soft-tissue hematomas with active 
bleeding (Fig 3b). The term seat belt syndrome 
reflects the combination of the seat belt sign plus 
internal visceral or spinal injuries (11).

Head and Neck Injuries.—The presence of a seat 
belt contusion alone does not necessarily imply 
underlying vascular injury in the neck or chest 
(12,13). However, the combination of a neck seat 
belt contusion and abnormal physical examina-
tion results and/or a low score on the Glasgow 
coma scale (<13) should raise concern for under-
lying cervicothoracic vascular injury and should 
prompt CT angiographic examination (14,15).

Cervical laryngotracheal injury, while generally 
rare in patients with blunt trauma, may occur in 

Related Injuries Based on the Injury Mechanism

Injury Mechanism Related Injuries

Seat belt–related injuries 
(increased suspicion with 
clinical or CT seat belt 
sign)

Superficial soft tissues: abdominal wall musculature
Neck: laryngotracheal injury
Spine: flexion-distraction injuries, C7 and T1 transverse process fractures
Thoracic: rib and costal cartilage fractures (coronal images with soft-tissue win-

dow), sternum, anterior mediastinum, lungs
Abdominal: duodenum, bowel and mesentery, pancreas
Pelvic: pelvic ring injury, bladder rupture
Vascular: subclavian, vertebral, and carotid arteries, thoracoabdominal aorta

Steering wheel– and wind-
shield-related injuries 
(increased suspicion with 
forehead contusion or 
knowledge of steering 
wheel deformity found at 
crash site)

Head and neck injuries: facial and skull base fractures, blunt cerebrovascular 
injury, laryngotracheal crush injuries

Spine injuries: cervicothoracic hyperextension injuries; craniocervical dissocia-
tion; occipital condyle, C1, and C2 fractures; cervical flexion-distraction 
injuries

Thoracic: rib and sternal fractures, aortic injuries
Abdominal injuries: solid organ injuries
Extremities: axial load on outstretched hands

Dashboard-related injuries Hip dislocation
 Direction of dislocation (posterior, anteroinferior, anterosuperior)
 Acetabular fracture
 Femoral head or neck fracture
 Postreduction CT: location of bone fragments, new fracture
Knee injuries
 Patellar fracture
 Tibial plateau fracture
 Posterior cruciate ligament injury or posterior knee dislocation, popliteal vascular  

 injury
 Femoral condyle (Hoffa) or shaft fracture

Floorboard-related injuries Metatarsal and tarsal fractures (including talar dome or body, talar neck, lateral 
talar process, and calcaneus)

Lisfranc, Chopart, and subtalar joint malalignment (consider stress views)
Tibial or fibular fractures (pilon, shaft, and tibial plateau)

Side-impact injuries Head and neck: coup and countercoup brain injury, skull fracture, blunt cerebro-
vascular injury

Spine: lateral flexion injuries, facet joint subluxation or dislocation, with particu-
lar attention to the C7-T1 level

Thoracic: rib fractures, aorta, diaphragm
Abdominal: solid organ injuries
Pelvis: lateral pelvic compression injuries (unilateral or bilateral)
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spine. The spine splits on a horizontal (axial) 
plane from posterior to anterior, most distracted 
posteriorly, with or without height loss in the 
anterior column (Fig 4) (9). This split may occur 
through the bone, the discoligamentous struc-
tures, or both (9). The transverse fracture line, if 
present, is readily visible on sagittal CT recon-
struction images. Subtle soft-tissue findings of 
flexion-distraction injury include widening of the 
posterior intervertebral disk space or widening 
of the interspinous distance. MRI can be help-
ful when the findings are questionable or subtle, 
when purely ligamentous injuries are suspected, 
or to look for spinal cord injuries (18,19).

C7 and T1 transverse process fractures have 
been described in occupants wearing a shoulder 
harness (20). These injuries occur predominantly 
on the left side for the driver and on the right for 
the passenger, with proposed mechanisms of both 
oblique hyperextension and oblique hyperflexion 
(20). A risk of vertebral vascular injuries accompa-
nies these injuries, particularly if the vertebral artery 
lies within the C7 transverse foramen (Fig 5) (20).

Figure 1. Mechanisms of injury during frontal impact. The 
driver’s forward momentum (gray arrow) drives him or her 
against the steering wheel, particularly if he or she is unre-
strained, at the same time that the instrument panel and 
steering wheel are thrust backward (black arrow). Contact 
(red bursts) can occur between the torso and steering wheel 
and/or seat belt (if worn), the knees and dashboard, and the 
feet and floorboard. Although the head may be thrown for-
ward in hyperflexion, a secondary hyperextension force (red 
arrow) may be incurred if the head hits the windshield (red 
burst) or A-pillar while the torso is moving forward.

Figure 2. Seat belt sign locations. Three-di-
mensional volume-rendered CT image with lines 
indicating the typical locations of the seat belt 
sign from the driver’s side shoulder harness (blue 
line), the passenger’s side shoulder harness (yel-
low line), and the lap belt (green line).

Cardiothoracic Injuries.—Sternal and rib frac-
tures are the most common thoracic injuries 
associated with use of the shoulder harness (21). 
The rib fractures often occur along the diagonal 
course of the shoulder harness and are more 
often right sided in drivers and passengers in 
the right rear seat and left sided in passengers 
on the left side (Fig 6a) (22). Costochondral 
separation and costal cartilage fractures are best 
detected on coronal reformations with a soft-
tissue window (Fig 6b). These chest wall injuries 
may be accompanied by an anterior mediastinal 
hematoma and underlying pulmonary contusions 
and lacerations. Lung herniation, although rare, 
can occur and is often delayed (Fig 6c) (23,24). 
Fatal injuries such as thoracic aortic rupture and 
cardiac rupture that occur as a result of frontal 
impact are more often related to steering wheel 
and instrument panel impact than to seat belt use 
and will be discussed later (22,25,26).

Abdominal Injuries.—Internal visceral injuries 
are found in up to one-third of patients with a 
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clinical seat belt sign (9). Specific CT charac-
teristics of the seat belt sign location and depth 
are better predictors of internal injuries and the 
subsequent need for abdominal surgery (27). Ab-
dominal visceral injuries are more likely in those 
with a seat belt sign apparent on CT images 
located cranial to the anterior superior iliac spine, 
and in those with an anterior abdominal wall 
contusion with a depth greater than three-fourths 
of the overall abdominal wall thickness at the 
same location (27). Pelvic fractures, conversely, 
are more likely if the seat belt sign at CT is below 
the level of the anterior superior iliac spine (27).

Bowel and mesenteric injuries are the most 
common seat belt–related abdominal injuries 

for which laparotomy is required, although their 
clinical manifestation often is delayed (28). 
Bowel and mesenteric injuries tend to occur 
specifically at the location of the lap belt compo-
nent (Fig 7). Seat belt injuries of the liver (Fig 
8a) and spleen (Fig 8b) are less likely unless 
the seat belt is malpositioned. Although most 
of these injuries can be treated conservatively, 
hepatic and splenic injuries that require laparot-
omy are more likely to manifest with hypoten-
sion at presentation (28). Although free intra-
peritoneal fluid without solid organ laceration 
should raise suspicion for bowel or mesenteric 
injury, not all patients need laparotomy for this 
finding in isolation (29).

Figure 3. Seat belt sign in four patients at imaging. (a) Axial CT image in a 10-year-old boy who was in 
the rear seat in a high-speed MVC shows the seat belt sign from the shoulder strap. A subcutaneous soft-
tissue contusion (arrow) overlying the right anterolateral aspect of the neck appears. (b) Axial CT image 
in a 75-year-old woman who was involved in a frontal impact MVC with a pole. A right breast hematoma 
with a small focus of active extravasation (arrow) is seen. (c) Axial CT image in a 56-year-old man who 
was a passenger in a high-speed frontal impact MVC shows the seat belt sign from the shoulder strap. 
A subcutaneous hematoma along the right anterior chest wall (white arrow) and a subtle underlying 
fracture through the costal cartilage (black arrow) along the chest wall are seen. (d) Axial CT image in 
an 81-year-old woman who was a driver in a frontal impact MVC shows the seat belt sign from the lap 
belt. A left-lower-quadrant anterior abdominal wall subcutaneous hematoma (arrow) at the level of the 
iliac bone appears.
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Midline retroperitoneal structures including 
the abdominal aorta, pancreas, and duodenum 
are rarely injured in adults because of their 
protected location deep in the abdomen. How-
ever, the combination of injuries to one or more 
of these structures accompanied by a flexion-
distraction spinal injury is classic for lap belt 
injuries and is called lap belt complex (30) (Fig 
7). Abdominal aortic injuries are rare (31,32) 
but have been attributed to direct compression 
of the aorta between the lap belt and spine (33).

An acute traumatic lumbar hernia is an 
uncommon injury and can be subtle and easily 
missed. It occurs in the inferior lumbar triangle 
in approximately 70% of the patients who sus-
tain traumatic lumbar hernia (34). Disruption of 
the weak musculofascial lumbar triangle occurs 
through a combination of increased intra-ab-
dominal pressure from sudden deceleration and 
shearing forces between the shoulder harness 
and the lap belt (35,36). CT is helpful in estab-
lishing the diagnosis and for characterization of 
the contents of the hernia sac (35).

Pelvic Injuries.—Frontal impact MVC can cause 
pelvic ring injuries in an anteroposterior com-
pression, lateral compression, or vertical shear 
pattern (37). Bladder injuries may require CT 
cystography for diagnosis and can occur, par-
ticularly intraperitoneal bladder rupture, with-
out pelvic ring injury (Fig 9) (38). Indications 
for CT cystography include gross hematuria 
and free intraperitoneal or perivesical fluid or a 
pelvic ring injury (fracture or ligamentous) and 
high levels of hematuria (a dipstick urinalysis 
reading of at least 3+ or microscopic urinalysis 
with greater than 30 red blood cells per high-
power field) (39).

Steering Wheel– and Windshield-related 
Injuries
Steering wheel deformity is an independent 
predictor of serious thoracic and abdominal 
injury among front-seat passengers, and the risk 
of these injuries increases incrementally with 
increasing steering wheel deformity (40). The 
combined presence of the airbag system and use 
of the seat belt has decreased mortality in frontal 
crashes by 46% (41), largely by protecting against 
steering wheel–related thoracic and abdominal 
injury (40). Even with steering wheel deformity, 
restrained occupants have a lower risk of thoracic 
injury than do unrestrained passengers (41).

Head and Neck Injuries.—Injuries to the head 
and neck may result from direct impact with 
the steering wheel, windshield, and/or A-pillars, 
particularly if the passenger is unrestrained (6). 
Facial injuries occur more commonly in frontal 
impact crashes, and brain injuries occur more 
commonly in lateral impact crashes (6). While 
the frequency of facial injuries is independent of 
restraint use, restrained occupants are more likely 
to have fractures of the central face, while unre-
strained passengers sustain more fractures of the 
orbital nasoethmoid region and also the jaw (Fig 
10a) (6). These differences probably are restraint-
related variations in contact with the vehicle’s 
structural components.

During frontal impact, the hyperextended 
neck may impact with the steering wheel (par-
ticularly the driver) or the dashboard (the 
front-seat passenger), compressing the larynx or 
trachea against the posterior rigid cervical spine 
(Fig 10b) (42). Blunt cerebrovascular injuries 

Figure 4. Flexion-distraction fracture in a 
31-year-old man who was a restrained rear-seat 
passenger in a high-speed MVC with a pole. 
Sagittal reformation (bone algorithm) CT image 
shows a posteriorly distracted fracture (white ar-
row) extending horizontally through the lami-
nae, pedicle, and posterior vertebral body. An 
anterosuperior compression wedge deformity 
(black arrow) also appears.

Figure 5. C7 transverse process fracture in a 
75-year-old woman who was a restrained pas-
senger in a frontal impact MVC with a pole. 
Axial CT image shows a fracture of the right 
transverse process of C7 (arrow) with nonopaci-
fication of the right vertebral artery in the trans-
verse foramen.
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can result from neck hyperextension and rotation 
at the time of impact. Injury to the vessel wall 
may result from stretching of the internal carotid 
artery across the C1–C3 vertebrae, even without 
fractures (43,44).

Spinal Injuries.—The spine can be exposed to a 
variety of forces during frontal impact, including 
hyperextension, hyperflexion, rotation, and axial 
loading. A combination of multiple forces is com-
mon, such as hyperextension and rotation.

If an axial load is created by impact on the top 
of the skull by the windshield, pillars, or roof, the 
resulting compression forces can cause occipital 
condyle fractures, Jefferson burst fractures of C1, 
and flexion teardrop and burst fractures of the 
subaxial spine. Shearing forces also can occur 
and can result in craniocervical dissociation (45).

Abrupt cervical and thoracic hyperextension 
can occur when the head impacts the wind-
shield or steering wheel while the body is moving 

forward (Fig 1). The anterior longitudinal liga-
ment tears, the anterior disk space widens, and 
there may be pedicle fractures and dislocation 
of the facet joints (Fig 11a) (45). C2 hangman’s 
fractures from MVC are most often caused by 
hyperextension (45). C1 fractures also can result 
from hyperextension, with anterior arch avulsion 
fracture at the site of neck muscular or skull liga-
mentous attachments and posterior arch fractures 
from compression (45).

Thoracic Injuries.—Sternal, rib, and lung 
injuries can occur from chest contact with the 
steering wheel or instrument panel. Traumatic 
rupture of the thoracic aorta occurs in 1.2% 
of all MVCs but is responsible for 21.4% of all 
fatalities (46). Blunt traumatic injuries of the 
thoracic aorta (Fig 11b) have been hypothesized 
to result from shear stresses, extreme hydrostatic 
forces, or osseous compression between the ster-
num and spine (47,48).

Figure 6. Costochondral fractures in a 
56-year-old man who was a restrained left- 
rear-seat passenger in a frontal impact MVC. 
(a) Three-dimensional volume-rendered CT 
image shows multiple costochondral rib frac-
tures (arrows) following the diagonal course 
of the seat belt. (b) Coronal CT image (soft-
tissue window) shows the right first costoma-
nubrial fracture (arrow) and subjacent me-
diastinal hematoma (H). (c) Axial CT image 
(lung window) 1 week after the MVC shows 
new right-upper-lobe pulmonary herniation 
(arrow) through the costochondral defect. 
A right hemopneumothorax is also present 
(arrowheads).
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Figure 7. Seat belt syndrome in a 21-year-old woman who was involved in a high-speed MVC. (a) Axial 
contrast material–enhanced CT image shows a hematoma in the mesentery (*), free intraperitoneal air (black 
arrows), hemoperitoneum, and retroperitoneal blood (arrowhead) from duodenal transection and small bowel 
injury, which were confirmed during surgery. Note the seat belt sign (red arrows). (b) Sagittal reformation 
CT image shows the seat belt sign (red arrow) inferior to the umbilicus, directly overlying the site of duodenal 
transection (open oval, where the duodenum should be visible). An abdominal aortic injury (black arrows), free 
intraperitoneal air (white arrow), and a flexion-distraction fracture of the L4 vertebra (L4) also can be seen. A 
large transverse colon serosal injury, a full-thickness jejunal injury, and degloving of the abdominal wall also were 
identified at emergency laparotomy.

Figure 8. Seat belt–related solid-organ injuries from frontal impact trauma. (a) Axial contrast-enhanced CT 
image in a 54-year-old man who was a restrained driver in a frontal impact MVC shows the seat belt sign and a 
grade 3 anterior liver laceration (arrows). (b) Axial contrast-enhanced CT image in a 23-year-old man who was 
a restrained driver in a high-speed frontal impact with a tree shows a grade 2 splenic subcapsular hematoma 
(arrows) and a left flank contusion (arrowhead).

Figure 9. Intraperitoneal bladder rupture in a 26-year-old 
man who was a restrained driver in a high-speed MVC. No 
pelvic ring disruption was present. Gross hematuria was 
noted on insertion of a Foley catheter. Coronal reforma-
tion CT cystogram shows extravasation of the intravesical 
contrast material into the peritoneal space (white arrows) 
through a focal defect in the dome of the urinary bladder 
(black arrow). The tip of the Foley catheter is seen protrud-
ing into the defect.
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By comparing the coexistent injuries, authors of 
an autopsy study (49) suggested that lethal aortic 
injuries occur through different mechanisms in 
unrestrained drivers versus unrestrained pas-

sengers in frontal impact crashes. Aortic injuries 
in unrestrained drivers were surmised to occur 
from thoracic and abdominal compression against 
the steering column, frequently accompanied by 

Figure 10. Skull and tracheal injuries related to windshield and steering wheel impact, re-
spectively, in a 21-year-old man who was an unrestrained driver in a frontal impact MVC with 
reported passenger compartment intrusion and steering wheel deformity. (a) Three-dimen-
sional volume-rendered CT image of the skull shows frontal bone (white arrow), orbital wall 
(arrowheads), and maxillary (black arrows) fractures, which are consistent with bilateral Le Fort 
III facial fractures from a frontal impact with the windshield. (b) Axial CT image shows ectopic 
air in the neck soft tissues (arrows) and deformity of the endotracheal tube balloon (arrow-
heads), which are consistent with traumatic tracheal rupture.

Figure 11. Thoracic injuries related to steering wheel impact in a 67-year-old man who was 
an unrestrained driver in a frontal impact MVC in which deformity of the steering wheel was 
reported. (a) Sagittal reformation CT image shows a markedly distracted and highly unstable 
hyperextension fracture through the T7–T8 disk space (black arrow) and right facet joint (white 
arrow) in the lower thoracic spine. (b) Oblique sagittal contrast-enhanced reformation CT im-
age shows a displaced sternal fracture (arrowhead) and a small pseudoaneurysm at the aortic 
isthmus (arrow), with a small periaortic hematoma (H). The patient also had lunate dislocation 
from axial loading of the wrist (not shown).
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sternal fractures, liver injuries, and diaphragmatic 
injuries (49). In comparison, a high rate of con-
comitant head and neck injuries from windshield 
impact in unrestrained passengers suggested that 
isthmic aortic ruptures in these patients were 
caused by upward traction on the aortic arch from 
the carotid arteries in the hyperextended neck and 
from fixation of the descending aorta by intercos-
tal arteries in the chest (49). Although frequently 
a cause of prehospital mortality, thoracic aortic 
injuries can be diagnosed and successfully treated 
in patients who are stable enough for CT.

Extremity Injuries.—Axial load injuries such as 
distal radial fractures and midcarpal dislocations 
can occur on a hand outstretched to break impact 
on the steering wheel or dashboard (Fig 12). 

Dashboard-related Lower Extremity 
Injuries
Although restraints and airbags protect the torso 
from direct collision with the frontal interior of 
the vehicle, the flexed lower extremity can still 
impact the dashboard, leading to knee, thigh, and 
hip injuries. The outcome of an anteroposterior 
force directed against the lower extremity varies 
depending on the location of the contact and the 
position of the leg at the time (Fig 13).

Hip Injuries.—Posterior hip dislocation repre-
sents approximately 90% of hip dislocations. 
When the anteroposterior force is directed 
against a flexed and internally rotated femur, the 
femur dislocates posteriorly and superiorly from 
the acetabular cup. If the hip is mildly abducted, 
an acetabular wall or femoral head fracture may 
accompany the posterior dislocation (50). At 
imaging, the femoral head is positioned su-
perolaterally to the acetabulum, with the hip 
in internal rotation and adduction (Fig 14a). 
Attention should be directed toward detect-
ing associated fractures of the acetabulum and 
femoral head or neck. Coexistent femoral neck 
fracture precludes closed reduction. CT should 
be performed routinely after hip reduction to 
detect entrapped intra-articular osteochondral 
fragments and new fractures (50).

The remaining 10% of hip dislocations are 
anterior. If the femur is abducted and externally 
rotated at impact, the anteroposterior force acting 
distally can lever the femoral head anteriorly from 
the acetabulum (Fig 13) (51). At imaging, the 
femoral head is most often positioned inferomedi-
ally to the acetabulum, with the hip in external 
rotation and abduction (Fig 15). Anterosuperior 
dislocation of the hip is rare and can mimic poste-
rior hip dislocation on radiographs. The presence 
of external rotation of the dislocated femur with 

increased prominence of the lesser trochanter 
helps in differentiation of the rare anterosuperior 
dislocation from posterior hip dislocation (51).

Knee Injuries.—Soft-tissue and bone injuries at 
the knee occur if the dashboard impacts the pa-
tella or, slightly lower, impacts the proximal tibia 
of the flexed knee. The posterior cruciate liga-
ment is taut when the knee is flexed and is at par-
ticular risk for disruption along with the posterior 
knee joint capsule when the dashboard contacts 
the anterior tibia (52). Posterior knee dislocation 
is the most severe form of this injury (Fig 14b), 
and coexisting injury to the popliteal artery must 
be excluded (53). Direct impact to the patella 
can cause patellar fractures, often comminuted 
and open, in addition to femoral fractures and 
hip dislocation (Fig 16) (52).

Floorboard-related Lower  
Extremity Injuries
Foot and ankle injuries have increased in inci-
dence since the implementation of seat belts and 
airbags, at least in part because of the improved 
survivability of frontal impact crashes that previ-
ously were fatal (54). Airbag deployment also 
may contribute to lower extremity injuries owing 
to the passenger slipping under (often referred 
to as “submarining”) the airbag, which diverts 
the force of impact from the torso to the lower 

Figure 12. Axial load on an outstretched hand in a 
62-year-old man who was involved in a frontal impact 
MVC. Dorsopalmar radiograph of the left hand shows 
a comminuted fracture of the distal radius (arrow) with 
dislocation of the distal radioulnar joint (arrowhead).
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extremities (55). Floorboard-related injuries are 
more likely when there is floorboard intrusion 
than with passenger-floorboard contact without 
intrusion (6). Smaller drivers, who are more often 
women, are more likely to sustain foot and ankle 
fractures (56), possibly related to differences in 

Figure 13. Dashboard injury mecha-
nisms. Dashboard injuries vary according 
to the initial position of the occupant, 
relative height of the dashboard to the 
knee, and direction of force, with conse-
quent knee, femur, and hip injuries. At the 
time of impact, the dashboard can strike 
the flexed knee directly (arrow, top left) 
or the anterior proximal tibia (arrow, top 
right). Upward intrusion of the toe pan 
(red arrows, bottom left) can entrap the 
occupant’s flexed knee under the dash-
board (black arrow, bottom left). If the 
hip is abducted at the time of impact, the 
contact of the dashboard with the flexed 
knee (straight arrow, bottom right) can 
lever the femoral head anteriorly from the 
acetabulum (curved arrow, bottom right).

Figure 14. Dashboard-related injuries in an 18-year-old man who was a restrained driver in a frontal impact MVC in 
which substantial intrusion into the driver compartment was reported. (a) Anteroposterior pelvic radiograph from ini-
tial trauma imaging series shows superolateral position of the right femoral head relative to the acetabulum with the hip 
in adduction and internal rotation, which is consistent with posterior hip dislocation. Note that the right lesser trochan-
ter (black arrow) is less conspicuous than on the normal contralateral side in neutral position. An associated fracture of 
the posterior right acetabular wall (white arrow) is also visible. (b) Sagittal CT image (bone window) of the right knee 
shows a posterior tibial dislocation (T), a femoral condyle osteochondral fracture (arrowhead), and a transverse patellar 
fracture (white arrow). An anterior skin wound with patella alta (P), which indicates extensor mechanism rupture, and 
traumatic arthrotomy with pneumoarthrosis (black arrow) also are shown.

Figure 15. Anterior hip dislocation in a 25-year-old man who 
was involved in a frontal impact MVC. Pelvic radiograph from the 
initial trauma imaging series shows the inferomedial position of 
the right femoral head (F) relative to the acetabulum, with the 
hip in marked abduction. Note that the right lesser trochanter (ar-
row) is more conspicuous because of the external rotation, which 
is typical of anterior hip dislocations.
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Figure 16. Dashboard-related 
patellar and femoral fractures in 
a 24-year-old man who was in-
volved in a frontal impact MVC. 
(a) Lateral spot radiograph of the 
left thigh shows a comminuted 
fracture of the patella (white ar-
row), with a subtle coronal Hoffa 
fracture line through the femoral 
condyle (arrowhead) and a par-
tially visualized markedly commi-
nuted fracture of the femoral shaft 
(black arrow), all of which suggest 
direct impact to the flexed knee 
in seated position. (b) Sagittal 
reformation CT image of the left 
knee after placement of a trac-
tion pin confirms the comminuted 
patellar fracture (arrows) and the 
coronal intra-articular Hoffa frac-
ture of the lateral femoral condyle 
(arrowhead).

Figure 17. Complete Lisfranc fracture dis-
location in a 48-year-old man who was in-
volved in an MVC. (a–b) Dorsoplantar (a) 
and lateral (b) radiographs of the left foot 
show divergent dorsal Lisfranc dislocation 
of all five metatarsals (arrows) relative to the 
cuneiforms and cuboid. (c) Illustration of the 
foot in plantar flexion shows transmission of 
forces from the floorboard (yellow arrow) to 
the metatarsals (MTs), resulting in dorsal Lis-
franc fracture dislocation. (Fig 17c courtesy of 
C.K.S.)
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the driver’s leg position, seat position, foot size, 
and the contribution of dashboard knee impact.

A plantar flexed foot is more prone to injury 
than one in a neutral position, because forces are 
transmitted more effectively through bones than 
through soft tissues. When the foot pedal or floor-
board is driven upward into the ball of the foot, 
the energy of the impact is transferred to the meta-
tarsals and tarsal bones (57). This may occur as 
the driver emergently moves his or her foot from 
the gas pedal to the brake pedal in a plantar flexed 
configuration before the impending head-on col-
lision (57). Alternatively, the collision may cause 
upward deformation of the floorboard compart-
ment, which drives the pedal into the foot (58).

Foot Injuries.—Floorboard-related metatarsal 
and tarsal fractures and Lisfranc and Chopart 
joint subluxations worsen in severity at higher 
impact velocities (Figs 17, 18) (57,59). The 
direction of dislocation is determined by the 
direction of the force at the time of impact (60). 
When a patient has Lisfranc or Chopart joint 
injuries, obtaining stress views at imaging may be 
required to identify instability, and CT is useful 
for identification of midfoot fractures.

Ankle and Tibia-Fibula Injuries.—Talar fractures 
represent 1% of all fractures (61) but involve high 
morbidity because of articular surface involve-
ment and the risk of avascular necrosis. Talar 
injuries are important to recognize early and 
manage appropriately to avoid complications and 
long-term morbidity.

Talar neck fractures can occur during forced 
dorsiflexion, because the talar neck strikes the 
anterior aspect of the tibia. Continued force may 
result in progressive disruption of the subtalar 
joint, tibiotalar joint, and talonavicular joint, as 
described by Hawkins (62) and Canale and Kelly 
(63). Calcaneal or spine injuries may accompany 
a talar neck fracture because of the high energy 
required (64).

Foot eversion with forced dorsiflexion dur-
ing impact is likely to fracture the lateral talar 
process, with intra-articular extension to the 
posterior subtalar facet (65). Lateral talar process 
fractures represent 19% of ankle fractures from 
MVCs (66). Isolated lateral talar process frac-
tures can occur and can be overlooked easily on 
radiographs.

During impact to the plantar surface of a plan-
tar flexed and inverted foot, the talus strikes the 
articular surface of the tibial plafond, potentially 
resulting in talar dome fractures (Fig 19), sub-
talar dislocation, distal tibial pilon fractures, and 
tibial and fibular shaft fractures (64). Talar dome 
fractures include subtle osteochondral impaction 
injuries, which can be overlooked easily, as well 
as severely comminuted fractures with talar dome 
height loss. Subtalar dislocations are often associ-
ated with calcaneal and posterior talar process 
fractures (64).

Tibial plateau fractures, which usually reflect 
axial load, may occur when upward force on the 
foot drives the knee against the undersurface of 
the dashboard, causing impact between the tibial 
plateau and femoral condyles (see Fig 13) (67).

Figure 18. Midfoot fracture dislocation in a 44-year-old woman who was involved in a frontal impact MVC 
in which substantial intrusion into the foot compartment was reported. (a) Lateral left foot radiograph shows 
disruption of the fourth and fifth tarsometatarsal joints (white arrow) and fracture dislocation of the navicular 
(N). Note also the fracture of the talar body and dome (small black arrows). (b) Illustration of the foot in plantar 
flexion shows transmission of forces from the floorboard (yellow arrow) through the metatarsals (blue arrow), 
leading to axial loading fractures of the tarsals. (Fig 18b courtesy of C.K.S.)
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Side-Impact Injuries
Lateral- or side-impact crashes cause 30% of all 
fatalities of MVC occupants (1). However, driv-
er’s side-impact crashes have the highest mortal-
ity rate of all MVC types and are more likely to 
be fatal (68%) than to be survived (32%) (1). 
The location of injuries from lateral impact (Fig 
20) depends on whether the direction of im-
pact was perpendicular or oblique (68) and the 
degree of direct contact between the occupant 
and the vehicle (6), which in turn depend on a 
variety of factors, including the location of the 
occupant to the side of the impact, the degree of 
intrusion, the height of the passenger, the height 
of the door arm rest, the presence of a center 
console, and the relative heights of the passen-
ger’s vehicle and the side-impacting vehicle (69).

For example, a collision with another pas-
senger vehicle is likely to result in an injury of 
the lower extremities. When a passenger car is 
struck by a truck, sport utility vehicle, or van, 
injuries are likely to shift toward the thorax, even 
if overall energy transfer is comparable (69). After 
collision with light trucks, occupants of passenger 
vehicles have been shown to sustain substantial 
injuries to the chest (73%), head (53%), pelvis 
(53%), and abdomen (33%), while lower extrem-
ity injuries are relatively uncommon (13%) (70). 
Fatalities are more likely with directly perpendic-
ular lateral impacts to the 3-o’clock and 9-o’clock 
positions on the car when compared with oblique 
side impacts (68).

Serious injuries are three to 10 times more 
likely with intrusion into the passenger compart-
ment. Near-side occupants (on the side of the 

Figure 19. Talar dome fracture in a 30-year-old man who was involved in an MVC. (a) Mortise view of the 
left ankle shows an articular split fracture (arrows) of the talar dome. (b) Illustration of the foot in plantar flexion 
shows the transmission of forces from the floorboard (yellow arrow) through the bones of the foot (blue arrows), 
causing axial loading of the talar dome on the tibial plafond, with or without a shearing component. (Fig 19b 
courtesy of C.K.S.)

Figure 20. Mechanisms of lateral impact injuries. Illus-
tration shows that lateral impact forces (black arrows) 
and resulting intrusion cause contact (red bursts) be-
tween the occupant’s near-side thorax, abdomen, and 
pelvis and the interior structure of the car, including the 
door panel, side arm rest, window, or side pillar. The oc-
cupant can become pinned against the central console 
if one is present. At the same time, a whiplash injury can 
occur to the head and neck (red arrows) with conse-
quent coup and counter-coup head injuries or cervical 
spine whiplash injuries.
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impact) experience three times the incidence of 
serious or immediately fatal injuries compared 
with far-side occupants (contralateral to the side 
of the impact) (68,71). Use of restraint does not 
affect injuries in lateral impact crashes (6). In 
particular, a far-side occupant’s torso is prone to 
slipping out from the shoulder harness, poten-
tially allowing the upper body to contact the 
contralateral vehicle interior (72). Side airbags, 
including torso-only systems and torso-head 
combination systems, decrease head injuries by 
75% and thoracic injuries by 68% on the side of 
impact (73) and decrease mortality in near-side 
occupants (74,75).

Head Injuries
Head and neck injuries are the most common 
immediately fatal injuries from side-impact 
crashes (71). Both near- and far-side occupants 
can sustain head injuries (69), although severe 
far-side head injuries are more common in driv-
ers (40%) than in passengers (27%) (72). Seat 
belt use does not prevent head injuries in lateral 
impacts (6). Traumatic brain injuries may occur 
from direct impact with the side window and 
door, the vehicle’s pillars, or the intruding vehicle 

(coup injuries) and also can be contralateral 
when the brain ricochets against the opposite cra-
nium (counter-coup injuries) (Fig 21). Primary 
traumatic injuries include but are not limited to 
subarachnoid hemorrhage, subdural and epidural 
hemorrhage, cerebral contusions and axonal 
shearing, intraparenchymal hemorrhage, and 
skull fractures (76).

Spine Injuries
Neck injuries are common from lateral impact 
and can result from two phases of the crash. 
First, the torso is pushed toward the center 
of the vehicle by the impact, while the head 
remains stationary, stretching the neck on the 
side away from the impact (77). This is followed 
by lateral motion of the head at up to five times 
the G-force of the impact, which snaps the neck 
to the other side (77). Neck sprains and strains 
are the most common injuries and do not have 
specific radiographic or CT findings (77). Lat-
eral flexion can lead to fractures of the occipital 
condyle and C2 body or odontoid process (Fig 
22) (45). However, lateral impact more often 
causes injuries to the subaxial cervical spine, 
C3–C4 through C7–T1, than to C1 and C2. 
Particular attention should be addressed to C7–
T1 because of potential shearing and rotational 

Figure 21. Coup and counter-coup traumatic brain injury in 
a 37-year-old man who was a passenger in a near-side lateral 
impact MVC. Axial nonenhanced CT image of the head shows 
right subgaleal hematoma and emphysema (white arrows) 
and right periorbital hematoma (*), indicating the location 
of a head impact. Fractures (white arrowheads) of the right 
temporal bone, lesser sphenoid wing, and lateral orbital wall; 
right temporal and basal cistern extra-axial hemorrhage; and 
hemorrhagic brain contusions (black arrowheads) represent 
coup injuries. Counter-coup injuries include left temporopari-
etal hemorrhagic brain contusions and extra-axial hemorrhage 
(black arrow). The patient also had an injury of the left superior 
facet joint of C7 (not shown).

Figure 22. C2 fracture in a 75-year-old man who was 
involved in a lateral impact MVC. Coronal reformation 
maximum intensity projection CT angiogram shows an 
obliquely oriented fracture (white arrow) through the 
body of C2, with absence of opacification of the right 
vertebral artery (black arrow) indicating blunt cerebro-
vascular injury. A left C2 pars interarticularis fracture was 
also present (not shown).



872 May-June 2019 radiographics.rsna.org

Figure 23. Lateral flexion distraction spine 
injury in an 18-year-old woman who was a 
restrained near-side rear passenger in a high-
speed left lateral impact MVC in which mul-
tiple other occupants of the vehicle died at 
the scene. Contrast-enhanced coronal refor-
mation CT image shows an oblique fracture 
at L1–L2 (white arrow) with dextrocurvature 
and distraction that was worse on the left 
than on the right side. The patient had nu-
merous other torso injuries, including grade 
3 splenic lacerations (black arrow), a grade 2 
hepatic laceration (black arrowhead), a right 
adrenal hematoma (red arrow), hemoperito-
neum (black *) and hemoretroperitoneum 
(white *), and a traumatic right abdominal 
wall defect (white arrowhead).

Figure 24. Extensive right rib fractures and other 
injuries in a 61-year-old woman who was a near-
side unrestrained passenger in a lateral impact 
MVC in which a truck towing a trailer crashed into 
the side of her car. (a) Three-dimensional volume-
rendered CT image shows fractures (arrowheads) 
involving the right first through 11th posterior ribs 
and lateral fourth through sixth ribs. (b) Axial CT 
image (lung window) shows a right pneumothorax 
(P) and multiple right lower lobe contusions (ar-
rows). (c) More inferior axial CT image (soft-tissue 
window) shows a posterior grade 4 liver lacera-
tion (arrow) and a grade 1 laceration in the medial 
spleen (arrowhead).

forces to the intervertebral disks and ligaments 
at the cervicothoracic junction during lateral 
impact (77,78).

Lateral bending deformation during a side-
impact collision can result in transverse process 
fractures of the thoracolumbar spine, most often 
on the compressed side. When the lateral flex-

ion forces are more severe and combined with 
contralateral distraction, a transverse or oblique 
fracture line through the vertebra may occur, 
creating a sideways flexion-distraction injury 
(Fig 23) (79–81). If translation-rotation forces 
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are also present, facet dislocation and transla-
tional spine injuries may be encountered (82).

Cardiothoracic Injuries
As with frontal impact, rib fractures are common, 
as are pulmonary contusions and lacerations (Fig 
24). The extent and severity of pulmonary injuries 
usually correlate with the magnitude of impact, 
and these injuries tend to occur ipsilateral to the 
impact. The contusions are most often identified 
within the medial and posterior lungs because of 
shearing forces across the spine and tend to be 
inferior, because the superior lungs are relatively 
protected by the clavicle and first rib (83,84).

Figure 25. Near-side lateral impact injuries in a 27-year-old man who was a restrained driver when a 
truck crashed into the side of his car. (a) Chest radiograph acquired with the patient in a supine position 
shows the tip of the enteric tube (black arrow) located in the lower hemithorax, indicating a left diaphrag-
matic injury. Left lung opacities, pneumothoraces (red arrows), and left rib fractures (arrowhead) are also 
present. The patient was taken immediately to surgery, during which the presence of the diaphragmatic 
injury was confirmed. (b) Frontal pelvic radiograph shows disruption of the bilateral obturator rings (ar-
rows) and discontinuity of the bilateral sacral arcuate lines (arrowheads). (c) Subsequently acquired axial 
pelvic CT image (bone window) shows that the left sacral impaction fracture (black arrow) is accompa-
nied by a crescent fracture of the left posterior ilium (white arrow). The patient also had traumatic brain 
injuries (not shown).

Although diaphragmatic injuries may occur from 
frontal impact and other high-energy mechanisms, 
rupture of the left hemidiaphragm is identified 
most frequently after near-side left lateral impact 
(85). While less common, right hemidiaphragmatic 
injuries are caused by right lateral impact approxi-
mately one-half of the time and tend to occur in 
more severely injured patients than in those with 
left hemidiaphragmatic injuries (85). In lateral im-
pact, chest wall deformation creates a shearing force 
on the diaphragm, while increased intra-abdominal 
pressure may be the cause of diaphragmatic rupture 
in frontal impacts (85). Diaphragmatic injuries 
rarely are isolated, accompanied by pelvic fractures 
in 40%–55% of cases (Fig 25) and solid organ inju-
ries in 25% of cases (86).

The incidence of traumatic rupture of the tho-
racic aorta with side impact is twice that with fron-
tal impact (33). The aortic isthmus is involved most 
commonly, in part because of torsional stresses 
as the heart moves toward the side of impact and 
the aorta flexes over the pulmonary artery and the 
main stem bronchus (25,47,48). In addition, chest 
wall deformation caused by lateral compression 
may cause displacement of the heart, and conse-
quently, shearing at the aortic isthmus (47).

Abdominal Injuries
Abdominal injuries from side-impact crashes are 
rarely isolated (74). Contact with or intrusion of 
the door armrest compresses abdominal organs 
against the spine and results in splenic injuries on 
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the driver’s side (Fig 26) and posterior liver and 
adrenal injuries on the passenger’s side (Fig 24c) 
(6,87). Abdominal wall disruption, including trau-
matic lumbar hernia, also can be seen (Fig 23).

Pelvic, Hip, and Acetabular Injuries
Pelvic fracture incidence in side-impact crashes is 
12% (88), and restraint use does not prevent pel-
vic injuries (2). Lateral impact MVCs generally 
produce lateral compression patterns of pelvic 
fractures (6,37). Near-side impact and intrusion 
of the door against the pelvis can result in uni-
lateral or bilateral lateral compression pelvic ring 
injuries (Fig 25). Side door intrusion can entrap 
the pelvis against the central console, worsening 
injury (88). CT cystography may be necessary to 
exclude bladder injuries in patients with pelvic 
fractures. Indications for CT cystography are the 
same as those for frontal impact.

Conclusion
Knowledge of the patient’s type of MVC impact 
can help focus or appropriately expand imaging 
and expedite important diagnoses with the use of 
the proposed mechanistic approach. Even when 
the actual type of impact is unknown, detection 
of injuries suggestive of a particular mechanism 
of injury can prompt the radiologist to look for 
other related injuries, including potentially subtle 
and easily missed injuries such as pancreatic 
laceration or diaphragmatic rupture. Use of the 
structured systematic search pattern enables the 
radiologist to identify traumatic injuries with 
greater accuracy and alacrity, thereby improv-
ing care of the patient who experiences acute 
trauma. Crash site data obtained electronically by 
emergency medical personnel or law enforcement 
from the passenger’s vehicle might contribute to 
rapid triage, diagnostic workup, and emergency 
treatment of victims of MVC in the future.

Acknowledgments.—We acknowledge the effort of Muham-
mad Mubashir Ramzan, who contributed to the educational 
exhibit material. Most of the illustrations were created by Kate 
Sweeney, medical illustrator for University of Washington 
Health Sciences Academic Services and Facilities.

References
 1. Bédard M, Guyatt GH, Stones MJ, Hirdes JP. The indepen-

dent contribution of driver, crash, and vehicle characteristics 
to driver fatalities. Accid Anal Prev 2002;34(6):717–727.

 2. Abu-Zidan FM, Eid HO. Factors affecting injury severity 
of vehicle occupants following road traffic collisions. Injury 
2015;46(1):136–141.

 3. Newgard CD, Lewis RJ, Kraus JF, McConnell KJ. Seat posi-
tion and the risk of serious thoracoabdominal injury in lateral 
motor vehicle crashes. Accid Anal Prev 2005;37(4):668–674.

 4. Stigson H, Gustafsson M, Sunnevång C, Krafft M, Kullgren 
A. Differences in long-term medical consequences depend-
ing on impact direction involving passenger cars. Traffic Inj 
Prev 2015;16(suppl 1):S133–S139.

 5. Dischinger PC, Cushing BM, Kerns TJ. Injury patterns as-
sociated with direction of impact: drivers admitted to trauma 
centers. J Trauma 1993;35(3):454–458; discussion 458–459.

 6. Siegel JH, Mason-Gonzalez S, Dischinger P, et al. Safety belt 
restraints and compartment intrusions in frontal and lateral 
motor vehicle crashes: mechanisms of injuries, complica-
tions, and acute care costs. J Trauma 1993;34(5):736–758; 
discussion 758–759.

 7. Abbas AK, Hefny AF, Abu-Zidan FM. Seatbelts and road 
traffic collision injuries. World J Emerg Surg 2011;6(1):18.

 8. Pickrell TM, Li R. Seat belt use in 2016: overall results. 
Traffic Safety Facts Research Note. Report no. DOT HS 
812 351. Washington, DC: National Highway Traffic Safety 
Administration. https://crashstats.nhtsa.dot.gov/Api/Public/
ViewPublication/812351. Published November 2016. Ac-
cessed March 8, 2019.

 9. Hayes CW, Conway WF, Walsh JW, Coppage L, Gervin 
AS. Seat belt injuries: radiologic findings and clinical cor-
relation. RadioGraphics 1991;11(1):23–36.

10. Doersch KB, Dozier WE. The seat belt syndrome: the 
seat belt sign, intestinal and mesenteric injuries. Am J Surg 
1968;116(6):831–833.

11. Garrett JW, Braunstein PW. The seat belt syndrome. J 
Trauma 1962;2(3):220–238.

12. Dhillon RS, Barrios C, Lau C, et al. Seatbelt sign as an 
indication for four-vessel computed tomography angiogram 
of the neck to diagnose blunt carotid artery and other cervical 
vascular injuries. Am Surg 2013;79(10):1001–1004.

13. Desai NK, Kang J, Chokshi FH. Screening CT angiography 
for pediatric blunt cerebrovascular injury with emphasis 
on the cervical “seatbelt sign.” AJNR Am J Neuroradiol 
2014;35(9):1836–1840.

14. Chokshi FH, Munera F, Rivas LA, Henry RP, Quencer 
RM. 64-MDCT angiography of blunt vascular injuries of 
the neck. AJR Am J Roentgenol 2011;196(3):W309–W315.

15. Rozycki GS, Tremblay L, Feliciano DV, et al. A prospec-
tive study for the detection of vascular injury in adult and 
pediatric patients with cervicothoracic seat belt signs. J 
Trauma 2002;52(4):618–623; discussion 623–624.

16. Guertler AT. Blunt laryngeal trauma associated with shoulder 
harness use. Ann Emerg Med 1988;17(8):838–839.

17. Sgarlato A, Deroux SJ. Motor vehicle occupants, neck 
injuries, and seat belt utilization: a 5-year study of fatalities 
in New York City. J Forensic Sci 2010;55(2):527–530.

18. Groves CJ, Cassar-Pullicino VN, Tins BJ, Tyrrell PN, 
McCall IW. Chance-type flexion-distraction injuries in the 
thoracolumbar spine: MR imaging characteristics. Radiology 
2005;236(2):601–608.

19. Bernstein MP, Mirvis SE, Shanmuganathan K. Chance-type 
fractures of the thoracolumbar spine: imaging analysis in 53 
patients. AJR Am J Roentgenol 2006;187(4):859–868.

Figure 26. Near-side lateral impact injuries in a 57-year-old 
restrained male driver when a car at 35 miles per hour crashed 
into the side of his small sports car. Axial contrast-enhanced CT 
image through the upper abdomen shows a grade 3 splenic 
laceration (arrow), hemoperitoneum (*), and left chest wall gas 
(arrowhead) from left rib fractures (not shown).



RG • Volume 39 Number 3 Fadl and Sandstrom 875

20. Arndt RD. Cervical-thoracic transverse process fracture: 
further observations on the seatbelt syndrome. J Trauma 
1975;15(7):600–602.

21.  Hills MW, Delprado AM, Deane SA. Sternal fractures: associ-
ated injuries and management. J Trauma 1993;35(1):55–60.

22. Arajärvi E, Santavirta S. Chest injuries sustained in 
severe traffic accidents by seatbelt wearers. J Trauma 
1989;29(1):37–41.

23. Rice D, Bikkasani N, Espada R, Mattox K, Wall M. Seat 
belt-related chondrosternal disruption with lung herniation. 
Ann Thorac Surg 2002;73(6):1950–1951.

24. May AK, Chan B, Daniel TM, Young JS. Anterior lung 
herniation: another aspect of the seatbelt syndrome. J Trauma 
1995;38(4):587–589.

25. Siegel JH, Smith JA, Siddiqi SQ. Change in velocity and 
energy dissipation on impact in motor vehicle crashes as a 
function of the direction of crash: key factors in the production 
of thoracic aortic injuries, their pattern of associated injuries 
and patient survival—a Crash Injury Research Engineering 
Network (CIREN) study. J Trauma 2004;57(4):760–777; 
discussion 777–778.

26. Santavirta S, Arajärvi E. Ruptures of the heart in seatbelt 
wearers. J Trauma 1992;32(3):275–279.

27. Johnson MC, Eastridge BJ. Redefining the abdominal 
seatbelt sign: enhanced CT imaging metrics improve injury 
prediction. Am J Surg 2017;214(6):1175–1179.

28. Biswas S, Adileh M, Almogy G, Bala M. Abdominal injury 
patterns in patients with seatbelt signs requiring laparotomy. 
J Emerg Trauma Shock 2014;7(4):295–300.

29. Rodriguez C, Barone JE, Wilbanks TO, Rha CK, Miller K. 
Isolated free fluid on computed tomographic scan in blunt 
abdominal trauma: a systematic review of incidence and 
management. J Trauma 2002;53(1):79–85.

30. Newman KD, Bowman LM, Eichelberger MR, et al. The lap 
belt complex: intestinal and lumbar spine injury in children. 
J Trauma 1990;30(9):1133–1138; discussion 1138–1140.

31. Shalhub S, Starnes BW, Brenner ML, et al. Blunt abdominal 
aortic injury: a Western Trauma Association multicenter 
study. J Trauma Acute Care Surg 2014;77(6):879–885; 
discussion 885.

32. de Mestral C, Dueck AD, Gomez D, Haas B, Nathens AB. 
Associated injuries, management, and outcomes of blunt 
abdominal aortic injury. J Vasc Surg 2012;56(3):656–660.

33. Lalancette M, Scalabrini B, Martinet O. Seat-belt aorta: a 
rare injury associated with blunt abdominal trauma. Ann 
Vasc Surg 2006;20(5):681–683.

34. Burt BM, Afifi HY, Wantz GE, Barie PS. Traumatic lumbar 
hernia: report of cases and comprehensive review of the 
literature. J Trauma 2004;57(6):1361–1370.

35. Killeen KL, Girard S, DeMeo JH, Shanmuganathan K, 
Mirvis SE. Using CT to diagnose traumatic lumbar hernia. 
AJR Am J Roentgenol 2000;174(5):1413–1415.

36. Saboo SS, Khurana B, Desai N, et al. Traumatic lumbar her-
nia: can’t afford to miss. Emerg Radiol 2014;21(3):325–327.

37. Linnau KF, Blackmore CC, Kaufman R, et al. Do initial 
radiographs agree with crash site mechanism of injury in 
pelvic ring disruptions? a pilot study. J Orthop Trauma 
2007;21(6):375–380.

38. Matlock KA, Tyroch AH, Kronfol ZN, McLean SF, Pirela-
Cruz MA. Blunt traumatic bladder rupture: a 10-year 
perspective. Am Surg 2013;79(6):589–593.

39. Gross JA, Lehnert BE, Linnau KF, Voelzke BB, Sandstrom 
CK. Imaging of urinary system trauma. Radiol Clin North 
Am 2015;53(4):773–788, ix.

40. Newgard CD, Lewis RJ, Kraus JF. Steering wheel deformity 
and serious thoracic or abdominal injury among drivers and 
passengers involved in motor vehicle crashes. Ann Emerg 
Med 2005;45(1):43–50.

41. Chen R, Gabler HC. Risk of thoracic injury from direct 
steering wheel impact in frontal crashes. J Trauma Acute 
Care Surg 2014;76(6):1441–1446.

42. Becker M, Leuchter I, Platon A, Becker CD, Dulguerov P, 
Varoquaux A. Imaging of laryngeal trauma. Eur J Radiol 
2014;83(1):142–154.

43. Moar JJ. Traumatic rupture of the cervical carotid arteries: 
an autopsy and histopathological study of 200 cases. Forensic 
Sci Int 1987;34(4):227–244.

44. Rutman AM, Vranic JE, Mossa-Basha M. Imaging and 
management of blunt cerebrovascular injury. RadioGraphics 
2018;38(2):542–563.

45.  Munera F, Rivas LA, Nunez DB Jr, Quencer RM. Imaging 
evaluation of adult spinal injuries: emphasis on multidetector 
CT in cervical spine trauma. Radiology 2012;263(3):645–660.

46. Bertrand S, Cuny S, Petit P, et al. Traumatic rupture of 
thoracic aorta in real-world motor vehicle crashes. Traffic 
Inj Prev 2008;9(2):153–161.

47. Steenburg SD, Ravenel JG, Ikonomidis JS, Schönholz C, 
Reeves S. Acute traumatic aortic injury: imaging evaluation 
and management. Radiology 2008;248(3):748–762.

48. Creasy JD, Chiles C, Routh WD, Dyer RB. Overview 
of traumatic injury of the thoracic aorta. RadioGraphics 
1997;17(1):27–45.

49. Nikolic S, Atanasijevic T, Mihailovic Z, Babic D, Popovic-
Loncar T. Mechanisms of aortic blunt rupture in fatally in-
jured front-seat passengers in frontal car collisions: an autopsy 
study. Am J Forensic Med Pathol 2006;27(4):292–295.

50. Mandell JC, Marshall RA, Weaver MJ, Harris MB, So-
dickson AD, Khurana B. Traumatic hip dislocation: what 
the orthopedic surgeon wants to know. RadioGraphics 
2017;37(7):2181–2201.

51. Erb RE, Steele JR, Nance EP Jr, Edwards JR. Traumatic 
anterior dislocation of the hip: spectrum of plain film and 
CT findings. AJR Am J Roentgenol 1995;165(5):1215–1219.

52. Sanders TG, Medynski MA, Feller JF, Lawhorn KW. Bone 
contusion patterns of the knee at MR imaging: footprint 
of the mechanism of injury. RadioGraphics 2000;20(Spec 
No):S135–S151.

53. Shearer D, Lomasney L, Pierce K. Dislocation of the knee: 
imaging findings. J Spec Oper Med 2010;10(1):43–47.

54. Martin PG, Crandall JR, Pilkey WD. Injury trends of pas-
senger car drivers in frontal crashes in the USA. Accid Anal 
Prev 2000;32(4):541–557.

55. Cummins JS, Koval KJ, Cantu RV, Spratt KF. Risk of injury 
associated with the use of seat belts and air bags in motor 
vehicle crashes. Bull NYU Hosp Jt Dis 2008;66(4):290–296.

56. Dischinger PC, Kerns TJ, Kufera JA. Lower extremity 
fractures in motor vehicle collisions: the role of driver gender 
and height. Accid Anal Prev 1995;27(4):601–606.

57. Smith BR, Begeman PC, Leland R, et al. A mechanism 
of injury to the forefoot in car crashes. Traffic Inj Prev 
2005;6(2):156–169.

58. Richter M, Thermann H, Wippermann B, Otte D, Schratt 
HE, Tscherne H. Foot fractures in restrained front seat 
car occupants: a long-term study over twenty-three years. 
J Orthop Trauma 2001;15(4):287–293.

59. Benirschke SK, Meinberg E, Anderson SA, Jones CB, Cole 
PA. Fractures and dislocations of the midfoot: Lisfranc and 
Chopart injuries. J Bone Joint Surg Am 2012;94(14):1325–
1337.

60. Siddiqui NA, Galizia MS, Almusa E, Omar IM. Evaluation 
of the tarsometatarsal joint using conventional radiography, 
CT, and MR imaging. RadioGraphics 2014;34(2):514–531.

61. Fortin PT, Balazsy JE. Talus fractures: evaluation and 
treatment. J Am Acad Orthop Surg 2001;9(2):114–127.

62. Hawkins LG. Fractures of the neck of the talus. J Bone Joint 
Surg Am 1970;52(5):991–1002.

63. Canale ST, Kelly FB Jr. Fractures of the neck of the talus: 
long-term evaluation of seventy-one cases. J Bone Joint Surg 
Am 1978;60(2):143–156.

64. Melenevsky Y, Mackey RA, Abrahams RB, Thomson 
NB 3rd. Talar fractures and dislocations: a radiologist’s 
guide to timely diagnosis and classification. RadioGraphics 
2015;35(3):765–779.

65. Ng ES, O’Neill BJ, Cunningham LP, Quinlan JF. Snow-
board, wakeboard, dashboard? isolated fracture of the lateral 
process of the talus in a high-speed road traffic accident. 
BMJ Case Rep 2013;2013(jul10 1):bcr2013200357.

66. Dale JD, Ha AS, Chew FS. Update on talar fracture patterns: 
a large level I trauma center study. AJR Am J Roentgenol 
2013;201(5):1087–1092.

67. Markhardt BK, Gross JM, Monu JU. Schatzker clas-
sification of tibial plateau fractures: use of CT and MR 
imaging improves assessment. RadioGraphics 2009;29 
(2):585–597.



876 May-June 2019 radiographics.rsna.org

68. Laberge-Nadeau C, Bellavance F, Messier S, Vézina L,
Pichette F. Occupant injury severity from lateral collisions: 
a literature review. J Safety Res 2009;40(6):427–435.

69. Siegel JH, Loo G, Dischinger PC, et al. Factors influencing 
the patterns of injuries and outcomes in car versus car crashes
compared to sport utility, van, or pick-up truck versus car
crashes: Crash Injury Research Engineering Network study. 
J Trauma 2001;51(5):975–990.

70. Acierno S, Kaufman R, Rivara FP, Grossman DC, Mock
C. Vehicle mismatch: injury patterns and severity. Accid
Anal Prev 2004;36(5):761–772.

71. Yoganandan N, Pintar FA, Stemper BD, Gennarelli TA,
Weigelt JA. Biomechanics of side impact: injury crite-
ria, aging occupants, and airbag technology. J Biomech
2007;40(2):227–243.

72. Augenstein J, Perdeck E, Martin P, et al. Injuries to re-
strained occupants in far-side crashes. Annu Proc Assoc
Adv Automot Med 2000;44:57–66.

73. McGwin G Jr, Metzger J, Rue LW 3rd. The influence of
side airbags on the risk of head and thoracic injury after
motor vehicle collisions. J Trauma 2004;56(3):512–516;
discussion 516–517.

74. Yoganandan N, Pintar FA, Zhang J, Gennarelli TA. Lateral 
impact injuries with side airbag deployments: a descriptive
study. Accid Anal Prev 2007;39(1):22–27.

75. McCartt AT, Kyrychenko SY. Efficacy of side airbags in
reducing driver deaths in driver-side car and SUV collisions. 
Traffic Inj Prev 2007;8(2):162–170.

76. Lolli V, Pezzullo M, Delpierre I, Sadeghi N. MDCT
imaging of traumatic brain injury. Br J Radiol 2016;89
(1061):20150849.

77. Zhou SW, Guo LX, Zhang SQ, Tang CY. Study on cervi-
cal spine injuries in vehicle side impact. Open Mech Eng J
2010;4(1):29–35.

78. Maak TG, Ivancic PC, Tominaga Y, Panjabi MM. Side
impact causes multiplanar cervical spine injuries. J Trauma
2007;63(6):1296–1307.

79. Oliver A, Allan DB. A mechanism of lateral flexion distrac-
tion injury of the spine. Injury 2005;36(1):222–225.

80. Herron LD. Lateral flexion-distraction fracture: a variant
of the seat-belt fracture. Spine 1987;12(4):398–400.

81. Gharib A, Postel G, Mirza S, Mann FA. A thoracic spine
translation injury with lateral facet dislocation. AJR Am J
Roentgenol 2002;178(6):1450.

82. Gertzbein SD. Spine update: classification of thoracic and
lumbar fractures. Spine 1994;19(5):626–628.

83. Weaver AA, Danelson KA, Armstrong EG, Hoth JJ, Stitzel
JD. Investigation of pulmonary contusion extent and its
correlation to crash, occupant, and injury characteristics in 
motor vehicle crashes. Accid Anal Prev 2013;50:223–233.

84. Danelson KA, Chiles C, Thompson AB, Donadino K,
Weaver AA, Stitzel JD. Correlating the extent of pulmonary 
contusion to vehicle crash parameters in near-side impacts.
Ann Adv Automot Med 2011;55:217–230.

85. Kearney PA, Rouhana SW, Burney RE. Blunt rupture of
the diaphragm: mechanism, diagnosis, and treatment. Ann
Emerg Med 1989;18(12):1326–1330.

86. Petrone P, Asensio JA, Marini CP. Diaphragmatic injuries 
and post-traumatic diaphragmatic hernias. Curr Probl Surg 
2017;54(1):11–32.

87. Hazarika S, Willcox N, Porter K. Patterns of injury sustained 
by car occupants with relation to the direction of impact
with motor vehicle trauma: evidence based review. Trauma 
2007;9(3):145–150.

88. Tencer AF, Kaufman R, Huber P, Mock C, Rout ML.
Reducing primary and secondary impact loads on the pelvis
during side impact. Traffic Inj Prev 2007;8(1):101–106.

This journal-based SA-CME activity has been approved for AMA PRA Category 1 CreditTM. See rsna.org/learning-center-rg.



QUESTIONNAIRE 
A22(21) for 2022 

Pattern recognition: a mechanism-based approach to injury detection after motor vehicle 
collisions    
INSTRUCTIONS 

• Read through the article and answer the multiple-choice questions provided below. 

• Some questions may have more than one correct answer; in which case you must mark all the correct answers. 

Question 1: You are involved in setting up a radiology 
practice in the emergency department of a new hospital. The 
hospital is located near two major highways and a number 
of busy intersections. You expect a consistent influx of 
patients from motor vehicle accidents and research the most 
common type of accident Which of the following do you 
find?  
 

A: Approximately two-thirds of motor vehicle 
collisions (MVCs) involve frontal impact  

B: Frontal impact MVCs account for 80% of MVC 
fatalities 

C: Injury type and severity from MVCs depend mostly 
on the angle and combined speed of impact 

D: Certain types of injuries were more likely with 
specific MVC mechanisms  

 
Question 2: The seat belt sign refers to which of the 
following?    
 

A: A transverse contusion from the lap belt that is seen 

externally overlying the iliac bones  

B: Soft-tissue injury transversely over the lower 

abdominal wall attributable to the shoulder 

harness    

C: Soft-tissue injuries obliquely along the anterior 

chest wall, breast, and anterolateral neck  

D: The combination of soft-tissue injuries due to the 

lap and shoulder belts, and which are referred to as 

the seat belt syndrome 

 
Question 3: You request your emergency care practitioners 
to, where possible, provide detail on seat belt use of patients 
brought in. They are a little hesitant about this and ask for 
your reasons in requesting such information. Which of the 
following will you use to persuade them?  
 

A: A malpositioned seat belt can give rise to injuries of 
the liver and spleen 

B: Cervical laryngotracheal injury, while rare, can 
occur in a restrained passenger with a high-riding 
shoulder harness  

C: The seat belt, especially if a lap belt is used alone, 
acts as a fulcrum on the anterior abdominal wall at 
impact – resulting in distraction forces through the 
posterior spine  

D: Sternal and rib fractures are the most common 
thoracic injuries associated with the use of a lap 
belt alone 

E: Internal visceral injuries are found in one-third of 
patients with a clinical seat belt sign  

 

Question 4: Is it TRUE that pelvic fractures are more likely if 
the seat belt sign at CT is below the level of the anterior 
superior iliac spine?   
 

A: YES  
B: NO 

 
Question 5: An intermediate life support practitioner 
jokingly says: “You probably want to know in which seat the 
patient was in the motor vehicle?” You reply with, “I am so 
glad you asked this question, because …………….”?  
 

A: C7 and T1 transverse process fractures occur 
predominantly on the left side for the driver (of a 
left-hand drive)  

B: Rib fractures occur along the diagonal course of the 
shoulder harness, and are more often right sided in 
drivers (of a left-hand drive)  

C: For passengers in the right rear seat, rib fractures 
are more often left-sided, as passengers tend to 
veer to the middle to converse with the driver and 
front passenger 

D: All the above 
 
Question 6: Which of the following options are TRUE 
regarding head and neck injuries?  
 

A: It results from direct impact with the steering wheel 
and windshield, but very seldom with the A-pillars 

B: Facial injuries occur more commonly in frontal 
impact crashes, and brain injuries more commonly 
in lateral impact crashes  

C: Unrestrained occupants are more likely to have 
fractures of the central face 

D: None of the above 
 
Question 7: The spine can be exposed to which of the 
following forces during frontal impact?  
 

A: Hyperextension  
B: Rotation  
C: A combination of only rotation and axial loading 
D: Axial loading   
E: A combination of the above  

 
 
 
 
 
 
 
 
 



Question 8: Which of the following is caused by 
hyperextension?  
 

A: Jefferson burst fractures of C1 

B: Hangman’s fractures  

C: Flexion teardrop fractures 

D: Burst fractures 

E: All the above 

 
Question 9: Posterior hip dislocations represent about 90% 
of hip dislocations. In this context, which of the following are 
TRUE?  
 

A: If the hip is mildly abducted, an acetabular wall or 

femoral head fracture may accompany the 

posterior dislocation  

B: At imaging, the femoral head is positioned 

superolaterally to the acetabulum, with the hip in 

internal rotation and abduction  

C: Attention should be directed toward detecting 

associated fractures of the acetabulum and femoral 

head or neck  

D: CT should be performed routinely after hip 

reduction to detect entrapped intra-articular 

osteochondral fragments and new fractures  

 
Question 10: The posterior cruciate ligament is taut when 
the knee is flexed and is at particular risk for disruption along 
with the posterior knee joint capsule when the dashboard 
contacts the anterior tibia. Is this statement TRUE or FALSE?   
 

A: TRUE  

B: FALSE 

 
Question 11:  A member of your team postulates that foot 
and ankle injuries have decreased since the implementation 
of seat belts and airbags. Is his statement CORRECT?  
 

A: YES 
B: NO  

 
Question 12: Figure 16 and 17 show what type of fractures?   
 

A: Hoffa / Chopart 
B: Bosworth / Hoffa 
C: Chopart / Bosworth 
D: Hoffa / Lisfranc   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Question 13: Having refrained from asking your ILS team any 
more questions, side-impact injuries begs the question of 
the type of vehicle involved in the collision. Why would this 
be an important part of patient history? 
 

A: Driver’s side-impact crashes have the highest 
mortality of all MVC types and are more likely to be 
fatal than to be survived   

B: A collision with another passenger vehicle is likely 
to result in an injury of the lower extremities  

C: When a passenger vehicle is struck by a truck, SUV 
or van, the injuries are likely to shift toward the 
thorax, even if overall energy transfer is 
comparable  

D: Fatalities are more likely with directly 
perpendicular lateral impacts to the 3-o’-clock and 
9-o’-clock positions on the car when compared to 
oblique side impacts  

E: Serious injuries are three to 10 times more likely 
with intrusion into the passenger compartment  

 
Question 14: Regarding spinal injuries, which of the 
following are TRUE? 
 

A: Neck sprains and strains are the most common 
injuries and have specific radiographic findings 

B: Lateral flexion can lead to fractures of the occipital 
condyle  

C: Lateral impact more often causes injuries to the 
subaxial cervical spine, C3-C4 through C7-T1, than 
to C1 and C2  

D: Particular attention should be addressed to C7-T1 
because of potential shearing and rotational forces 
to the intervertebral disks and ligaments at the 
cervicothoracic junction during lateral impact  

 
Question 15: Which of the following options are important 
teaching points? 
 

A: Near-side occupants (on the side of the impact) 
experience two times the incidence of serious or 
immediately fatal injuries 

B: Bowel and mesenteric injuries are the most 
common seat belt-related abdominal injuries  

C: Restraints and airbags protect the torso from 
direct collision with the frontal interior of the 
vehicle 

D: A plantar flexed foot is more prone to injury than 
one in a neutral position  
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