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I ASSIGNMENTS OF ERROR

L. The trial court erred when it allowed the biomechanical expert to

testify.

2. The trial court erred when it denied appellant’s motion for new

trial based on jury misconduct.




II. ISSUES PERTAINING TO ASSIGNMENTS OF ERROR

1. Whether the trial court erred when it allowed the biomechanical
expert to testify when the expert’s opinion was not generally accepted in the
scientific community? (Assignment of Error #1)

2. Whether the trial court erred when it allowed the biomechanical
expert to testify when the expert’s testimony would not assist the trier of fact as it
was based on speculation? (Assignment of Error #1)

3. Whether the trial court erred when it denied defendant’s motion for
new trial based on jury misconduct when the jury separated and considered

evidence in violation of RCW 4.44.300? (Assignment of Error #2)



. STATEMENT OF THE CASE

A, Procedural History

On March 14, 2011, the State filed one count of Murder in the Second
Degree for the death of A.F., a minor, that occurred on or about April 30, 2008,
CP 3-4, Pre-trial, the defendant filed a motion and memorandum to exclude the
State’s injury biomechanic expert’s testimony, CP 33-99. The state filed a
response. CP 117-294,

Trial began September 26, 2012 whereupon the court heard defensé’s
motion to exclude the state’s biomechanic expert and re-enactment. The court
denied the defense motion. CP 399-400. RP 108-168. On October 4, 2012, jury
selection began and testimony began October 8, 2012, On October 26, 2012, the
jury returned a guilty verdict and made special findings that the victim was
particularly vulnerable and that Ms. Bechtel abused her position of trust, CP 401-
403,

After the jury’s verdict, Ms. Bechtel filed a motion and declaration for a
new trial pursuant to CrR 7.5(a)(2) based on juror misconduct. CP 404-409, The
state filed responsive declarations and a memorandum. CP 410-476, The court
denied the motion. RP 11-15 (11/16/12).

The court sentenced Ms. Bechtel to 234 months within the Department of
Corrections. CP 517-530. On December 17, 2012, Ms. Bechtel filed her notice of

appeal and this appeal follows. CP 536-552.



B. Facts

Chris Franks, A.F.’s father, met Leanne Bechtel in 2006. They started
dating and began residing together in February, 2007, and were engaged to be
matried. RP 325:11-326:17. When Mr. Franks moved in with Ms, Bechtel, she
owned a pit bull, Dozer, who was a puppy, but very hyper. RP 327:2-13. Dozer
was a big dog and could become very rough at times. RP 377:10-14,

In early 2008, Mr. Franks and Ms. Bechtel moved into a small one-
bedroom apartment that would accept pets. RP 331:5-12. Although Mr. Franks
had two young children, J.F. and A.F., from a prior relatjonship, no children were
living with them at that time, and they had no plans for the children to move in
with them when they first rented the apartment. Id. at 13-17. Soon after they
moved into ‘ghe apartment, however, Mr. Franks’ children came to live with them,
and Ms. Bechtel welcomed them as her own. RP 374:19-24. Because they lived
in a one-bedroom apartment, Ms. Bechtel and Mr. Franks slept in the bedroom
and the children slept in the living room with the dog, Dozer. RP 332-10-17.

During this time, Mr. Franks worked from 5:00 a.m. until 1:30 p.n1. and,
typically, would go to bed between 7:30 and 8:00 o’clock at night and leave for
work by 4:30 a.m. Ms. Bechitel would get up with him while the children slept.
RP 335:19-336:13; 339:3-11. Because Ms. Bechtel was not employed outside the
home, RP 336:18-20, her responsibility was to maintain the household, which
included meal planning, laundry, house cleaning, grocery shopping, and food
preparation. RP 336:18-327:20. Ms. Bechtel was also responsible for taking care

of A.F. throughout the day while J.F. was at school. RP 338:4-7. Ms. Bechtel’s



relationship with the children was excellent, and A.F. referred to Ms. Bechtel as
her mother. RP 342:18-343:6.

Ms. Bechtel helped nurture the children and they were thriving,
particularly A.F. RP 375:11-20, 377:5-9. Ms. Bechtel helped A.F., who was not
very vocal at that time, learn her alphabet, her numbers, her colors, and she would
play with both children for hours. RP 375:21-376:9. In fact, when the children
were with their biological mother, Amanda Nichols, or at Mr. Frank’s mother’s
home, upon returning to the apartment, they would run to Ms. Bechtel. Ms.
Bechtel and A.F. were basically inseparable. RP 376:17-23.

Although the kids adored Dozer and Dozer was extremely protective of
them, he would knock the children around the room, and had even knocked over
Mr. Franks in the past. RP 377:15-378:20. Dozer became particularly excitable at
bath time, and he would race around the apartment, jump on the bed, lunge across
the room, and jump on the couch using it as a springboard when his bath was
being prepared. RP 349:9-20, 350:8-14; 378:21-379:4, 379:5-7.

Sometime before April 30, 2008, Dozer struck A.F., which caused her to
hit her head against a door frame, bruising her head. RP 346:16-347:8; 347:23-
348:12;379:18-380-3. At some point, Mr, Franks and Ms. Bechtel had a
discussion about Dozer being so hyper and that he was too big for the apartment.
Ms. Bechtel did not want to get rid of the dog. RP 327:22-328:1, 350:24-351:8.

Lora Franks, Mr. Franks® mother, also urged them to get rid of the dog
because Dozer was too big, too powerful, and too strong to be around the little

kids, RP 451:10-14, Ms, Franks noted three separate occasions when Dozer had



struck A.F, and injured her, one of which was so significant that she would have
taken A.F. to the doctor, RP 453:7-22; 458:22-25. Ms. Franks was concerned
because A.F. was a tiny girl and Dozer weighted at least 80 pounds. RP 453:25-
454.2.

On April 30, 2008, Lakewood Fire/Paramedics responded to a 911 call
from the Bechtel/Franks residence involving A.F., 3 % years old, who had been
knocked off a couch by Dozer and was unconscious. RP 192:21-193:8. Ms.
Bechtel immediately called 911, and when the paramedics arrived, Ms. Bechtel,
who was visibly crying and upset, showed them where A.F. was lying on the floor
in front of the couch. RP 195:18-196:17; 217:9-218:1. Ex. 135, Ms. Bechtel told
the paramedics that Dozer knocked A.F. off the couch. RP 198:23-25. Offto the
right of the couch was a cage with Dozer inside. RP 196:22-25. A.F. was
approximately three feet away from the cage, lying somewhat parallel to the
couch, RP 198:12-17, which position the paramedic estimated by way of a
diagram. RP 218:15-20, 219:1-4.  The paramedics noted that A.F,’s pupils
were fixed and dilated, which signified head trauma, and that she had a weak
pulse, signifying low blood pressure. RP 202:22-203:6. The paramedics did not
note any bruising to A.F.’s face or chest. RP 205:10-11. As a result, A.F, was
transferred to Mary Bridge Children’s Hospital. RP 214:3-6. Ms. Bechtel rode in-
the ambulance with them to Mary Bridge. RP 229:25-230:2. On the way to the
hospital, four separate individuals provided care to A.F. and the paramedics noted

that a person may become bruised as a result of that type of treatment. RP 233:7-



23. Once the paramedics arrived at Mary Bridge Children’s Hospital, they
transferred A.F.’s care to the trauma team. RP 216:2-6,

The emergency room physician treating A.F., noted that her pupils were
abnormal, she was unresponsive and toxic appearing, and looked extremely ill.
RP 278:14-279:17. Because the doctor believed she had suffered a head injury,
he ordered a CT scan of her head and neck. RP 280:16-24. The head CT’s
revealed a depressed skull fracture which extended to the base of the skull in an
area called the foramen magnum, subdural hematomas, and cerebral edema, i.e.,
swelling of the brain. RP 283:14-284:9; 648:18-649:15; 651:19-20. The
hematomas were both acute and sub-acute denoting at least two different
traumatic events. Acute being within the first few hours after the event and sub-
acute being from an earlier period of time. RP 284:20-24; 315:4-7. Because of
AT .’s injuries, the emergency room doctor was concerned that A.F. was a victim
of abuse or non-accidental trauma, RP 291:12-25, The doctor was also aware that
talls from very low heights can cause significant skull fractures, RP 306:9-16, and
that a patient’s individuality may make the patient more susceptible to injury. RP
306:17-307:3.

A.F s care was transferred to a pediatric critical care physician who
testified that A.F.”s injury likely occurred 6-12 hours before she arrived at the
hospital, RP 490:17-491:10, and that her injuries were more consistent with
having occurred at approximately 4:00 a.m. the morning of April 30, 2008, much
earlier than reported by Ms. Bechtel. RP 492:23-493:13, 520:21-25, 534:8-11;

564:23-565:2, In a prior statement, the doctor opined that the period of time



required for the amount of swelling and cerebral edema A.F. suffered was
between 12-24 hours before he saw the patient, RP 547:4-548:12, 549:20-25;
551:8-10, 552:16-553:10, 554:6-555:24, 557:22-558:15, which placed the
traumatic event occurring between 8:00 and 9:00 p.m. the previous evening. RP
559:1-4.

A neurosurgeon performed a hemi-craniotomy on A.F. and noted both
recent and old blood, which signified a recent and older injury. RP 696:21-701:2.
The neurosurgeon testified that any type of skull fracture to the back of the head
can cause brain swelling and disrupt the sagittal sinus, which he believed caused
AF.’s brain to swell, RP 705:15-21, 692:20-695:4. The doctor further opined that
a short distance fall can cause the type of fracture that he found in A.F.’s case. RP
706:2-7, 708:21-24,

Lakewood Police Officer Lattimer contacted Ms. Bechtel while she was at
the hospital. RP 244:20-22. Ms. Bechtel was extremely “upset, crying and had
difficulty maintaining her composure.” RP 245:8-10; 248:20-249:5. When
questioned, Ms. Bechtel stated that A.F. had been jumping on the couch, that she
had a hyper dog, that the dog had knocked A.F, off the couch, and that A.F.
landed on her head, RP 245:19-22,

When M. Franks contacted Ms, Bechtel at the hospital, she was
hysterical, in tears, and uncomprehendable, RP 363:22-364:5; 381:13-18. Ms.
Bechtel told him that Dozer had knocked A.F. off the couch. RP 364:16-21. She
stated that while she was preparing A.F.’s bath, AT, was on the couch and Dozer

knocked her off. RP 365:10-14. She said that when A.F.’s head hit the floor, it
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sounded like a watermelon being squashed. RP 368:19-22, During the time that
the two were together after A.F.’s death, Ms. Bechtel’s statement never changed.
RP 372:4-7. At no time did Ms, Bechtel’s statement to the 911 operator or any
other witness change with respect to how the dog struck A.F. and knocked her to
the floor. RP 1505:1-18.

When Tacoma Police Department detectives, Eggleston and Westby,
interviewed Mr. Bechtel at the hospital later that morning, she told them that on
the prior day, April 29, 2009, after Mr. Franks returned home from work, the
family went to Clover Park High School for swim lessons, and, upon returning
home, they sent J.F. to bed early as punishment for misbehaving at school. RP
823:12-17. Later that evening, Ms. Bechtel, Mr. Franks and A.F. went into the
bedroom, watched TV and then went to bed. RP 824:2(0-825:5.

The next morning, Mr. Franks arose about 4:00 a.m. and Ms. Bechtel said
goodbye to him as he left for work. She then returned to bed and woke up around
6:30 to get L.F. ready for school. RP 825:10-19. Ms. Bechtel stated that A.F.
arose at approximately 7:00 that morning whereupon they walked J.F. to the bus
stop. RP 826:21-25. After returning home, she fed A.F. breakfast and then
prepared A.F.’s bath. RP 828:11-829:8. While Ms. Bechtel was on her way to the
bathroom, she saw A.F. standing on the couch in the living room with her upper
body leaning into the back of the couch looking into a mirror, exclaiming, “look
mommy, I'm a princess mommy”. RP 829:24-830:5. While the bathtub was
filling, Ms. Bechtel called out to AF. to ask her if she was ready to take her bath

whereupon Dozer began running around the living room. RP 834:5-9. M,
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Bechtel explained that Dozer likes his bath and that he thought the water was for
him. Dozer then jumped on the couch in between A.F, and the back of the couch
and knocked her onto the floor. RP 834:14-18. Ms. Bechtel exclaimed that she
saw something out of the corner of her eye falling back, flying across the room,
and then saw A F. hit the back of her head on the floor. RP 835:3-6; 836:2-11.
While on her back, A.F. was unresponsive as she wouldn’t look at Ms. Bechtel,
her eyes moved from side to side, but she wouldn’t focus. RP 836:19-837:7. Ms.
Bechtel immediately called 911 and placed Dozer into his kennel per the 911
operator’s instruction. RP 837:10-21. When Lakewood Police Chief Zaro arrived
at the Franks/Bechtel residence, he noted bath water in the bath tub. RP 595:5-6,
606:20-21.

Both Mr. Franks and Ms. Bechtel stated that A.F. was not feeling well
days before the event on April 30, 2008, and had vomited, which could be
evidence of a prior subdural hematoma, RP353:25-354:1; 388:2-389:5; 837:22-
838:3, 1511:12-22.

After the detectives thanked Ms. Bechtel, she approached Detective
Eggleston, buried her head into his shoulder, and gave him a long hug. RP
838:11-15; 844:19-845:19.

Dr, Feldman, one of the state’s child abuse experts, opined that A.F.’s
injuries resulted from non-accidental trauma, but he could not rule out that her
injuries were accidental. Dr. Feldman recognized that because of A.F.’s prior
brain injury, she may have reacted more adversely to the new injury she

sustained. RP 768:20-769:3. e acknowledged that a subdural hematoma can
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result from accidental frauma, and that a skull fracture is not required before an
individual will suffer a subdural hematoma. RP 769:18-19; 779:13-15. Dr.
Feldman also acknowledged the difficulty of recreating the dynamics of a fall
because of the variability involved, including those related to children as each is
an individual and variations exist as to tllw amount of force necessary to cause a
child to be knocked unconscious from a fall. RP 786:17-787:5, 788:17~7I89:13.
Further, Dr. Feldman acknowledged the amount of force generated by the dog
would be difficult to quantify as too many unknowns exist to determine the
amount of force the dog impacted on A.F, RP 790:1-19.

Over defense objection, the State called Dr. Wilson Hayes, an injury
biomechanic expert, to testify about a fall analysis and event reconstruction he
prepared. RP 853:19-854:3; 876:2-25, Specifically, Dr. Hayes was asked to
determine whether Ms. Bechtel's description of the fall could have caused the
injuries A.F. sustained. RP 877:3-7. Dr. Hayes reviewed the police file, witness
statements, medical examiner report, autopsy report, expert reports, A.F.’s
medical records and the CD of Ms. Bechtel’s 911 call. RP 878:5-23; Ex. 135.
From this information, Dr, Hayes prepared a PowerPoint presentation of his
interpretation of the mechanics of how A.F.’s fall occurred. RP 880:8-882:2. Ex.
145. Dr. Hayes opined, based upon his analysis, that Ms. Bechtel’s description of
the events did not produce the skull fracture or the inter-cranial injuries A.F.
sustained, RP 939:1-941:16,

Dr. Colin Daly, the defense’s biomechanic expert, testified and was

critical of Dr. Hayes” opinion because he relied on population statistics and
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studies to determine the probability of an event occurring. The inherent problem

with Dr, Hayes’ case specific reconstruction analysis, such as A.F.’s, is that such

analysis cannot account for individual variability. Therefore, it is not appropriate
to use sample statistics, which Dr. Hayes used, to determine what will occur in an
individual case. RP 1396:4-11; 1407:12-25; 1408:1-21.

Dr, Daly’s testimony was supported by that of Dr. Stephen Glass, a noted
pediatric neurologist, who testified that a large variability exists among children
on what injuries children might sustain from a fall. RP 776:3-9; 1502:3-9.

Dr. Glass testified that children have suffered complex skull fractures
from short distance falls, RP 1507:12-13, and contrary to Dr, Hayes’ opinion, it is
impossible to rule out a short distance fall as the cause of A.F.’s skull fracture and
resulting injuries. RP 1508:1-3. Dr. Glass noted that because of the different aged
injuries in A.F.’s brain, her fatal injury was likely a cumulative event, resulting
from multiple traumas. RP 1509:1-5. Dr. Glass’ opinion, based upon his review
of the evidence, was that A.F. died as a result of second impact syndrome. RP
1525:5-1528:15, Second Impact Syndrome results when you have a new brain
injury superimposed over an older injury, which interferes with the brain’s ability
to autoregulate, which would account for the massive brain swelling that
ultimately led to A.F.’s death. Id. RP 1525:5-1528:15.

IV.  ARGUMENT

A The Trial Court Erred When it Allowed the State’s
Injury Biomechanic Expert to Testify.

As this court is aware, witnesses are to state facts and not to express

inferences or opinions, State v. Wigley, 5 Wn.App. 465, 466, 488 P.2d 766
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(1971), because it is uniquely the function of the jury ... to draw reasonable
inferences from the evidence. Gazijo v, Nicholas Jern Co., 12 Wn.App. 538, 541
530 P.2d 682, aff'd, 86 Wn.2d 215 (1975).

*

Importantly, the admissibility of expert testimony is governed by ER 702:
If scientific, technical, or other specialized knowledge
will assist the trier of fact to understand the evidence or
to determine a fact in issue, a witness qualified as an
expert by knowledge, skill, experience, training, or
education, may testify thereto in the form of an opinion
or otherwise.

Three prongs dictate the application of ER 702: (1)

the witness must be qualified as an expert; (2) the opinion
must be based on an explanatory theory generally
accepted in the scientific community, and (3) the expert
testimony must be helpful to the fact finder. State v.
Black, 109 Wn.2d 336, 341, 745 P.2d 12 (1987); State v,
Allery, 101 Wn.2d 591, 596, 682 P.2d 312 (1984).

Although the appellant conceded that Dr. Hayes was a qualified
biomechanics expert, Ms, Bechtel urges that it was error to allow Dr. Hayes to
testify. No evidence exists that an expert can reliably determine the amount of
force a dog generates when it springs from a couch and strikes a 3 year old girl,
which causes her to fall and strike her head on the ground, and from that fall
determine what injuries a particular child will suffer, Additionally, no evidence
exists that such opinion is based on an explanatory theory generally accepted in
the scientific community. Further, Dr. Hayes’ testimony did not help the jury
understand the facts and evidence in this case as his opinion was based on
speculation and was based on an inadequate foundation.

1 No Evidence Exists that Dr. Haves '’ Opinions on Causation
are Generally Accepted in the Scientific Community.

The second prong of ER 702 involves the so-called Frve test. Frye v.

United States, 293 F. 1013 (D.C. Cir. 1923). The question for the court is
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whether the scientific principle from which deductions are made is sufficiently
established to have gained general acceptance in the scientific community. State
v. Canaday, 90 Wn.2d 808, 812, 505 P.2d 1185 (1978). In determining whether a
certain principle has gained general acceptance in the scientific community, the
court may turn to literature such as law review articles, journals, and case law.

State v. Cauthron, 120 Wn.2d 879, 888, 846 P.2d 502 (1993).

The court in Cauthron stated:

Under Erye, a court is to determine if the evidence in
question has a valid, scientific basis. Because judges
do not have the expertise required to decide whether a
challenged scientific theory is correct, we defer this
judgment to scientists. This inquiry turns on the
level of recognition accorded to the scientific
principle involved -- we look for general acceptance
in the appropriate scientific community. See Jones v.
United States, 548 A.2d 33, 42 (D.C.1988). If there
is a significant dispute between qualified experts as to
the validity of scientific evidence, it may not be
admitted.

120 Wn.2d at 887, (emphasis added).

As set forth previously, the state hired Dr. Hayes to determine whether
“A.F.’s fatal head injuries were caused by an accidental fall from the couch on
April 30, 2008 as described by caretaker Leanne Bechtel.” The trial court
allowed Dr. Hayes to testify that A,F.’s head injuries were not éaused by the
accidental fall. Basically, Dr. Hayes was allowed to comment on the credibility
of Ms. Bechtel’s statement, i.c., she lied, which testimony is forbidden. See State

v. Black, infra, citing State v, Garrison, 71 Wn.2d 312, 315, 427 P.2d 1012 (1967)

(no witness may testify to his opinion as to the guilt of a defendant, whether by

direct statement or inference.). State v, Black, 109 Wn.2d 336, 349, 745 P.2d 12
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(1987) (state may not introduce expert testimony which purports to scientifically
prove that an alleged rape victim is suffering from rape trauma syndrome),

In addition to commenting on Ms. Bechtel’s credibility, the initial problem
with Dr. Hayes’ testimony surrounds the evidence he subjectively considered as
“facts” to support his opinion. Dr. Hayes reviewed the discovery, including
police reports and medical records, 911 call, Ms, Bechtel’s statements to
Lakewood detectives on April 30, 2008, and medical expert reports.

In Ms. Bechtel’s statement, she stated that A.F. was standing on a couch
leaning forward with her hands on the back of the couch as she was looking into a
mirror. She said she called out to A.F. and asked her if she was ready for her bath
and that she heard Dozer, her dog, running around in the living room. Ms.
Bechtel stated that Dozer jumped on the couch between A.F. and the back of the
couch and knocked her on the floor. When Detective Eggleston asked Ms.
Bechtel whether she actually saw the dog get in between A.F. and the back of the
couch, he reported her statement as follows: “She said that she didn’t see it, but it
must have happened that way . .. how else could A. F. been knocked back onto
the floor.”™ RP 834:18-23. Detective Eggleston asked Ms. Bechtel if she was able
to see Dozer knock A.F. off the couch from her location in the bathroom, Ms.
Beclitel stated that she saw something “out of the corner of her eye”. RP 836:4.
She said all that she saw “out of the corner of her eye . . . was something falling
back” . .. “flying across the room.” RP 835:10-13, Ms. Bechtel then stated that

she saw A F, hit the back of her head on the floor. RP 836:8-11.
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From Ms. Bechtel’s statement, and for purposes of rendering his “expert”
opinion, Dr. Hayes determined “facts™ based upon this discovery. In particular,
he sets forth, as fact for his analysis, the average trotting speed of a dog
comparable in size to Dozer, A.F.’s exact location while she’s on the couch, and
AF.’s exact location where she came to rest on fhe floor. Ms. Bechtel, however,
never provided any of this information and Dr. Hayes’ “facts” are highly
speculative. A.F.’s resting location was approximated by responding medical
personnel as no measurements were taken of her exact location on the ground, and
Dozer’s speed at the time of the impact was unknown. RP 218:15-20. Rather,
Dr. Hayes relies on this general information for his opinion and reconstruction.

As this court is aware, an expert’s opinion must have a proper foundation

and be based on facts. Walker v. State, 121 Wn.2d 214, 218, 848 P.2d 721

(1993). Expert testimony that lacks an adequate factual basis may not be admitted

at trial. Miller v. Likins, 109 Wn.App. 140 (2001) (“... when ruling on somewhat

speculative testimony, the court should keep in mind the danger that the jury may
be overly impressed with a witness possessing the aura of an expert™). A court
that admits expert testimony unsupported by an adequate foundation abuses its

discretion. State v. Phillips, 123 Wn,App. 761, 756 (2004).

In Dr, Hayes’ report dated July 17, 2012, he states that a reconstruction
can be used to “reliably determine whether an accidental fall caused the injuries,
as long as that reconstruction is governed by the law of physics, comports with
the facts of the case, and produces the position of rest and the injuries actually

sustained.” CP 59; Ex. 102, pg. 2.
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Significantly, what is missing are important “facts” of the case. As set
forth above, Ms. Bechtel provided general information about the event. She did
not provide A.F.’s specific location at the time of her impact with the dog or the
dog’s speed when it jumped on the couch. Ms. Bechtel described A.F.’s before
and after locations in general terms.

Additionally, Dr. Hayes’ opinion uses population statistics and applied
such statistics to a specific event, with full knowledge that variability exists |
between individuals. RP 948:24-949:22. From these population statistics Dr.
Hayes predicts the likelihood of an event occurring. RP 951:11-952:14.

Dr. Hayes referenced various research articles to support his position. Ex
102, pgs. 8-9. Significantly, however, many of the articles he relied upon were
inconsistent with the opinion that he rendered at trial. In particular, the following
was indicative of the fallacy of Dr. Hayes’ testimony with respect to injuries
sustained from short distance falls:

Falls are extremely common, the severity not necessarily being
directly related to the distance that the person falls. Many
people die after falling from a standing position, yet others

sometimes survive a fall of many metres.

Death can follow from a head injury, especially onto the back
of the head.

The vexed question of head injury from falls in children is
discussed in Chapter 22, but here it may be stated that,
although fatal head injury from a fall usually requires a drop of
a number of feet, there are well-authenticated instances of skull
fractures and brain damage from trivial falls, including some
medically witnessed falls from tables and settees.

RP 957:20-960:25. See Exhibit “A”. Head & Spinal Injuries, Chap. 5, pg. 180;

by P. Saukko,
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Even though the articles Dr. Hayes referenced discuss variability in

individuals, Dr. Hayes ignores such cautionary commentary and assetts such

variables can be mathematically analyzed. RP 959:10-960:25.

Additionally, Dr. Hayes used a process called “scaling” which attempts to

use data gleaned from experiments on a human skull and scale it down to

approximate the mechanical properties associated with an infant’s skull.

Significantly, however, major limitations exist with this process, much of which

Dr. Hayes simply ignores.

Despite this increase in understanding, the mechanical
propetties of the pediatric head are all but unknown. As an
example, recent helmet standards for children have been
forced to use adult criteria owing to a lack of pediatric
tolerance data (Myers 1997).

One factor that makes pediatric head injury unique is that
children are not miniature adults. Children have bodies with
different geometric and mass proportions as compared to
adults,

Along with the lack of data regarding the mechanical
properties of the pediatric head, little documentation of
detailed pediatric anthropometry exists. Data exist on the
anatomical dimensions of children at various ages but no
studies have investigated the location of the head center of
gravity or quantitied the head moments of inertia (Schneider
et. al. 1986).

Currently, the biomechanical response of the human infant
head is unknown. This paper reports the compressive and
impact response using infant cadaveric specimens and
derives lumped parameter estimates of infant head structural
properties. We hypothesize that the properties of the human
pediatric skull differ from the human adult skull and exhibit
viscoelastic structural properties. The compression and
impact response of a 6-month old anthropomorphic test
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dummy were measured and compared to the infant cadaver
results.

RP 961:1-962:7. See Exhibit “B”. Mechanical Properties & Anthropometry of
the Human Infant Head, (2004); pgs. 1-2; by Michael Prange, Jason Luck, Alan
Dibb, Chris Van Ee, Roger Nightingale & Barry Myers.

Dr. Hayes simply ignores such literature that says mechanical properties
of the pediatric skull are unknown, because such unknowns don’t support his
opinion or “facts” he relies upon to support his opinion. RP 962:3-9. When Dr.
Hayes was presented with the limitations agsociated with the use of cadaver tests
to infer human tolerance, which he equates as being “the gold standard for
understanding the injury threshold for the human body, he simply ignores the
literature. RP 962:10-14.

Prasad and Mertz acknowledge that many serious doubts are
associated with inferring human tolerances from cadaver test

data, but that these data are the best available for this
purpose.

See Exhibit “C”. Head Impact Reconstruction — HIC — Validation & Pedesirian
Injury Risk (1993), pg. 001757; by Thomas F. MacLaughlin, John F. Wiechel and
Dennis A. Guenther.

The head injury criteria (HIC) that Dr. Hayes relies upon for his opinion
was developed to predict head injuries in motor vehicle accidents, not to predict
the head injuries a three year old might suffer when the child’s head strikes a
floor. RP 1404:12-1405:15. Further, no article or research exists that would
allow an expert to accurately determine the injuries a child might sustain under

such situation.



Dr. Hayes simply ignores the literature when he renders his opinion in Ms,
Bechtel’s case because the literature he cites simply does not allow such analysis
to be made with the scientific certainty Dr. Hayes professes.

Although efforts have been advanced using mathematical and
other physical models to simulate brain injury mechanisms,

to date no widely accepted specific tolerance criteria exist as
a function of age.

These results underscore the need to experimentally obtain
the mechanical properties of the various components of the
human head as a function of age. In addition, although
preliminary in nature, these analyses demonstrate the
limitations of using simple peometric scaling for predicting
head injury in the pediatric population.

See Exhibit “D”. Pediatric Biomechanics, Chap. 21, pg. 576; by Narayan
Yoganandan, Srirangam Kumaresan, Frank A. Pintar, and Thomas A. Gennarelli
(emphasis added).
Compared to the adult model, the same level of
sophistication has not been achieved in the pediatric models.
This is because data on the material properties of the
pediatric human skull, suture, and brain tissues are sparse.
Furthermore, unlike the neck structure, finite element
modeling of the head is still very much in its infancy.
See Exhibit “D”. Pediatric Biomechanics, Chap. 21, pg. 567; by Narayan
Yoganandan, Srirangam Kumaresan, Frank A, Pintar, and Thomas A, Gennarelli.
Id.
Simply stated, Dr. Hayes professed as gospel that which is not supported
by the literature he cites as authoritative.
Finally, the following cautionary statements were pointed out to Dr. Hayes

swrrounding his prediction of probable injuries and inferences to a specific child’s

injuries.
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Much of what is understood as potential for injury
is based in what has been observed clinically. This
knowledge base is critical for decision making but
has inherent and important limitations.
Experimental studies investigating the influence
of environmental factors, such as height of fall
and surface type on injury potential, add
important information, but also have inherent
limitations. Important trends and predictions of
probable injury can be studied but inference to a
specific child’s injuries is difficult because of
unaccounted for contributing factors of injury
risk. Such factors include muscle contraction,
protective reflexes, and specific tissue response to
trauma forces. Additional biomechanical research
is needed to bridge the gap between clinical
observations and experimental predictions.

See Exhibit “E”. Infury Biomechanics for Aiding in the Diagnosis of Abusive
Head Trauma, by Mary Clyde Pierce, MD., Gina E. Bertocei, Ph.D., PE, Rachel
Berger, MD, MPH, Ev Vogeley, MD, JD; Neurosurgery Clinics of North
America, 13 pg. 165 (2002) (emphasis added); CP 65; RP 963:13-964:6.
Perhaps most telling is that Dr. Hayes, without reservation, renders his

opinion regarding pediatric biomechanics when peers in the field refuse to do so:

Human pediatric structures (e.g., vertebral column, brain, and

skull) mature with age. The anatomic literature provides

information on structural development, However, the

biomechanical literature, as indicated, is still in its infancy

particularly with regard to tolerance issues governing this
developing population.

See Exhibit “D”. Pediatric Biomechanics, Chap. 21, pg. 550; by Narayan
Yoganandan, Srirangam Kumaresan, Frank A. Pintar, and Thomas A. Gennarelli.
With respect to determining the dog’s speed at impact, Dr. Hayes

substituted as “fact” the average trotting speed of a dog comparable to Dozer’s

size from a laboratory study that sought to determine the oxygen consumption of
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a variety of animals, including dogs. RP 979:5-18. The dog’s speed was
controlled as the dogs were on a treadmill and their speed was then measured. Id,
Again, Dr, Hayes attempts to equate an apple with an orange,

Much of the scientific data Dr. Hayes relied upon derived from studies
designed for highway and automotive safety, See Ex. 102, 104. Nowhere.within
the research cited does it suggest that such studies should, or could, be used for
purposes of an analysis in a case such as this.

As such, the trial court erred by not conducting a Frye hearing as Dr.
Hayes” opinion is neither generally recognized nor accepted in the scientific
community as it relates to injury analysis in a case such as this.

2. Dr. Hayes’ Testimony Was Not Helpful to the Trier of Fact as His
Testimony was not Reliable as it was Speculative,

The third prong under ER 702 is whether the testimony is relevant, that is,
whether it will be helpful to the trier of fact. State v. Black, 109 Wn.2d 336, 745
P.2d 12 (1987); State v. Allery, 101 Wn.2d 591, 682 P.2d 312 (1984). As
discussed above, Dr. Hayes testified about his analysis of the forces involved
through his interpretation and inclusion of facts.

Recently, the Court of Appeals affirmed the exclusion of a biomechanical
expert, comparable to Dr. Hayes, where the biomechanical expert was prepared to
testify that a plaintiff was not injured in the manner in which she claimed. See

Stedman v. Stacey Cooper, 172 Wn.App. 9, 292 P.3d 764 (2012). In Stedman,

the defense sought to introduce the testimony of Allen Tencer, Ph.D. to testify
about the severity of the force involved in a car accident. The trial court granted

plaintiff’s motion in limine to exclude the testimony.
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On appeal, the Court of Appeals affirmed the trial court’s exclusion of Dr.
Tencer. The Court noted that, “to be admissible, expert witness’ testimony must
be relevant and helpful to the trier of fact.” Stedman, 172 Wn.App. at 16.
“Conclusory or speculative expert opinioﬁs lacking an adequate foundation will
not be admitted.” Id. “When ruling on somewhat speculative testimony, the court
should keep in mind the danger that the jury may be overly impressed with a
witness possessing the aura of an expert.” Id.

In affirming the trial court’s decision, the Court of Appeals considered
decisions from other states that had concluded that biomechanical testimony was
not helpful to the jury where it was based on information gathered in human
volunteer crash testing. In one case the court held as follows: “the expert’s
testimony “1s speculative, is founded upon assumptions lacking a sufficient factual
basis, relies upon dissimilar tests, and contains too many disregarded variables.
Consequently, we hold that the testimony is unreliable as a matter of law, and,
therefore, the trial court erred in admitting it.”” Id. at 19 (citing Tittsworth v.
Robinson, 252 VA 151, 475 SE 2d 261, 263-64 (1996).)

Additionally, the Stedman court cited a Colorado Court of Appeals
decision whereupon the court reasoned that “tests used to ascertain safety for the
purposes of doing a cost benefit analysis with regard to the expense of designing
the seat of a car were not applicable to prove that a particular person was unlikely

to be mjured in any specific accident.” Id. (cifing Schultz v. Wells, 13 P.3d 846,

851 (Colo. App. 2000).
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Importantly, the Stedman court was concerned that Dr. Tencer wanted to
testify that the plaintiff could not have been injured in the accident because the
force of the impact was too small. Tencer’s conclusion was that the forces
generated by the impact were not sufficient to,cause the type of injury the plaintiff
was claiming. Id. at 6. Upon considering the trial court’s reasons for excluding
the evidence as well as decisions from other jurisdictions, the appellate court held
that excluding Tencer’s testimony was not an abuse of discretion.

In comparable cases, the Washington State Supreme Court has reviewed
similar probability based calculations and rejected a reduction in the amount
awarded for occupationally caused injuries —hearing loss. InBoeing Co. v,
Heidy, 147 Wn.2d 78, 51 P.3d 793 (2002), Boeing attempted to use a "median-
based" allocation method, in effect using data from hearing loss studies to find
a "norm" for average hearing loss at a given age. This threshold of hearing
loss was then applied by Boeing to Mr. Heidy as the percentage of his hearing
loss attributable to age (and thus not included in his industrial insurance
disability award).

In language directly applicable to the issues involved in Ms. Bechtel’s
case, the Court held;

Statistical studies showing tendencies within
given age groups do not help triers of fact

determine the actual extent of workers’
individual work-related diseases.

147 Wn.2d at 85.

Boeing v. Heidy demonstrates the Court’s rejection of the use of

averages and general population tendencies to speculate about what occurred to
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a specific individual in a specific event. Dr. Hayes’ opinions employ these
methodologies and studies and are also necessarily flawed and should have
been ruled inadmissible as a result.

Here, Dr. Hayes’ testimony is comparable to Dr. Tencer’s testimony. Dr,
Hayes opined that the amount of force generated by the dog, considering the laws
of physics, and based upon his recitation of the facts giving rise to A.F.’s “fall”
from the couch, could not have been sufficient to cause the traumatic injury she
suffered. Further, much of the scientific evidence Dr. Hayes relied on for
purposes of his opinion was from traffic safety studies, which the Stedman court
criticized. In essence, Dr. Hayes’ opinion is that because there is a low
probability of something occurring that has already occurred, A.F. could not have
been injured in the manner as described by Ms. Bechtel. Based upon the holding
of Stedman, the other cases cited, and the references Dr. Hayes cited to but
conveniently ignored, the trial court erred when it allowed Dr. Hayes' to testify.

3. The Court Erred When it Allowed Dr. Haves’ Reenactment of the
Incident,

As part of Dr. Hayes’ opinion, he prepared a slide show presentation
seeking to recreate the events he interpreted as described by Ms. Bechtel. Ex.
145. As set forth previously, Dr. Hayes included “his™ facts to support his
opinion. The exact manner in which the dog struck A.F., how she moved after
being struck, and how she landed are guesses by Dr. Hayes and not based upon
any direct testimony nor anything that could be recreated. As such, the accident

reenactment is based upon his guesses, i.e., speculation. Given the inherent
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unreliability of the information he used to create his reenactment, the trial court
erred by allowing his recreation into evidence.

“Demonstrative evidence may be admissible if the experiment was
conducted under conditions reasoﬁable similar to conditions existing at the actual
event. Whether the similarity is sufficient is for the trial court’s discretion.” State
v. Rogers, 70 Wn.App. 626, 633-34, 855 P.2d 284 (1993).

Support for excluding this testimony is set forth in State v. Stockmyer, 83

Wn.App. 77, 920 P.2d 1201 (1996). In Stockmyer, the Court of Appeals upheld
the trial cowrt’s decision excluding a videotaped re-enactment of a shooting. The
Court of Appeals noted that the trial court’s “justifiable concerns over the
videotaped reenactments factual inaccuracies and potential prejudicial effect”
were well within the trial court’s discretion to exclude the evidence. Stockmyer
83 Wn.App. at 85,

As stated in Stockmyer, factual inaccuracies and prejudices are
touchstones as to whether such re-enactment evidence is admissible. Given that
the reenactment is Dr. Hayes’ interpretation of what occurred, the probative value
of his intefpretation is nominal at best, and the prejudice to the defendant is
significant. Respectfully, the trial court erred by admitting this evidence.

B. The Trial Court Erred When it Denied Appellant’s Motion for
a New Trial Based on Juror Miscondict.

“The Sixth and Fourteenth Amendments to the United States Constitution
and Washington Constitution Art. 1 § 22 guarantee a defendant the right to a fair and

impartial jury.” State v. Koontz, 145 Wn.2d. 650, 653, 41 P.3d 475 (2002). “The

right to a fair and impartial jury is protected by the procedures contained in chapter
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4.44 RCW and by court rule.” Id. “These protections govern not only the
information that may be conveyed to a jury, but also the manner in which the
information may be delivered.” 1d. “*A jury may have access to an audio taped
exhibit during deliberations if, in the dis-cretion‘of the court, the exhibit bears directly

on the charge and is not unduly prejudicial’.” State v. Castellanos, 82 Wn.App. 204,

205, 916 P.2d 893 (1996),
In Koontz, the Supreme Court reversed a Court of Appeals decision
upholding the trial court’s order that allowed the jury to replay video-taped witness

testimony. The Koontz court noted that the trial court failed to apply sufficient

protections against undue emphasis in the manner in which the video tape was to be

replayed. Koontz, 145 Wn.2d at 657.

After the jury returned its verdict, counsel for appellant and for the State
learned about an issue wherein the jury separated during its deliberation. While
some of the jurors were listening to the 911 tape inside the couttroom, other jurors
were in the jury room. CP 408-411. The jurors were listening to the admitted 911
tape and reviewing the transcript of the 911 tape. CP 408-09; 410-11; 466-68.

Here, the issue is not that the trial court allowed the 911 tape to be replayed,
but, rather, the manner in which the jury listened to the tape. Although counsel for
both the State and the defense agreed that the jury should have access to the 911 call
if requested, the parties were also informed by the court that the 911 call would be
played in the courtroom to all of the jurors and that the jurors would remain together.
Although this occurred for a portion of the time, it is clear that the jury separated

while considering this evidence, which conduct violated the court’s instructions as to
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how this evidence would be reviewed. Under such circumstances, this is tantamount
to the jury separating during deliberations and considering evidence that was not
considered by the entire jury,
RCW 4.44.300 in part, states as follows:

Unless the members of a deliberating jury are

allowed to separate, they must be kept together in a

room provided for them or some other convenient

place under the charge of one or more officers, until

they agree upon their verdict, or are discharged by
the court.

Here, while some of the jurors were considering the 911 evidence, the
balance of the jurors were in the jury room. What this allowed to occur is an over
emphasis of one piece of evidence by some of the jurors, i.e., the 911 call, to the
exclusion of other evidence because only some of the jurors were in the courtroom
considering the 911 call. The above situation is comparable to Koontz wherein the
Supreme Court held that replaying video tape testimony, without appropriate
safeguards, violated Koontz’s right to a fair trial, thus mandating reversal. In Ms.
Bechtel’s case, although appropriate safeguards were established, they were not
followed. As such, and based upon the aforementioned, Ms. Bechtel respectfully

urges this court to grant her a new trial based on juror misconduct.
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V. CONCLUSION

Perhaps nothing is more painful than the loss of a child. Understandably,
when the specter of criminal wrongdoing exists, attorneys and judges do all
within their power to make sure that justice prevails. Here, however, Ms. Bechtel
was prejudiced by Dr. Hayes’ testimony that failed to satisfy the Frye test and
because of jury misconduct. As such, and based upon the aforementioned, Ms.

Bechtel urges this Court to reverse her conviction and grant her a new trial

RESPECTFULLY SUBMITTED this 28" day of August, 2013.
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Of all regional injuries, those of the head and neck are the
most common and most important in forensic pracrice.
Adelson (1974) gives these sound reasons for this dom-

inance of head injuries:

B The head is the target of choice in the great majority of
assaults involving blunr rrauma.

When the victim is pushed or knocked to the ground,
he often strikes his head.

The brain and its coverings are vulnerable to degrees of
blunt trauma that would rarely be lethal if applied o

other arcas.
A sound practical understanding of the neuropathology
of trauma is more essential o the forensic pathologist than

any other aspect of his subject, as head injuries provide the
major contribution to deach in assaults, falls and trans-

portation accidents.

INJURY TO THE SCALP

The scalp is often, though by no means invartably, dam-
aged in trauma that causes injury to the underlying skull

174 -

and brain. The usual range of abrasions, contusions and
lacerations may be inflicted, though a modifying factor is
the presence of hair, which may deflect a tangential blow or
partly cushion a direct impact.

When an injury is visible on the forehead, the back of
the neck, the lower temple or on a bald area, the examin-
ation is no different from elsewhere on the body. In hair-
covered areas, care must always be taken at autopsy to
palpate the scalp in any case in which there is a possibility
of injury, otherwise abrasions, swelling, bruising and even
lacerations may be missed. When a lesion is found or sus-
pected, the hair must be carefully shaved away 10 expose
the scalp for further examination and phorography.

Forensic anatomy of the scalp

Superficially, the skin carries hair follicles, sebaceous glands
and sweat glands. The skin is artached to the aponeurosis
{see below) by verrical strands of fibrous tissue thar break
up the subcuraneous layer into pockets filled with fat. The
blood vessels and nerves lie in this layer, above the epicra-
nial aponeurosis {formerly called che ‘galea aponeurotica’).
This is a dense sheet of fibrous tissue that lies in the deep
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Injury to the scalp

layer of the scalp over the whole cranium. It is really a flat-
tened tendon uniting the frontal and occipital bellies of the
occipitofrontalis muscle.

Deep 1o the aponeurosis is a thin layer of Joose connect-
ive tissue that separates it from the pericranium, which is
the exterior periosteum of the skull, the dura being the
internal counterpart. Some veins traverse all che layers
from the superficial fascia to che pericranium, and go on to
penetrate the skull and communicate with the intracranial
venous sinuses, thus forming a route for meningitis and
sinus thrombosis from infected injuries of the scalp.

Abrasion of the scalp

Brush abrasions are less common than in other sites because
of the protective cffect of the hair, which also tends to pre-
vent or blur the parterned effect of less severe impacts.
Impact abrasions from a perpendicular force are imprinted
as usual on to the scalp, though again the intervening hair
may reduce the severity. Unless the hair is carefully removed

// W

Dermis
Subcutaneous tissue with sepla

/ Superficial fascia

— Epicranial aponeurosis

- Loose connective lissue
Pericranium {periosieumn)

Skull diploé

FICURE 5.1 Anatomy of she scalp.

ar autopsy, with a sharp scalpel or razer, and care taken not
to cause artefactual cuts, lesser degrees of abrasion will

incvitably be missed.

Bruising of the scalp

Bruising may be difficult to detect until the hair has been
removed. Marked swelling is a common feature of exten-
stve bruising, as the liberated blood cannot extend down-
ward because of the rigidity of the underlying skull.
However, this subsides, or ar least diffuses, afver deach.
Commonly, a severe head injury leads (o a thick, swollen,
indurated layer of blood beneach the scalp, which may
extend over a wide area. The blood is sometimes below the
aponeurosis, the tough fascial laver of the scalp, but is more
often hetween this and the epidermis.

Blood may also be present beneath the pericranium, the
periostcum that is closcly applied to the outer surface of the
skull. This is often seen in head injuries in infancs, usually in
association with skull fractures, as the source of the blood
is from che fracture line itself. The close atiachment of the
pericranium ro the suture lines in infants may sharply cir-
cumscribe the extent of the bleeding,

In addition to frank bleeding beneath the scalp, marked
oedema may occur after injury and che layers of che scalp
may be greatly swollen and thickened by a jelly-like infiltra-
tion of tissue fluid.

As will be discussed under ‘black eye’, blexding under che
scalp may be mobile, especially under gravitv. Thus a bruise
ot haematoma undet the anterior scalp may slide down-
wards within hours — even minutes - to appear in the orbit,

FIGURE 3.2 A laceration af the scalp
cawsed by a blow from an iron bar. The
edges are crushed and bruised, with strands
of connecsive sissue and hairs crossing the
gap, indicating that it was not carsed by a
sharp-edged weapon,
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3: Head and spinal injuries

FIGURE 5.3 Lacerations of the scalp from an iron bar. The margins
are bruised and the scalp tissue is extruding in places. The generally
parallel direction of the five wounds indicates that the assailant
probably delivered the blows in rapid succession with little change of

orientation between weapon and head.

FIGURE 5.4 Stellate laceration of the scalp caused by a heavy blow
with a piece of imber. The support of the underlying skull has
caused the tissues to split wudely. Ar autopsy, ful clearance of the hair
must be made to allow detailed examination and phorography.

simulating a black eye from direct trauma. Similarly, 2
temporal bruise may lacer appear behind the ear, suggesting
primary neck impact. As with bruises elsewhere, those under
the scalp may be obvious immediately after infliction - or
their appearance may be delayed, either during life or as a
post-mortem phenomenon. They may first become evident,
or much more prominent, some hours - or even 2 day or
so — after dearh. This is caused either by movement of the
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FICURE 5.5 Wounds from a meval poker superficially resembling
incised cuts, but having edges and tisue bridges within the wounds.

liberated blood through tissue planes or by haemolysis
spreading outwards to stain the subcutaneous tissues, making
it always advisable to return to examine the body a day or
two following the autopsy.

The shape of an inflicting weapon or abject is poorly
reproduced on the scalp, again due to the padding effect
of the hair. Where the scalp is free of hair, as in the upper
forehead or bald areas, zll craumatic lesions are similar to
elsewhere on the body, with the exceprion that bfunt impact

may cause very sharply defined lacerations.

Laceration of the scalp

Lacerations of the scalp bleed profusely, and dangerous and
even fatal blood loss can occur from an extensive scalp injury
if it is not checked by treatment. The most gross injury is
avuision of a large area of scalp, which can be torn from the
head, thereby exposing the aponeurosis or skull. This may
happen if the hair becomnes entangled in machinery, as was
formerly not uncommon in women working in factories.
A more common cause nowadays is a traffic accident, where a
rotating vehicle ryre comes into contact with the head, caus-
ing 2 ‘flaying’ injury similar to that seen on limbs.

Scalp injuries may bleed profusely even after death, espe-
cially if the head is in a dependent position. A post-mortem
injury to the head may bleed considerably if inflicted soon
after death and these facts may sometimes canse confusion
abour the ante-mortem or post-mottem nature of the
wound, or about the length of time of survival following the
injury. There is no reliable way of resolving this difficulry.

Lacerations of the scalp may reproduce the parcern of the
inflicting object, even though a random splitting is so com-
mon. Severe blows from shaped objects such as hammers or
heavy 10ols may reproduce the profile of the weapon totally




injury to the scalp

A major problem in scalp injuries is the differentiation
berween incised wounds and iacerations from blunr injury.

The scalp is the best example of a surface tissue lying
over an unyielding bony support, Violent compression will
crush the scalp against the underlying skull, so a blow from
a blunt rod-like weapon may split the skin and underlying
tissues in a sharply demarcated fashion, which may appear
remarkably like a slash from a sharp instrumenc. Close
examination, using a lens if necessary, will show thac this

or in part. A circular-faced hammer may punch a circle in
the scalp, bur more often only an arc of a circle is seen. In
] such cases, the position of the edge thac digs in most deeply
may give an indication of the angle of the blow. There may
be a depressed fracture of the underlying skull of the same
shape and size, though the interposition of the dense scalp
may cause the skull defect to be slightdy larger than the
weapon. A depressed fracture in these circumstances is not
inevitable, however, and one or moare linear fractures may

radiate from the impact site.
!
& bruised margins, cven though this zone may be narrow

8 head hairs crossing the wound, which have not been cut
8 fascial strands, hair bulbs and perhaps small nerves and
vessels in che depths of the wound.

blunt laceration has:

Scalp injuries from falls :

It is vital for the pathologist to appreciate thar falls on to a
flat surface, or a blow from a wide, flat object such as a
plank or paving stone, may sometimes leave no extcrnal
mark whatsoever on the exterior of the head, but commonly
such an injury will canse a ragged split which may be linear,
stellate or quite irregular.

Such injuries on the back point of the head are com-
monly caused by falling, especially in inebriated victims.
Falls backwards against a ridge, such as a wall or pavemenr
kerb, may cause a transverse laceration, which may be

ounds due to a heavy sharp undercut and partly detached from the underlying bone so
that a flap of scalp is loosened from the skull.
Falls usually injure the occipital protruberance, the fore- :

head ot the parietotemporal areas. Injuries on the verrex

: FIGURE 5.6 Deep finear incised
; cleaver. The depth of penetration varies, the large wound overlying
} extensive skull fracrures. The wounds on the neck are due to light

: contact wish the edge of the same bludr.

Fiqure 5.7 Sliced incised wound of the
scalp, from a large knife. The wound is
markedly undercut, turning 2 wide flap of
scalp. The clean edges, with a lack of any
abrasion or bruising, indicate the sharpness

of the weapon.
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should always raise the suspicion of assault, as it is unusual
to fall upon the top of the head, even from a considerable
height. Occasionally, a fall backwards thar just happens to
reach a verrical surface, such as a wall or piece of furniture,
can cause damage to the top of the head, bur there is then

usually an obvious grazing component to the lesion.

FACIAL INJURIES

Damage to the face is common, but unless gross, with
skeleral damage, is rarely fatal in icelf unless it leads to
bleeding into the air passages. It is often ancillary to facal
cranial damage, or it may be the roure by which severe
trauma reaches the brain.

The usual range of injuries may be present externally, bue
all degrees of underlying damage may also occur in the facial
skeleton. Because of the complex contours of the face, the
various prominences of chin, nose, checkbones, eyebrows,
ears and lips may intercept impacts, with consequent char-
acteristic damage. The eyebrow is particularly vulnerable,
being exposed during falls and blows. A blunc impacr on che
brow often splits the skin and may cause an underlying
frontal fracture thar can involve the orbital margin.

The distal parc of the nose is flexible and often escapes
setious damage, though abrasion is common. The bony
bridge of the nose is often fracrured, which may be detecred
by movement and crepitus during external palpation - and
by disscction at autopsy. Bleeding in the nose is more
important than structural damage, as profuse haemorrhage
in an unconscious victim may pass back through the poster-
lor nares into the throar and cause fatal airway obstruction.

The maxillae and mandible may be fractured by direct
blows and again cause dangerous intra-oral bleeding from
associated soft-tissue damage. A heavy blow or kick to one
side of the jaw can cause ipsilateral, bilateral or even contra-
lateral fractures. Giross injury ro the face, seen in kicking
and some wansport accidents, may acrually derach dhe facial
skeleton from the base of the skull. The lower parr of the
maxilla. carrying cthe palate and upper reeth, may be com-
pletely separared from the rest of the skull. Ar autopsy, the
best view of the facial skeleton may be gained by dissecting
the whole facial skin upwards from the neck incision and
reflecting it as far as the otbiss, if necessary. Good restora-
tion can be achieved as long as the skin is not penerrared by
the knife.

Injuries to the mouth and lips are very common in ‘bear-
ing-up’ incidents, including child abusc. The lips may be
bruised or lacerated, much of the damage arising from
compression of the lips against the teeth or bony gums.
Lacerations on the gingival aspect of che lips may ofien be
exactly marched wich the edges of reech and, as discussed in
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FIGURE 5.8 Factal injurics caused by kicking. The upper lip is splis

and the maxilla fracturcd on that side. The face and ovbital region is
grously swollen and bruised. Death was caused by blockage of the air

passages by blood.

Chaprer 22, rupture of the frenulum inside the upper lip of
a child is virtually pathognomonic of a sideswipe across the
mouth, if damage from clumsy and forceful acemprs at intro-
ducing a feeding boule, dumnmy or airway can be excluded.

Kicking
Kicking of the face is regrertably common and again the
prominences suffer most. Bruising, laceration and fracrures
may result from kicking under the side of the jaw: similar
lesions occur on the maxillary area and the eyebrows.
Patterned abrasions from boot soles may be seen or crescentic
marks from roecaps. Brush abrasions from glancing kicks
may be present on the cheeks or forehead as the sole of
the shoe scrapes across the skin. It is uncommon to suffer
a ‘pure’ black eye from a kick withour other facial injuries,
such as scuffed abrasion on the cheekbones, or marks on
the brows or bridge of the nose. Teeth may be loosened,
broken or detached by both kicks and heavy punches and
black eyes and fractures of the nose are common. A kick on
the side of the jaw may cause bilateral jaw fractures or even
a single contralateral fracture,

It may be difficule or impossible to differentiate in every
case, berween injuries (especially to the face) caused by kicks
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Facial injuries

FIGURE 5.9 Black eye from a direct impact into the orbit from a
punch. This is the third mechanism of production of a periorbisal
baemaroma, the others being a fracture of the anterior base of the
skulf and a pronsal scaly wound.

and those from blows from a blunt object. Toecap marks are
not all thar common, especially since the more flexible
rubber ‘trainer” shoes have become almost universal footwear.

In stamping, there is the chance that the sole pattern
may leave an imprint, bur a swing from a toe may leave a
non-specific abrasion, bruise or laceracion. It may be that
the severity of the injury, including underlying bone dam-
age, may be a betrer indication of a kick than the shape of
the injuries, as the force delivered by a swinging foot at the
end of a muscular leg is greater than thar from a fist.

Black eyes

The usual periorbital haematoma or ‘black cye' is usually
caused by a direct punch or kick into the eye-socker, but
the pathologist must always consider the several alternarive
explanations. A black eye may be the result of:

| direcr violence, which may or may not be associated
with abrasion or laceration on the upper cheek,
eyebrow, nose or other part of the face

& gravitational seepage of blood beneath the scalp from a
bruise or laceration on or above the eyehrow. Survival

FIGURE 5.10 Black eye as @ result of gravirational seepage of blood
downwards from a forehead injury The woman was struck with a
rock on the fronwal area and eyebrow, blood then descending during
the few hours of coma before deash occurred.

and at least a partially upright posture of the head must
have been maintained for ar least some minutes, usually
longer, between the dime of injury and death. When the
scalp lesion is high up on the frontal region, this time
will probably be measured in hours

B percolation of blood into the orbit from a fracture of
the anrerior fossa of the skull. This is often from a
contrecoup injury caused by a fall on to the back of the
head, leading to secondary fracture of the paper-thin
bone of the orbiral raof. It is invariably associated wich
contrecoup contusion of the frontal lobes of the brain,

as described larer in this chaprer.

A simple fall onto the face on a flac sucface does not usu-
ally cause a black eye, as the prominences of the eyebrow,
cheekhone and nose prevent damage to che orbit.

Damage to the ear

The external ear often suffers from blows to the head and is
an obvious target in child abuse. Bruising and laceration of
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FIGURE 5.11 Bilateral black eyes caused by leakage of blood into
the orbits dhrough comminuted fractures in the floor of the aniterior
Sfossa. This homicide vicrim was soruck on the head with a shove!
and survived for some days. Brain tissue is escaping from the nostrils
through basal skull fractures.

FixGurk 512 The production of a black eye: (1) A direct blow into
the orbit. (2) An injury to the front of the scalp, draining down over
the supraorbiral ridge. (3) A fracture of she base of the skull (direct
or contrecvup) allowing meningeal haemorhage to escape through

the orbital roof
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the pinna is obvious on examination and - in severe trauma —
the root of the ear may be detached from the head, usually
by a tear at the posterior margin where the ear joins the head.
Where gross damage is present, especially with partial avul-
sion of the pinna, kicking must be considered.

The ear may be bicten and even partly decached, a fare
which occasionally is suffered by the nose. In such cases the
advice of a forensic odonrologist rmay be invaluable, as
teeth marks may form vical evidence.

FALLS

Falls are extremely commen, the severity not necessarily
being directly related to the distance chat the person falls.
Many people die after falling from a standing position, yet
others sometimes survive a fall of many metres.

Falls from a standing position can occur if a person is
drunk, from an assault, during illness (such as a fir or faint)
and for many other reasons. Death can follow from a head
injury, especially onto the back of the head. An occipial
scalp laceration or a fracture of the skull is not necessary for
cerebral damage (often frontal contrecoup) to occur. There
may also be a subdural or (less often) an extradural haem-
orrhage, the latter more common from a fall on to the side
of the head.

The vexed question of head injury from falls in children
is discussed in Chapter 22, buc here it may be stated tha,
although fatal head injury from a fall usually requires a
drop of a number of feet, there are well-authenticated
instances of skull fractures and brain damage from crivial
falls. including some medically witnessed falls from tables
and settees. The experimental work of Weber (see Chaprer
22) showed that the skulls of small infants could be frac-
tured against a variety of floor surfaces from passive falls of
only 34 inches. It is thus invalid for medical witnesses to
claim it cannot happen, as cven one authenricated case cre-
ates a precedent. In adults, fractures have certainly occurred
from falls onto very hard surfaces from only a foot or so.
One such case was a drunk lying on concrete; equally
drunken friends accempted to lift him bur allowed his head
and shoulders to fall back from about half-sitting position,
causing occipital fracture.

Falls in old people very frequently cause fracrures of the
post-cranial skeleton — especially the neck of femur -
though ribs, arms and pelvis may also suffer. Osteoporosis
is the major reason for the large number of such injuries
from falls. Morc than 47000 fractured femora occur
each year in Brirain, with a 25 per cent morwality rate,
mainly from subsequent pulmonary embolism or broncho-

preumonia.
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Fractures of the skull

Falls from a height

Falls from a considerable height, usually from a building,
are common in suicide and in some accidents, especially w0
children. Occasionally deaths from a high fall may be
homicidal, again especially in children.

When a person falls or jurnps from a height, the mrajectory
is downwards and ourwards, and the distance that the body
sertkes the ground from the jumping point is variable.
Goonetllleke (1980) has published some research on how far
from the wall a body is Likely to land. Much depends on
whether the victirs fell passively from near the wall or pro-
jected themselves outwards at the rop. The body may
fall whilst maintaining the same orientation to the ground,
but usually curns and twists in an unpredictable manner, the
amount of alteration of posture partly depending upon the
height of the fall and so the dme available for rurning. This
means that the body may surike dhe ground in a number of
different attitudes — and may also strike some obstruction part
of the way down, making interpretation of injurics difficult.

The primary impact is usually the site of the most severe
injury, buc this is not always the case, as it may strike two
areas simultaneously, such as the head and shoulder — or it
may bounce or ricochet so that two or more major impacts
occur in quick succession. The amount of kinetic energy
acquired during the fall has to be fully expended by the
time the body comes to rest so that, if only one impact
occurs, it is likely to be more damaging than a series of
lesser impacts, such as a bouncing, rolling strike.

1f the body falls on to the head, there is likely to be a mas-
sive fracture, often (but not always) a scalp laceration and
possibly extrusion of brain. Both vault and base can fracture
and sometimes the base is driven down over the cervical
spine, the lacter projecting into the posterior fossa. The lar-
ter injury is, however, more common with high falls onto
the feet when the impact is transmitted up che spinal col-
umn and the upper vertebrae — rogerher with a ring of bone
around the foramen magnum — are intruded into the skull,
causing the classic ‘ring fracture’ of the occipital bone.
Where the fall is onto the feer, the deceleration stress can
break the axial skeleton ac a number of poines. The legs
can be broken at any point, at tibial or femoral level, often
bilacerally. The femoral necks can be snapped off, the hip
joints can dislocate and over-ride, or che pelvis may fraceure.
The larter is often through the sacroiliac joints, the upward
force (or more accurarely, downward force of the bedy on to
the legs) driving the sacrum down as a wedge inco the pelvis.

If the lower limbs and pelvic girdle remain insact, the
transinitted force may then fracture the spine, often at
mid- or upper thoracic level.

Where the fall occurs onto the side of che body, any
combination of injuries can occur. Muldple rib fractures,

shoulder girdle or arm fracrures, lacerations of back, but-
tocks or limbs and severe abdominal injuries can occur,
with consequent internal lesions, such as rupsure of the
liver, lungs, heart or spleen.

In falls from high-rise buildings, the injuries can be
extreme, as in a suicide from the twendech floor seen by the
author {BK), where the victim fell onto a fence and was
completely rransected ac waise level.

It muse also be remembered that biological and circum-
stantial variability allows for some remarkable escapes from
falls; some persons, including children, have fallen from
great heights yet have virtually walked away unscathed. Once
again, it is very unwise to over-interpret the relationship
between observed injuries and the likely length of the fall.

FRACTURES OF THE SKULL

Forensic anatomy

The cranium and facial boncs are laid down from mem-
brane in fecal life. The anterior fontanelle closes functionally
between 9 and 26 weeks after birch, though is not aghdy
sealed until abour 18 months. The posterior fonmnelle
coses between birth and 8 weeks of age. Suture lines close
by interdigitation during childhood and osscous fusion
occurs ircegularly ar variable dates during adult life.

The adult cranium consists of ewo parallel tables of com-
pact bone called the ‘diplo’, the outer being about rwice
the thickness of the inner. They are separated by a central
zone of soft cancellous bone, which is often misnamed the
diplo&. This zone is interrupted at suture lines and vanishes
where the bone becomnes particularly thin, especially in the
floor of the skuil.

The cranium varies in thickness in adults and varies
from place to place, thin plates being reinforced by stronger
burtresses, such as the petrous temporal, the greater wing of
the sphenoid, the sagirtal ridge, the occipical protruberance
and the glabella. This tensile archirecture of the skull has
been well described and illustrated by Rowboctham (19G4).
The more vulnerable thin areas lie in the parietoreniporal,
faceral frontal and lateral occipital zones.

The average fronal and parietal thickness in a young
male is between 6 and 10 mm. The thinnest area is in the
cemporal bone, where it may be only 4 mm, while in the
occipital bone in the midline it may be 15mm or even
maore. The thickness of the skull is sometimes an issue in
courtroom propositions abour the special vulnerability of
a victim but, unless it is abnormally thin, such theorizing
has little forensic relevance as it is well known char fatal
brain damage can often occur with an inract skull. It has
even been claimed that a chin skull is less likely 1o fracture,
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FIGUKE 5.13 Forensic anatomy of skull and

Falx meninges,

as it is more flexible and can return to normal afeer distor-
tion without cracking; this is cectainly true of the skulls of
infants. This may be icrefevant when assessing incracranial
damage, however, which is the major issue in head injuries.

It is rarely the skull fracture itself that is a danger to
life, but the concomitant effect of wansmitted force
upon the cranial contents. The presence of a skul! fracture
is, however, an indication of the severity of the force
applied 1o the head and i is uncommon for a head injury
that is sufficiently severe to crack the skull nor to cause
some intracranial effect, even if it is only transient concus-
ston, though, once again, there are many remarkable excep-
tions to this gencralization.

In skeletal material, fractures of the skull are often seen
and the differentiation between ante-mortem injury and
post-mortem damage can sometimes be difficult or even
impossible in the absence of any soft tissues, Areefactual
damage to a skull may be caused during recovery or
exhumation, and even stones in the soil can cause erosion
and even cracking of the softened, degenerate bone after
long burial. Zuo and Zhu {1991) have described scanning
electron microscopic derails of microfractures and collagen
damage, which can differentiate ante- from post-mortem
injury, but these are unlikely to assist in old decayed

Intrusion

material.

The mechanics of skull fracrure

This subject has been extensively studied in living animals,  FiIGURE 5.14 The Siruck hoop’ illusration of impact on the skull
isolated human heads and dried skulls. For derails, the  There is @ momentary deformation, with the arca of impact bending
' writings of Gurdjian, Webster and Lissner (1949, 1950),  inwards and compensatory bulging eliewhere. This sets up stresses in
7 Weber (1984) and Rowbotham (1964) should be consulted;  the inner and onser tabies.
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Fractures of the skull

a concise summary has also been provided by Shapiro e a/
(1988). These and ather workers have shown that:

B When the skull reccives a foca! tmpace dhere is

momentary distortion of the shape of the cranium, the
extent of which may be surprisingly large, though
transient. [nfanc skutls, which are niore pliable and have
flexible juncrions at suture lines, may distort much more
than the more rigid skulls of adults. The area under the
point of impact bends inwards and, as the contencs of
the skul] are virtually incompressible. there must
consequently be a compensatory distortion or bulging
of other areas — the well-known ‘struck hoop’ analogy.

Both these intruded and extruded areas can be the
site of fracturing if the distortion of the bone exceeds
the limits of its efasticity.

B When the skull is deformed, compression occurs on the
concavity of the curved bone and tension (tearing)
forces on the convexity. If che lacter exceed the elastic
threshold, then fracruring takes place. Thus the innet

Force

FIGURE 5.15 The skull is morc susceprible to traction forces than
compression, so that convexities tend to fracture during the distortion

of the struck hoop’

table will fraccure where the skull is indented and the
outer table will fracture at the margins of the deformed
area. [f the forces are great enough, a depressed
comminuted fracture will occur.

In the more common circumstance of a wider impact
from a blunt injury, the deformation of the skull is less
localized bur, where the force is sufficient, fractures can
still oceur from the same mechanism of exceeding the
elastic limis. The fraccures may be remote from the area
of impact, following lines of strucrural weakness - or
may extend from the area of impact, or even commence
at a distance and run back to the impact sire.

By using skulls coated with 2 britcle varnish, Guedjian
showed that stress lines developed in the cranium when
it was struck and dhat these corresponded with the
fracrures that occurred with heavier impacts.

Blows in cercain areas of the skull consrantly give rise to
fractures in specific Jocalicies - for instance, impact on the
upper temporal or parietstemporal areas cause fissured
fraceures running obliquely downwards across the
temporal area. If heavier, another fracture line tends ro
run obliquely contralaterally across the vault of the skull.

A heavy impact on the side or top of the head often
leads to the vaulr fracture running inco the base of the
skull, usually across the floor of the middle cranial fossa
along the anterior margin of the petrous temporal
bone, 1o enter the pituitary fossa. In major injuries, this
fracture line may often cross the floor of the skull
completely to form a ‘hinge fracture’, separaring the
base of the skull into two halves. These fractures do not
start at the point of impacr unfess there is also local

FIGURE 5.16 Linear fracrure of the
postertor fossa, due to @ fall on e occipue.
The fracture typically crosses the thinner
bone, avarding the central butrress and

ends near the foramen magnum.




5: Head and spinal tnjuries

depressed fracturing; they are initiated at a dismnce due
to the compensatory deformation, bur usually run back
towards the impact site.

When che frontal area is struck, che usual course for a
linear fracrure is vertically down the forehead, rurning
around the orbital margin to run backwards acrass the
floor of the anterior fossa, perhaps into the cribiform
plate or air sinuses, or both. A blow or fall onto the
occiput may produce a fracture thart typically passes
vertically or obliquely downwards just to the side of the
midline of the posterior fossa, commonly reaching the
foramen magnum. In addition, the contrecoup element
of an occipital fall may cause fractures of the orbiral
plates in the anterior fossa, as  result of rransmitied
force through the brain itself, though the mechanism is
not fully understood.

When severe local impact causes focal and general
deformation, a combination of depressed fracrures and
radial fracrure lines may form a ‘spider's-web’ parrern.
When the focal impact is severe, the depressed fracture
may follow the actal shape of the impacting object,
such as a hammer-head. The shape may follow only
that part of the object thac drives into the skull - for
example, the circular head of the hammer may strike ac
an acute angle, so only a semicircle of bone will be
punched inwards, the opposite edge sloping downwards
from an irregular crack.

The deepest part of the depression will indicare
where the weapon first struck; there may be ‘terracing’
of the margins. The aurhor (BK) has seen a recent
instance where a victim was struck with a hammer
through a thin plastic bag enveloping the head. Parallel
tertacing cracks had opened for a fraciion of a second
during the blow, sufficient to trap lines of plastic inro
the muliple defects in the ourer table. \Where the
tmpact is from a narrow edge or ring, only the outer
tabie may be fractured, being punched into the softer
centre withour depression of the inner rable.

The presence of hair and scalp markedly cushions the
effects of a blow, so that a far heavier impact is required
to cause the same damage, compared to a bare skull.
The pattern and narure of the skull fractures are,
however, rhe same. [t should be noted thar the
interposition of scalp and hair may slightly alter che
dimensions of the skull lesion from a focal blow. For
example, the padding effect of the scalp may add a few
millimetres in diameser o che depressed fraciure caused
by a hammer, compared with the acrual measured
diameter of the hammerhead.

Where two or more separate fractures occur from
successive impacts and meet each other, the sequence of
injuries may be determined by ‘Puppe’s rule’, which is

First fracture

Second
fracture

FIGURE 5.17 Diagram to illustrate Puppes rule for the sequence of

Sfractures. The course of a later fracture will be interrupted by an
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earlter pre-existing fraceure line.,

really eponymous common sense. The later fracture will
terminate at {chat is, not cross) the earlier fracture line,
which naturally interrupts the cranial distortion which
precedes fracturing (Figure 5.17).

Types of skull fracture

Arising from the mechanisms described above, it is conven-
tional to classify skul! fracrures as follows.

LINEAR FRACTURES

These are straight or curved fracture lines, often of con-
siderable length. They cither radiate out from a depressed
zone, or arise under or ar a distance from the impace area,
from bulging deformation. They may iavolve the inner or
outer table, but commonly traverse both.

Depending on the stress contours of that pare of the
skull and the localization of the impact, they may occur
anywhere in the skull, but are especially common in the
weak unsupported plates. The temporal, frontal, parietal
and occipital plates may all carry single or multiple lineac
fraceures. They may extend downwards into the foramen
rmagnum, across the supraorbital ridges, or into the floor of
the skull. A common basal linear fracture is one that passes
across the floor of the middle fossa, often following the
petrous emporal or greater wing of the sphenoid bone into
the pituicary fossa. This frequently continues symmetrically
across the other middle fossa separating the base of the

dem
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Fractures of the skull

Secondary fracture in
anterior fossa floor

Transverse
*hinge’
fracture

Ring fracture
around loramen
magnum

{d)

FIGURE 5,18 Tipes of skuedl fraciure: () lincar fracture; (b) ‘spiders-
web' fracture: (o) depressed fraceure: and (d) base fractures.

skull into two halves, usually being caused by a heavy blow
on the side of the head; this lesion was somerimes called the
‘morarcyclist’s fracture’ for obvious reasons. Lincar fracrures
may follow a horizontal course around the skull, usually

o \1h

FIGURE 5.19 Linear fracrures of the skull in child abse. Blunt impact
near the vertex has cavsed 2 double fracture to rin down the parieral
bone and continue into the temparal arca, the counse of the fracture
being determined by lines of stress and weakness in the skull. The central
burr-hole was for the surgical evacuation of a subdural haemorrhage.

from one temporal area to the other via the occiput rather
than around the front.

In children and young adults, a linear fracture may
pass into a surture line and cause a ‘diastasis’ or opening of
the weaker scam between the bones. This is most often seen
in the sagitral suture between the rwe paricral bones, bur
the inrerfrontal line of weakness left by the eaclier fusion
of the metopic suture can also reopen under mechanical
stress. In infanes, especially in the child abuse syndrome, a
linear fracture of a parieral bone may reach the sagital
suture and continue across it into the opposite plare. The
continuation may be direcr or may be ‘stepped’, so that
the two fractures are not in line. This appearance usually
means a blow or fall onto the vertex, and the two fractures
may be simultancous bur nor continuous, explaining the

‘stepping’.

RING FRACTURES

These occur in the posterior fossa around the foramen
magnum and are most often caused by a fall from a heighs
onto the feet. If the kineric energy of the fall is not
absorbed by fractures of the legs, pelvis or spine, the impact
is transmitted up the cervical spine. This may be rammed
into the skull, carrying a circle of occipital bone with it.

POND FRACTURES

This is merely a descriptive term for a shallow depressed
fracture forming a concave ‘pond’. It is more common in
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FIGURE 5.2Y Comminuted skull fracture with depression of the
central area. This could ko be sermed a pond fracoure’ in that there is
an ovoid depressed zone with radiating linear fractures. The head was
struck with a heavy piece of wood along the line of the depressed area.

the more pliable bones of infants and, indeed, a depression
can occur in the absence of a fracture akin to the distortion

produced by squeezing a table-tennis ball.

MOSAIC OR S$PIDER’S-WEB FRACTURES

As already described, a comminuted depressed fracture may
also have fissures radiaring from it, forming a spider’s-web
or mosaic parcern. The degree of actual depression may be
minimal or even ahsenr.

FIGURE 5.20 Pond fraciure.

DEPRESSED FRACTURES

Focal impact causes the outer table to be driven inwards
and, unless absorbed in the diploé, the inner table will also
usually be intruded into the cranial caviry with all the
dangers of direct damage to the contents. Even sharp-edged
weapons, such as heavy knives and axes, which may cause a
clean-cut defect externally, usually splic and deflect flaps
downward from the inner table.

With axes and heavy cutting weapons such as swords, there
is a characteristic lesion in che bones, whether skull or else-
where. The inicial impact slices cleanly through the bore on
one edge, often burnishing the bone to an ivory-like gloss. The
rebound removal of the weapon is at a slighdy different angle,
either from deliberate intent, or from relative movement
between bone and blade. This cracks off an irregular fragment
of bone of the opposite face so that the residual defecr has one
smooth and one rough edge. It is ofien seen in historical and
archaeological material from battles or massacres.

The force required to cause fractures

of the skull

Unlike less reliable subjective estimates of cthe force required
1o cause other injuries, objective quantitative measurements
have obtained for adult skull fractures. Again, the publica-
tions of Gurdjian, Webster and Lissner should be consuled
for deralled information. The following useful facts arise

from their investigations:

5 The wensile strength of the adule skull is of che order of
100-150 p.s.i., the compressive strengrh varying from
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Fractures of the skull

FIGURE 5.22 A depressed fracture of the
skull from a blmo with a heavy club
hammer. The defect is wedge shaped with
a curved anterjor border cansed by the
hammer seriking at an angle. The
depresion is concemirically eerraced, with
the lowest fragments lacernting the surface
of the brain.

5000 to 31 000 p.s.i. (Gurdjian ez al 1949). A simple
fissured fracture of the skull can be sustained by walking
inco a fixed obstruction (Kerr 1954). This requires a
force of about 5 foot-pounds {73 N). Fast running into
an obstruction produces about 70 fr-lb (1020 N). Falling
to the ground from an erect posture alse develops ar least
60 fr-1b (873 N) and can easily produce skull fracrures.
A small stone or golf ball weighing abour 100 g (4 07)
may also cause a linear fracture when thrown with
moderate force against the temporal region (Graham
and Lantos 2002).

&8 The adult head weighs between 3 and Gkg (7-141b),
averaging 4-5 kg (101b). When falling through about
one metre {3 ft), so that the frontal area strikes a hard
surface, impact energy of abour 35 fr-lb {S10N)
develops. This can cause one or two lincar fractures
or a mosaic fracrure (Gurdjian et al 1950).

& Only a small additional amount of energy above that
nceded to cause a single crack is required to produce

muliple fractures.

In spite of these experimental data, it must never be
forgotten that, like all biological phenomena, grear vasiarion
is encountered and skull fractures, though they may be caused
by as litde as 5 fe-lb (73 N), may be absent when the impact
exceeds 90 fi-lb {1314 N). The area of the skull struck, the
thickness of the skull, scalp and hair, the direction of the
immpact and other imponderables, all affect dhe outcome.

As further discussed in Chapier 22, Weber carried out
experiments in which he dropped the bodies of dead
infants from a fixed height of only sbout 85 cm (34 inches)
onto various hard and soft surfaces. A high proportion  FIGURE 5.23 Springing of the sagittal surure of the skull of an
sustained skull fractures, both of the paietal and occipital  infans. Though there was no skl Sacture, the sutere line bas .
widened afier a fall thas cased a subdural haemorrhage. .

areas, some of them crossing suture lines.
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5: Head and spinal injuries

FIGURE 5.24 Diastasis or springing’ of the saginal sucure of a
young adult who fell from a height ento the vertex of bis head. The
opening of the interparietal suture has extended anteriorly along the
line of weakness of the fused metopic surure between the two halves
of the frontal bone.

FIGURE 5.25 Post-mortem diastasis of the sutures as an artefacr due
10 freeze-up of the brain simulating intra-vital skull fracture.

FIGURE 5.26 A ‘hinge’ fracture of the base of the skull where the
fracture line runs from side 1o side across the floor of the middle
crunial fossa, passing through the pituitary fossa in the midiine,
Jollowing the course of least structural resistance. The victim was a
young pedesirian who was bis by a car and then sustained secondary
injuries by siriking the leff side of the head on the ground. This
infury is common in roud accidents and is somerimes called the

‘mosorcyclists fracture’.

Dangers of fractures of the skull

It has been emphasized that, in the majority of cases,
the significance of a fractured skull is an indicaror of a sub-
stantial insult to the head, with possible injury to the vital
contents, rather than the fracture iwself being a danger

“to life.

There are occasions, however, when the fracture itself has
dangerous sequelae. The most common is when the crack
passes through an embedded meningeal artery, causing a
mcningcal haemorrhage, which is considered later. A
depressed fracture may impinge upon the brain and its
membranes, and bone fragments may lacerate or penetrate

the brain nssue,

TRAUMATIC EPILEPSY

A late effect of a depressed skull fracture may be ‘traumaric
epilepsy’. This is of grear medico-legal significance, especially
in the field of civil litigation where an accident or assault
may result in lifelong neurological disability foc which very
large monetary compensation may be awarded.
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Forensic anatomy of the brain membranes

Traumatic epilepsy usually manifests as tonic and clonic
fits, which may be difficult ro differentiate from idiopathic
epilepsy, if the injury occurred in early life. When fits begin
within weeks, or a year or two of a major head injury in a
mature person who had never had fiss before, the diagnosis
is easier, bur all cases need expert neurological examination.
There must have been a subsrantial head injury, usually
with a depressed fracture impinging on the underlying cor-
tex, often in the parietotemporai arca. The cpilepsy appears
usually within a range of a few weeks to up to 2 years. It is
more common in open head injuries when infection has
accureed, or when a spicule of bone has penetrated the
meninges, as the mesodermal scarring of the cortex that
results is more likely to irritate the brain than the astrocytic
reaction found in closed head injuries.

INFECTION FOLLOWING SKULL FRACTURE

Other complications may occur, even in the absence of
depression or comminution. The most common is infection
of the meninges, or the development of a brain abscess, or
both. Infection can gain access via skull fractures:

2 Dby direcrt spread chrough a compound fracrure,
especially where there is a contaminated scalp injury;
& by spread from the nasal cavity when a fracture of the
cribriform plate has allowed communication with the
anterior fossa. This fracture is nor uncommon as part of
‘contrecoup’ lesions, described later. Sometimes the
cribriform plate is ruptured by objects entering a nostril
and carrying infected material into the cranium: the
author (BK) has seen two such fatalities, one from zn
umbrella ferrule and another from a direy bamboo garden
cane. Another case was seen by PS where a suicide atempt
was made with a small calibre pistol. The bullet penetrated
the right temple and went through the skull juse above the
anterior cranial fossa, which was fractured and caused a
leakage of the cerebrospinal fluid through the nose. The
victim recovered well but, in spite of prophylactic
wreatment with anobiotics, died one year later from
purulent meningjds.
by spread from fractures that involve a paranasal sinus,
such as the frontal or ethmoid, or from the mastoid air
cells or middle ear caviry. Basal fractures may allow
these spaces, which communicare with the infected
outside environment, to reach the meninges, especially
when the lateer are torn by the raumatic event. A
history of leakage of cerebrospinal fluid from the nose
or ear muse alere both clinician and pathologist o the
possibility of communicating basal fractures. In any
autopsy on a suspected head injury, however stight,
care must be taken to remove the dura from the interior

#
wd

of the vault and base so thar a close inspection for
fracture lines can be made.

The contents of the skull are the most fragile of the v
organs, necessitating their enclosure in che strong bony box
of the cranium. Damage may occur either to the neural tissues
orto the rich vasculature that surrounds and penet: ates those

tissues.

FORENSIC ANATOMY OF THE
BRAIN MEMBRANES

The pachymeninges consist of the dura mater and the
leptomeninges, the arachnoid and the pia mater (see Figure
5.13). The dura is formed of wo layers of tough col-
lagenous tissue, the outer of which is firmly atrached to the
skull and acws as irs internal periosteum. The inner layer
merges with the arachnoid, so thar in reality there is no true
subdural space, only a potential cleavage plane.

The dura forms the falx and rentorium, and the cranial
venous sinuses run within it. Branches of the meningeal
arteries course over and through its substance. The dura is
penetrated by bridging veins, especially along the verrex
and at the tips of the temporal lobes, also to a lesser extent
at the frontal and occipital poles, as well as by random ves-
sels elsewhere. Polypoid invaginations of the dura penetrate
the inner walls of the venous sinuses, especially che sagitral
sinus, to form the ‘arachnoid granulations’.

The arachnoid is a thin, vascular meshwark that is
intimarely applied to the inner surface of the dura by means
of the ‘boundary layer’ so that no subdural space exists in
normal conditions, though their junction is so tenuous that
they are easily split apart. Sheaths of arachnoid follow ves-
sels into the brain as they penetrace into the neural surface.
These vessels and thin strands of connective tissue anchor
the brain within the subarachnoid space. This is filled with
cerebrospinal fluid and the width of the space varies from
less than a millimetre in the young to a centimerre or more
in the old, in whom cerebral atrophy has developed. This
means that the anchoring strands and the bridging vessels
are tonger and more vulnerable to shearing and rortarory
stresses. Even though anatomically in che subarachnoid
space, rupture of these bridging vessels often manifests
itself in the subdural space.

The pia is not a true membrane, but a surface felowork of
glial fibes that are inseparable from the underlying brain,
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EXTRADURAL HAEMORRHAGE

Also known as ‘epidural haemorrhage’, bleeding between
the inner surface of the skull and the dura mater is the {east
common of the three rypes of brain membrane haemor-
thage. According ro Rowbotham {1964), only abour 3 per
cent of head injuries have an epidural haemorrhage large
enough to be of surgical significance; a similar figure of
berween 1 and 3 per cent was recorded by Tomlinson
(1970). Of the 635 fatal head injuries investigated by
Adams (see References and further reading) in Glasgow,
10 per cent had extradural haemorrhages. The mortality race,
even with surgical intervention, averages about 11 per cent
under the age of 20 years, rising to between 18 and 40 per
cent in lacer life.

The dura is closely applied ro the interior of the skull,
forming the endocranium or periosteum. It is so tightly
applied to the base of the skull that, except in the posterior
fossa, excradural bleeding does not occur over the skull
floor. In the vault there is a potential space between the
dura and the bone, which can be separated by both arterial
and ~ less often — venous leakage. Most extradural haemor-
rhages are associated with fractures of the skull, bur about
15 per cent occur in intact skulls (McKissock 1960).
According ro Harwood-Nash ez al (1971), the incidence in
children without a fracture is only 1 per cent, though
Adams found that half the children with extradural bleeds
in his series of over 600 fatal head injuries had no fracure.
About 10 per cent of extradural hacmorrhages are associ-
ated with subdural haemorrhages. Bilateral epidural haem-
orrhages are rare, but have been recorded.

The usual site is unilateral in the paricroremporal area.
caused by rupture of a branch of the middle meningeal
artery where the larter is transected by a fracture line. The
posterior branch of this vessel is most commonly involved
as it courses diagonally backwards across the squamous
temporal bone on the lateral wall of the cranium. The ancer-
ior (frontal) branch is rarely the source of bleeding, occurring
only twice in Rowbotham's series of 33 cases. The vessel
usually lies in a deep osseous groove in the first part of its
course. It has been claimed that almost all ruprures occur
where the artery is completely roofed over in a bony tunnel
50 that it is unable to escape damage from a fracture, but
observation does not confirm chis contention.

Leakage of the high-pressure arterial blood strips back
the undeslying dura with progressive accumulation of a
haemaroma, which can reach a volume of several hundred
millilitres and cover an appreciable part of the hemicranium.
Adams suggests thar a minimum volume of 35 ml is needed
before clinical signs are apparent, though other writers sug-
gest 100 ml is usually the minimum associated with fatalities.

In the less common occipital and froneal sites, smaller
branches of meningeal arteries may be involved or the
bleeding may be from torn venous sinuses, in which case
there need not be a fracture. When bleeding is venous, the
haematomas rarely reach a large size as the pressurc is insuf-
ficient ro tear back much of the dura.

The clinical signs of an epidural haemorrhage are classic-
ally those of a ‘lucid’ or ‘larent’ interval, as chere may be
recovery from the inirial phase of concussion (see below)
before sufficient blood accumulates to cause raised incra-
cranial pressure and consequent relapse into unconsciousness.
This classic picture is so frequently absent, however, that no
diagnostic reliance can be placed upon it. The coma from the
increasing space-occupying lesion formed by the bleed may
follow the period of concussion withour a break so that there
is no temporary phase of recovery. Ounly 27 per cent of
McKissack’s series showed the classic history.

Fracture line
1

Hzematoma

under surface of the scalp on the right shows bruising as the poins of
impact. There was a linear fracrure of the skull passing through the

right middle meningeal artery,
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The latent interval may be of variable duration and, as
just noted, may not occur if either concussion is prolonged
or other brain damage coexists. Half an hour may be
enough for the formation of a significant arterial
haematoma, though some slow bleeds have aken more
than 2 day 1o become clinically apparent. In Rowbotham’s
series, the range was from 2 hours to 7 days, but most were
apparent after 4 hours.

More recent investigations using computed tomography,
quoted by Adams, suggest thac the old concept of worsen-
ing clinical symproms being caused by the progressive
accurnulation of blood is incorrecr, as compured tomo-
grams show that the major volume of blood may appear
soon after the injury and that, as with many space-occupying
lesions, clinical signs result from other factors, such as cere-
bral oedema or diffuse neuronal injury.

Medico-legal considerations of
extradural%aemorrhagc

A medico-legal danger is thar a victim may be discharged
from the care of a docror or hospital casualty department
when he recovers from his tansient concussion only ro
deteriorate and perhaps dic at home; negligence may then
e alleged against the unsuspecting doctor. Unforunarely,
even when the diagnosis is made, the resules of surgical
intervention are not good, there being a fatal ouccome in
more than half the cases operared on. Parc of the reason for
this poor prognosis is thar many vicrims of extradural haem-
orrhage also have other damage such as cerebral contusion.

When a victim of a head injury recovers from concussion
and then lapses into coma within the first 24 hours, the dif-
ferential diagnosis is berween an extradural or subdural
haemorrhage, or cerebral far embolism, especially if there is
other skeletal damage. At autopsy the lesion is self-evident,
as most haematomas lie in the cemporal or parictal areas,
and are opened when the usual saw-cut is made 1o remove

FiGURE 5.25 Ar extmadural haemorvhage in the posterior fossa.
This is an unusual site for this type of lesion, as most occur in the
temporal or parietal area as a result of eearing of the middle
meningeal artery. In this case a fracture line passed down the
posterior fossa towards the foramen magnum, but no bleeding point
could be idenrified.

FIGURE 5.30 A fresh extradural
haemorrbage in the temporoparietal area
Jfrom a fracture crossing the midelle
meningeal artery. About 83 per cent of
such haemarrhages are associated with

skull fractures.
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the calvarium. 1f in the posterior fossa, the dark blood is
seen through the rised dura. Wherever it is situated che
dimensions and approximate volume should be measured
and an estimate made of che inward projection. The brain
surface will be flattened or otherwise distorted if the
haematoma is of significant size and may have given rise to
the usual appearances of raised intracranial pressure,
described later. The midline of the brain may be shifted lat-
erally if the bleed is lacge.

Extradural haemorrhage is never a ‘contrecoup’ injury,
this being purely a cerebral cissue lesion.

HEAT HAEMATOMA

One well-known artefact mimics an extradural haemor-
rhage. When a head has been exposed to severe external
heat sufficient to burn the scalp and perhaps the skull,
blood may be extruded from the diploé and venous sinuses
into che extradural space to produce a ‘*heat haematoma'.

The mechanism is obscure, but may be the result of
blood being ‘boiled’ from the diploic layer of bone through
emissary veins, or shrinkage of the brain may aspirate blood
from che skull. The false haematoma is brown and friable,
and the adjacent brain shows hardening and discoloration
from che heat.

The importance of the artefact is that ir may be mistaken
for a rrue epidural bleed from a head injury, and may
mislead the pathologist and investigarars into thinking chat
the fire was started criminally to cover up a fatal assaule.
As most instances are seen in conflagrasions in buildings,

/

FIGURE 5.3 Fire viceim with extensive
defect of the carbonized skull showing
reddish-brown ‘hear bacmaioma’ on the
inner surface of the skill and shrunken
brain with brain tissue cozing out through

a split in the dura.

there is often a significant level of carboxyhaemoglobin in
the body if the death occurred when the fire was in progress.
This should be of the same concentration in the heat
haematoma as in rhe peripheral blood; if the victim suf-
fered a head injury before the fire started, then there should
be little or no carboxyhaemoglobin in the haematoma.

SUBDURAL HAEMORRHAGE

Bleeding bencath the dura is much more common than
extradural haemorrhage. [t is also proportionately less often
associated with a fractured skuil, buc in absolute numbers
far more fractured skulls cover subdural than extradural
haemorrhages. The Glasgow scries of 635 fatal head
injuries described by Adams included 18 per cent of sub-
dural haemaromata.

The lesion is rradicionally clussified into three rypes: the
acute, the subacute and the chronic. It is unhelpful to
subdivide the acute type, however, and only acure and
chronic haemorrhage need be considered.

Subdural haemorrhage can occur ar any age, but is com-
mon at both extremes of life. Ir is one of the major causes
of fatal child abuse and the rediscovery of that syndrome
by Calfey (1946) consisted of an association of subdural
haemorrhage with long bone fractures. In old people they
commonly exist in a chronic form and can be mistaken
cither for ‘strokes’ or for senile dementia. The condition s
always due 1o trauma and chere is probably no such entity
as ‘spontancous subdural hacmatoma’. Even in states of
vascular fragiliry, such as in senility and in bleeding diatheses,
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some minimal trauma must precipitate the bleeding even if
ic was toa trivial to be recorded in the history. It is almost
cerrain that minor subdural bleeds, insufficient to give rise
to any ncurological o1 clinical symproms or signs ocher
than a transient headache, occur with che tivial knocks of
everyday life. Only when the bleeding is extensive enough
10 become either a cortical irritant or a space-occupying
lesion (probably berween 35 and 100 ml) does it become
clinically apparent. Of course, many subdural haemor-
rhages exist in combinarion with both subarachnoid bleed-
ing and with cerebral damage, making tes contribution o
the overall sympromarology impossible to assess.

As with the exrradural haematoma, the position of a sub-
dural can never be interpreted as a ‘contrecoup’ lesion and
is thus of no use in differentiating a blow from a fall.

Acute subdural haemorrhage

This is a common sequel to any substanrial head injury, and
the presence or absence of a fraczure is immaterial except as
an tndicaror of trauma to the head. Unlike extradural bleed-
ing, a fracture plays no part in the pathogenesis of the haem-
orthage, which arises from torn communicating veins that
traverse the subdural space berween the cortical vessels and
the dural sinuses. Less often the sinuses themselves give risc
to the haemorrhage.

Naturally in an open head injury or when comminuted
fracrures penerrate the membranes and perhaps the brain
itself, subdural bleeding is merely parr of a complex that
includes subarachnoid bleeding, and cerebral laceration
and contusion.

The lesion is often pure, however, being associated with
a closed head injury where the only other signs may be
scalp bruising — or even nothing at all, as blunt impacts
may leave no signs in the scalp, externally or internally, and
no skull fracture.

The lacter situation is probably cthe explanation in most
of the cases formerly artcibuced ro shaking of the infant.
Many paediatricians and pathologists have enthusiastically
adopred the shaking aetiology when there was no overt
sign of impact {or sometimes even where there was such
evidence!) to such an extent that ju is frequently proffered
as the favoured diagnosis. However, the concept of the
shaken-baby subdural has been strongly challenged recently,
as it has been shown that the shearing force (required
to rupture subdural vessels) is of the order of 50 times
fess in shaking than in impact (Duhaime ez 2L 1987). Thus
it is very probable that perhaps the majority of allegedly
shaken babies have, in fact, had an occult head impact,
which has nor left any signs on the scalp, subscalp tissues

or skull.
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FIGURE 5.32 Formation of a subdural hacmatoma.

Subdural bleeding arises from shear stresses in the upper
layers of the cerebrum, which moves the communicating
veins laterally sufficiently to rupture their junctions at
either the cortical veins or the sinus surfaces. It is very
rarely possible to identify the bleeding points. Subdural
bleeding is most often over the lateral surface of a cerebral
hemisphere, high up in the parasagirtal area.

As with most intracranial damage, the mechanical cause
is a change of velocity of the head, either acceleration or
deceleration, almost always with a rotational component.
Where a blunt impact strikes the skull, the subdural bleed
need not be situared directly under the impact area - it need
not even be on the same side of the head. [t is sometimes
tempting to attribure a localized subdural to either a ‘coup’
or to 2 ‘contrecoup’ effect (see below), bur this is an unsafe
interpretation. In addition, a subdural haemorrhage —
unlike an epidural - is quite mobile. Lesions that have obvi-
ously originated high on the parietal area commonly drain
down under gravity and cover the whole hemisphere, with a
large accumularion in the middle and anterior fossas, and
even chrough the tentorial opening into the posterior fossa.

The haemorrhage may remain fluid or may clot into a
firm mass: both modes are commonly present, If the bleed-
ing is relarively slight, then a 'thin-film' subdural may be
found. If the thickness of blood is less than 2 few milli-
metres, it cannot be claimed 1o be a space-occupying lesion,
even if the area covered is quite large, as rhe cerebrospinal
fluid in the adjacent subarachnoid compartment can be
displaced sufficiently to accommodate an equivalent vol-
ume of blood.

Again, Adams suggests that, as In any intcacranial space-
occupying lesion, a minimum volume of about 35 ml is
required to cause neurological signs, though other writers
prefer a larger volume, such as 100 ml.

Whether this film of fresh blood is a sufficient irritant to
cortical activity — as it undoubredly is in a subarachnoid
kaemorrhage -~ to be a danger to life, is uncerrain. [t is dif-
ficule 1o clatm thar a chin layer of blood in the subdural
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space is the sole cause of death, but almost inevitably the
force that caused the bleeding will also have had 2 deleteri-
ous cffect on the brain tissue, even if this is macroscopically
occult such as diffuse axonal damage.

As with the extradural haemorrhage, there may be a
latent interval before clinical signs and symptoms appear.
After the almost inevitable concussion, which may be very
brief, the victim may recover, then relapse into deepening
stupor and coma when intracranial pressure rises as the
subdural bleeding proceeds. Associated brain damage
may, however, cause uninterrupted coma from the rime of
injury.

When there is a lucid interval, this may be longer than
the average 4 hours of the faster arterial bleeding of the
epidural hacmarrhage. In fact, there is no upper limir to
this interval, as the acute subdural haemorrhage merges
into the chronic condirion, which may recur after weeks or
even months. In severe acute bleeds, as are commonly
encountered in criminal cases, such intervals tend to be

short or non-existent.

Chronic subdural haematoma

This lesion is most often found in old people, frequencly as
an incidental finding at autopsy where deach was caused by
some unrelared condition.

The gross appearance varies with age; recent lesions up
to several weeks old are tan or red-brown with a gelatinous
membrane covering the surface. The contents are thick but
liquid and may have areas of redder, more recent bleeding,
An older haematoma, up to months or even a year old, is
firmer, with a rough membrane around both surfaces,
resembling a rubber hor water borde filled wich jelly or oil.
The cantents are liquid and may be brown ar even straw

coloured. Somerimes the interioc may be much firmer and

FIGURE $.33 Chronic subdural
haemorrhage in an old person. Brown
liguid escaped from the encapsulated lesion
adherent 1o the meninges leaving a
gelatinous outer membrane, as scen. The
surface of the right cerebral hemisphere is
stained brown from old altered blood and
shere is some compression of the hemisphere
with a midline shift to the left. There was
no history of a head injury and no
significant neurological deficie.

FIGURE 5.34 A chronic subdural haemorrhage discovered as an
incidental finding a1 an autopsy on an old person dying of an
sunrelased cause. The blood was brown and gelatinous, but there was

no membrane.

varicgated in colour due to bleeds of different ages.
Loculation is common, with different coloured fluids or
ooze in each locule. The underlying brain will be depressed
if the haemaroma is large (more than 50-100ml), and is
often stained brown or yellow from altered hacmoglobin.
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Many such subdural bleeds in old people are small and
obviously gave rise to no neurological abnormalicy; the
mere finding of such a small lesion at autopsy should not
be used to provide a cause of death, which should be
sought elsewhere in the body. Some subdurals are sub-
stantial, however, reaching a volume of 100-150 ml. They
may still have been asymptomatic, bur others give rise to
neurological symptoms that may have been ascribed o
some other pathological cause. Examples are 'strokes’, when
unilateral signs were thought to be caused by a cerebral
thrombosis or haemorrhage; disordered behaviour of the
old person may have been blamed upon senile confusion or
dementia, whereas in fact a space-occupying haematoma
was really responsible.

The chronic haematoma may become large and press
down on the cerebral hemisphere sufficiently to dent and
distort the surface. This may progress, as does the large
acute haemorthage, to cause signs of hippocampal and
cerebellar tonsillar herniation and all the artendant dangers
to the vital centres in the brainstem. The chronic haemat-
oma arises from the acure lesion, which, after an interval,
becomes sheathed in a capsule of connccrive tissue. The
haematoma may eventually absorb, it may remain dormant
at the same size, or it may en[argc at any later date.

The mechanism of the enlargement is controversial. One
common explanation, which seems the most reasanable, is
that it occurs from repeated further bleeding, perhaps from
new blood vessels that penerrate the mass as part of the
healing process. The other theory involves osmosis, said to
operate because the centre of the haemorchage commonly
liquefies, forming a haemorrhagic fluid that osmorically
attracts into it the cerebrospinal fluid from outside the
capsule, which acts as a semipermeable membrane.

The first mechanism seems more likely, as areas of fresh
bleeding are often found inside a substantial haemaroma
but, whatever the cause, the final effect is a worsening of

the space-accupying effect.

The dating of a subdural haemorrhage

An estimation of the date of onser of a subdural haematoma
may have considerable forensic significance, especially if the
lesion is obviously mature. There may have been ane or
more episodes of trauma on record, any of which may have
criminal or civil connotations and the opinion of the
pathotogist will be sought to relate or 1o eliminate the lesion
found from the potential causative event.

For example, in one of the author’s cases an old lady was
struck on the head by intruders and dicd several weeks
later. At autopsy, a large chronic subdural haematoma was
the main finding, but the defence souglt to show that che
haematoma must have been present before the assault by

claiming that the woman’s confused behaviour over the
previous year was caused by the pre-existing incracercbral
lesion. Furthermore, in accidents of any type, there mnay be
doubt about whether the subdural haematoma arose as a
result of the injury, or whether a pre-existing lesion caused
unsteadiness that may have precipitated the accident.

Unfortunately, in spite of several claims to reliable methods
of dating subdura} haematomata, such estimations are of
doubtfui value, partly because repetitive bleeding results in
varying ages within the same haematoma.

A subdural haematoma gradually changes from dark red
to a brownish colour, fisst being apparent not before 5 days
and sometimes not obvious for 10-12 days {Crompron
1971, 1985).

Reaction to subdural bleeding begins within a few hours of
onsct, when cellular infiltration begins from the dural surface,
A delicate ‘neomembrane’, histologically composed of thin-
walled capillaries and fibroblastic granulation rissue, grows
from the periphery to caver the outer (dural) surface of the
clot during the next few days and weeks. If no further enlarge-
ment oceurs, this capsule becomes more and more fibrous,
though rarely does it completely absorb the haematoma by
fusing with the outer capsule. Accarding to Crompton, the
presence of a membeane firm enough 1o be picked off with
forceps makes che subdural haemorrhage at least 12 days old.

Although claims have been made for accurate daring of
subdural haematomas by histological criteria (Munro and
Merritt 1936), these cannot be depended upon, especially
after a few months, as there is considerable personal variation
in healing rates. Also, because of the frequency of repeated
subsequent fresh bleeding, attempts ar estimating the dare
of the original bleed are unrealistic. As they arc of some use
as an approximate guide to age, Munro and Merris's histo-
logical criteria are summarized briefly here:

& Fibroblasts appear ar the margin of the clor within
36 hours and in 4 days the neomembrane adjacent ro
the dura is a few cells thick. From 5 ro 8 days, the
membrane becomes well established and fibroblasts
migrate from it into the clot.

& By 8 days the membrane is 12-14 cells thick and is
visible to the naked eye. From a few days after onset,
there is progressive red-cell lysis and after § days
haemosiderin-laden phagocytes are presenr, which may
be stained by Perl’s reacrion.

> From 11 days the clot is subdivided by strands of
fibroblasts. By 15 days a membrane is also present on
the under surface of the clor and the outer
neomembrane is half to one-third che thickness of
the dura itself. By day 26 it equals che thickness of
the dura, but the inner membrane is szill only
half as chick.
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& Berween 1 and 3 months the membrane has lost many
fibroblast nuclei and is becoming hyaline. By 6-12
months the membrane becomes thick and fibrous,
resembling the dura itself.

A number of later writers have pointed to marked vari-
aviuns in chis chronological scheme. Within the first couple
of months large sinusoidal vessels appear in the newly
formed connecrive rissue.

Fram gross appearances, a rough guide is thar brown
colour changes occur berween the first and second week,
when a discrete surface membrane becomes obvious. After
a month or so a firm capsule develops, forming a cystic
cavity containing dark brown, wartery fluid. According two
Munro, liquefaction of the contents does not occur in less
than 3 wecks. Some haematomas remain solid with an
organizing blood clot within, often with areas of fresher
haemorrhage of different ages.

When a substantial subdural bleed has occurred, the
underlying cerebral cortex may be infarcred, caused by
either a natural infarct having bled through the arachnoid
into the adjacent subdural space or, more often when there
has been a head injury, the pressure of the haemaroma on
cortical blood vessels (Crompron 1971, 1985).

SUBARACHNOID HAEMORRHAGE

The third type of brain membrane bleeding is even more
common than subdural haemorrhage, but has a mixed aeti-
ology. Whenever there is damage to the corex, there will
be some degree of subarachnoid bleeding, so all penetrating
injuries of the brain, as well as many blunt injuries that
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FIGURE 5.35 Subarachnoid bacmorrbage
Sfrom a tiny berry ancurysm (arow) of the
right middle cerebral artery.

give rise 1o extradural or subdural haemorrhage, will be asso-
ciated with traumaric subarachnoid bleeding.

It is not commaon, though not unknown, for traumatic
subarachnoid bleeding to accur as a pure lesion where there
is no cortical contusion, no neck injury, no deep brain
lesien and no other membrane haemorrhage. Slight sub-
arachnoid bleeding probably occurs very frequently after a
moderate impact upon the head (as with slight subdural
bleeding), but as the vast majority of such victims survive,
no autopsy evidence is forthcoming. The increased sensitiv-
ity of medical imaging techniques, especially nuciear mag-
netic resonance, can demonstrate such minor bleeds which
hitherto went undetected.

The other complicating issue with subarachnoid bleed-
ing is that it frequently occurs as a resulc of nartural disease,
especially rupture of vascular malformations of several cypes.
When trauma is also present, the complex association of
either the trauma precipirating the rupture or a rupture
causing a fall or other accident leading to the trauma, has to
be considered. This is discussed in a later paragraph.

Altheugh the pathology of subarachnoid haemorrhage
is of prime forensic importance, because of the relationship
to ruptured berry aneucysm, much of the descripton is
offered in the chaprer on sudden natural death {Chapier
25), and only the interaction benween trauma and this rype
of bleeding is discussed here.

Appearances and mechanism of
formation

The appearance of subarachnoid haemorrhage caused by
trauma varies greatly according the nature and extent of the

i
H
§




Subarachnoid haemarrhage

FIGURE 5.36 An extensive basal subarachnoid haemarrhage arising
from a travmatic tear of @ basilovertebral artery raused by a blow
on the side of the neck.

injury. Where it is secondary to laceration of the brain or
extensive cortical contusion, then its localization and severity
depend upon the primary injury. Where it arises from a
blunt impacr, with or without other membrane blecding
or cortical bruising, its position is not a good localizing
sign. Once again, its position cannor be interpreted in the
same way as contrecoup contusion of the cortex, though
some pathologists use its position to claim that a head injury
was sustained either from 2 fall or from a blow 10 a mobile
head; this is unjusdfied. Although where the circumstances
are known, the meningeal bleeding may be seen in the cor-
rect location, this is fortuitous and is equally often sited
elsewhere.

Blood in the subarachnoid space mixes with the cere-
brospinal fluid, which dilutes i, makes it less ready to clot
and allows more mobility. Thus bleeding high over the
cerebral hemispheres readily slides down to cover the brain
and enter the basal skufl fossae, but usually not in a con-
centrarion sufficient to form a thick clot. The sulci tend to
collect more blood, especially in the insula. Unlike those with
subdural bleeding, survivors from subarachnoid haemor-
thages rapidly dispose of the blood. Haemolysis rurns che
cerebrospinal fluid 2 xanthrochromic yellow and, within
weeks, the blood is gone. There may be sorne residual brown
or yellow staining of the pia or arachnoid, similar to that
seen when a slight dural bleed leaves irs signature on the
inner surface of the dura. A pusitive Perl's reaction for haemo-
siderin can develop within 36 hours and may remain for
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FIGURE 5.37 Cerebral arteries (circle of Willis) and common sites

for ancurysms.

months or even years, even after macroscopic discoloration
of the membranes has vanished.

This forms a 1rap for those atempting o date both
subdural and subarachnoid haemorrhage in infants, as the
common bleeding arising from head-moulding during
childbirth may leave a positive haemosiderin reaction for
at least a year. Thus if a suspected child abuse head injury
occurs in the first months of life, histological attempes to
date the bleeding by Perl’s reaction may be affected by
residual haemosiderin from parturicion.

Bleeding in the subarachnoid space is caused by the same
mechanism as that in the subdural space, as shear stresses
and rotational movements of the brain, described in a later
section, shear or rupture the bridging veins that leave the
cortex and penetrate the arachnoid en route for the large
draining veins and sinuses that lie in the dura. In addition,
small cortical arteries may concribute much of the leakage.
Where laceration, contusion or infarction of the cortex is
present, bleeding will come from cortical veins and small
arteries directly into the subarachnoid space. [t may also
arise from intracerebral bleeding breaking our through the
cortex. The subarachnoid haemorrhage allegedly caused by
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5: Head and spinal injuries

damage to the vertebral arteries near the foramen magnum
will be discussed under spinal injuries.

The rclevance of a subarachnoid haemorrhage in causing
death may be difficult to decide, though this is of more
importance in the natural variety caused by a ruptured
aneurysm,

In head injuries, death is far more likely to be the result
of the other concomitant associated injuries to the brain
substance than to a moderate amount of blood in the
subarachnoid space.

In the uncommon instances when a substantial sub-
arachnoid haemorrhage seems 1o be the only sequel of a
fatal head injury it musr be accepred as the cause of death,
though cerebral oedema and microscopic diffuse axonal
injury should be excluded as competitors even though this
exclusion may be difficult or impossible when death fol-
lows rapidly afrer injury. It is indisputable, however, thar
sudden deach can occur from massive natural subarachnoid
haemorrhage in the absence of any traumatic lesions so,
by analogy, the pure traumatic bleed — if sevece cnough -
cannot be excluded as a sole cause.

Death can be remarkably rapid when a profuse haemor-
rhage occurs into the subarachnoid space. The mechanism
is not understood, but seems to be confined 1o those cases
where the brainstem is suddenly exposed 10 a large volume
of blood baching the brainstem in the posterior fossa, usu-
ally from a ruptured ancurysm or from a torn basilar or
vertebral artery. Numerous instances of vicims virmally
dropping dead are on record, though many more exhibit
the familiar signs of headache, neck stiffness, vomiting and
progressive failure of consciousness, before dying at a vari-
able period after the haemorthage.

FORENSIC IMPLICATIONS
OF BRAIN MEMBRANE
HAEMORRHAGE

Because of its common occurrence, certain medico-legal
problems associated with bleeding into the brain mem-

branes must be considered.
First, the latent or fucid’ interval in boch excradural and

subdural haemorrhage may lead ro civil suics for negligence
where a doctor — usually in a hospirtal emergency depart-
ment — discharges an apparently well parient who later dies
ar home or is readmitted in exuemis. The clinical aspects
cannot be considered here, but suffice to say thar icis highly
unlikely that such patients would not have suffered concus-
sion, albeit transient. Radiology of the skull is not manda-
tory if the dinical indications are not present, but failure ro
X-ray can be a legal impediment for the defence. A subdural
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haemorrhage is commonly present with an intwct skull,
though this is uncommon with extradural bleeding.

As already mentioned, the dating of subdural haematomas
may be crucial in both criminal and civil cases when it is
being either maintained or denied cthar a particular episode
of head injury causes the haemaroma. Dogmatic adherence
to any accurate histological dating regimen is unjustfied,
though broad distinctions in terms of days, weeks or months
may be juscified.

The possibility of a previous bleed being the precipirat-
ing factor in some later accidental injury, which then
caused further bleeding, must be kept in mind.

Using a membrane haemorrhage to focalize an impacr can
be subject 0 over-interprerarion. An extradural haematoma
is almost invariably on the same side as the blow, but because
of the distortion of the skull described earlier, the fraccure
that traverses the meningeal artery can be some distance
from the point of impact. Using Gurdjian’s work, however,
a reasonable estimate of the zone can be offered.

Where subdural or subarachnoid bleeding is concerned,
it can be misleading to offer dogmaric opinions about the
nature and position of the impace, unless there is scalp or
skult damage. Though sometimes it is clear from the pres-
ence of a scalp injury that the haemorrhage is either ‘coup’
or ‘contrecoup’, there are so many exceptions when the
bleeding is unrelaced to the site of the blow, that 2 firm

opinion is not justified.

RUPTURED BERRY ANEURYSM
AND TRAUMA

A major cause of medico-legal problems is che association of
rrauma and subarachnoid haemorrhage from a ruptured
‘berry’ aneurysm. The pathology of the larter is described in
another chapter, but here we are concerned with the allega-
dons thar an injury led to ruprure of a pre-existing aneurysm.

Several variations of this scenario exist. Most commonly,
an assault is rapidly followed by the signs of subarachnoid
bleeding and subsequently death. Occasionally death may

be extremely rapid, as previously described. The question

of causation then arises, the prosecution claiming that the
head injury mechanically ruprured the ancurysm. Whether
this is actually so is virtually beyond absolute proof.
Aneurysms of the circle of Willis are remote from the skull
surface and lie deeply protecied under the buffer provided
by the mass of the brain. However, it is hard to deny that a
heavy blow ro the head, jaw or neck could not ruprure,
splic or weaken rthe fragile wall of a large, thin-walled
aneurysm, bur when the bleeding comes from 2 tiny sessile
bulge the evidence is not so convincing.
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The rapidity of death in subarachnold haemorrhage

The complicating factor is that most assaults occur in
‘fighc or flight’ conditions in which both aggressor and victim
are physically and emotionally active, so thac the adrenal
response is likely ro be present, Muscle tone, heart rate and
blood pressure are increased by catecholamines, and it is
likely that raised Dnternal blood pressure in a weak
aneurysm is a far more potent reason for rupture than a
blow on the head.

A second possibility is that a person with an already
spontaneously leaking aneurysm may have a rapidly develop-
ing neurological or even behavioural abnormality that leads
him into conflict with another person, or into a dangerous
physical position, such as a fall or traffic accident. If all chis
occurs over a short period of rime, autopsy may not be able
to distinguish the sequence of events and the aneurysmal
rupture may be blamed on the trauma instead of the
reverse. This may have profound civil as well as criminal

legal consequences.

SUBARACHNOID HAEMORRHAGE
AND ALCOHOL

A factor chat is often said to increase the chance of ruprure
is alcohol, though there is no objective proof of this claim.
A high blood alcohol is said to facilitate bursting of an
aneurysm because it dilates cerebral blood vessels, increases
cerebral blood flow and raises blood pressure,

The fauer is not true because alcohol does not raise
systolic pressure, though the pulse pressure ~ the difference
between systolic and diastolic — may widen. The fibrous
wall of an aneurysm is incapable of dilating, neicher can the
major basal arteries do so to any appreciable degree, as they
possess little muscle in their walls. The pharmacological
evidence that alcoho! has any significant effect on the cere-
bral circulation is extremely weak. There is no evidence
that alcohol is associared with completely natural subarach-
noid haemorrhage from a ruprured aneurysm, rhough
intense physical activity, such as sport or coitus, cerrainly
does predispose to rupture.

Where alcohol and ruptured berry aneurysm are con-
cerned, a more likely explanation is that the association is
coincidental — as most altercations resulting in ‘flight, fight
and fisticuls’ are catalysed by alcohol. Many of the cases of
ruptured aneurysm and violence occur within and on the
pavements oueside bars and clubs, where 2 high blood
alcohol is virtually inevitable — but not necessarily causarive,

The other aspect of alcohol is that it may cause or con-
tribute to unsteadiness, a fall or some other traumaric
event, which itself might lead 10 ruprure of a fragile
aneurysm. Araxia and hyporonia are a feature of acute

drunkenness and, together with the aggressive behaviour
and alcoholic environment of mast physical violence, seem
sufficient to accounr for their circumstantial association.

THE RAPIDITY OF DEATH IN
SUBARACHNOID HAEMORRHAGE

The immediacy of death is sometimes surprising, especially
in association with trauma. It is general clinical experience
thac the viccim of a spontaneous rupture of a berry
aneurysim suffers a severe headache, neck stiffness and
vomiting, which may resolve or which may progress
over hours or days to coma and death. Sudden death is cer-
tainly the exception in these clinical cases ~ but these are
from a hospital populacion, which, by definition, excludes
the rapid deachs that reach the mortuary rather than the
wards.

In forensic practice, much more rapid demise is not
uncommon. For example, the auchor (BK) recollects that as
two men involved in a violent argument in a public house
emerged through the outer doors, one struck the other a
heavy blow on the head. The victim fell to the ground and
never moved again, being certified desd a few minutes
later. At aucopsy, a typical fresh subarachnoid bleed from a
ruptured aneurysm was displayed.

The amount of blood present in most subarachnoid
haemorrhages, from whatever cause, ofien seems insuffi-
cient to constitute a space-occupying lesion, especially as,
unlike subdural bleeding, it is able to diffuse more widely
over the brain and displace cerebrospinal fluid into the
spinal theca. The towal volume may be considerable, how-
ever, and where survival for some hours has occurred, then
the typical appearances of raised intracranial pressure may
be seen at autopsy, though some of this may be contributed
by progressive cerebral ocdema.

Most rapid deaths exhibit substantial bleeding into the
basal cisterns ar autapsy, the brainsrem and cranial nerve
roors being bathed in a thick layer of blood and clor. As
blood in the subarachnoid space seems irriiant even in
small quantities, it seems possible that such sudden irriga-
tion of the medulls may lead to a rapid cardiorespiratory
failure. Where the haemorrhage appears less extensive, the
mechanism of death is more obscure.

Crompton points out the sensitviry of cerebral arterioles
during surgical operations, when a slight touch upon the
cortex leads to blanching spasm of the vessels. Sub-
arachnoid bleeding is undoubtedly irritant and a pessible
reason for the sudden collapse and deach is a widespread
vascular spasm, which may have an effect on vital centres in

the brainstem.
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5: Head and spinal injuries

ROTATIONAL TRAUMA TO THE
HEAD AND UPPER NECK:
BASILOVERTEBRAL ARTERY
INJURY

During the last few years it has been recognized that blows
to the side of the neck and/or head can give rise to fatal
subarachnoid bleeding. This has been aruributed 1o rearing
or dissection of a vertebral artery, allowing blood to track
along the upper part of the vessel and enter the cranial cav-
ity where the artery penetrates the dural membranc ar the

foramen magnum.

The evolution of this concept of traumaric subarachnoid

bleeding is interesting. Originally, it was thought that most
cases had a fracture of the transverse process of the first
cervical vertebra, thus damaging the artery conrained in the
wnnel-like foramen in this bone - indeed, it was ofen
called the ‘CV-One syndrome'.

The hypothesis was that a blow o the side of the neck

caused deep injury, usually manifested by skin bruising and
bleeding into the muscles deep in the upper neck. This
same injury was considered to fracture the transverse
process and lead to tearing or dissection of the wall of the
contained vertebral artery; blood then tracked upwards and
medially to penetrate the dura and emerge inside the sub-
arachnoid space of the posterior cranial fossa to cause a
fatal haemorrhage,

Soon cases were being described with no such adlas vertebra

fracture, but it was scill accepred that mechanical forces, espe-
cially of a rilting and rotational nature, could damage the
verrebral artery within the foramina of the upper cervical
spine and lead to the same dissecting lesion, and hence 1o fatal
subarachnoid haemorthage. Until very recently, this was the
theory ~ which is still stcongly held by many pathologises -
that satisfied the aetiological needs of this injury.

However, though it s likely that this classical mechanism

does account for some of the dearhs, there are several prob-
lems with universal acceptance of the hypothesis:

through the dural fenestration is even less credible than
in the case of the artery.

& Incressing numbers of cases are being described with
positive evidence of a blow on the side of the neck or
head and a large fatal subarachnoid haemorchage, but
with completely intact vercebral arteries.

Thus, if sudden rilting and rorational forces acting on
the upper spine and head can lead to subarachnoid haem-
orrhage without damage 1o the veriebral vessels, then the
causative hink is destroyed. Even where vertebral damage is
demonstrable, this may be merely a concomitant event,
the mechanical forces which primarily led ro subarachaoid
haemorrhage by direct injury to incracranial vessels also
having caused the vertebral artery damage. In other words,
the two lesions may in some cases - or for all we know,
every case - be a parallel phenomenon, not a cause-and-
effect situation. There may well be a further concomitant
effect, in thar direct occulr brain damage, manifested later
by diffuse axonal injury, is the major cause of cerebeal dys-
function, both the subarachnoid haemorrhage and the ver-
tebral artery lesion (if there is one) being merely markers of
a heavy impact.

In these deaths — and certainly where no lesion at all is
discernible in che upper spinal vessels — we need to look
elsewhere for an explanation of the subarachnoid bleeding.

Occasionally, this is quite obvious and is situated in the
intracranial verrebrobasilar vessels. For example, the author
(BK) has seen a wide split in the wall of a vertebral arrery
within the posterior cranial fossa, and another where the
vertebral artery was rotally avulsed and cransected ar the
internal side of the dural perforation. Both these cases arose
as a result of trauma to the side of the neck, and borh had
a massive subarachnoid haemorrhage with no damage 1o
vessels outside the cranium.

Bosttom, Helander and Lindgren (1992) published
details of two cases of tupture of the posterior inferior cere-
bellar artery due to blunt basal head trauma, and proposed
that the term ‘raumaric subarachnoid haemorrhage’ be
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abandoned and replaced by the nature and localization of
the bleeding sice.

The demonstration of intracranial bleeding from the
vertebrobasilar system is difficult, as the very process of i
opening the skull at autopsy and removing the brain,
however carefully performed, inevitably causes vascular
damage. These artefacts cannot be distinguished from orig-
inal bleeding points due to ante-morrem trauma.

The use of post-mortem angiography by the injection
of radio-opaque constrast medium into the lower vertebral
and caroad arteries has not lived up to its original clims.
There is almost always diffuse leakage of contrast medium
from apparently artefactual defects, and localization of true

St ettt aes e

& Many pathologists — including the authors — find it
hard o believe that a tiny dissection of a small artery
like the vertebral artery - a lesion which often needs
serial microscopic sections to confirm - could allow the
torrent of blood necessary to enrer the cranial cavity
and produce a massive haemorrhage (sometimes wefl in
excess of 100 ml) which may cause death within
minutes.

& Severa instances of a damaged vertebral vein have been
reported in association with subarachnoid haemorrhage.
Because of the very much lower intravascular pressure in
a vein compared with an artery, the possibility of this
causing a massive intracranial bleed by percolarion
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bleeding points is often obscured by a haze of contrast
opaciry. However, occasionally the method reveals a spe-
cific leak, usually within the posterior cranial fossa.

The original descriptions of and claims for vertebral
arcery damage as the cause of traumatic subarachnoid
haemotrhage were published by Cameron and Mant
(1972), Coast and Gee {1984), Contostavios (1971, 1995},
Simonsen (167, 1976) and others. Leadbearter (1994) drew
attention to the problems of a universal cause-and-effect
relationship; Contostavlos (1995) refured these clairms, but
did nor satisfacrorily dispose of the concomitant hypothe-
sis. Pathologists, both from their dissection experience
and reading of the literature must make up their own
minds on the marter, but should make a critical evaluation of
the practicality of a massive subarachnoid bleed appearing,
sometimes within minutes, from a riny dissection of 2 small
artery outside the dural membrane.

As many pathologists still adhere to the original concept
of a subcranial vertebral artery causation for traumatic
subarachnoid haemorrhage (and in a small number of
instances, the evidence is persuasive), the ropic is further
pursued here, with the over-riding qualification thar most
rranmatic massive meningeal bleeds are due to intracranial
causes consequent upon a tilting, rotatory impact upon the
head and/or neck, with or without concomitant damage to

a vertebral vessel,

Forensic anatomy

The two vertebral arteries arise from each subclavian artery
in the region behind the sternoclavicular joints. Each artery
ascends behind the common carorid to reach the transverse
process of the sixth cervical vertebra. It enters the foramen
in that process and passes upwards through each similar
foramen until it emerges from the upper edge of the second
(axis) verrebrae. The artery then bends laterally and encers
the final foramen in the atlas vertebrae. Emerging on the
upper surface, the artery bends back and medially around
the superior articular process, and penctrates the postero-
lateral aspect of the adanto-occipital membrane and che
underlying spinal dura and arachnoid, emerging on the
fateral side of the spinal canal just below the foramen
magnum. Both arteries then ascend and converge on the
ventral surface of the medulla and pons to fuse in the mid-
line to become the basilar artery. Each vertebral artery is
uften of markedly diffecent size.

Autopsy appearances

With the caveats expressed earlier, the possibility of vertebral
artery trauma, concomitant or otherwise, should always be
borne in mind when an external bruise is seen on the
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FIGURE 5.38 The origin and course of the verwebral arseries. They
arise from the subclavian arteries as the leve! of the sternoclavicular

Joints and ascens via the foramina in the transverse process.

side of the neck of the victim of a faraf assault. A blow from
a fist, foot or blunt weapon may land in che region between
the angle of the jaw to the side of the back of che neck,
the area below the ear being the most common place to
find an injury.

There may be no external sign at all, but on dissection of
the neck, a subcutaneous or deep bruise may be found.
Unforcunately, this is an area that is not rourinely dissected
at autopsy, the usual incision for the removal of the neck
organs being too far anterior to reveal many of these
injuries, which usually lie in che strong neck muscles. This
is probably why the syndrome was not recognized until a
few years ago — and also an explanation why so many sub-
arachnoid haemorrhages were said to be due 1o a berry
aneurysm that could not be found because the bursting had
destroyed it. No doubt a number of subarachnoid bleeds
are due to rupture of non-aneurysmal vessels or o an
aneurysm too small to find, but equally, unrecognized head
trauma, with or without vertebral artery damage, must
have accounted for some of the remainder.

In some autopsies, there is no external neck injury and
the cause of death is unknown until che cranium is opened,
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and a fresh subarachnoid haemorrhage discovered. A deci-
ston then needs to be made whether to remove the brain to
scarch for a ruptured berry aneurysm ~ or begin specialized
techniques to seck a ruprure of a vertebral artery (described
below). If there is a history of assault or other trauma, as
opposed to a presumed natural death, then particular
methods should be employed. The two avenues are not
mutually exclusive, as long as the pathologist is aware of his
objectives. The vessels can be clamped off ar the base of
che brain and the brain removed for a scarch for an
aneurysm or other bleeding-point without spoiling the
other techniques,

Mechanism of vertebral artery trauma

When 2 head is rapidly rotated by a blow thar lands ar the
junction of the head and the neck, there may be a sudden
laceral rocking (tilting sideways) ac the adanto-occipital
joint, accompanied by rotation of the head. There may also
be an element of hyperextension or hyperflexion, the whole
episode forming 2 compiex pattern of sudden abnormal
movemenc at the atlanto-occipital junction. It may be that
the unexpected impact may allow more unrestrained rota-
tion and angulation of the head, due to absence of antici-
patory muscle tensing in the large paravertebral and
sternomastoid musles; this may be exacerbated by alcoholic
intoxication causing slow protective responses, as most of
such episodes occur during altercarions related to drinking
sessions.

The mechanics are not fully understood and probably
differ from case to case bur, whatever the mechanism, the

vertebral artery can become damaged eichern:

B in the canal within the ficst cervical vertebra (whethes
or not the transverse process is fractured)

& just below the axis, in the space between the transverse
processes of the axis and atlas

B as it emerges from the exit of the canal in the atlas to
penetrare the spinal dura just below the foramen
magnum

& probably much more fraquently within the
subarachnoid space above rhe foramen magnum or
even higher in its course towards the confluence wich
the basilar artery ~ 3nd even the basilar iself. The type
of damage is usually a tear or dissection of the wall of

the vertebral artery.

Vertebral artery damage was originally said w allow
blood to teack under arterial pressure within the adventitia
and to appear in the subarachnoid space after the vessel has
penetrared the dura and arachnoid, though, as discussed
above, the likelihood seems slight of these minure lesions
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FIGURE 5.39 Maost vulnerable poinis for trauma to the vertebral
arteries: (1) at penerration of dura; (2) az exit from atlps ransverse

process (3) in oseous canal in adas.

allowing the large volume of blood seen tn most subarach-
noid haemorrhages 1o flow through the small periarterial

window in the dura.

Autopsy demonstration of
basilovertebral artery damage

When circumstantal evidence suggests a subacrachnoid
haemorrhage following trauma or where a bruise is secn on
the side of the neck, vetrebral artery damage should be sus-
pected, then confirmed or eliminated. The first intimation
chac it may have occurred may be when the skull-cap is
removed and a subarachnoid haemorrhage is discovered.

[f the view is taken chat most subarachnoid haemorrhage
following upper neck trauma is due to intracranial vascu-
lar damage, then logically it is unnccessary to use time-
consuming and laborious procedures which slow up the
completion of the case. In many such deaths, there will be
no lesion in the upper cervical spine or extracranial vertebral
arteries and even if there is, ir is likely to be a concomirant
lesion, occurring synchronously, but with no cause—effect
refationship with the incracranial vessel cuprure,

However, there may be academic sacisfacrion in demon-
strating the concomitant neck lesion, even if it played no
role in producing the subarachnoid haemorrhage. In such 2
case, when the deceased has been in a fight or had some
violence applied to the side of his neck, the same routine

should be employed.

e S
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Rotational trauma to the head and upper neck

Different pathologists have different pracedures, but the
following would be a reasonable method of investigarion:

Bi Radiographs of the upper cervical region, both
anceroposterior and lateral, should be taken as these
may (rarely) reveal a fracture of the transverse process of
the atlas vertebra. Such a fracture is, however, present in
only a minority of verrebral arrery injuries — and even
when present, straight X-rays may not reveal ir.

# Post-mortem angiograms should be taken if faciliries
exist. There are several methods of performing these.
The lower neck is carefully dissected to reach the
origins of the vertebral arteries. The best method is to
open the subclavian vessels and identify the ostia of the
vertebrals, which are the first {most medial) branches of
the subclavian arteries. These can be cannulated and
contrast media injecred, one side ar a time, while
cervical and skull radiographs are taken. This method
tends to fill many intracranial vessels and produce a
confused, blurred picture.

More satisfactorily, the brain should be carefully lifted
from the skull and, as soon as the basilar artery is
accessible, it should be clamped off with surgical forceps
and/or ligated and the brain completely removed as
usual after the basilar artery has been mansecred just
above the clamp. Alcernatively, each vertebral artery can
be clamped or ligated in its terminal course. The
angiogram is now performed, either by perfusing up
one vessel and forcing contrast medium back down the
other via the clamped basilar, or by consecutive
injections on either side. Only sufficient medium o fill
the system should be introduced to avoid spillage from
small branches which obscure the films. The object is to
detect any significant lezkage from a vertebral vessel in
its upper course, usually within the foramen of the atlas
or just outside the atlanto-occipital membrane or within
the spinal theca.

FIGURE 5.40 The first cervical (atlas))
vertebra viewed from above to show the
Sferamina in the fransyerse processes

through which the vertchral arteries pass.

As by definition, there will have been a substantial
subarachnoid haemorrhage, this sometimes makes it
difficult 1o identify and ligate the basilar or vertebral
vessels. The brain should be minutely examined for berry
aneurysms or other vascular malformations as, if they are
present (and ruprured), then further investigation of
vertebral artery damage is paintless. Assuming no such
bleeding point is found, the upper cervical region is
dissected ro detetmine whether the vertebrals have been
injured. When no X-ray or angiographic facilities exist,
this is the only method available.

The upper cervical spine should be exposed by a poster-
ior approach, which is continued up to meet the transverse
scalp incision. The spine should be freed from the sur-
rounding muscles, taking care to detect and record any
muscular bruising in the vicinicy. Tt should then be sawn
through at about C4 level or lower.

The occipital bone should then be cut through on cach
side from the transverse skull saw-cut and prolonged down
on each side of the foramen magnum, and then across the
clivus to release the central pare of the floor of the posterior
fossa, carrying the foramen magnum and actached upper
spine. Alternatively, using a power saw with a wedge-
shaped blade, a square may be cut our of the floor of the
posterior fossa to detach the spinal block. If possible,
X-rays should be taken of the detached portion, as it may be
possible to see a fracture of che transverse process of
the adas berter than in the intact body.

The block of bone removed should then be decalcified
by prolonged immersion in a large volume of 10 per cent
formic acid.

Afer a week, the spine will be soft enough to slice witha
scalpel, so that the lateral parts of the transverse processes
can be shaved away, raking care not to get near the arterial
foramina. The block is then returned to fresh decalcifying
fluid for a further week.
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Once the bone has been softened enough to be cut easily
by a sharp knife, the transverse processes can be further
shaved down on each side to the level of the foramina, so
exposing the arrery in its whole course. Both sides should
be so dissecred, the last stages being taken deeper and
deeper with extreme cace to remove the Jateral walls of the
canals without damaging the underlying vessel. Narurally,
the crucial area is in the upper one ot two vertebrae, but
though laborious, this methed providcs the most elegant
and convincing demonstration.

Specimens should be taken of any obvious or suspicious
breach in the wall for histological examination. The usual
type of damage is either a frank tear of the intima and
media, or a dissection thar allows blood to track through
the adventitia.

The papers by Vanezss, Simonsen, and Cameron and
Mant, among others, should be consulted for further
derails of the recommended procedures, but the above is
a practical approach to demonstrating vertebral artery
fesions. Once again, the reladonship must be assessed of
any tiny dissecrion, to the volume of blood found in the
cranial meninges — and a decision made as whether this is
more likely to be a concomirant injury to intracranial ves-
sels rather than a solitary external vertebral artery lesion.

HEAD INJURIES IN BOXERS

It has become increasingly apparent in recent years that
persons who indulge in boxing are at risk of both acute and
chronic damage to their brains. In some countries, includ-
ing parts of Scandinavia, both professional and amateur
boxing is banned for this reason. The acute injuries are less
common but occur during or soon after the fight itself.
A number of boxers have died in the ring or after removal
to hospital and, in these fatalities, by far the most common
lesion is a subdural haemorrhage. Extradural bleeding
almost never occurs, because boxing injuries rarely cause
skull fracrures. Occasionally a subarachnoid haemorrhage
may occur in rare cases where a berry aneurysm is present.

Much attention has been paid to the chronic changes in
boxers’ brains, which are very common and give rise to
what is generally known as the ‘punch-drunk’ syndrome. [t
appears that the length of time for which a boxer has been
involved in fighting is more important than the number of
serious traumarnic events he has suffered. It is a cumularive
process and many c'pisodcs of minor head injury add up to
produce the typical lesions described in the now extensive
publications on the subject.

There are both anatomical and microscopic lesions in
such brains, both in professionals and amateurs exposed
over a number of years. The clinical symproms do not concern
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the pathologist, but they are explained by the morphological
abnormalities. Grossly affected brains may show some corrical
acrophy and slight hydrocephalus; the septum pellucidum is
characteristically pecforated wich enlargement of the cavum
and tearing of the sepral leaves. The forices and adjacent
corpus callosum may be thinned or torn, and throughout
the brain substance there may be scars and patches of gliosis.
Neurones are lost from the cerebellum and the substandia
nigra, the latrer often losing pigment.

Another change thac has intrigued neucopachologists is
the development of an Alzhecimer’s-like condition, with
neurofibrillary tangles throughout the cerebral cortex and
brainstem, though no senile plaques are present.

CEREBRAL INJURIES

Though bleeding or infected scalp injuries, depressed frac-
tures, meningitis and substantial meningeal haemorrhage
can themselves cause death, in mosr fatal head injuries it is
damage to the substance of the brain itself that is lethal.

In medico-legal practice it is somecimes difficult to con-
vince lawyers that, in most instances, a victim does not die
of a simple fractured skull, but thac the fracture is evidence
only of a substantial head injury, being a ‘marker’ for con-
comitant brain damage, which was the real lethal lesion.
Similar problems of communication exist with a fracrure of
the hyoid bone in strangulation, lay persons often being
under the misapprehension that a broken hyoid is 2 morral
injury, instead of merely being an inconstant marker of
pressure on the neck.

The neuropathology of brain damage is a large and com-
plex subject, the more subtle varieties requiring both spe-
cialist techniques for demonstration and expert knowledge
for interpretation. The rextbooks of Graham, Adams and
Leestma are recommended for detailed description and dis-
cussion of cerebral trauma. .

The mechanisms of production of some traumatic
lesions are matters of conflicting theories, but the forensic
parbologist still has 1o be aware of the general principles of
causation in order to offer some interpretation of the
injuries.

As always, caution has to be employed, as both the
pathological and clinical manifestations of a head injury
may appear to be at variance with the degree of force
applied to the head. There is 2 wide range of lesions from a
given insult to the head and it is dangerous to be too dog-
matic in theorizing about the magnirude of an injury that
gave rise to the demonstrable lesions.

[t is similarly unwise to hypothesize to firmly about
what dinical features must have occurred when the head
injury was sustained - for example, quite severe head
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FIGURE 5.41 Mechanical events that contribute 1o primary brain
injury. (Reprodsuced from Greenfield’s Neuropathology, 7t4 edn,
2002 by kind permission of Arnold.)

injuries have been known to be unaccompanied by concus-
sion, while other apparently slighr damage has ofien been
followed by prolonged unconsciousness even ending in
death, The well-known aphorism of Munro {1938) must
be kept in mind that: ‘Any type of head injury can give rise
to any type of intracranial damage.’

The mechanism of brain damage
The brain may be injured in the following ways:

B by direct intrusion, either by a foreign object such as a
penetrating weapon, bullet or other missile - or
fragments of skull in a compound fracture where the
skull is disrupted. [n rhese open wounds the
mechanism of the damage to the brain is obvious,
though of course it may be compounded by the second
type of injury described below

2 by deformation of the brain in closed head injurics.
Here the mechanism of injury is complicared and
variable, with several competing theories of causation
that have been put forward since the cighteench century
(Ledran 1751, Morgagni 1761). A public debate was
held in 1766 in Paris, where rival theories of coup and
contrecoup brain damage were hotly defended at the
Academy of Surgeons.

The brain is almosr incompressible and purely axial impact
may give rise to little or no damage. It is extremely rare,
however, for an impact not to tmpart some rotatory

movement and it seems agreed chae this component is the
main culpric in causing brain damage. What is now cleat is
that no actual blow or fall need be suffered by the head o
cause severe and even fatal brain damage. It is the change in
velocity — either acceleration or deceleration — with a rota-
tional rather than solely axial elemeng, that leads to dam-
age. The surface of the head need never contact any hard
objecr or surface, though recent research indicates chat the
quancum of energy delivered by impact is of a far greacer
order of magnitude that non-impact violence, which les-
sens the former conviction that shaking, as in child abuse,
is a common and porent mechanism in the production of
intracranial damage.

In most head injucies — notably raffic accidents and falls —
there is marked deceleration of the moving head on contact
with a fixed surface but, in many criminal and combat
injuries, the head is accelerated by a blow. In either case the
initial sudden change in velocity is applied to the scalp and
skull, the latter then transmicting the change to the brain
via the anaromical suspensory system within the cranium.
This system is slightly Hexible and consists of the falx and
tentorium, which divide the cranial cavity into three major
compartments; these contin the two cerebral hemispheres,
the cercbellum and the brainstem. When violent relarive
movements take place berween the brain and the dura,
forming the parditions of the cranium, the cerebral dssue
can become damaged against both the sharp edges and the
flat surface of these membranes. In addition, vessels travers-
ing the subdural and subarachnoid spaces can be rorn by
such relative movements, especially in old people where
cerebral atrophy may have widened these spaces.

Among the competing theories of impact brain dam-

age arc:

the rotational shear force theory
# the pressure gradient theory

& the vibradon theory

88 the ransmitted wave force theory
B the brain displacement theory
the skull deformation theory.

These hypotheses overlap and most are correct in some
aspect. Because experiments on primates and mechanical
models have been pursued vigorously in recent years, it is
now widely accepred thar there are marked pressure changes
within the cranium on impact (Yanagida et al 1989). When
a head falls against the ground. pressure momentarily
increases ar the impacr point but falls to a negarive value dia-
metrically opposite. As these suction or cavitation effects are
more damaging to neural and meningeal dssue than pressure,
this is good evidence for cdlaiming that contrecoup damage is
largely a result of chis vacuum effecc.
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5: Head and spinal injuries

The actual physical disruption of cerebral tissue is
caused, according to both Gurdjian and Holboucn, by one
or more of the following processes:

1 compression of the constituent units, by their being
forced rogether

2 tension of the units, which pulls them apart

3 sliding or ‘shear’ strains, which move adjacent strata of
tissue laterally. The usual homely example is given of a
pack of playing cards being displaced, so thar each card
slides upon its neighbour.

Transient deformation of the skull almost cerrainly con-
retbutes to brain damage (Rowbotham 1964). The area of
the skull beneath an impact becomes momentarily depressed
even if it does not fracture and therefore may impinge on the
underlying brain causing compression, as in 1, above. This
is responsible for the typical cone-shaped contusions on the
cortex, with the base at the surface, as the impact ~ possibly
via short-lived osciflations of decreasing antplicude — injures
the cortex and passes a diminishing force down into the
deeper layers.

Simultaneously, other areas of the skull must bulge out-
ward to accommodate the deformation - the so-called
‘struck-hoop’ action — when it is suggested that a ‘rarefac-
tion' remote from the impact may cause tension damage, as
in 2, above.

Mote important is 3, being laminar deformity or ‘shear
stress’ caused by the angular rotation of the head. As the head
is pivored on the first cervical vertebra, almost any impact on
jaw, face or cranium will produce an angular momenium,
the acceleration being conveyed first to the skull.

Alternadvely, if the head is moving and is suddeniy
arrested, then the skull will decelerate first and the momen-
tum of the brain will cause it to continue in motion, again
almost certainly with some rotatory component,

In either the deceleration or acceleration mode, the skull
and brain annor change their velocities simultancously
and the brain will speed up or slow down only by virtue of
the restraine provided by the dural septa and the configur-
arion of the interior of the skull. In other words, the brain is
either retarded or set inta motion secondarily by the skull,
especially by the dural septa and the bony prominences.

This restrainc will occur first — and with maximum effect —
on rthe most superficial layers of the cortex. These in turn
will drag on the next deepest layer and so on uniil the dif-
ference in velocity is equalized — bur this will have been ar
the expense of laminar tearing of the cerebral tissue and jts
associated blood vessels. In addition ro this shearing dam-
age, the brain may be forced against the sharp edge of the
tentorial opening and the lower edge of the falx, causing
damage ro the base of the cerebrum, the corpus callosum
and the brainstem, Impact against the side wall of the skull

and against the falx may cause diffuse conrusion of the
cortex. The cerebellum rends to suffer less damage, as it is
much smaller and lighter than the cerebrum and there is less
room for refative movernent in the more tighdy enclosed
postetior fossa. The configuration of the inrerior of the cra-
nium is thought to be pardy responsible for the common
localization of cerebral damage at the tips and undersurface
of the frontal and temporal lobes. The rough floor of the
anterior fossa, the sharp edge of the wing of che sphenoid
and the massive bar of the petrous temporal bone are in
contrast to the smooth inner surface of the vault of the skull.

Cerebral contusion

When either linear or, more often, laminar stresses are
applied to the cortex, this soft rissue may disrupt: Parc of the
injury is directly upon the neuroceliular structure, bur dam-
age to vessels is an important component. If the cortex still
retains its shape, but is bruised and swollen, this constitutes
‘contusion’, A greater degree of disruption, sufficient to pro-
duce macroscopic tearing, is termed 'laceration’, but the dif-
ference is only one of degree. In gross head injuries, such as
crushing, missile wounds and other major pencrration, the
degree of laceration may lead to partial or even complete
extrusion of the brain from the cranial cavigy.

In the usual type of corrical contusion seen in a closed
head injury, the cortex is blue or red from haemorrhage,
though if survival has lasted for some time, there may be
added discoloration from associated cortical infarction.
The haemorrhage may be diffuse or may be punctate and
is often a mottled purplish red when confined to the cortex.
Extension into the underlying white matter tends to be
pure red in fresh lesions. The lesion is often wedge-shaped,
with the base on the surface, tapering away into the deeper

layers.

Cerebral laceration

Laceration of the cortex is an extension in severity of contu-
sion in which mechanical separation of the rissue can be
seen. When widespread, but relatively superficial, the cortex
appears to have a ‘red velver' appearance, which becomes
progressively more tattered as che severity increases.

When it is even morte severe, the cerebral surface becomes
fissured, fragments of cortex may derach and deep lacer-
arions rua into the depths of the hemisphere, somerimes
reaching even the deep ganglia or ventricles. There may be
deep haemorrhage and — especially in the frontal and tem-
poral lobes — the laceracions may be continuous with areas
of traumatic haemorrhage. In cerebral lacerarions and most
contusions, the pia mater and often che arachnoid are torn,

so thar blood from damaged corrical vessels leaks inzo the
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subarachnoid and even subdural spaces. The corpus callo-
sum 1s commonly rorn, especially at its posterior end. This
must be distinguished from damage caused by clumsy
removal of che brain ac autopsy (as must tears of the cercbral
peduncles), but when genuine, may represent either a guil-
Jotine effect of the free lower edge of the falx or differential
latecal movement of one hemisphere relacive to the other,
again because of unilateral restraint by the falx. Laceracions
and contusions are most often found in those areas of the
brain where the cortex is most likely to come into conract
with irregularities in the internal profile of the skull. The
undersurface of the temporal lobes and the orbital surface of
the frontal lobes suffer most often.

Traumatic-intracerebral haemorrhage

Substantial areas of haemorrhage, cither infiltrating the
brain tssue or forming acrual haematomas, are common
in severe head injuries. Some are primary, occurring at the
time of impact or soon afterwards; others are secondary
and caused by changes in intracranial pressure oc bleeding
into infarcts caused by vascular damage. These are all seen
more often since artificial vencilation has been available, as
victims of severe head injuries now survive onger so that
there is time for secondary lesions to becorne apparent.

In the cerebral hemispheres, deep haemorrhage can be
caused by coup or contrecoup mechanisms (see below) and
may be siruated anywhere within the hemispheres. They
may ruprure into the venericular system or chrough che
overlying cortex. In some severc concrecoup lesions, there
may be large haematomas in onc or both fronral lobes with
overlying cortical contusion and laceration. These may
rupture through the cortex into the meningeal spaces,
forming what is sometimes called a ‘burst Jobe”. Such
haemorrhages sometimes pose a problem for the patholo-
gist when they vecur in older subjects, especially those wich
hypertension and perhaps cercbral atherosclerosis. When a
scalp injury is present — and perhaps even a fractured skull
— it may be difficult to decide if a head injury (such as a
fall} was responsible for the cerebral haemorrhage, or
whether a sudden ‘stroke’ caused by a naioral cerebral
haemorrhage resulted in the fall. The problem is discussed
further in the chapter on natural death, but briefly, the
presence of left ventricular {cardiac) hypertrophy, a history
of hypertension and the site of the (usually solitary) haem-
orrhage tends 1o point to a nawural bleed. This is especially
50 if che large size of the lesion seems inconsistent with the
degree of head injury sustained. Hypertensive lesions rend
1o be in the thalamus, external capsule, pons and cerebel-
lum, and are more often occipital than frontal or temporal.
Having said that, on occasions it can be impossible o dif-

ferentiate the two condirions.

Primary brainstem haemorrhage

Secondary brainstem bleeding is dealr with under ‘cercbral
oedema’ so here we are concerned with haemorrhage that
occurs at the time of injury, As mentioned above, hyperten-
sive haemorrhages not associated with trauma can occur in
the midbrain, especially the pons. These tend to be large,
explosive lesions that greatly swell the pons and disrupt the
central part of the stem, usually with a ragged rim of white
matter around the periphery. Traumatic haemorchage in
the brainstem s often a well-circumscribed lesion, some-
times rounded, which lies laterally in the tegmentum, the
shape of the midbrain being undistorred (unlike a second-
ary bleed into an elongated stem).

The typical site is between the aqueduct and the oucer
end of the substantia nigra. Primary stem haemorchages are
usually associated with occipital impacts and the victim is
often unconscious from the time of the injury, as opposed
to the lucid interval and gradual dedline of those who suffer
secondary scem lesions because of a developing cerebral
oedema or space-occupying meningeal haematoma.

Coup and contrecoup damage

Whatever the underlying mechanics of cerebral damage,
one aspect is of considerable practical importance to the
pathologist. When a mobile head is struck with an object,
the site of maximum cortical contusion is most likely to be
beneath or at least on the same side as the blow. This is the
so-called ‘coup’ lesion. When a moving head is suddenly
decelerated, as in a fall, though there might still be a ‘coup’
lesion ar the site of impacr, there is often cartical damage
on the opposite side of the brain — the ‘contrecoup’ Jesion.

The mechanism of the ‘coup’ and ‘contrecoup’ injuries
has long been debated — ac Jeast since the time of the
famous Paris meeting of 17GG. The controversy has been
conrinued, especially by Courville (1942) and by
Holbourn {1943), but no satisfactory resolution has been
agreed though the work on intracranial pressures by Yanagida
et al, seems to provide proof that a ‘vacuum’ occurs at the
conrrecoup site.

The following practical points should be considered:

8 There may be no coup damage at all, only contrecoup.

B There need be no fracture of skull, even in the presence
of severe coup and contrecoup lesions.

& The most common site for contrecoup injury is in the
frontal and temporal lobes. It is often at the tps and on
the undersurface of these lobes, and may be
symmetrical, if a fall on the occiput has occurred.

In temporal or parieral imnpacts, the contrecoup lesions
are likely to be diamerrically opposite on the
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FIGURE 5.42 (a) ‘Coup’ brain damage to fixed head. (b)
‘Contrecoup’ brain damage 10 moving (decelerased) head.

contralateral surface of the brain, but exact geomecrical
correspondence is not necessarily present.

It is vircually unknown for a fall on the frontal
region to produce occipita) contrecoup. This is thought
to be duce 1o the anatomical configuration of the
floor of the cranium, but the reasons are by no means
understood.

8 In a temporal impact, the contrecoup damage may be
not be on the contralateral hemisphere, but on the

{b)

FIGURE 5.43 (a) Typical contrecoup injury io she 1ips of the frontal
and tomporal lobes of a brain. The victim was pushed over in a
brawl and fell backwards, siriking his occipus and causing a small
scalp laceration (b). There was no consusion to the posierior pari of

the brain.

opposite side of the ipsilateral hemisphere from impact
against the falx cerebri.

The degree of contrecoup damage may be severe,
sufficient to cause blood-flled cavitation in the deep
cortex and underlying white maucer, especially in the
frontal lobes and tips of che temporal lobes.
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B With severe fronral contrecoup from a fall on the
occiput, the transmitted force may be sufficient ro
fracture the thin bone of the floor of the anterior fossa.
Such cracks in the roofs of the orbits may allow
meningeal haemorrhage to seep into the orbits and
appear as ‘black eyes’. In assaults where a fall has
occurred, care must be taken not to atrribute such
periorbital bleeding to direct punches.

Though contrecoup contusion is classically caused by

deceleration of a falling head, it can also occur when a

fixed head is struck. If the victim is already lying on the

ground or against some other unyielding surface, a

heavy blow on the upper side may cause cypical

contrecoup lesions either in the contralateral remporal
or parictal cortex, or against the falx on the inner side
of the ipsilateral lobe. In these circumstances, there is
often coup damage as well. No external scalp injury
need be visible,

The interpretation of contrecoup lesions is most
reliable in the form of cortical contusions or
lacerations. Meningeal haemorrhage, either subdural or
subarachnoid, may also arise in associadon with a
contrecoup lesion, but it diagnostic value is virmally
nil compared with cortical damage when interpreting 2
falling or fixed head injury. Where no associated
cortical contusion is present, it is quite unsafe to rely
upon a unilaceral meningeal haemorrhage as an

indicator of the type of head injury.

&

Concussion

Concussion is a clinical, not a pachological entity, but the
pathologist must consider it, as it is related to intracranial
lesions and he is often questioned about it in court pro-
ceedings. Concussion, according to Wilson (1946), is ‘a
disorder of cerebral function which follows immediately
upon the impact of a force to the head’. A more full defini-
tion is offered by Trotter (1914): ‘a transient paralytic state
due o head injury which is of instantaneous onser, does
not show any evidence of structural cerebral injury and is
always followed by amnesia from the actual moment of the
accident’,

Some neurologists would also iaclude post-concussion
symptoms within the definition of concussion, even in the
absence of initial coma, following a head injury. There may
also be evidence of depressed medullary function, which can
aftect cardiorespiratory action. Denny-Brown and Russell
{1941) showed that the rate of change of velocity of the
head was impareant in producing concussion, which rarcly
developed if the speed threshold was less than 8.5 m/s
(28 fils).

injuries

{t is an extremely common, but not inevitable, sequel to any
significant mechanical insult to the brain. Though in general
terms its duracion is loosely refated o the severity of the tnjury,
there are many exceptions. Gross skull and brain damage have
oceurred with lirtle or no apparent concussion, though con-
cussion may be so transient that the subject may not cven fall
to theground. Relatively minor head injuries have given rise 1o
prolonged unconsciousness so, once again, it is Most unwise to
be dogmatic about rerospective estimates of concussion.

There is considerable controversy ahout the cause of
concussion, from the unacceprable ‘traumatic neurosis’ on
the one hand (which cannot be true) to claims for the
inevitable demonstration of physical lesions on the other.

Courville {1953) has discussed the condition in depth
and there seems to be no reason o doubt that some
mechanical process does temporarily disrupt the function,
if not necessarily the structure, of the neuronic apparatus.
Changes in the nucleus and cytoplasm of neurones, the
composition of the cerebrospinal fluid and in the electro-
encephalograph have all been inconstandy reported (see
‘Diffuse neuronal and axonal injury’ below).

True concussion may last for seconds or minutes. If pro-
longed unconsciousness extends into hours, days or fonger,
then there is likely to be some strucrural brain damage.
Occasionally what appears to be simple concussion proves
to be fatal, causing respiratory paralysis, though at autopsy
no significant Jesions are found.

Where a vicam of ‘simple’ concussion dies of some inci-
dental non-neurolugical condition, autopsy usually reveals
no macroscopic damage, though sometimes there is slight
cerebral oedema and scarrered non-specific petechial haem-
orrhages may be found. There secms to be a connection
berween concussion and rotatory movements of the head,
which are usually responsible for obvious structural damage
because, when a head is fixed before impact, loss of con-
sciousness may not occur. The classic example is trapping
of a head against a wall or being jammed between buffers.

Thar shear stresses are inscrumental in causing neurone
damage seems confirmed by the frequency in which concus-
sion occurs in boxing contests, where a blow on the jaw is the
ultimate in producing a rotational movement of the cranium.

Concussion may be followed by a ‘post-concussion state’
characterized by headaches, unsteadiness and anxiery. This
seems a genuine phenomenon, though it has been pointed out
that it may be overlain by a ‘compensation syndrome’ whilst
civil livigation is in progress over responsibility for the acci-
dent, which often clears up rapidly once the claim is settded.

Retrograde amnesia is almost inevitably associated with
concussion, though, like concussion iself, it may be so
transient as (o escape notice. A protective mechanism, it
seems to be caused by loss of sensory input before the latter
is transfetred to permanent memory storage in the brain.
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5: Head and spinal injuries

Though commonly only of minuces’ duration, it can
extend to several days before the head injury. Though
there s often 2 later recovery of much of this Jost period,
the memory of events immediately before the incident
rarely returns, which may forwitously be a protective
device. Concussion has been auributed to several causes,
including the undoubted vasomoror disturbances that take
place after a head injury. Another theory is the impuction
of the brain into che foramen magnum or tenrorial open-
ing, but the mast acceptable hypothesis is ‘diffuse neuronal

injury’.

DIFFUSE NEURONAL AND AXONAL INJURY

According to Graham er af. (2002), diffuse brain damage
exises in four principal forms: diffuse vascular injucy, dif-
fuse axonal injury, hypoxic brain damage and diffuse brain
swelling. Diffuse vascular injury consists of multiple small
haemorrhages throughour rhe brain and is virrually
restricted to patients, who die within 24 h, whereas the
latter three are encountered in patients who survive long
enough 1o reach the hospital. Recent research and new
immunohistochemical methods have shown that traumatic
axonal injury is much more common than previously realized,
and char axons can also be diffusely damaged by other
processes than head injury. Therefore, Geddes er «£ (2000)
suggested new definitions of the terminalogy to ger rid of
the incoherent use of terms in the literature:

B Axonal injury (Al) is a non-specific term referring to
damage 1o axons of any aetiology.

&8 Traumatic axonal injury (TAI), is a damage to axons
caused by trauma, which may vary from small foci of
axons to more widespread brain damage, diffuse TAT is
the most severe form of traumaric axenal damage
{originally termed ‘DAI’).

& Diffuse axonal damage (DAI), first described as a
clinicopathological syndrome of widespread axonal
damage throughout the brain, including the brainstem,
should not be used as a term without reference to the
actiology, because axonal injury may be caused by other
pathological processes.

Experimental work has suggested that diffuse axonal injury
is primarily a non-impact rorational acceleration—deceleration
phenomenon, deformation by stretching probably being the
most significant factor. A low level of injury causes transient
changes in the permeability of the axolemma, gradually lead-
ing o ionic changes, accumulation of fluid and axonal
swelling and eventually, with an increasing grade of injury, 1o
intracellular Ca?* accumulation, proteolysis and collapse of

the cyroskeleton.

The disruption of axons leads to bulbous and clubbed
‘retraction balls or globes’ on the axons in the cerebral hemi-
spheres, cerebellum and brainstem. Disturbance of axonal
transport causes accumulation of substances in damaged
fibres, that can be demonstrated immunohistochemically.
At present, f3-amyloid precursor protein (BAPP) is consid-
ered to be the most reliable indicator of axonal damage,
revealing axonal injury within 2-3 hours of the insult,
whereas it takes abour 12-18 hours for axonal bulbs to
become visible on routine or silver stains. However, one
should keep in mind that BAPP is not specific ro head
injury bur is an indicator of derangement of fast axonal trans-
port, which has also been demonstrated in other pathological
conditions.

Ir is peeferable to examine the brain after proper fixation,
usually after 10~14 days in 4 per cent buffered formalde-
hyde and, where possible, consuitation with a neuro-
pathologist with experience in forensic practice. Due 1o the
diffuse nature of the axonal injury, extensive and systemaric
sampling is essential, as the diagnostic yield is direcdy
related 1o the number of blocks taken. [n addition to any
obvious focal pathology, the minumum set of samples should
include corpus callosum and parasagittal posterior fronral
white marter, splenium of the corpus callosum, deep grey
matter to include posterior limb of the internal capsule,
cerebellar hemisphere, midbrain including the decussation
of superior cerebellar peduncle, and pons including superior
or middle cerebellar peduncles. In addition to these, it may
also be advisable to include corpus callosum and parasagitral
anterior frontal white matter and temporal lobe including
hippocampus (Geddes ez 2/ 2000).

Rerraction globes are most numerous in the corpus callo-
sum, the superior peduncles, the parasagital white mareer, the
medial lemnisci and the corticespinal tracts, but can be seen
anywhere in the white matter. The retraction globes or axonal
bulbs have been shown to lose positive staining for BAPP after
about a week but to persist in adjacent varicose axons up to
30 days. After some weeks in those who survive long enough,
clusters of microglia, presumably part of a repair process, con-
gregate at the site of ruprured axons. These are best seen in
20 pum thicker sections stained with cresyl violer. One prob-
lem with the microscopic evidence of both microglial clusters
as well as diffuse axonal injury {as demonstrated by BAPP
cxpression), is chat neither of them is specific as a martker for
rrauma: retraction globes may also be seen around the periph-
ery of narural lesions such as cerebral infarcts and haemor-
rhages and microglial clusters have been reported in viea/HIV
encephalitis, previous global hypoxia and fat embolism.
Geddes er al {2000} conclude in their excellent review that
‘the demonstrarion of traumatic axonal damage is likely to be
of limited use in most forensic sitwations, excepr perhaps to
confirm tha there has been a head injury’.
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Cerebral injuries

Normal Oedemalous

Normal weight
{<1500g)

Palpable sukci

Rounded gyri

gyrus and
uncus

Normal cerebellar
tonsil

Cerebral oedema

Swelling of the brain tissue may be a local phenomenon
around almost any lesion, be it conrusion, laceration,
tumour or infarce, but here we are more concerned with
generalized oedema. Swelling of the brain is extremely
common after a substantial head injury, especially in chil-
dren. Though it is an almost inevitable accompanimen: of
almost all incracerebral damage as either a local or general
phenomenon, it can occur as the sole abnormality — and
not infrequently prove fatal, particularly in young victims.
Oedema may well be relared to diffuse ncuronal injury and
to concussion ielf. [¢ is the most common cause of raised
intracranial pressure, being seen more often than localized
space-occupying lesions such as haematomas and wmours,
though of course these often coexist with cerebral cedema.
As with concussion, its cause is obscure and hence is rhe
source of considerable controversy. The amount of fluid in
the brain increases and the toral weight may increase by at
least 100 grams, mainly in the white matter. The site of the
excess fluid is obscure, as the cur brain surface does not
appear wet as do connective tissues elsewhere in an oedema-
tous body. It was formerly thought that there was no true
extracellular space in neural tissue and chat the fluid must
therefore be intracellular, but electron microscopic studies
have revealed an extracellular compariment, which is much
wider in the white matwter {up to 80 nm) than in the grey
marter (up to 20nm), which explains the preference of

vedema for the white maceer.

increased welght
{>1500g)

Flattened gyd

Grooved uncus,
Swollen hipocampal
gyrus

Herniated cerebellar
tonsil

Midline shift if cedema
b is unilateral

FIGURE 5.44 Signs of cerebral eedema.

The autopsy features of cerebral oedema are readily recog-
nized. On removing the calvarium, the dura is stretched and
tense, the brain bulging through the first incision in the
membrane. The gyri are pale and flattened, and the sulci
filled, giving the normally corrugated cerebral surface a
smoothness that can easily be felt at autopsy. The cut sur-
face is pale and, especially in children, the ventricles may be
reduced to slics by the swelling of the adjacent white marzer.

Severe cerebral aedema causes the larger volume cerebral
hemispheres to press down upon the tentorium and herni-
ate through the midbrain opening. The hippocampal gyrus
may impact in the opening, lesser degrees causing grooving
of the unci. Both these cffects may lead 10 haemorshage
and necrosis at the sites of pressure, especially where the
sharp edge of the rentorium cuts into the cerebral tissue.
The tonsils of the cerebellum may be impacted or ‘coned’
into the foramen magnum, and sometimes are forced down
into the upper parc of the spinal canal. The pathologist
must be careful not to mistake the normal anatomical
grooving that often exists around the cerebellar tonsils for
‘coning’. There should be other signs of brain swelling and
true tonsillar herniation will show discoloration or even
necrosis of the ischaemic, trapped tissue.

Cercbral oedema may be the only intracranial abnormal-
ity found ar autopsy after a substantial head injury has
occurred. This seems to be more commonly found in chil-
dren and, in the absence of any other demonstrable lesions,
the cause of death has to be atributed to this swelling of
the brain, compressing the vital centres in the brainstem.
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§: Head and spinal injurles

Obviously, many other cases of cercbral oedema resolve
cither spontaneously or with treatment, so that fortunately
N0 opportunity arises to prove its existence by post-mortem
examination. Such oedema is, however, not infrequently
found during surgical exploration for a meningeal haemor-
rhage, the latter somerimes being presented though often
only brain swelling is demonstrared.

Cerebral oederna may be self-potentiating, in that once
it begins as a result of direct brain trauma, the consequent
rise in intracranial pressure then impairs the venous return
from the intracranial sinuses. The pressure is insufficient to
restrict the arterial inflow, so further congestion and
swelling occur. This may lead w worsening cerebral
hypoxia and oedema to the stage of actual cerebral infarc-
tion and brain death - again, a distressing common syndrome
seen especially in child victims of head injuries, usually
from road accidents.

In addition to mechanical damage, cerebral oedema can
be caused or worsened by hypoxia. Many head injuries may
be assaciated with damage to other parts of the body, such
as the thorax — and because the airway may be compromised
in many unconscious victims, there may be an element of

FIGURE 5.45 Tonsillar berniation as a
conseguence of lumbar punceure in a
patiznt with increased intracranial
pressure. The pressure gradient has Jorced
the cerebellar wnsils into foramen
magnum and caused compression of the
brainstem and pasiens’s deash.
(Reproduced by kind permission of
Professor H Kalimo.)

hypoxia in a considerable proportion of cases of cerebral
oedema. Capillary permeability may be increased in a
number of states, leading to weakening of the so-called
‘blaod—brain barrier’ formed by the capillary endothelium
and basement membrane, together. wich the astrocyte foot-
plates. Cerebral oedema, either traumarcic or hypoxic, can
develop with surprising rapidity, especially in children.
Macroscopic evidence of brain swelling can be seen at
autopsy in cases where the interval between trauma or
onset of hypoxia and death was less than one hour.

Several methods are available to reverse oedema, includ-
ing hyperventilation, which acts by providing full oxygen-
ation and reducing the peripheral carbon dioxide tension,
thus causing constriction of arterioles and a reduction in
brain volume and transudation.

HISTOLOGICAL DIAGNOSIS OF
EARLY CEREBRAL HYPOXIA

Unfortunately for che pathologist, most of the hypoxic
cenditions seen in forensic practice cause death too quickly
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Secondary brainstem lesions

far any recagnizable histological changes to develop. Acute
deaths from strangulacion, suffocation and choking occur
within minuces or less, even excepting the sudden vasovagal
rype of cardiac arrest.

There are, however, occasions when a longer period of
survival occurs after an acute hypoxic episode and in some
of these there may be the opportunity to derect histological
changes in che central nervous system. Probably a min-
imum of 2—4 hours of survival is necessary for unequivocal
changes ro be observed, though some neuropathologists
claim to derect signs after as litde as 1 hour. More cautious
investigators prefer 4 hours as the minimum. A short post-
mortem interval is a considerable advantage in searching
for these changes, as they are subtle and can be overlaid by
post-mortem autolysis, even if the larer is slight.

Tt may be helpful to seek the assistance of a neuropath-
ologist in detecting or confirming the relatively minor
changes seen in a brain affected by hypoxia, but with
experience, 2 good knowledge of the normal appearances
and a laboratory that is able to turn our constantly good-
qualiry sections and uniform staining, any forensic patholo-
gist can build up a considerable expertise in this localized
aspect of neuropathology. The parts of the brain most suit-
able for seeking evidence of hypoxic damage are the hip-
pocampus {especially Sommer’s area), the cercbellar folia,
the globus pallidus in the basal ganglia, and the boundary
zones of the cerebral cortex where the grey matrer s most
vulnerable because it lies at the terminal reaches of the
arrerial supply (for cxample, at the occipitoremporal juncrion
where the watershed between middle and posterior cerebral
arteries lies). The third and fourth cortical layers are best for
displaying the histological changes of hypoxia

The following is a summary of the stages and changes thac
may be seen using different swining methods. The brain
should be prefixed by suspension in formol saline for several
weeks, though if this is impossible, small blocks should be
wet-cut from the target areas of the brain mentioned above
and immediately fixed in a large volume of formalin.

Stage 1

The carliest change is microvacuolation in the neurone
cytoplasm, which may be scen in 2—4 hours. The cell out-
line temains smoorh and irs size is normal but, internally,
small vacuoles appear in the cell body. and the proximal
parts of the axon and dendrites. There may be a slight
eosinophilia in haematoxylin and eosin stains and a violet
colout in Luxol Fast Blue.

The microvacuolar change is said to begin earlier in
small neurones and last for a shorter time, being present for
up to 4~6 hours after insult in large cells and 24 hours in
cerebellar Purkinje cells, though these times are arbitrary.

Stage 2

In the nex stage, more prolonged hypoxia causes distortion
in the shape of the neurones, the cell body becoming
shrunken and staining darker with aniline dyes. The Niss|
granules become fine and are dispersed more widely through-
out the cell. Some vacucles remain, the cytoplasm shows
marked eosinophilia in haematoxylin and eosin, and is bright
blue to mauve in Luxol Fast Blue stain. The nucleus becomes
triangular and may be placed eccentrically in the cell body.
The nuclealus becomes obscured and the nucleus stains a
darker blue than normal with Luxol Fast Blue. This change is
seen after up to 6 hours survival or later in large cells.

Stage 3

The ischaemic cell stage, described last, becomes worse
during the following day or two if survival continues. The
cel} shrinks {urther, becoming narrow and tapered in many
cases. Eosinophilia and blueness whea stained with Luxol
Fast Blue persists, but small spherical or irregular bodies
begin to adhere 1o the exterior of the cell membrane. These
incrustations persist longer than the remnants of the cyto-
plasm, which vanish, leaving the bare nucleus. The dark,
shrunken nucleus becomes mare apparent and survives for
a number of days before karyolysis occurs.

Stage 4

Homogenizing cell damage is best seen in the Purkinje cells, in
which the cyroplasm is uniformly eosinophilic with no Nissl
granules. The nucleus stys dark and triangular until ic vanishes
and leaves a pale ghost” of the cell body with a vague perimerer.

There are parallel changes in the glial elements as well as in
the neurones. From 4 to 12 hours after a hypoxic insult there
may be an increase in the number of astrocytes around dam-
aged neurones. There is a proliferation of astrocytes (which
show mitoses) some 46 days later if the patient survives.
This is most noticeable in the cerebellum and persists for
10-14 days. Fibrous astrocytes proliferate, but not the oligo-
dendroglia. Microglia transform into rod cells, which may lie
at right angles to the edge of the cortex, radially in the hip-

_pocampus and in the molecular layer of the cerebellar correx.

A lacer stage of cerebral hypoxic damage is the accumulation
of lipid droplets and scavenging of myelin. Groups of
microglia around dead neurones {neuronophages) may be
obvious even at lower powers of the microscope.

SECONDARY BRAINSTEM LESIONS

\When severe brain swelling (or a space-occupying lesion
such as a large subdural or extradural haematoma) causes
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5: Head and spinal injuries

raised intracranial pressure above the tentorium, amongst
the possible sequelae is compression of the midbrain against
the frce edge of the tentarium. This may be unifateral, caus-
ing grooving of a cercbral pedundle {called "Kernohan's
notch’) associaced with subpial petechial haemorrhages and
often hemiplegta. When symmetrical, the oedema forces the
undersurface of the cerebrum against the tentorium so that
the hippocampal gyrus is squeezed into the opening. This
clongates the midbrain in an anteroposterior direction as
well as grooving the uncus and, in extreme cases, infarcting
part of the parahippocampal gyrus. In addition, the distor-
tion stretches, and compresses the paramedian and nigral
vessels that supply the midbrain, leading to haemarrhages
and infarcts in the upper pons and midbrain. Damage 1o
cranial nerves and to the circulation of the cerebrospinal
{luid may be added complications. The calcarine cortex on
the medial aspect of the occipiral lobe may be infarcred by
the posterior cerebral artery being trapped around the edge
of the tentorium by the cerebral herniation.

Secondary lesions are almost exclusively midline or para-
median haemorrhages, or haemorrhagic necrosis placed cen-
trally in the upper pons and midbrain, though some may be
obliquely placed in the substantia nigra, They may be difficulr
to disinguish from primary brainstem haemorrhages thac
arise at or soon afier the original head injury - the secondary
lesions tend to obscure the primary, rather than the converse.
In children, the typical stem haemocchages may not be
present as in adults, but instead the medulla oblongata may
be buckled or kinked due to fixation of the upper spinal cord
by the denticulate ligaments (see work by Crompron).

SPINAL INJURIES

The spine and head should be thought of as part of the
same system (n relation to trauma. In recent years, a closer
association — both skeletal and neurological - has been
acknowledged berween the two suructures. For instance,
interruption of ascending fibres in the cervical cord has been
shown to be associared with neuronal chromatolysis in the
brainstem and Spicer and Strich have shown thar haemor-
rhage intwo spinal root ganglia may be associared with head
injury. Flectroencephalographic changes have been shown
to occur in half the victims of cervical spine whiplash injury.

Though all segments of the spine are vulnerable to
trauma, the cervical part holds the most interest for the
forensic pachologist, mainly because of its close association
with head injuries and vehicular accidents. The upper two
cervical vertebrae provide most of the rotational movement
of the head, whilse che lower neck allows flexion and exten-
sion. Violent force applied ro the head tends o damage
those parts of the neck corresponding with this functional

distinction. Spinal damage may be caused by compres-
sional, hyperflexion and hyperextension stress.

Compression damage

This occurs when the viceim falls from a heighr either onto
his feet or his head, though in the latter case, head injuries
may overshadow damage to the spine, as well as absorbing
most of the impact.

When 2 person falls a long distance onto the feer, the
kinetic energy of the deceleration may be absorbed by frac-
tures of the feet, legs and pelvis, but can be transmicted up the
spinal column. This can be fractured at one or more points, or
the force may cause the upper cervical spine to impinge on the
base of the skull and cause a ‘ring fracture’ around the fora-
men magnum as the spine is mmmed into the posterior fossa.

A fal} onto the head may also cause the ‘burst adas’ injury,
where the impact of the occipital condyles in an axial direc-
tion wedge the superior atlantal articulating facets apart and
split the ring of the vertebra. The posterior arch can also be
fractured in hyperextension by compression becween the
occiput and the posterior spine of the axis.

Compression fractures of vertcbral bodies may occur,
rmost commonly in the lower dorsal and upper lumbar zone,
particulaly T12 and L1. There is less chance of spinal cord
injury compared with the angulation injuries described
below; unless posterior extrusion of a disc or backward dis-
placement of fragments of a disrupred vertebral body occurs.

Hyperflexion and hyperextension

injury

Of the two, hyperextension is much more dangerous in caus-
ing spinal damage, possibly because flexion is protected by
contraction of the swrong posterior neck muscles, whereas the
weak anterior longjtudinal ligament is incapable of preserving
the integrity of the cervical spine during hyperextension. In
frontal or rearward mocor vehide crashes, which comprise 80
per cent of accidents, there is usually a hyperflexion and hyper-
extension component to the spines of the occupants, though
head restraints and seatbelts restrict the range of movement.

Where a car undergoes violent frontal decelerarion, the
subjects head will swing down into hyperflexion and,
unless restrained, will chen strike che fascia or windscreen,
and rebound into hyperextension.

When the vehicle is struck from the rear, the head will
fly into hypcrextension first unless a head-rest is available;
such collisions often then smash the vehicle into the one in
front, when a deceleration hyperflexion takes place.

Whatever the cause, a whole range of lesions can follow,
both in the cervical, and 10 a lesser extent into the thoracic
and lumbar segments. Bleeding into the surrounding muscles,
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Spinal injuries

FIGURE 5.46 Crushing of a thoracic veriebral body wish
disincegration of the adjacens disc following a violent hyperflexion in
a car driver sustaining a decelerasion injury. These lesions are best
displayed at autapsy by custing o longitudinal slice down the

anterior aspect of the spinal column with an eleciric saw.

ruprure of the anterior longitudinal ligament, and rearing of
intervertebral discs and of the annulus fibrosus may oceur.

Nerve roots may be torn or compressed, and the spinal
canal may be narrowed, distorted or even almost obliter-
ated by fracture dislocations of the vertebrae. Compression,
ischaemia, haemorrhage and even pulping of the spinal
cord is the most serious complication. In older persons
with cervical spondylosis, further narrowing of the canal by
trauma may cause neurological effects that would not occur
in younger subjects.

The most common part of the spine to be injured is che
region of the upper two cervical vertebrae. In 2 series of
fatal motor car accidents reported by Mant (1978), 35 per
cent of passengers and 30 per cent of drivers suffered cervi-
cal spine damage. OFf these the most common was a dis-
location of the atlanto-occipital joint and Mant claims thac
one-third of all victims of fatal motor vehicle accidents

suffer this lesion, even though it is ofren undetected at
autopsy. The mechanism of fracture of the atlas is said to be
an axial impact via the head, when the occiput is held
rigidly in line with the spine by conrracted neck muscles.
This most frequently occurs when the vertex of the lowered
head violently strikes the windshield of a decelerating
vehicle. Fracture or dislocation of the atlas or fracture of the
odonroid of the axis can all occur from this rype of impact.
Hyperextension injuries tend to force the vertebral body
forwards and, if there is significant displacement, the arch
is intruded into the spinal canal with the consequenr risk
of cord damage. In additon, hyperextension ~ especially in
the presence of cervical cord enlargement —~ can cause the
ligamentum flavum ro corrugate and intrude into the
anterior part of the spinal canal to impinge upon the cord.
When the injury is due to hyper{lexion, dislocation of a
vertebra causes it (or its fragments) to tilt backwards, again
compromising the lumen of the spinal canal.

Dislocadion of cervical vertebra can occur under many
conditions. An anterior dislocation can be caused by a
fall onto the back of the head and 2 unilateral dislocation
is common when a head strikes a windscreen. Posterior
dislocation may be caused by blows to the jaw or face that
jolt the head backwards with a hyperextension element.
Falling onto the face, especially from a height {such as down
a staircase), is a hikely cause. Fracrure of the odontoid peg of
the axis can occur from a variety of violent movements of the
head on the neck, and is sometimes associated with fracture
of the skull or mandible. Where gross injury to the spinal
cofumn is infliced ~ such as a relarively high-speed motor
vehicle or railway accident ~ the cord may be transected by a
guillotine action of the rwo displaced fragments. This is most
often seen on the upper or mid-thoracic region, from direct
impact or gross ‘whiplash’ effects. The thoracic aorta at this
fevel is often torn at the point where the descending arch
meets the spine, even in the absence of a spinal fracture.

Damage to the cervical spine in hanging is rarely seen in
the usual suicidal hangings in which sudden death is caused
by carotid compression or — much less often ~ asphyxia. The
drop in such cases is small or even absent, the subject merely
slumping his weighr against the neck restraint. Spinal dam-
age can occasionally occur, however and the author has seen
a fractured neck when a heavily builc soldier stepped from a
lavatory scat with the rope artached to the overhead cistern.

Judicial hanging with a long drop causes a severe fracture
dislocation {rathet than fracrure) of the cervical spine, often
with complete severance of the two fragments and rransection
of the spinal cord. Where such hanging is carried out with the
knot of the suspension point beneath the chin, a violenc
hyperextension is produced that often fractures the axis and
dislocates it from the third cervical vertebra With a heavy
person and a long drop, there may be complete decapitation.
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5: Head and spinal injuries

FIGURE 5.47 Crushing and transection of the lower spinal cord
Jfollowing a byperflexion fracture of the lower thoracic vercebrae. The
spinal cord ends ar abowut the lowwer border of the first hombar
vertebra, the canda equina occupying the remainder of the lumbar
spinal canal. This injiry occurred several years befare death, and the
dura is constricied and adherent 10 the remnanis of the cord. At
autopsy the cord and its membranes should be pinned our and fixed

Jfor a proper examinaiion to be mad.

Spinal cord injury

Most damage 1o the spinal cord arises from intrusion of
some part of the spinal column into che canal, be it bony
fragments or displacement, ligamentum flavum, disc annu-

lus or extruded nucleus pulposum.

There may be bleeding into the space outside the spinal
dura causing a space-occupying lesion in the canal that can
compress the coed, or bleeding may occur within the dura,
cither from ruptured vessels or from hacmorrhage in the
cord itself. Damage to the cord may also occur in the
absence of any apparent intrusion into the canal, in 2 man-
ner similar to that seen in the brain in closed head injuries
without a fracture. Haemaromyelia and oedema may
develop without any ebvious mechanical defect at rhar level
in the spinal column. Such injuries must be acribared o
some momentary collision of the cord agaiust the wall of
the canal or a transient deformirty of the profile of the canal
that did nor exceed the threshold for either fracture, dis-
location or ligament rupture of the vertebral column,

The damage in the cord may extend for several segments
above and below the point of impact A haemorrhage within
the cord tends o occupy the central grey marter more than the
whire columns, because of the softer and more vascular narure
of the former tissue. Infarcgon of the cord can occur either
in assodiation with contusion, or because the local blood
supply — often the anteriot spinal artery — has been damaged.

An originally firm cord may undergo liquefaction
('myelomalacia’} over several days or even longer, with pro-
gressive worsening of neurological symproms.
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Mechanical Properties and Anthropometry of the Human Infant Head

Michael T. Prange, Jason F. Luck, Alan Dibb, Chris A. Van Ee*, Roger W. Nightingale, and
Barry S. Myers
Injury and Orthopaedic Biomechanics Laboratory, Duke University
*Design Research Engineering, Novi, M]

ABSTRACT - The aduit head has been siudied extensively and computationally modeled for impact. however therc have becn
few studies that attempt to quantify the mechanical properties of the pediatric skull. Likewise, little documentation of pediatric
anthropometry exists. We hypothesize that the properties of the human pediatric skull differ from the human adult skull and
exhibit viscoelastic structural properties, Quasi-siatic and dynamic compression tests were performed using the whole head of
three human neonate specimens (ages | to 11 days old). Whole head compression tests were performed in @ MTS servo-hydraulic
actuator, Testing was conducted using nondestructive quasi-static, and constant velocity protocols in the anterior-posterior and
right-left directions. In addition, the pediatric head specimens were dropped from 15cm and 30c¢m and impact force-time histories
were measured for five different locations: vertex, occiput, forehead, right and lefl parietal region. The compression stiffness
values increased with an increase in velocity bul were not significantly different between the anterior-posterior and right-left
directions. Peak head acceleration during the head impact tests did not significantly vary between the five different impact
locations. A three parameter model that included damping represented the pediatric head impact data more accurately than a
simple mass-spring system. The compressive and impact stiffness of the pediatric hcads were significantly more compliant than
published adult values. Also, infant head dimensions, center of gravity and moment of inertia (Iyy) were determined. The CRABI
6-month dummy impact response was similar to the infant cadaver for impacts to the vertex, occiput, and forchead but
dramatically stiffer in Jateral impacts. These pediatric head anthropomorphic, compression, and impact data will provide a basis
10 validate whole bead models and compare with ATD performance in similar exposures.

KEYWORDS -- head injury, skull fracture, pediatnic, children, ATD, CRABI, fall

INTRODUCTION double that of any other pediatric age group
T tic brain iniury is th st common cause of (Gotschall and Luchter 1999). The majonity of
raumanc brain ipjury 15 the mo use o accidental pediatric head injuries involve motor

deatﬂ' l:], cg'lghtﬁ (lCDC ng(g'ochm".'n ":JI;::S( vehicle collistons (Kraus et al. 1990; Gotschall and
resulting in hospitalization or de ur in at leas Luchter 1999: James 1999).

150,000 children per year, at a rate of over 200 per
100,000 children. Head injury in infancy results in
higher morbidity and mortality than that seen in older

children (Lucrsscn 1993). Head injuries cause of the head have been studied and the findings

published in peer-reviewed joumals. Quantitative
geometric, constitutive, and structural data arc
available for the adult head and computational
methods are progressing rapidly. Despite this
increase in understanding, the mechanical properties
of the pediatric head are all but unknown. As an
example, recent helmet standards for children have
been forced to use adult criteria owing to a lack of
pediatric tolerance data (Myers 1997).

due to trauma and approximately 30% of childhood
injury deaths are caused by head injury (Kraus et al.
1990; James 1999). Ten percent of children suffer
from a significant head injury at some point during
their school years (James 1999).

Head injuries coustitute a greater proportion of all
injuries in the infant population (<lyear old) than
older children and infanis have a greater likelihood of
having an intracranial injury after following blunt
head trauma (Burdi et al. 1969; Gotschall and
Luchter 1999; Greenes and Schutzman 1999). The
percentage of infant skuil fractures are approximately

One factor that makes pediatric head injury unique is
that children are not miniature adults. Children have
bodies with different geometric and mass proportions
as compared to adults. In a study by Burdi et al,, the
shape of the human body was examined from birth

b

Since the mid 1980s, much of the basic biomechanics -
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until adult age (Burdi et al. 1969). At birth the head
makes up about /4 of the infants total height and
decreased to 1/7 at aduithood. Also at birth, the child
has a long trunk with the upper limbs longer than the
lower limbs and as the child grows these proportions
change drastically (Burdi et al. 1969).

The pediatric skull differs from that of the adult
owing to differences in geometry and materials. The
newborn has a high and slightly protruding forehead
and the infant cranium is longer and rounder than the
adult head. The pediatric cranial bones are thin,
pliable plates composed of partially calcified bony
tissue with an immature diploe. The cranial bones of
a child are scparated by relatively broad syndesmotic
sutures. Fontanelles are located at the junction of
these sutures with the most prominent “soft spot”
located in the frontal region of the top of the skull.
These fibrous tissue sutures allow the skull to expand
to accommodate the rapidly growing brain and
birthing process. The suturcs gencrally fuse by age
two and the anterior fontanelle closes at
approximately 2.5 years of life (Ridgway and Weiner
2004).

Several studies relate pediatric animal surropates to
thc human child o validate the use of the animal
models. Usually the correlation of the pediatric
surrogate to the human child is based on a
developmental relationship of a shared biological
structure or set of structures but again definitive
human data are absent (Dobbing 1981; Prasad and
Daniel 1984; Thibault and Margulies 1998,
Margulies and Thibault 2000). Margulies and
Thibault investigated the ratc and age dependency of
porcine skulls by testing samples of cranial bone and
suture to failure in bending (Margulics and Thibault
2000). Unfortunately, the authors were only able to
cxamine one full-term human infant specimen for
validation.

Comprehensive studies of mechanical properties of
human adult skull and cranial bone have been
performed (Hodgson et al. 1967; Hodgson and
Patrick 1968; Thomas et al. 1968; Hubbard 1971;
Hubbard et al. 1971; McElhaney et al. 1976; Ono et
al. 1980). These studies tested the human aduit
cranial bone in tension, compsession, simple shear,
and torsion. Unfortunately, there have been fow
works that attempt to quanlify the mechanical
properties of the human pediatric skull (McPherson

and Kriewall 1980; Kriewall et al. 1981; Margulies -

and Thibault 2000). Thesc few studies found infant
cranial bone stiffness to be approximately 10% of
adult cramial bone. Despite these  positive
contributions, impact, viscoelastic, and quasi-static

data on selected age groups are still needed to
validate surrogate models and devices.

Along with the lack of data regarding the mechanical
properties of the pediatric head, little documentation
of detailed pediatric anthropometry exists. Data exist
on the anatomical dimensions of children at various
ages but no studies have investigated the location of
the head center of gravity or quantified the head
moments of inertia {Schneider et al. 1986).

Becausc of this paucity of pediatric data, scaling
methods have been employed to determine the head
injury tolerance of the child based on adult data
(Ommaya et al. 1967, Mertz et al. 1989; Melvin
1995; Irwin and Mertz 1997). These analytical
scaling techmiques are based on differences in head
size, head mass, cranial bone stiffpess, and brain
stiffness. To date, little human pediatric data exist to
benchmark these scaling techniques.

Currently, the biomechanical response of the human
infant head is unknown. This paper reports the
compressive and impact response using infant
cadavanc specimens and derives lumped parameter
estimates of infant head swructural properties. We
hypothesize that the properties of the human pediatric
skull differ from the buman adult skull and exhibit
viscoelastic structural properties. The compression
and impact response of a 6-month old
anthropomorphic test dummy were measured and
compared to the infant cadaver results,

METHODS
Specimen procurement and preparation

Human pediatric cadaver specimens werc used to
determine the static and dynamic properties of the
whole infant head. These biomechanical tests were
conducted using three unembalmed fresh-frozen
human infant specimens of ages 1, 3, and 11 days
after birth. The head was separated from the cervical
spine and the mandible was removed while keeping
the scalp intact. Maximum head length and maximum
head breadth for each specimen were measured using
a spreading caliper. Afier the experimental protocol
was complete, the scalp was dissected and the skull
was examined for fractures or other lissue damage.
The use of pediatric cadaveric tissue was approved
by the Duke University IRB.
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Anthropometry

Each of the three specimens was imaged using high
resolution computed tomography (CT). With the use
of cadaveric tissue, these scans could be taken with
the highest voltage and current settings (140 kV, 400
maA). This rcsulted in detailed scans at 0.43 mm/pixel
resolution with a slice thickness of 0.625mm at
0.625mm intervals., The CT data was imported into
the Amira™ software package (TGS, Inc., San Diego
CA) to perform a three-dimensional reconstruction of
the head anatomy. The coordinate system for this
reconstruction was orientated such that the Frankfort
plane was horizontal, the midsagittal plane was
vertical, and the origin was located at the level of the
superior margin of the right audiory meatus in the
midsagittal plane. Head height (auditory meatus to
vertex), facial height, and bizygomatic diameter were
measure from the CT reconstruction. Locations of the
most anterior and most posterior point on the right
occipital condyle were determined and the center of
the condyle was defined as the average of these
coordinates.

After the testing protocol described below was
complete, the mandible was reattached using surgical
sutures. A pin was inserted into the superior margin
of the right auditory meatus and nght infraorbital
foramen to identify the Frankfort plane. The center of
gravity (Cg) of the head was detenmined using the
method described by Walker ot al (Walker et al.
1973). Two screw hooks were placed in the skull in
the midsagittal plane. If a hook could not be secured
in the compliant pediatric skull then a suture was
placed through the scalp and used as the attachment
point. The mass of the head with mandible and hooks
was recorded. The head was suspended in the frame
by one of the hooks and a digital image was taken of
the right side of the head. A ruler and plumbline were
included in the image to establish a scale and vertical
direction. Another image was taken with the head
suspended by the other hook. The location of the
hooks, supenior margin of the auditory meatus,
infraorbital foramen, and plumbline were digitized
from each image (Scion Image, Scion Corporation).
The two jmages were registered by aligning the
auditory meatus and Frankfort plane of each image.
The Cg of the head was determined by the location of
the intersection of the vertical lines passing through
the suspension point of each image (Walker et al.
1973).

While suspended, the head was swung in the
midsagittal plane. The motion of the head was
recorded with a digital vidco camncra at SOHz and the
period of the swing (T) was measured. The period of
the motion was determined as the average period

over the first 10 swings. The error of the measured
period using this method was approximately
+ 2 msec. The mass moment of inertia about the
y-axis (line in the transverse direction, I,,) at the Cg
was calculated using the mass moment of inertia of
the pendulum at its suspension point and the parallel
axis theorem:

_mgdT?

md? 1
dr- @

IW

where m is the mass of the head, g is the acceleration
due to gravity, and d is the distance from the Cg to
the suspension point {Walker et al. 1973). The mass
of the hooks were less than 0.2% of the mass of the
head therefore the hooks” moments of inertia were
considered negligible.

Pediatric head compression

Experimental protocol- A serics of compression tests
were conducted to determine static and rate-
dependent properties of the infant head in two
directions. The maximum head deformation during
the compression was limited to 5% of the total gauge
length of the head in order to ensure that no damage
or fractures occurred. The foramen magnum was
loosely blocked with gauze to contain the intracranial
contents prior to testing while imposing ncgligible
resistance to extrusion during the experiments,

Using a parallel plate fixture and MTS hydraulic
actuator, force-deflection data was recorded during
whole head compression experiments. A uniaxial
strain gauge load ccll {S-type, Omega Engineering
Inc.) was used to measure the compressive load and a
LVDT was used to measure the position of the
acteator. Data for all tests were recorded using a
digital data acquisition system (National Instruments,
Austin, TX). The head was positioned between the
two smooth flat plates so that the compression
direction was in the anterior-posterior {(AP) or night-
left (RL) direction and along the Frankfort plane. At
the beginning of the cxperiment the actuator was
adjusted to achieve approximately 0.5N of pre-
compressive force. This pre-compressive force was
necessary to maintain the specimen between the
plates in the correct orientation. Before each test the
head was repositioned and the gauge length was
measured if necessary.

Prior to the test battery, the head was preconditioned
at 50% of maximum displacement at 1 Hz for 60
seconds. The head was compressed at a constant
velocity using four different rates. A tcst was
conducted at 0.05 mm/s to determine the quasistatic
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stiffness of the head, Three additional compression
tests were conducted to the same displacement at
constant velocities of approximately 1.0 mm/s, 10
mm/s, and 50 mm/s. These cxpenments were
conducted in the AP and RL directions. Because of
limitations of the hydraulic actuator, the 50 puw/s
velocity tests resulted in the varying velocity during
the end of the test. Thereforc, this non-constant
velocity data from the last | mm of displacement
during these high rate experiments were omitted from
the analysis. Also, the 50 mm/s tests were not
recorded for the 11 day old specimen <\juc to data
acquisition errors during the experiment.

Analysis - Because the force-deflection data was
nonlinear, cach test was regressed between 50%
through 100% maximum displacement in order to
determine a stiffness value, The slope of this line was
defined as the stiffness and the x-intercept of the
projected line as the low-load displacement. The
whole data set was also regressed using an
exponential function:

F=A@&—ﬂ @

where A and B are constants and F and x arc the
compressive force and displacement respectively.
These analyses were repeated for each of the two
compression directions and ecach of the four
velocitics.  An  avcrage  stiffness,  low-load
displacement, A, and B across specimens were
calculated for each compression direction and
velocity. Differences befween direction and velocity
were determined using 2-way analysis of variance
(ANOVA) and Tukey tests for multiple comparisons.
The significance level for the statistical analysis was
set at 5%. Also, the coefficient of determination (r*)
values of the lincar and exponential regression for
each experiment were compared using a paired
Student’s { test.

Pediatric head impact

Experimenial protocol — After the compression
cxperiments were complete, voids in the cranial
cavity were filled with water and the foramen
magnum was sealed tightly with
polymethylmethacrylatc (PMMA) to contain the
intracranial contents during the impact tests. The
mass of the head was then measured and recorded.
The head was held in a net and suspended by a string
at a prescribed height. The head was released by
burning the string which allowed the head to free fall
in its original orientation without initial translation or
rotation onto a flat smooth anvil. The force-time

history was recorded by a Kistler 3-axis piezoclectric
load cell and data were recorded using a digital
acquisition system at 10,000 Hz (3 day old specimen)
or 100,000 Hz (1 and 11 day old specimens). Each
head was impacted at approximately 15¢m and 30 cm
drop heights. The actual height of each drop test was
measurcd using a ruler. At cach of these drop heights
the head was impacted once on each-of five locations:
vertex, occiput, forehead, right panietal bone, and left
parictal bone. All tests were conducted
nondestructively so that the head specimens could be
used in subsequent experiments.

Analysis - Each impact was digitally filtered
according to the SAE J211b Class 1000 filter
specifications for head impact. Acceleration of the
head was calculated by dividing the force data by the
measured head mass. Pcak acceleration, pulse
duration, and the head injury criterion (HIC) were
calculated from the acceleration-time data. Pulse
duration was defined from the first point where the
impact force was greater than S N and the point
where the force trace returned to zero. An average
peak acceleration, duration, and HIC were calculated
for each impact location and each height. Differcnces
between location and height were determined using
2-way analysis of variance {ANOVA) and Tukey
tests for multiple comparisons. The significance level
for the statistical analysis was set at 5%.

Analytical models of pediatric head impact

The head impact data was represented by two
different mathcmatical models. First, the force-time
data was modeled as a simple mass-spring system.
The governing equation of this system is:

mX+kx=0 {3)

where m is the head mass, x is the head displacement
during impact, X is the acceleration of the head
during impact, and k is the stiffness of the spring.

The second method of representing the head impact
data involved coupling a head mass to a three
parameter viscoclastic model. This model consisted
of one spring in parallel with another spring and
dashpot that are in series (Figure 1). This model has
been uscd previously to describe the stress relaxation
and creep bchavior of biological tissues (Fung 1993).
During an impact after free fall, the behavior of this
viscoelastic system is described by the following
differennial equation:

Y+ﬁx+[ﬁ+ﬁ)x+_—k*kzx=o @
[ m m cm
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where k, and k- are the spring constants and ¢ is the
coefTicient of viscosity of the dashpot.

m

c

3 é“‘gkz

Figurc |: Schematic of threc parameter solid model
of head impact

For each impact, the spring constant k; was
determined from the quasi-static (0.05 mm/s) head
compression tests for that particular specimen. The
value of k; for the occiput and forehead impacts was
cstablished as the linear stiffness from the quasi-static
AP head compression tests. For the right and left
parietal region impacts, k; was set to the linear
stiffness from quasi-static RL direction compression
experiments, Because hcad compression tests were
not conducted in the superior-inferior direction, the
average linear stiffness between the AP and RL
directions were used as the k; value for the vertex
impact models. The initial velocity of the head for
both models was calculated using the measurcd drop
height of the experiment.

These mass-spring and three parameter model
differential equations were solved numerically to find
the material constants for each drop (Matlab 6.1, The
Mathworks, Inc.). The peak force of the measured
data and the model selution of cach drop were
aligned by the half power method (Meirovitch 2001).
The solutions of both models were optimized to find
the matenal constants that minimize the residual sum
of squares between the model solution and the
measured data. The coefficient of determination ()
of the regressions used to determine the material
constants were rcported as well as the absolute
percent error of the predicted peak head acceleration.
The r* values of the thrce parameter model and
mass-spring system solutions for each experiment
were compared using a paired Student’s t test.

For each specimen, a spring constant (k) and ¢ and k,
of the three parameter solid were found for each
impact test. The relaxation time constant for the three
parameter model was calculated as:

T =— )

An average value for the spring constant and threc
parameter model time constant were averaged across
height and impact location. Differences between each
of these parameters wcre determined using 2-way
analysis of variance (ANOVA) and Tukey tests for
multiple comparisons. The significance level for the
statistical analysis was set at 3%.

To validate the three parametcr model, two sets of
predictions were made and compared to the measured
data. First, the force-time data of each 15 cm drop
test were calculated using the material constants
found from the 30cm drop data for the same
specimen and impact location. Second, the material
constants for the same specimen and impact location
determined from the 15cm drop data were used to
predict the force-time data of each 30cm drop. The
predicted response and the measured data of each set
of predictions were compared by determining * for
the pulsc and absolute percent error of the calculated
peak head acceleration. A Student’s t test was used to
compare differences berween the r? values and peak
acceleration error of the two prediction methods.

Anthropomorphic dummy head impact and
compression

Experimental protocol- A series of drop tests werc
conducted to determine the impact response of the
head of a Child Restraint and Airbag Interaction
(CRABI) 6-month old anthropomorphic test device
(ATD). Compression tests of the ATD head werc
performed to determine its static and dynamic
structural  propertiecs. The CRABI head was
compressed at 4 different constant velocities using
the same protocol described above for the cadaver
specimens, The dummy head was compressed to
approximately the same forces measured in the
cadaver experiments. The head was compressed in
both the AP and RL directions.

Drop tests were also performed using the same
protocol and instrumentation described above for the
cadaver specimens. The head impacted a flat smooth
anvi{ and the force-time history was recorded by a
Kistler 3-axis piezoelectric load ccll. The impact
rcsponse was mcasured after drops from 15 and
30 cm onto 5 different impact sites on the head.

Analpsis - As in the cadaver compression data
analysis, cach compression test was regressed
between data taken from 50% through 100%
maximum displaccment in order to detcrminc a
stiffness value. The slope of this line was defined as
the stiffness and the x-intercept as the low-load
displacement. These analyses were repeated for cach
of the two compression directions and each of the
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four velocities. An average stiffness and low-load
displacement were calculated for each compression
direction and velocity.

Each impact was digitally filtered according to the
SAE 1211b Class 1000 filter specifications for head
impact. An average peak acceleration (peak force
divided by head mass) and HIC were calculated for
each impact location and each height. Differences
between location and height were determined using
2.way ANOVA and Tukey tests for multiple
comparisons.

RESULTS
Anthropometry

The average maximum head length, maximum head
breadth, and head mass with mandible attached were
10.8 cm, 9.2 cm, and 620 prams respectively. The
average location of the bead center of gravity (Cg)
was 0.4 cm anterior and 2.3 cm superior from the
superior margin of the auditory meatus. The average
location of the center of the occipital condyle was 1.4
cm posterior and 2.8 cm inferior from the Cg of the
head. Average mass moment of inertia about the
y-axis (line in the transverse direction) at the Cg was
4945 gmem®. All anthropomorphic measurements {or
the three spectmens are reported in Table Al.
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Figure 2: Typical infant cadaver force-deflection
curves for head compressions at four different
velocities in the AP direction (3 day old specimen).

Pediatric head compression

The force-deflection data for all tests displayed an
initial toe region with increasing stiffness at the
higher displacements (Figure 2}, The linear
regression of the data from 50% to 100% maximum
deflection fit the data well with and an average r* of
0.992 (Table A2). The exponential model also fit all
the individual responses well with an average r? of
0.998. A paircd Student’s t-test revealed that the ¢
value was significantly improved with an exponential
fit (p<0.001), however this diffcrence is only 0.01 on
average.

Slatstical analysis revealed that the linear stiffncss
was dependent on deflection velocity (p<0.01) The
average stiffness values for the 0.05, 1.0, 10, and 50
mmy/s constant velocity compression tests were 7.45,
233, 29.9, and 29.5 N/mm respectively (Table A2,
Figure 3). The quasi-static (0.05moVs) stiffness was
significantly less than the three higher rates however
the 1.0, 10 and 50 mm/s stiffness values were not
significantly different from each other. A change of
velocity over thee orders of magnitude (0.05 to 50
mnv's) increased the stiffness by a facior of four,
Over a onc order magnitude change of velocity from
1.0 to 10 mmvs. the stiffness increased only by a
factor of I3 but this change was not statistically
significant.

50 -
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_ 90 10 movs
£ 354 msomms

Stiffness {N/m
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[=}

AP RL
Compression direction

Figure 3: Stiffness values determined from head
compression tests at different constant velocities in
two different directions. The stiffness valuc
determined from the quasi-static (0.05 mnvs) tests
was significantly less than the three other higher
velocities.  Stiffness  did  not demonstrate  a
dependence on compression direction. Error bars
indicate standard deviation.
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The average low load displacement also showed
dependence on the loading rate (p<0.01). The average
low load displacement across both directions for the
0.05, 1.0, 10, and 50 muvs constant velocity
compression tests were 1.1, 1.6, 1.6, and 1.2 mm
respectively (Table A2). The quasi-static low load
displacements were statistically different from the 1.0
and 10 mm/s experiments however this difference
was only 0.5mun on average.

Stiffness and low load displacement did not
demonstrate a dependence on compression direction.
The average stiffness and low load displacement for
anterior-posterior {AP) direction across all velocities
were 18.9 N/mm and 1.40 mm respectively (Table
A2). The average stiffness, and low load
displacement for the right-left (RL) direction across
all velocities were 24.8 N/mm and 139 mm
respectively. The stiffness and low load displacement
were not significantly difference between the two
compression directions {p>0.12, Figure 3).

Pediatric head impact

Peak acceleration and HIC varied with drop height
but did not change between impact location (Table
A3, Figure 4). Average peak acceleration and HIC
during the 30cm drop height impacts were 55.3 g and
84.]1 respectively. Both these average values were
significantly greater than the average peak
acceleration and HIC values of 389 g and 32.9
respectively for tbe 15cm drop height impacts
(p<0.001, Figure 5). The acceleration pulse durations
were not significantly different between the 15 cm
and 30cm drop height impacts with an average pulse
duration of 18.3 msec.

Peak acceleration and HIC measurements were not
significantly different between any of the impact
location sites (p=0.18 and p=0.78, Table A3). The
peak acceleration and HIC for the impacts on the
vertex were greater but nol significantly different
than impacts on the occiput, forchead, feft and right
parietal regions (Figures 6-7). Average pulse duration
was longer for the vertex impacts, but again this
difference was not statistically significant (p=0.89).
After all testing was complete, the specimens were
dissccted and no skull fractures or other permanent
deformation was identified.
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Figure 4: Peak acceleration and drop height for all
infant cadaver impact tests. 5
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Figure 5: Typical infant cadaver head acceleration
pulses from two diffcrent drop heights onto the same
impact location (occiput, 11 day old specimen).

001915



8 Prange et al.. / Stapp Car Crash Journal 48 (November 2004)

O Occiput

0 Vertex
120 B Right Panetal

3 Forehesd
@ Len Parietal

100

Average peak head acceleration {g)

Drop Height {cm)

Figure 6: Averape peak head acceleration at each
height and impact location. Average peak
accelerations were significantly different between
drop height but did not vary between impact
Iocations. Error bars indicate standard deviation.
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Figure 7: Typical infant cadaver head acccleration
pulses from the same drop height (30 cm) onto the
five different impact locations (1 day old specimen).

Analytical models of pediatric head impact

The mass-spring model was unable to fully represent
the measured impact data (Figure 8). The average r°
value across all tests was 0.81 ranging from 0.71 to
0.89. The absolute percent error of the predicted peak
head acceleration was 1 6% on average with 21 out of
30 impact models over cstimating the peak
acceleration, The pulse duration of the model was
shorter than the cadaver data for all impacts with a
average percent error of 28%. Statistical analysis
revealed that the spring constant (k) did not
significantly change with impact location but did
show a dependence with drop height (Table Ad), The
values of k the occipital impacts were slightly lower
than the other four locations but this difference was
not statistically sigoificant (p=0.663). The spring
constant for thc 30cm drop heights were an average
of 1.4 times greater than the 15cm impacts {p<0.05).
The average spring constant across all impact
locations was 29.4 N/mm for the t5cm drops and
41.] N/mm for the 30cm drops.

The three parameter model resulted in a better
representation of the impact data than the mass-
spring system (Figure 8). The average * value for the
three parameter model was 0.93 with a range of 0.83
to 0.98. Twenty eight out of the thirty impact models
under cstimated the peak head acceleration resulting
in an average absclute percent error of 9.5%. The
absolute percent crror of the predicted pulse duration
was 36% on average with all the impacts models
predicting shorter durations than the cadaver data.
The r* values for the three parameter models were
significantly greater than the r* values for the mass-
spring {it in every test with an average increase of
0.12.
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Figure 8: Typical infant cadaver head acceleration
pulses with comesponding mass-spring and three
paramcter model estimations (3 day old specimen,
forehead impact from 30 cm).
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The relaxation time constant did no showed a
dependence on impact location and drop height

(Table AS). The average values of Ty in the vertex
impacts were less than the other locations however
this was not statistically different {(p=0.23). The time
constant for the 30 cm drops were shorter than the 15
cm drops but this difference was not significant
(p=0.45).

The three parameter mode) was able to predict the
measured data of one height given the paramcters
determined from the other drop height. Using the k,,
k, and ¢ values for the I5¢m impacts of each
specimen and location, the predicted 30cm impacts
resulted in an average * value of 0.87. The absolute
percent error of the predicted peak acceleration was
19% on average. The predicted 15cm impacts using
the 30cm drop height parameters resulted in higher r*
values (p<0.01) and lower peak acceleration crrors
(p<0.001) when compared to the first set of
predictions. This second mcthod of predicting the
lower height impact response from the higher height
impact model parameters showed an average  value
of 0.92 with an average absolute peak acceleration
error of 7.1%.

Anthropomorphic dumimy head impact and
compression

ATD peak acceleration and HIC varied with drop
beight and impact location (Table A6). Peak
acceleration during the CRABI 30 ¢m drop height
impacts onto the vertex, occiput, forchead, right
parictal and lefl parietal region were 51.8, 61.6, 84.8
144.9, and 214.5 g respectively. Impacts from 15 cm
revealed peak accelerations of 33.8, 39.5, 37.3, 66.8,
and 116.0 g onto the vertex, occiput, forehead, right
parietal and left panetal region respectively. These
values were significantly less than the peak
accelerations for the 30 cm drop height impacts.
Also, peak accelerations were significantly higher
during the right and left parietal impacts than impacts
to the occiput and vertex (Figure 9). Along with the
increase in peak acceleration, the acceleration pulse
for the right and lefi parietal impacts were shorter in
duration than the other impact location (Figure 10).
The dummy behaved similar to a mass-spring system
with the pulse duration decreasing only slightly
during the 30 cm drop tests.

The lincar regression of the compression data fit the
data well with and an average r* of 0.999. Stiffness of
the CRABI head increased with higher compression
velocity. The stiffness values for the 0.05, 1.0, 10,

and 50 mnvs constant velocity AP compression tests
were 18.5, 22.4, 26.4, and 28.7 N/mmn respectively
(Table A7). The RL compression direction revealed
stiffness values of 62,4, 82.9, 95.1 and 95.7 N/mm
for 0.05, 1.0, 10, and 50 mm/s constant velocities
respectively. The stiffness across all velocities for RL
direction was approximately 2.5 times greater on
average than the AP direction stiffncss (Table A7).
The average low load displacement showed little
change with loading rate or compression direction.

250 § CRABI head impacts

S E115 cm drop height

= 200 | B30 em drop height

2

T
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5 150 -

153
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©

= 100 -

o
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X
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g 50-
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Vertex  Occlput Forehead  Right Left
Parietal  Parietal

Figure 9: CRABI peak head acceleration for 5 impact
locations from 15 cm and 30 cm drop heights.
CRABI accelerations increased with drop height and
lateral impact accelerations were greater than impacts
on the vertex and occiput at both drop heights.
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Figure 10: CRABI head accelerations from drop
heights of 30cm onto the five different impact
locations.
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DISCUSSION
Limitations

One limitation of this study is the small number of
specimens tested. Because pediatric cadaveric tissue
is rarcly available, these three specimens represent all
the appropriate infant specimens that have been
procured. However, with the paucity of pediatric
biomechanical data, these experiments provide
previously unavailable information about the human
infant head dynamic response. Indeed, these pediatric
results provide the first set of human head
biomechanical data for the validation of scaling
methods, animal experiments, computational models,
and anthropomorphic dummy biofidelity.

Because pediatric cadaveric lissue is rarely available,
this tissue was also uscd in a serics of biomechanical
cxperiments beyond the scope of this paper. For this
reason compression and impact tests were conducted
on the head specimens at sub-failure loads in order to
ensure that no bone fracture or permanent skull
deformation occurred. Therefore these studies
cxamine the mechanics at sub-failure levels and do
not assess the fracture biomechanics of the pediatric
skull. Because no factures occurred as a result of the
drop tests, these results indicate that a peak
acceleration of 55 g and a HIC value of 84 are below
the infant skull fracture tolerance.

Another limitation of these studies is the boundary
condition at the foramen wmagnum during the
compression and impacts tests. Normally the brain
and spinal cord are surrounded by cerebral spinal
fluid (CSF) and the CSF flows between the
intracranial cavity and the spinal canal through the
foramen magnum. In our experimental protocol the
cervical spine was separated from the head during a
previous test. Also, the cadaveric tissue was frozen
and thawed resulting in significant changes in the
brain tissue properties. Previous studies show that the
incompressible nature of the intracranial contents
significantly affects the head impact response
(Klinich et al. 2002). To simulate the incompressible
brain material and CSF in our cxperiments, the head
was filled with water and sealed to prevent cxtrusion
of the intracranial contents. Similar methods have
been used during adult hcad impact drop tests to
replicate the incompressible nature of the head (Ono
et al. 1980).

The head compression tests were conducled at
significantly lower rates than impacts conditions.
Because the intracranial contenis arc incompressible,
tissue extrusion and CSF flow out of the foramen
magnum could be possible during these slow, non-

impact deformation rates. To simulate this condition,
the foramen magnum was open during the
compression tests allowing the free movemcat of
tissue out of the foramen magnum. Adult head
compression tests have used a similar method to
simulate the in vivo foramen magnum boundary
condition (Thomas et al. 1968).

The cadaveric specimens tested in this study were
newbom infants and younger than the designed age
of the 6-month CRABI dummy. Scaling methods
were uscd to design the child ATD head response
based on cranial bone stiffness. Cranial bone has
been shown to increase in stiffness from birth to 6-
months of age (McPherson and Kriewall 1980;
Melvin 1995; Irwin and Mertz 1997). Therefore,
according to scaling methods, the predicted CRABI
accelerations should be approximately 15% greater
than the infant response.

Analytical models of pediatric head impact

This study presents a viscoelastic model to
characterize the rate dependent structural properties
of the infant head during impact. The threc paramcter
model resulted in a better representation of the infant
impact data than a mass-spring model (Figure 8). The
three paramcter model had a significantly higher r*
value and lower eror in predicting the peak
acceleration. The average ¢ value for the mass-spring
model was 0.8) demonstrating that the acceleration
pulse is not well represented as sine wave that the
mass-spring model predicts. However the average v
valuc for thc three parameter model was 0.93
showing that this mode] better represented the shape
of acceleration data. The additional parameter
afforded the model the opportunity to fit both the
magnitude and duration of the acceleration pulse
independently for the three parametcr mode! while
the both of these paramcters are coupled by the
spring constant in the mass-spring model. Also, the
three parameter model includes a viscous component
and can better replicate the damped unloading
response observed in the impact data,
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Head impact

Comparison of the infant head impact results to
previous adult data are complicated because of
diffcrences in experimental design and acceleration
calculation methods. In some previous impact tests of
adult head, accelerometers were attached to the skull
and the head acceleration was measured directly.
That method was not feasible with the infant
specimens becausc the thin, pliable cranial bone
made the fixation of accelerometers to the pediatric
skull extremely difficult. Also, because of the broad,
compliant sutures joining the cranial bones, the infant
skulf is not a rigid body and accelerometers would
not produce an accurate mcasurement of head Cg
acceleration. Therefore, infant head accelerations
during drop tests were calculated using the measured
force at impact and the mass of head.

Owing to the difference in acceleration calculation
methods, comparison of our infant data werc limited
to those studies in which head accelerations could be
estimated from impact force and average head mass
reported in the literature. Average peak acceleration
measured m the infant cadaver were 55 g with an
average pulse duration of 18 msec during the 36 cm
drop tests. Ono ct al. reported an average peak head
acccleration of 206 g and average duration of 2.2
msec during drops tests of adult heads from morc
than 40 cm onto a flat anvil that did not result in skull
fracure (Ono et al. 1980). Nightingale ct al
measured an average peak head acceleration of 167 g
and pulse duration of 5 mscc during cadaver drop
tests from 53 cm (Nightingale et al. 1996). Average
peak head acceleration and duration measured by
Hodgson and Thomas using a rotating pallet were
172 g and 7msec respectively (Hodgson and Thomas
1971). The equivalent drop beight of these tests were
an average of 57 cm and all the tests resulted in skull
fractures (Hodgson and Thomas 1971; Mertz 1985).
All of these adult responses had greater peak
acceleration and shorter pulse durations than the
infant cadaver hcad impact response from drop
heights greater than the heights used in the infant
cadaver protocol. Assuming linearity, while peak
acceleration will vary with impact velocity, pulse
duration is independent of immpact velocity. On this
basis, the first-mode vibration frequency of the infant
skull is significantly lower than the adult.

Other adult drop tests from similar heights to the
pediatric experiments have been reported. Head
acceleration from accelerometer data is reported by
Hodgson and Thomas at equivalent heights of
approximately 15 and 30 c¢m (Hodgson and Thomas
1971; Mertz 1985). Eight tests were conducted from

1544 cm resulting in an average peak head
acceleration of 107 g. Tests conducted at 30+3cm
produced 205 g average peak acceleration with three
out of the four tests resulting in skull fracture.
Although the adult measurements were taken from
accelerometer data, these values are considcrably
greater than the infant drop test results,

The majonty of the adult head data were determined
during impact to the forehead of the cadaver. Ono et
al. investipated impacts to both the forehead and
occiput (Ono et al. |980). These data show no
difference in the peak accelerations between the two
impact locations. The infant cadaver also showed no
dependence of the response with impact location.

Head compression

The infant cadaver showed an increase in structural
head stiffness with an increase in rate of compression
and revealed no directional dependence of stiffness
over the range of velocities tested. In contrast,
Hopgdson et al. reported AP stiffness of the adult head
during static flat plate compression to be
approximately 50% greater than the lateral direction
(Hodgson et al. 1967). Thomas et al. also found
differences in the volume change due to compression
in different directions (Thomas et al. 1968). In
contrast, the infant cadaver data did not revcal
statistically significant changes in stiffness between
the AP and lateral compression at any velocity,

The stiffness values for adult head compression are
dramatically different from the infant data. Thomas
etal. reported a stiffness of approximately 2975
N/mm during static, point load compression in the
AP direction of an adult cadaveric hecad. Adull
stiffncss values measured by Hodgson et al. during
static compression using flat plates were 1590 N/mm
in the AP dircction and 1070 N/mm in the lateral
direction. Dynamic point load stiffness was reported
to by 7360 N/mm. The average compressive stiffness
of the infant cadaver head, 22 N/mm, is
approximately one to two orders of magnitude less
than the adult values. Again, this shows the
dramatically more compliant nature of the infant
head.
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Scaling of adult head impact data

To account for the compliant infant head in the
absence of cadaver impact data, scaling technigues
have been used to predict the pediatric response.
These methods use differences in head size and
cranial bone stiffness to scale adult impact data to the
child. To examine the validity of these methods, the
adult peak acceleration data reported in the literature
were scaled using dimensional analysis described by
Melvin (1995). Anthropomorphic data and cranial
bone stiffncss for aduwt and newbomn ages result in
ratios of 0.70 and 0.25 for the characteristic head
length and skull stiffness respectively (Hubbard
1971; McPherson and Kriewall 1980; Schneider et al.
1986; Irwin and Mertz 1997). The rato of the
accelerations is directly proportional to the ratio of
skull bending stiffness and inversely proportional to
the characteristic head length ratio (Melvin 1995).
Using this method, the adult head impact
accelerations outlined above were scaled to the infant
resulting in accelerations of 75 to 60 g (Hodgson and
Thomas 1971; Ono et al. 1980; Mertz 1985;
Nightingale et al. 1996). These adult data were from
drop heights greater than the infant cadaver tests
(Figure 11). However, the scaled values are only
slightly higher than the measured infant cadaver
accelerations from drops of 30 cm. Thus, thesce
cadaver data. provide support and validity to scaling
methods currently in use to predict the infant impact
response.

120 - © Averaga ntant cadaver
X Averngs CRABI (miduagalal locations)
B Scaled Hoogson and Thomas 1971
aoo i AScaled Ona of 2. 1880 .
- @ Ssolod Nigntingais o & 1997 : A
5 - " A
§ 80 4 A
2 X
-3 =
0 o A
60
4 ot A C
3 A
_g 40 Q
K4
3
a. 20 -
0 o S — -
] 20 40 60

Drop Height (cm)

Figure 11: Peak acccleration and drop height for
scaled adult cadaver, average CRABI (vertex,
occiput, forchead), and average infant cadaver head
impact tests. Filled symbols indicate skufl fracture
occurred as a result of iinpact and open symbols how
non-fracture data. ~

Comparisons of cadaver and CRABI responses

With the absence of human pediatric cadaver data,
scaling methods were used to design the child
anthropomorphic test dummies (Irwin and Mernz
1997). To assess the biofidelity of the youngest child
dummy, a 6-month old CRABI dummy head was
tested using the same protocol as the infant cadaveric
tissue. The CRABI head impact response was
statistically similar to the cadaver data during the
vertex, occiput, and forchead impacts from both 15
cm and 30 cm drops. However, significant
differences were found between the lateral impacts
when compared to the cadaver data. The peak
acceleration and HIC values for the CRABI drops
were not significantly different from the cadaver data
during impacts onto the vertex, occiput, and forchead
at both drop heights (t-test, p>0.20, Figures 12-13).
The rght and left parictal CRABI hcad impacts
resulted in significantly higher peak accelerations and
HIC values (p<0.05). HIC results were two to five
times higher than the cadaver values for these lateral
impacts. Both the cadaver and CRABI impacls did
not show a change in pulsc duration with increasing
drop height. Acceleration pulse duration for the
CRAB]  head drops were lower than the
corrcsponding  average cadaver response for all
impact locations and heights however thesc
differences were not statistically significant.

The compression tests showed similar results as the
impact experiments. The CRABI stiffness values for
the 1, 10, and S0 mun/s in the AP direction constant
velocity tests were statistically similar to the infant
cadaver results (Figure 14). In contrast, the dummy
RL direction 0.05, 1, and 10 mm/s constant velocity
tests were found to be approximately 3 to 8 times
stiffer than the infant cadaver experiments (Figure
15). The quasi-static {0.05 mm/s) compression
stiffness in both directions were significantly greater
than the quasi-static stiffness of the cadaver
specimens (p<0.05). Thesc data show that the CRABI
6-month dummy behaves similar to the infant
cadaver for impacts to the vertex, occiput, and
forehead. However, the dumuny is dramatically stiffer
than the human infant in response to a lateral impact.

(.
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Fipure 12: CRABI and infant cadaver peak head
acceleration for S impact locations from 15 cm drop
height. CRABI acceleration was similar to the
cadaver data for the vertex, occiput, and forehead
impacts but significantly greater for the lateral
impact. Error bars indicate standard deviation,
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Figure 13: CRABI and infant cadaver peak head
acceleration for 5 tmpact locations from 30 cm drop
height. CRABI acceleration was similar to the
cadaver data for the vertex, occiput, and forehead
impacts but significantly greater for the lateral
impact. Error bars indicate standard deviation.
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data.
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CONCLUSIONS

This study reports the dynamic response,
compression structural properties, and anthropometry
of the human infant head. Drop tests revealed that the
impact response of the infant head showed no
dependence on impact location. Also, the structura}
stiffness of the infant head did not depend on
commpression  direction. The compression  tests
revealed that the stiffness was dependent on velocity
indicating the infant head behaves as a viscoelastic
material.

These data show the infant head is dramatically more
compliant than the adult. Previous adult head impact
data had significantly greater peak acceleration and
shorter pulse durations than the infant head impact
response. Also the compressive stiffness of the adult
cadaver head is considerably greater than the infant
values. The infant cadaver impact tcsts showed
similar results as scaled adult data and provide
validity to current scaling mcthods to predict the
infant impact response.

These data also show that the CRABI G-month
dummy response is similar 1o the infant cadaver for
impacts to thc vertex, occiput, and forehead.
However, the dummy is dramatically stiffer than the
human infant in response to latcral impacts. These
pediatric head anthropomorphic, compression, and
impact data will provide a basis to validate whole
head models and compare with ATD performance in
similar exposures.
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Table Al: Anthropomorphic data for infant cadaver head specimeas with mandible attached.

Specimen 6 manth
CRABI ¥
Specimen 1D PG3 POS P0G
Age (days after birth) 3 1 11 -
Head mass (gm) 491.5 666.5 7019 2110
Body mass (gm) 1910 1881* 2583 7820
Head length (cm) ¥ 10.3 10.8 112 15.6
Head breadth (cm) I 8.5 8.8 10.4 119
Head height (cm) § 7.5 8.8 9.2 -
facial tength (cm) § 42 51 48 -
Bizygomatic diameter (cm) § 55 6.2 5.9 -
. x{cm) § -0.6 0.7 0.5 -
Anterior condyle [
z(cm) § 07 0.6 0.5 . -
. x(cm)§ -1.2 -1.4 -1.1 -
Posterior condyle -
z{cm)§ 06 04 0.5 -
x {cm) -0.9 -1.0 -0.8 -
Center of condyle
Z (cm) 0.7 0.5 05 -
x {cm) -0.2 0.4 1.0 -
Head Cg
z (cm) -1.1 -2.9 -29 -
Head lyy at Cg {gm*cm?) 4813 5172 4850 -

* body mass withoul limbs, 1 mcasurcments using calipers, $ measurements from CT data.

¥ CRAB! arthropometry from Irwin and Mertz 1997

Coordinate system for Cg and condyle ineasurements: origin at superior margin of auditory meatus,
positive x direction in anterior direction along Frankfon, z positive in inferioc direction.

Head height: length from auditory meatus to 1op of head, facial length: length between nasion and gnathion,
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Table A2: Regression results from cadaver head compression tests in different directions and velocities.

Linear fit Exponential fit

Compression Velocity | Specimen Mveeellzgirl?d ; Low load

direction (mmis) S(thf/frr:‘e:ns)s Displacement | 7 (G) (msf') Id
{(mm)

P03 0.05 5.6 1.2 099 | 90 | 025 | 1.00

0.05mms| POS 0.05 97 1.1 1.00 | 162 | 025 | 1.00

P06 0.05 5.5 1.6 099 | 46 | 032 | 1.00

P03 1.0 26.7 1.6 099 | 220 | 034 | 100

10mmis | P05 10 135 1.3 099 | 206 | 025 | 1.00

gﬁiﬁ; P0G 1.0 22.1 1.5 100 | 277 | 027 | 100

P03 10 348 | 18 099 | 172 | 041 | 100

10mmis | P05 10 15.8 1.2 099 | 289 | 023 | 100

P08 10 23.8 19 099 | 144 | 037 | 1.00

o mms |_P® 67 35.4 15 099 | 200 | 043 | 1.00

| P05 84 15.4 07 099 | 443 | 019 | 1.00

P03 0.05 9.8 1.0 100 | 179 | 025 | 1.00

005mmls| PO5 0.05 6.8 1.2 099 | 82 | 030 | 1.00

P06 0.05 7.2 07 098 | 243 | 017 | 099

P03 10 347 16 1.00 | 162 | 0.45 | 1.00

10mm/s | POS 1.0 211 1.7 099 | 63 | 053 | 1.00

Right-Left P06 1.0 213 1.8 098 | 76 | 049 | 100

P03 10 447 16 099 | 200 | 046 | 1.00

10mmis | POS 10 254 1.7 099 | 90 | 050 | 1.00

| P06 10 349 17 099 | 154 | 045 | 1.00

| 50 mmls P03 58 448 1.2 100 | 306 | 041 | 1.00

| P05 55 228 1.2 099 | 143 | 044 | 099
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Table A3: Resuits from cadaver head drop tests onto different impact locations and at 2 different heights.
Approximate Location | Specimen Mec?rsc::)md Head mass* acczlzzr’gﬁon Duration HIC
Drop height height (cm) {gm) © (msec)
P03 15.9 4153 4.5 137 64
Vertex P05 14.6 601.1 37.3 260 ¢ 29
P06 148 6467 413 238 . 28
P03 16.2 4153 46.0 128 48
Occiput P05 140 §01.1 354 225 24
P06 15.2 646.7 327 235 25
P03 15.2 4153 49.5 129 | 55
15cm Forehead P05 15.2 601.1 26.1 226 17
‘ P06 14.6 646.7 26.3 23.4 20
P03 15.9 4153 ! 480 12.8 49
Right P05 15.6 6011 322 | 250 24
Parietal :
P06 15.2 6467 | 334 20.1 22
‘ PO3 15.9 4153 | 410 13.0 39
P;‘::tal P05 15.9 6011 | 472 19.1 27
P08 141 6467 | 3241 20.8 22
P03 30.8 4153 1124 11.7 205 (
Vertex P05 305 601.1 57.1 22.1 71 a«wﬁ
P06 30.5 6467 746 20.1 96
P03 30.5 415.3 72.1 12.8 109
Occiput P05 29.2 6011 | 559 18.8 71
P06 305 8467 52.9 206 75
P03 30.5 4153 82.1 12.0 179
30em Forehead P05 31.1 601.1 38.0 22.1 38
P06 29.2 646.7 43.1 207 47
) P03 29.8 415.3 776 12.9 138
PZ;?Q; P05 29.2 601.1 552 185 70
P06 30.3 646.7 48.0 17.0 59
P03 30.5 4153 61.9 12.3 113
b aLr?; al P05 298 601.1 526 17.4 71
P06 29.7 646.7 46.1 18.0 84
* head mass was mcasured and tests were conducted with the mandible reraoved from the specimen.
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Table A4: Coefficients and results of modeling cadaver head impact tests as 2 mass-spring system
(see equation 3)

Prange et al. / Stapp Car Crash Journal 48 (November 2004)

%F;_ELO;:?;:? Location | Specimen | k {N/mm) :x:;:‘;go%e?;) c?‘rgzgg; P
PO3 37.9 54.3 10.4 0.79
Vertex P05 26.1 35.9 15.1 0.83
POS 247 33.7 16.1 0.78
P03 29.3 48.2 11.8 0.85
Occiput P05 22.1 32.4 16.4 0.82
P0G 219 32.4 17.1 0.86
P03 39.2 54.2 10.2 0.85
15¢m Forehead Pos 270 37.3 14.8 0.75
P06 216 316 17.2 0.84
' P03 37.4 54.0 104 0.85
P’:'r?;; P05 37.1 44.3 12.7 0.79
P0G 217 32.2 17.1 0.75
P03 34.0 515 10.9 0.79
Left PO5 33.1 42.2 13.4 0.80
Parietal
P06 28.1 35.3 15.1 0.83
P03 709 103.6 76 0.82
Vertex POS 30.3 56.0 14.0 0.79
P06 36.8 59.5 13.2 0.77
P03 36.8 74.3 10.5 0.81
Occiput P05 35.6 59.4 12.9 0.82
P06 30.3 54.0 145 0.85
PO3 629 97.0 8.0 0.89
30cm Forehead |  POSs 30.7 56.9 139 0.71
P0G 23.4 46.4 165 0.78
‘ PO3 462 82.3 9.4 0.85
ler?:t;! PO5 49.2 69.8 11.0 0.81
PO6 34.2 57.2 13.7 0.79
P03 424 79.7 9.8 0.80
Left
Pariatal PO5 51.0 78 | 108 0.7¢
P0G 35.0 57.3 135 0.82
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Table AS: Coefficients and results of modeling cadaver head impact tests as a three parameter model

(see equation 4).

%ﬁ@?ﬁ?;ﬁ? Location | Specimen (N'sef:lmm) (N/t;m) (NIT';m) fc'ié’f?;ﬁopf a:) ?‘Sﬁiﬁ?? s
PO3P 0276 | 744 | 77 55.8 7.4 0.91

Vertex | Posp 0187 | 550 | 83 349 11.0 0.93
POGP 0233 | 556 | 64 347 11.1 0.88

PO3P 0218 | 285 | 56 402 113 0.95

Occiput | POSP | 0141 366 | 97 305 12.9 0.93
POGP 0201 | 297 | 55 202 143 0.95

PO3P 0238 | 575 | 56 476 85 0.96

15¢cm Forehead: PO5P 0.093 49.4 97 27.4 15.2 0.97
POGP 0136 | 239 | 55 245 16.4 0.97

A PO3P 0174 | 305 | 98 426 105 0.96
Pz:?e:;i PO5P 0136 | 622 | 68 31.1 127 0.98
POGP 0155 | 314 | 72 286 143 0.83

PO3P 0116 | 331 | 98 387 109 0.97

P;‘:gal POSP 0166 | 418 | 68 324 125 0.94
POGP 0177 | 308 | 72 2.6 14.0 0.90

PO3P 0345 | 1317 | 77 97.0 57 0.92

Vertex | PO5P 0192 | 786 | 83 53.8 10.0 0.93
POGP 0.301 | 1102 | 64 64.0 8.3 0.89

PO3P 0217 | 408 | 56 60.2 9.8 0.90

Occiput PO5P 0.186 54.5 9.7 50.6 10.9 0.94
PO6P 0254 | 473 | 55 489 17 0.95

PO3P 0363 | 686 | 56 794 76 0.97

30cm Forehead PO5SP 0.105 671 97 417 14.5 0.94
POGP 0.147 | 228 | 55 353 16.3 0.84

_ PO3P 0227 | 669 | 98 725 7.8 0.95
PF;;?Q; PO5P 0208 | 632 | 68 51.2 10.4 0.97
PO6P 0183 | 266 | 7.2 414 146 0.87

PO3P 0.165 | 368 | 98 60.0 10.0 0.93

P;?;a, POSP 0184 | 60.7 | 68 49.9 108 0.98
POGP 0183 | 425 | 72 456 125 0.96
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Table A6: Results from CRABI head drop tests onto different impact focations and at 2 different heights,

. Measured Peak R
%;Jrgro::;arl‘f Location drop Hezzdr:;ass acceleration D(:xnr:;;g)n RIC
p neig height (cmn) 9 (9)
Vertex 14.0 2095.3 33.8 19.4 38
Qcceiput 15.2 2095.3 395 17.6 48
15¢cm Forehead ;  16.5 2095.3 37.3 19.4 41
Right 14.9 2095.3 66.8 11.0 76
Panetal
Left 15.2 2095.3 116.0 10.7 142
Parietal
Veriex 29.2 2095.3 51.8 18.0 99
Occiput | 292 2095.3 6186 15.6 126
30cm Forehead 29.2 2095.3 848 14.0 157
Right
; . 44 .
Parietal 30.5 2095.3 144.9 9.9 301
Left 305 20953 2145 96 488
Parietal - .

Table A7: Regression results from CRABI head compression tests in different directions and velocities.

Measured Linear fit Exponential fit
Compression -
Ceron | veocty [ sutmss [ pbexiood To A T 8 T
ma (Nfmm) (mm) (N} | (mm™)
0.05 18.5 0.3 1.00 2745 0.06 1.00
Anterior- 1.0 22.4 0.4 1.00 | 2530 | 007 | 100
posterior 10 262 04 1.00 279.2 0.07 1.00
42 28.7 0.4 1.00 211.5 0.10 1.00
0.05 62.4 0.4 0.99 48.9 0.56 1.00
11 | 829 0.4 099 | 1083 | 041 | 1.00
Right-Left
10 95.1 0.3 0.99 117.2 0.43 1.00
31 95.7 0.3 0.99 124 4 0.44 1.00
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ABSTRACT

Experimental reconstructions of pedestrian accidents
involving head injury sustained primarily from hood impact
were conducted to determine the relationship between HIC
and injury seventy. The purpose was to establish the
capability of predicting pedestrian head injury severity in
simple laboratory tests.

The reconstruction test results were analyzed by a
median ranking technique to provide a family of curves
showing probability of injury of AIS 3, 4, and 5 severities as a

* " function of HIC This analysis method was used by Prasad
Wand Mertz [l] to develop a head injury risk curve from

cadaver head impact test data. Results of the two analyses
were compared to determine the degree of agreement between
the HiC/injury-risk relationship derived from controlled
experiments with cadavers and that derived from uncontrolled
accidents involving live people.

The reconstruction test results also were used to
derive a relationship between head injury risk (FIC) and
vehicle impact speed.  Specific accident cases are cited to
illustrate the use of this relationship by the accident
reconstructionist in estimating probable vehicle speed from
Injury outcome.

INTRODUCTION

The Head Injury Criterion (HIC) has been used
successfully for over twenty years to assess head injury risk
and develop countermeasuresto protect against head injury in
motor vehicle accidents. Prasad and Mertz [1] pointed out
that the Wayne State Tolerance Curve, from which the HIC
was derived, was developed from animal, cadaver, and human
volunteer data. The long duration part of the curve is from
non-injurious human volunteer tests. The short duration part
(1 to 6 ms), of greater interest in the crash environment, is
based on only six data points derived from human cadaver
skull fracture experiments.

. HIC/INJURY-RISK.  RELATIONSHIPS  FROM

WCADAVER TESTS

To investigate the association of HIC with human

I Numbers in brackets indicate references.

Thomas F. MacLaughlin and John F. Wiechel
S.EA.Inc.

Dennis A. Guenther
Ohio State Univ.

skull and brain injury, Prasad and Mertz selected four studies
[2,3,4,5,6,7] utilizing human cadaver head impacts. The
pooled skull fracture data base consisted of 54 impacts (28
skull fractures and 29 non-fractures), with HIC values
ranging from 175 to 3400, and HIC durations, from 0.9 to
10.1 ms. The brain damage data base contained 43 drop and
pendulum tests. HIC values were from 31 to 2351, with one
at 3765, and HIC durations were 0.7 to 13.7 ms.

Prasad and Mertz used the median ranking
technique reported by Mertz and Weber [8] to construct
cumulative distribution curves of threshold HIC values for
both skull fracture and brain damage from the cadaver data
bases. The method requires the assumption that the threshold
values are normally distributed. They note that the two injury
risk curves are virtually identical. The brain damage curve,
Figure 1, shows that the risk of life-threatening brain injury
(AIS 4 or greater) is 56% for a HIC value of 1500, and 16%
for a HIC of 1000.

Prasad and Mertz acknowledge that many serious
doubts are associated with inferring human tolerances from
cadaver test data, but that these data are the best available for
this purpose. Recent experunental reconstructions of
pedestrian accidents involving head injury provide a unique
opportunity to attempt to confirm, with accident data, the
results of Prasad and Mertz's analysis of cadaver test data.

PEDESTRIAN HEAD TMPACT RECONSTRUCTIONS
Over the last several years, the National Highway
Traffic Safety Administration has conducted research on
pedestrian head injury sustained from impact with motor
vehicle surfaces (primarily vehicle hoods). A significant part

" of that research consisted of conducting experimental

reconstructions  of pedestrian accidents involving such
impacts [9]. The purpose was to determine the relationship
between HIC measured in the laboratory and injury severity
seen in the real world, which would establish the capability of
predicting pedestrian head injury in the laboratory.

The impact test device [10,11,12} consisted of a
pneumatically-driven impacting ram and headform, which
was confined to uniaxial motion. The headform was an
adjustable-mass spherical aluminum fixture covered with
dummy skin from a Hybrid I71 skull cap. It was subjected to
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the same head drop calibration requirement as the Hybrid I
dummy head,
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FIGURE 1
PREDICTED CUMULATIVE DISTRIBUTION CURVE
OF THRESHOLD HIC VALUES —~ CADAVER BRAIN DAMAGE
(FROM REFERENCE 1)

The accident cases came from two NHTSA sources.
One was an accident investigation study called PICS
(Pedestnan Injury Causation Study) which took place in the
late 1970s and focused on kinematics and injury from vehicle
contacts [13]. A later study, PAIDS (Pedestrian Accident
Investigation Data Supplement), was similar, but placed
higher emphasis on collecting head injury data and vehicle
dent depths and profiles [14].

Thirty-five cases (18 involving adults, 17 involving
children) with well-documented head impacts were selected
from these files. All impacts were against vehicle hoods
except three, which were into windshields. Using vehicle
impact speed estimates and geometric information from the
files, computer simulations were in to provide estimyates of
head-to-hood (or head-to-windshield) impact velocities. Head
impact tests were then conducted against the same locations
on'identical make/model vehicles as were reported in the
accidents. In general, a head impact reconstruction involved
several tests in which headform velocity and mass were
adjusted, within reasonable bounds, untii the extent of vehicle
damage was duplicated.

In seven of the 335 cases, vehicle damage could not be
reproduced within acceptable ranges of headform mass and
velocity. These cases were discarded. Possible reasons for
the lack of success are discussed in Reference 9; they ranged
fiom suspected inaccuracies in the accident file to questions
of whether the dent was caused by head impact only.

The remaining 28 cases (14 adults, 14 children) are
shown in Table 1. This table lists the maximum AIS from
head injury sustained by each accident victim and the HIC
value determined from the reconstruction test which best

duplicated the vehicle damage. For the adults, maximum
head AIS levels ranged from 1 to 6 and HIC values were from

187 to 3281. HIC durations were between 2.6 and 12.4 ms, s

except for the case where HIC was 187, for which the HIC
duration was 21.6 ms (a windshield impact). Thus, even
though, the accident victims sustained head impacts on
generally less rigid surfaces than were used in most of the
cadaver tests, JIIC durations were very similar,. Maximum
head AIS levels for the child cases were either 1 or 2, and
HIC values ranged from 202 to 1407.

The data from Table 1 are plotted in Figure 2. (Ina
manner similar to that for threat-to-life plots of Reference §,
the ordinate is shown as a broken line to illustrate that linear
relationships do not exist between AIS values.) This figure
shows a very abrupt transition in injury seventy in the HIC
range of approximately 1100 to 1400. Note that the child
reconstructions do not help in defining this transition, since
maximum head injury did not exceed AlS 2 for any of the
children.

HIC/INJURY-RISK RELATIONSHIPS FROM
PEDESTRIAN ACCIDENTS

The median ranking technique, used by Prasad and
Mertz 1o produce Figure 1, was used to derive a family of
HIC/injury-risk relationships from the pedestrian head impact
reconstructions. Figure 3 shows thesc relationships for injury
severities of AIS 3 or greater, AIS 4 or greater, and AIS 5 or
greater. The data indicate a 50 to 60% probability of

sustaining a head injury severity of at least AIS 3 when HIC: ®
1s 1000, providing support for the commonly accepted value wizs’

of 1000 as representing the onset of serious head injury. The
data also suggest a 50 to 60% probability of sustaining an
injury of at least AIS 5 severity for HIC 1500.

In Figure 4, the curve for AIS 4 or greater fiom
Figure 3 is superimposed on the Prasad/Mertz cadaver brain
damage curve of Figure 1. The degree to which the two
relationships agree in the vicinity of HIC 1000 is very
satisfying. The curves cross at a HIC value of 1200, both
indicating a 30% probability of sustaining a head injury of at
lcast AIS 4 severity. The relationships differ in that the
pedestrian head injury curve is steeper. This suggests
reduced confidence in using the curves for high and low
probability estimates. The steepness of the pedestrian curves
also emphasizes that their primary usefulness is in
establishing threshold values.

The results of the combined analyses of the
pedestnian accident reconstruction data and the cadaver test
data tend to support 1) HIC 1000 as a valid injury criterion
for live people, and 2) the use of cadavers for head injury
research.

PEDESTRIAN HEAD INJURY RISK AND COLLISION
SEVERITY

The reconstruction test cases were further analyzed
to explore the relationship between pedestrian head injury
risk and vehicle impact speed. Table 1 contains the vehicle,

impact speeds which were estimated by the acmdemw

investigators and reported in the case f{iles. In most cases,
ranges of speeds were given. In Figure 5, the maximum head
AIS for each of the 28 cases which were reconstructed is
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plotied against vehicle impact speed. Where speed ranges
were reported, the median values were plotted.  Although
pedestrian head injury severity is influenced by many
parameters, including localized hood stiffness and under-
hood clearance, a distinct trend with umpact speed is seen. A
sharp transition also is evident at 10 to 12 m/s between
minorlmoderate and serious-to-fatal head injury.

The median ranking technique again was applied 10
estimate the probability of sustaining head injury of specific
severity at given vehicle impact speeds. Two curves are
shown in Figure 6, one for injury severity of AIS 3 or greater
and one for AlS § or greater.“ As in Figure 3, the curves are
very steep, and they are useful pnmarily in establishing
threshold speeds. They suggest, for example, the following:
1) The probability of receiving a serious head injury from
contacting the vehicle hood or windshield when the vehicle
impact speed is below 10 m/s is Jow. 2) Ata speed of 12.5

m/s, however, the probability of a serious head injury is high.
3) And if the vehicle's speed is 15 m/s, there is a high
probability of sustaining a critical or fatal head injury.

In most pedestrian accidents, the reconstructionist
estimates vehicle speed from skid marks, analysis of the
pedestrian's trajectory, and/or witness statements. The injury-
speed relationships in Figure 6 often can be useful in
providing an alternate means of estimating probable vehicle
impact speed, using injury outcome. Three illustrative cases
from S.E.A's accident files are presented below. 1t is
emphasized that Figure 6 is not intended to offer indisputable
evidence regarding vehicle-to-pedestrianimpact speed for any
given case. Indeed, one of the example cases illustrates that
injury severity can be quite different from that predicted.
Nonetheless, it ofien can be used to supplement other pieces
of evidence to strengthen the likelihood of achieving a valid
estimate.

i T T T ) T I T = ]
5}’ < < —l
4’— (- o Lo T
AlS 3 4 j
2 T oo+ w0+ § B
1 + o § + + 1 o _
Zo|’ ! s i I « S B i
o 2 4 6 8 10 12, 14 16 18. ° 20
o Adult VEHICLE IMPACT SPEED -- MIS
+  Child

FIGURE 5

MAXIMUM HEAD AIS VS. VEHICLE IMPACT SPEED --
PEDESTRIAN ACCIDENT RECONSTRUCTIONS

2 The single data point at AIS 3 is located such that the
region of overlap for determining the AIS 3 curve is the same
as that for AIS 4. This yields the same probability estimate
for AIS 3 and AIS 4.
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A six-year old boy ran into the street and
was struck by a compact automobile. He sustained
multiple leg fractures, a fractured skull and
concussion, and abdominal injuries. Damage to the
vehicle indicated that the pedestrian's head injury
resulted from impact on the hood. The boy's final
rest position was documented, but the point of
impact was located only approximately. The car left
skid marks on the pavement, but probably not until
after impact occurred.

The speed limit at the accident site was 15.6
m/s. At issue was whether or not the car was
exceeding the speed limit.

An analysis of the pedestrian’s trajectory
indicated the car's speed at impact was in the range
of 12.5 to 18.8 mfs. The length of the skid marks
suggested the vehicle was travelling about 14.8 m/s;
however, if the driver released his brakes enough to
stop skidding before coming to a stop, his travelling
speed could have been higher.

Figure 6 indicates that the threshold vehicle
impact speed corresponding to a 100% probability of
sustaining a head injury of at least AIS 3 severity
from hood or windshield contact is about 12.5 m/s,
and, for an AIS 5 or 6 injury, it is slightly over 15
m/s. This tends to support a travelling speed
estimate at or below the speed limit, and suggests the
upper speed range predicted by the trajectory
analysis is probably too high,

It was concluded that the driver probably
was not exceeding the speed limit.

Case 2:

Case 3:

- from pavement contact) were noted.

This accident occurred at night under poor
visibility conditions. A sixteen-year old pedestrian
was struck by a small sedan and thrown into the
grass along the side of the road. The location of her
final rest position was documented. She sustained
scvere leg fractures, but received no head injury even
though her head impacted and substantially fractured
the passenger-sidewindshield.

The driver reported that the girl watked into
the road in the path of the car, the impact occurred,
and then the car swerved off the pavement. The
pedestrian said she was walking in the grass about
1.5 m from the edge of the road, and the dnver went
off the road and then struck her. Tire tracks in the
mud at the side of the road documented where the
car' left the pavement, but there was no evidence
locating the point of impact.

At issue in this case was whether the
vehicle-to-pedestrianimpact occurred in the road, as
claimed by the driver, or off the road, as claimed by
the pedestrian.

A trajectory analysis indicated that if the
impact occurred in the road, the car had to have been
going at least 13.4 m/s to have thrown the pedestrian
to her final rest position. Figure 6 indicates that, at
13.4 m/s, the probability of sustaining a head injury
of at least AIS 3 severity is 100%, and the
probability of a critical-to-fatal head injury (AIS 5 or
6) is about 80%. The fact that she had no head
injury suggests that the car's speed (again referring
to Figure 6) was not over 10 m/s. Using this speed,
the trajectory analysis indicated her location at
impact to be at least 1.5 m from the pavement,
supporting the girl's contention that she was not in
the road at impact,

It was concluded that the driver drove off
the pavement before striking the pedestrian.

Ap intoxicated nineteen-year old man was
walking diagonally, in a southeasterly direction,
across a street. He crossed the oncoming
(westbound) traffic lane, and as he entered the
eastbound lane, he walked into the left front fender
of an eastbound car. His body wrapped onto the
hood, and the back of his.head impacted and
substantially fractured the windshield on the driver's
side. As the car stopped, he slid off the front of the
hood and fell to the street. The accident occurred on
a very dark night in a heavy ramstorm; visibility was
Very poor.

The pedestrian sustained a closed head
injury, with substantial brain injury.  Upon
admission to the hospital, the examining physician
noted a contusion on the victim's scalp posteriorly,
consistent with the windshield impact. No other
signs of head impact (such as might have occurred
He was
hospitalized for three and a half months, and was
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discharged to a rehabilitation hospital with persistent
severe impairment and a guarded prognosis for
functional recovery. Based on a detailed discharge
summary, it was estimated his head mjury seventy
was AIS 5.

The question at issue was the speed of the
striking car.

The speed limit at the accident site was 8.9
m/s. The driver of the striking car said her speed
was 6.7 m/s. Two witnesses (another pedestrian who
was the victim's companion, and the driver of a
westbound car) gave their estimate of the striking
vehicle's speed as 6.7 t0 8.9 m/s. A speed analysis,
based on an estimate of the pedestrian's walking
speed into the side of the car and the location of his
contacts on the car, indicated that the car's speed
probably did not cxceed 7.6 m/fs.  All of these
estimates fall in a region of Figure 6 which suggests
low probability of the pedestrian sustaining a head
injury severity exceeding AIS 2, which obviously
conflicts with the medical evidence.

It was concluded that there was sufficient
evidence that the striking car was not exceeding the
8.9 m/s speed limit. The pedestrian's injury seventy
in this case was regarded as an outlier to the
information from which Figure 6 was derived.

In the first two cases, use of the injury-speed
relationships 1s helpful in increasing the validity of the
vehicle impact speed estimates. In case 3, however, the
predicted impact speed from the injury outcome is clearly in
conflict with other evidence which appears convincing. The
reconstructionist in this case is best advised to reject the
injury-speed prediction in favor of more solid information.

SUMMARY AND CONCLUSIONS

For many years, a HIC value of 1000 has been
accepted as a reasonable threshold of serious head injury
resultingfrom head impact in motor vehicle collisions. Most
of the data supporting this value have come from e¢xperiments
with human cadavers.

Data from expenmental reconstructions of
pedestrian head impacts against vehicle hoods and
windshields which occurred in real accidents were analyzed.
An abrupt transition from moderate to severe injury occurred
over a HIC range of 1100 to 1400. Cumulative injury
distribution curves were derived, using the same techniques
as were used with cadaver impact data. A 50 to 60%
probability of sustaining an injury of at least AIS 3 severity
was predicted for a HIC value of 1000.

Results of the pedestrian reconstructions and the
cadaver tests show reasonable agreement; both indicatea 30%
probability of sustaining a head injury of at least AIS 4 at a
HIC value of 1200. The results tend to support HIC 1000 as a
valid criterion for live people, and tend to justify the use of
cadavers for head injury research. :

Relationships between pedestrian head injury risk
and vehicle impact speed were derived.  The probability of
sustaining a serious head injury from impact against the hood
or windshield is predicted to be low at vehicle speeds below

10 m/s. At 12.5 m/s, however, the probability appears to be
high: and at 15 m/s, the predicted probability of sustaining a
critical or fatal head injury is high.

The pedestrian head injury [ vehicle impact speed
relationships often can be wuseful to thc accident
reconstructionist as an alternate means of estimating probable
vehicle speed, using injury outcome. However, they must be
regarded as approximate, and should be used only as a
supplement to other evidence to strengthen the likelihood of
achievinga valid estimate.
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TABLE 1

PEDESTRIAN ACCIDENT CASES AND RECONSTRUCTIONRESULTS

ACCIDENTFILE/CASE | ADULTOR | VEHICLEIMPACT | MAXHEAD | RECON HIC
NO. CHILD SPEED (MIS) AIS i
PAIDS / 82-08-205 ADULT 125-15.6 4 1571 ;
PAIDS 181-09-202 ADULT 6.3-7.2 2 365
PAIDS / 83-02-204 ADULT 366.3 1 527
PAIDS / 81-08-202 CHILD 45867 2 313
PAIDS 181-08-207 ADULT 89-13.4 2 531
PICS / 99-07-201 CHILD 6.7-8.5 2 336
PAIDS 183-02-201 ADULT 8.9-116 4 1394
PAIDS / 82-07-202 ADULT 8.9-13.4 3 559
PAIDS / 82-10-201 CHILD 6.7-10.7 2 751
PAIDS / 83-01-202 CHILD 8.9-11.2 1 202
PAIDS / 82-05-201 CHILD 8.0-10.7 2 774
PAIDS /81-08-211 CHILD 8.59.8 1 487
PICS / 68-05-201 CHILD 4567 2 251 R
PICS / 88-07-209 CHILD 40 1 423 &
PICS 179-06-201 CHILD 6.7 1 518
PICS/ 99-07-201 CHILD 6.7-85 1 343
PICS/ 67-11-206 ADULT 179 5 2613
PICS / 78-08-209 ADULT 13.4-15.6 6 3281
PICS /78-03-211 ADULT 12.1-13.4 4 1137
PICS 179-08-219 ADULT 11.2 5 1403
PICS /7 19-05-220 ADULT 8.7 1 785
PICS / 87-08-215 ADULT 7.2 2 1071
PAIDS 182-03-201 ADULT 6.7-11.2 2 187
PAIDS / 81-08-206 ADULT 10.7-125 1 832
PICS/ 88-01-203 CHILD 89-11.2 1 1407
PICS/10-01-216 CHILD 6.7-8.9 1 470
PICS168-05-212 CHILD 11.2 2 1332
PAIDS / 81-08-204 CHILD 8.9-13.4 2 864
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Pediatric Biomechanics

Narayan Yoganandan, Srirangam Kumaresan, Frank A. Pintar,

and Thomas A. Gennarell:

The literaturc is replete with studies dealing
with the responses of the adult human load-
bearing systems under physiologic and trau-
matic loading. These include prospective and
retrospective clinical, epidemiologic, experi-
mental (biologic and physical), and mathemat-
ical studies. Early work on the cranium and
its contents has formed a basis for the widely
used head injury criteria.***' Biomechanical
investigations have been conducted to
delineate facial tolerance secondary to
impact 512U 19.I5LIST Gyl arly, human verte-
bral columa studies including the spinal cord
have focused on adult lolerances and injury
mechanisms under various modes of
Ioadl‘ng'é.l06.108.109.!40,143,“6.150.155.X56 IﬂVeStigatiOnS
describing the tolerance of the adult human
thorax/chest under frontal and side-impact
loading modalities also
cxist.?l()—n.]é}l‘)l,?},l]ﬂ.l39.!11.145.153.15(.[58 Likewise, tbc
tolerances of the upper and lower extremities
have been explored for the adult struc-
ture, 08I The cited reference list is not
inclusive. Despite these efforts, biomechanical
data remain sparse for the growing pediatric
group.

Human pediatric structures (e.g., vertebral
column, brain, and skull) mature with age. The
anatomic literature provides information on
structural development. However, the biome-
chanical literature, as indicated, is still in its
infancy particularly with regard to tolerance
issues governing this developing population.
Recent awareness of advanced safety and pro-
tection in a crash environment, promulgation of

550

restraint legislation, and changes in vehicular
design (e.g., restraint systems such as airbags)
have underscored a need to obtain pediatric
tissue tolerance under impact. This chapter
reviews the biomechanical properties of chil-
dren. Aspects of developmental anatomy and
biomechanical knowledge are analyzed to assist
in pediatric human injury prediction. Initially,
emphasis is placed on neck structures, because
airbag-induced neck injuries have accentuated
the demand to obtain pediatric tolerance. These
data may also assist in improving the biofidelity
of child dummies. A similar discussion is given
for the head. The presentation follows with a
brief analysis of the thorax/chest and extremity
structures. Detailed anatomics and constitutive
relations are not given for all structures because
of space constraints. However, an attempt is
made to provide age-specific tolerance charac-
teristics for these regions. In addition to the
analyses of experimental and analytical studies,
the newly proposed tolerance criteria are dis-
cussed for the neck, head, and thorax along with
the basis for application to different child
dummies. Finally, recommendations are made
for future biomechanical studies.

Neck

Developmental Anatomy

The major structural components of the neck
include the cervical spinal column and soft
tissues. The cervical spine consists of seven
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vertebrae (C1-C7). The intervertebral disk
starts inferiorly from C2. Spinal ligaments inter-
conpect from the base of the skull (occiput) to
(7 and proceed distally. The spinal cord that
originates from the foramen magnum is housed
in the osseous-ligament anatomy of the spinal
column. Muscles originate and insert at various
Jocations along the neck and proceed along
the cranial and caudal directions A brnef
description of the developmental anatomy

of the wvarious components is given
bexow 9.13.1¢,1R.24,28,32.43 47.51.54.59 50.65.76,97-100,1 03,1 12,124,130,
132-104

Vertebrae

Atlas

The first vertebra (C1) is also called the atlas, It
is formed from three primary ossification
centers; one occurs in the anterior region and
two occur bilaterally in the posterior neural
arches. The former center develops several
months following birth, while the other two
centers are present at birth. The junction
between the anterior and bilateral posterior
centers is called the neurocentral synchondro-
sis. The two neural arch centers fuse or join dor-
sally by posterior synchondrosis. Fusion of the
posterior synchondrosis occurs first. This s fol-
lowed by fusion of the neurocentral synchon-
drosis. The spinal canal fully forms and attains
the mature adult size following complete fusion
of the primary ossification process.™'?'®!

Axis

The second vertebra (C2) is also called the axis.
It is formed from five primary ossification

551

centers. 7RIS Ope gecurs in the centrum
(vertebral body location), two occur bilaterally
in the posterior neural arches, and two occur
bifaterally in the odontoid process. The two
centers in the odontoid are joined at birth. The
odontoid process is connected to the body (of
C2) by dentocentral synchondrosis. Paired neu-
rocentral synchondroses form the connection
between the two posterior arches and centrum.
Development of the ossification process is as
follows: Neural arches fuse posteriorly. This 15
followed by fusion of the centrum-neural arch
and odontoid process-centrum. As in the case
of the atlas, the spina) canal reaches its mature
size following closure of the posterior and
neurccentral synchondroses.™®% 1p contrast,
the dentocentral synchondrosis continues to
mature, and, in certain cases, ossification never
completes.

Typical Cervical Vertebrae

Each of the five vertebrae (C3-C7) is formed
from three primary ossification centers, one in
the anterior centrum and two in the posterior
neural arches *#3B4IMOIRIE The peyrgcentral
synchondrosis is the joining element between
the neural arches and centrum. Neural arches
are connected to each other by posterior syn-
chondrosis. The progression of the ossification
process is as follows. Neural arches join poste-
riorly. This is followed by the joining of the
anterior and posterior ossification centers.
Simifar to C1 and C2, the spinal canal size
attains the adult dimension following comple-
tion of these primary ossifications. ' ?'% Figure
21.1 illustrates the characteristics of ossification
in the atlas, axis, and a typical cervical vertebra.

E» A 3

Ficure 21.1. Primary ossification center in the atlas,
axis, and a typical cervical vertebra (C3-C7). Three
ossification centers in the atlas (left, superior view),

s o M e 80 oo 5 2 e e,

five in the axis {middle, anterior view), and three in
the typical cervical vertebra {right, superior view). N,
neural arch; B, vertebral body: D, odontoid process.

%,
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Figure 21.2. Variation of the summated
height of the typical cervical vertebraj
hodies denoted as cervical length (from
C3 o (7) as a function of age. (Data
adapted from Kasai et al.%}

Age,Years

The summated height of all the typical cervical
vertebrae is included in Fig. 2125

Vertebral Growth

The presence of the three cartilaginous
synchondrosis junctions allows for the latitu-
dinal and longitudinal growth of the verte-
bra, 138444759012 With advancing age, vertebral
bodies attain a more rectangular shape and
mcrease in height secondary to the presence of
superior and inferior growth plates. This growth
continues until puberty. The growth plates con-
tribute to the longitudinal development of the
vertebral body. The latitudinal growth occurs by
the expansion of the neural arch ossification
center that develops into three independent
growth zones: the pedicle, lamina, and
transverse processes.

In general, the age group between newborn
and 1 year can be skeletally represented by the
presence of three primary ossification centers.
The age group between 1 and 3 years can be
represented by the fusion of the posterior syn-
chondrosis. The age group between 3 and 6
years signifies complete fusion of all primary
ossification centers. The process of secondary
ossification, which manifests in the form of end
plates, begins following attepuation of the
primary ossification. The end plates contribute

further to the growth of the vertebral body. In
addition, uncinate processes and uncovertebral
joints begin to develop around puberty as a
consequence of secondary ossification, 17249412
These secondarily developed components are
responsible for the saddle shape of the cervical
vertebrae. Coupled motions (primary and sec-
ondary) of the cervical spine occur as a result
of these changes.®7>117146

Ligaments

All cervical vertebrae including the base of the
skull are connected by soft tissue structures.''’
Ligaments are unique to the upper cervical
region, i.e, the occiput-atlas-axis complex™%
(Fig. 21.3). Beginning anteriorly, the anterior
longitudinal ligament is renamed as the ante-
rior atlanto-occipital membrane from C1 to the
occiput. The apical ligament attaches from the
tip of the odontoid process of C2 to the occiput.
The alar ligaments attach from the superior-
lateral aspect of the odontoid process and run
obliguely to the occiput. The cruciate ligament
has a strong transverse portion that runs later-
ally around the odontoid process and attaches
at both ends to the medial aspects of the arch
of the atlas. The vertical cruciate ligament
attaches from the occiput, just posterior to the
apical ligament, intertwines with its transverse

£x

tl
Ti
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ANTERIOR CRUCIATE LIGAMENT
5 ATLANTO-OCCIRITAL TRANSVERSE PORTION
MEMBRANE VERTICAL PORTION

Ficure 21.3. Schematic diagrams of the atlantoaxial
complex. Top: Superior view of C1 and C2 showing
the jocation of the major ligaments. Bottom: Supe-
rior view of C2 emphasizing the ligaments.

portion, and attaches again to the posterior-
inferior aspect of the vertebral of the axis. The
tectorial membrane attaches to the anterior
one-third of the basilar occiput just posterior to
the vertical cruciate ligament. This ligament
tapers inferiorly to become continuous with the
posterior longitudinal ligament. The posterior
atlanto-occipttal membrane connects the
superior aspect of the posterior arch of the atias
to the occiput.'?® Proceeding inferiorly from
C2, the anterior and posterior longitudinal
ligament, ligamentum  flavum, bilateral
capsular, and interspinous ligaments connect
one vertebra to its immediate adjacent vertebra
(Fig. 21.4).

552

Ficure 21.4. Schematic diagram of a typical cervical
spinal unit emphasizing the ligaments. Top: Postero-
lateral view of a vertebra-disk-vertebra. Bottom:
Superior view of a typical cervical vertebra showing
the relative position of the spinal ligaments. A.L.L.,
anterior longitudinal ligament; PL.L., posterior
longitudinal ligament; L.F, ligamentum flavum; L.C.,
joint capsules; 1.S.L., interspinous ligament.

Facet Joints

Bilateral facet joints form the posterior con-
nection between the inferior articular process

of the superior vertebra and the superior artic-

ular process of the inferior vertebra (Fig. 21.5).
The two processes are connected by the
synovial joint consisting of the synovial fluid,
synovial membrane, articular cartilage, and
capsular ligaments *B&NIINII - Reyelop.
mentally, orientations of the facet joints change
and the variations depend on the vertebral
level. The joints {n the upper spine are less

e
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Ficure 21.5. Exploded facet joint illustrating its components (top). Variation of the facet joint orientation

as a function of age is shown (bottom).

oblique (more horizontal) compared to the
lower regions. The degree of obliquity gradualiy
increases with advancing age (Fig. 21.6). The
more horizontal orientation of the facet joint at
the upper level anatomy, together with the
softer intervertebral components, appear as
pseudosubluxation in younger ages. %6198
The changing facet joint orientation biomes
chanically contributes to a varying share of the
external load (e.g., compression).

Intervertebral Disks

Intervertebral disks connect the vertebrae
inferiorly from the axis. Nucleus pulposus,
annulus fibers, and ground matrix are the

principal components. These components
undergo considerable developmental
changcsm.29503.97‘98,l00.103,124.130.\:\2;133 Growth pat-

terns are interrelated in the nucleus and
annulus. Typically, around 1 year of age, the disk
is characterized by a large nucleus with Joosely
embedded annular fibers rendering a less than

clear distinction between the nucleus and
annulus (Fig. 21.7). At approximately 3 years of
age, a clearer distinction can be appreciated,
which is due to increased formation of fibers.
However, the nucleus still occupies a large
volume of the disk. Around 6 years of age, fibers
atiain higher stiffness and density, accentuating
a better demarcation between the nucleus and
annulus boundaries. During adolescence to
adulthood, the nucleus further shrinks reaching
its skeletally mature leve] with a concomitant
development of the annulus fibrosis. The disk
extends laterally beyond the centrum to form
the uncinate processes during puberty coinci-
dent with the secondary vertebral ossification
process. This structural variation in the disks
is accompanied by the formation of
uncovertebral joints.

Muscles

Neck muscles connect the ligamentous cervical
spinal column with the head and torso™'"
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Although the neck muscles are numerous, they
are classified based on the motions they
produce. Muscles active during flexion are clas-
sified as flexors (e.g., stermocleidomastoid,
longus coili). Similarly, muscles active during
extension are termed extensors {e.g., spienius
capitis, trapezius). During the developmental
process, neck dimensions (e.g., breadth) and
cross-sectional areas of the flexors and exten-
sor muscles increase.™® However, the rate
of increase is different between the two types
of muscles (Fig. 21.8). The variation of neck
circumference and lateral breadth as a function
of age is shown in Fig. 21.9.

Age-Related Grouping and
Maierial Properties

Based on vertebral prowth and characteristic
distributions in the constituents between the
cartilaginous structures central to the synchon-
drosis and the bone itself, pediatric to adoles-
cent structures can be broadly categorized into
four groups.FIOIITIIWITIISZINN The
newborn to 12-month group (I) depicts the
existence of the three primary centers. The 1- to
3-year group (1I) represents fusion of the pos-
terior synchondrosis. The 3- to 6-year group

(II1) denotes fusion of the bilateral anterior
neurocentral synchondroses, and the 11- to 14-
year (approximately puberty) group (IV)
corresponds to secondary ossification and
mitiation of the development of the uncinate
and uncovertebral anatomy (Fig. 21.10). Skele-
tally mature adult vertebral anatomy in the
human occurs during the second decade of life.
Tables 21.1 to 21.4 list the representative mate-
rial properties used in the literature for the
various components of the vertebrae and their
interconnecting tissues for the four groups.*!%
These data are currently used in stress
analysis-type models to understand pediatric
responses and predict injury. The physiologic
stress on the cervical spine changes as age
progresses due to alterations in the mass of
the head.

Biomechanical Studies

Quasi-Static Studies

Although biomechanical investigators have
traditionally cited literature starting from the
seminal work reported in 1880, with regard to
the tolerance of the human neck, a study was
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Ficure 21.7. Schematic of the sagittal section of the
intervertebral disk showing the nucleus surrounded
by the annujus and the magnified view of the annulus
laminates for the l-year-old (top left), 3-year-old
(top right), 6-year-old (bottom left), and adult
(bottom right). Vertebral bodies above and below
the disk are shown in the dotted boundaries.

conducted in 1874 using four newborn cadavers
and one 2-week-old child cadaver.® The
cadavers were prepared as follows The body
was passed through an aperture cut in wood to
represent the brim of a contracted pelvis, or the
head was fixed below the biparietal diameter
between two parallel bars. Weights were
applied to a hook attached to one of the lower
extremities. They were applied in increments
with 30-sec duration until severed from the
body. The spinal column failed rapidly with a
snap followed by a marked elongation of the
entire body. The severed vertebrae widely
detached from adjacent segments before the

N. Yoganandan et a]

whole neck yielded, resulting in decapitation.
This essentially depicts the role of cartilaginous
-type structures on the failure biomechanics,
The force to yield the spinal column and to
decapitate the specimens increased from the
newborn to the 2-week-old specimen (Fig,
21.11). For the newborn, a mean force of 470N
{(178) for spinal column failure (middle to lower
regions) and 540N (£101) for decapitation were
reported. The 2-week-old specimen failed at
654NN and decapitation occurred at 725N. The
mean force for all five specimens was S07N
{£107) for cervical column failure and 577N
{(£120) for decapitation.

Two cervical units, one mid-thoracic unit and
oane lumbar functional spinal unit from a {resh
frozen 8-hour-old buman cadaver spine, were
loaded in axial tension at a rate of 1.25
mm/sec® Fixation failures resulted in the cer-
vical and thoracic specimens. The L.3-L5 speci-
men demonstrated initial failure of capsular
ligaments and ligamentum flavum at the cepha-
lad level followed by a tear of the intra- and
supraspinous ligaments at the caudal level
Force-displacement curves indicated a peak
force of 216N at a displacement of approxi-
mately 4mm and a distraction stiffness of
94 N/mm.

Dynamic Studies

Two studies were conducted to determine
the biomechanical responses of anesthetized
animals secondary to airbag loading®®''% In
the earlier study, 43 pigs (mean age: 10 weeks)
and three baboons (mean age: 5.2 years) were
used. The impact pulse had a 14.5g deceleration
with a change in velocity (AV) of 56 kph or 8.4g
with a AV = 33.6kph. The mild (less severe)
pulse was more trapezoidal, which represented
a car-to-car impact of longer duration with a
mean deceleration of 4.3g and AV = 28.5kph.
Seven different animal positions and 10 types
of inflators were used in combination with eight
types of airbaps, four types of folds, and three
types of covers. The animal was placed on a sled
and held vertically by a tether that was released
prior to airbag deployment. The buttocks were
supported by the seat, floor, or foam blocks,
depending on the preposition of the animal.

2
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Ficure 21.8. Variation of the cross-sectional area of the neck flexor and extensor muscles as a function of

age based on magnetic resonance imaging (MRI). See text for details.
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FiGure 21.9. Variation of the neck circumlerence (bottom) and lateral breadth (top) as a function of age.

The line shows the linear fit. (Data adapted from Snyder.'™)
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Ficure 21.10. Typical cervical vertebrae (lop row) as
viewed from the top and functional units as viewed
from the side {middle row) and front {boltom row).
Typical growth patterns are illustrated. Starting from
left, patterns represent groups [, IT, [1], IV, and aduit
spines. Cartilage is shown in lighter background and

N. Yoganandan et a]

TaBre 21.1. Material properties applicable to the 1-year-old lower cervical spine.

bony componeats are shown in darker background.
Secondary ossifications are shown in the darkest
background for group IV {(all three rows). In the
middle row, the facet joints are expanded to
illustrate changes in their orientation with skeletal
development.

Components Young's moduius (MPa) Poisson’s ratio
Vertebral centrum 75.0 0.29
Growth plate 5.0 0.40
Costal cartilage 25.0 0.40
Posterior elements 200.0 0.25
Posterior synchondrosis 25.0 0.40
Neurocentral cartilage 250 0.40
Disk annulus ground substance 4.2 0.45
Disk annulus fibers 400 0.30
Articular cartilages 10.4 0.40
Synovial fluid (bulk modulus) 1,666.7
Synovial membtrane 12.0 0.40
Ligaments
Anterior Posterior Ligamentum
longitudinal longitudinal Interspinous flavum Capsular
Def. " Force Def. Force Def, Force Def. Force Def. Force
{mm} (N} {mm) N (mm) N (mm) (N} (mm) (N}
14 28.4 1.0 23.2 13 13.5 1.9 36.7 1.8 42.9
23 519 2.0 41.1 27 19.5 37 63.9 39 70.3
4.1 71.8 3.0 57.0 4.0 236 5.6 95.7 5.8 87.5
54 86.9 4.0 68.6 5.4 203 75 106.9 7.7 100.6
6.8 957 5.0 758 6.7 219 94 117.8 9.7 107.8

Def., deflection.
Adapted from Kumaresan ct al.*
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Taste 21.2. Material properties applicable to the 3-year-old lower cervical spine.
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Young's modulus (MPa)

Poisson's ratio

Components
Vertebral centrum 75.0 0.29
Growth plate 25.0 0.40
Costal cartilage 25.0 0.40
Posterior elements 2000 0.25
Neurocentral cartilage 25.0 0.40
Annulus ground substance 4.2 0.45
Disk annulus fibers 425 0.30
Articular cartilages 10.4 0.40
Synovial fluid (bulk modulus) 1,666.7
Synovial membrane 120 0.40
Ligaments
Anterior Posterior Ligamentum
*jongitudinal longitudinal Interspinous flavum Capsular
Def. Force Del Force DeE Force Del Force Del Force
(mm) (N) {mm) {N) {mm) (N) {mm) (N {(mm) (N)
1.4 30.2 1.0 24.7 1.3 14.4 19 39.1 1.8 45.6
2.7 55.2 2.0 437 2.7 20.7 37 70.1 39 747
41 76.3 3.0 60.6 40 25.1 5.6 101.7 58 929
5.4 92.3 4.0 729 54 279 7.5 113.6 1.3 106.9
6.8 101.7 5.0 80.5 6.7 29.7 9.4 1251 9.7 114.6

Adapled from Kumaresan et al.®

TasLE 21.3. Material properties applicable to the 6-year-old lower cervical spine.

Poisson's ratio

Components Young's modulus (MPa)
Vertebral centrum 750 0.29
Growth plate 25.0 040
Posterior elements 200.0 0.25
Anpulus ground substance 4.2 0.45
Disk annulus fibers 450.0 0.30
Articular cartilages 104 0.40
Synovial fluid (bultk modulus) 1,666.7
Synovial membrane 12.0 0.40
Ligaments
Anterior Posterior Ligamentum
longitudinal longitudinal {nterspinous flavum Capsular
Def. Force Def. Force Def. Force Def Force Def. Force
(mm) (N) (mm} (N) {mm) (N) (mm) (N) (mm) (N)
1.4 319 10 26.1 13 15.2 1.9 41.3 1.8 482
2.7 58.4 20 46,3 2.7 219 3.7 74.2 3.9 79.1
4.1 80.7 30 64.2 4.0 26.6 56 107.6 58 98.5
54 97.7 40 712 54 29.6 15 i20.3 7.7 113.2
6.8 107.6 50 85.2 6.7 314 9.4 132.5 9.7 1213

Adapted from Kumaresan et al.™
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TasLe 21.4. Material properties applicable to the 11-year-old lower cervical spine.

Components Young's modulus (MPa) Poisson's ratig
Cortical shell 6.000.0 0.30
Cancellous core 100.0 0.20
End plate 150.0 0.30
Uncinates 150.0 0.30
Posterior elements 1,700.0 0.25
Annutus ground substance 4.7 (.45
Disk annulus fibers 4750 0.30
Articular cartilages 104 0.40
Synovial fluid (bulk modulus) 1,666.7
Synovial membrane 120 0.40
Ligaments
Anterior Posterior Ligamenfum T
longitudinal longitudinal {nterspinous flavum Capsular
Def. Force Def. Force Def. Force Det. Force Def. Force
(mm) N) (mm) (N) (mm) (N) (mm) (N (mm) N)
1.4 33.7 10 27.6 1.3 16.1 19 4356 1.8 50.9
2.7 61.7 20 48.8 27 232 37 783 3.9 8315
4.1 852 30 67.7 4.0 28.0 5.6 113.6 5.8 103.9
5.4 103.2 4.0 81.5 54 313 75 127.0 7.7 119.5
6.8 113.6 5.0 90.0 6.7 332 9.4 139.8 9.7 128.1
300
O Newbom
22 Week old
800
z
$
G
e
300
Figure 21.11. Biomechanical forces for spinal
column failure and decapitation for the four
newborn (standard deviation shown) speci-
0 T mens and one 2-week-oid pediatric specimen.

Cervical column failure Decaptitation

The following rationale was given to corre-
late the 10-week-old pig with the 3-year-old
pediatric human. The weights of the 43 pigs
(15.7 £ 1.0kg) and three baboons (16.0+1.5kg)
were similar to the 3-year-old human (14.9kg).
The thoracic and abdominal breadth dimen-
sions of the pig (143 £ 24 mm and 144 + 17 mm)
and baboon (143 % 16mm and 112 £ 17mm)
were similar to the human (165mm each). The

(Data adapted {rom Duncan.*)

equivalent child age of the 15-kg pig was
estimated to be 4.2 years and the baboon was
estimated to be 16.3 years. The implication is
that the strength of the anesthetized pig would
be similar to that of the 3-year-old child.
Despite these similarities, the pig has no chin
protuberance for interaction because its neck
attaches to the dorsal region of the skuil, result-
ing in its snout being somewhat aligned with the

8%
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cervical column. The fore-aft range of motion
of the head-neck structure of the pig is less than
that of the child. This results in a smaller rear-
ward motion to produce extension neck trauma
in the pig. The neck circumference of the pig is
approximately twice that of the child because
of its large dorsal neck musculature. Other defi-
ciencies include chest anthropometry (depth-
ta-width ratio of the pig is the inverse of that of
the child) and head shape. The pigs were found
to be susceptible to more injury than the
baboon. The authors concluded that the pig and
baboon were poor models for assessing the
potential for child brain injury. This is because
of the differences in head size between the
quadruped animal and human.

Twenty-four of the 46 animals experienced
significant neck injuries. Two animals suffered
fatalities secondary to neck trauma. The most
frequent neck injury was associated with hem-
orrhage in the occipitoatlantal joint capsules.
This occurred in 20 of the 24 animals with sig-
nificant {Abbreviated Injury Scale, AIS 23)
neck injury. Three animals sustained posterior
element fractures of the C3, C6, or C7 vertebra.
Pathologic changes in the spinal cord occurred
in four of the 24 animals with significant neck
trauma. To determine the neck loads and
moments, parallel testing was conducted using
a Hybrid Tl 3-year-old dummy and its kine-
matics were matched with animal kinematics. A
neck injury (AIS 23) risk curve based on neck
tension measured with the 3-year-old dummy
was derived. A force of 1,160N represented a
50% probability of injury.

In the later study, 15 paired dynamic airbag
tests were conducted using 12- to 15-week-old
piglets and a 3-year-old child dummy as test
subjects."® The child dummy was a Ford-built
version of the GM child dummy, but with a dif-
ferent head to reduce ringing. Similar to the
previous studies, for every piglet experiment a
parallel matched dummy test was conducted
under the same test condition. Four animals did
not sustain head and neck trauma. There were
four fatal neck injuries and one fatal brainstem
injury. Neck injuries (including fatalities)
occurred in seven of the 15 cases. Injuries were
primarily concentrated at the occipitoat-
lantoaxial complex. Significant brain injuries

561

were accompanied by severe to fatal neck
injuries. Upper cervical injuries were attributed
to high tensile and bending stresses at the
occipitoatlantal and atlantoaxial joints. Tensile
loads generated at the occipitoatlantal joint
were estimated by the vertical accelerations of
the head multiplied by the head mass. For the
piglet, tensile loads in the range of 1,500N for
11msec represented fatal neck injuries. Severe
neck trauma was associated with a tension level
of 2,100N for 3 to 6msec. The authors sug-
gested the nced to combine axial tension with
bending moment for a composite neck injury
indicator. This was accomplished using the
force and moment time traces of the neck
during the time of airbag deployment obtained
from the matched-pair dummy test, and the
combined peaks were recorded at a specific
time. The constant stress line had values of
2,000N tension and 34 Nm extension-moment
(Fig. 21.12). Dynamic tensile studies using
caprine model are being conducted by our
group. Preliminary data are published
elsewhere,'"

Tolerance

Two levels of injury tolerance based on the esti-
mated probability of injury were reported.'™
This was based on a review of the literatare,
analysis of real-world pedestrian crashes, colli-
sion reconstruction, and dummy tests. To avoid
irreversible injuries, a tolerance level of §18N
for tension and 19 Nm for flexion-moment were
suggested. These values were, however, 990N
and 100 Nm, respectively, for a 25% probability
of irreversible injury (AIS >2).

Using the principles of scaling from adult to
pediatric, i.e., geometric similitude and account-
ing for mechanical property variations between
the two groups, injury assessment reference
values were obtained.® The Appendix at the
end of this chapter provides the methodology.
The calcaneal tendon strength data were used
to determine the scaling factor for the tensile
strength of the neck.™ Implicit in this is the
assumption that the developmental character-
istics leading to the mechanical definitions are
similar between the calcaneal tendon and the
neck ligamentous tissues. The mechanical prop-
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55 ; e . Ficure 21.12. Moment versus axial force
50 o No injury AIS4E relationship for no injury and injury
45 b [ R ] |Abbreviated Injury Scale (AIS) 4-g]
@0l . T a ] cases. The constant stress line is indicated,
2 s - 80 ) (Redrawn from Prasad and Daniel."%)
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TasLE 21.5. Proposed critical N; intercept values.

Dummy Teasion (N) Compression (N) Flexion (Nm) Extension {Nm)
CRABI 12-month-old 2,200 2200 85 25
Hybrid 111 3-year-old 2,500 2.500 100 30
Hybrid [IT 6-year-old 2,900 2,900 125 40

1953

Adapted from Kicinberger™ |

erties of the human calcaneal tendon were
approximated by a linear fit between zero
{newborn) and 6 years of age.

Extrapolating the previous quasi-static data
that had an average of 507N for the newborn
resulted in a value of 811 N to the 6-month-old.
Data were extrapolated from the matched
dynamic pig versus 3-year-old dummy airbag
tests (described earlier). The scaled value for
the 6-month-old was 895N. These two values
obtained from different testing protocols (static
from the newborn human cadaver and dynamic
from the pig-dummy paired airbag deploy-
ment study) correspond to high probabilities
of injuries including fatalities, A comparison of
the peak upper neck tension (injury assessment
reference value) obtained from the various
methods is included in Fig. 21.13. Based on
dummy tests, the peak upper neck tensile force
of S00N was suggested to be the injury assess-
ment reference value for the 6-month-old
infant dummy.

Using the data set from the two previously
described piglet dynamic airbag studies as a

basis, a new neck injury criterion, termed N,
has been proposed based on a combination of
axial forces and moments.® The criterion pro-
poses critical limits for the four combinations
of neck loading: tension or compression com-
bined with flexion or extension (Table 21.5). N;
is defined as the sum of the normalized forces
and moments.

N|)=F/F}nl+M/Minl

where F represents axial force, M represents
bending moment, and the subscript “int”
denotes the critical intercept value used for
normalization. In the initial analysis, the critical
intercepts were obtained as follows. Statistical
analysis of the earlier piglet data (1982) indi-
cated that tension in the neck of the dummy
had the strongest statistical relationship with
pig injuries.®® Little improvement in injury pre-
dictability was found when moment was added
to the analysis. In contrast, the later piglet data
(1984) indicated that a linear combination of
tension and extension moment explained the
pathologic observations.!" Reanalysis of all
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Ficure 21.13. Comparison of peak upper neck
tension injury assessment reference values obtained
for the 6-month-old dummy using various methods.

these data was conducted to determine the
level of tension and exiension moments that
best predicted the injury outcomes. The result
of this analysis is the basis of the proposed
tension-extension requirement. For the 3-year-
old dummy, the critical tension and extension
intercepts were determined to be 2,500N and
30Nm. The tension and extension from the 3-
vear-old values were scaled to the 12-month
to 6-year-old dummies. Forces and bending
moments were scaled according to the second
and third powers of the neck length (see
Appendix). Neck circumference was used to
quantify neck length because of the simplicity
in obtaining such data. It was argued that since
material stiffness variations were already incor-
porated into the dummy neck design, neck
injury criteria were scaled using only geometric
factors. Critical intercept values for flexion
were set by maintaining the same ratio (190/57

SCALED 3YR  SCALED SCALED SCALEDEYR SCALED IYR 213CRAB!  IFG CRABI

Scaled dynamic cadaver data from tersture
Scalad static cadaver dats from iterstue

Scaied S0th percentile Hybekd H dummy

Scaied 8 yaar ok dusnmy tests

Scaled 3 yoar okd dummy tasts

FMVSS 213 tests with CRAB1 8 month od dunmy
Intand Fischer Guide-CRAB! 6 month otd

The valce for the 50th percentile dummy is 3,300N
(not shown). (Data adapted from Melvin® and
Prasad and Mertz."")

= 3.3) between midsize adult male flexion
(190Nm) and extension (57Nm); the adult
values stem from human cadaver studies 1%
Compressive tolerance was based on adult
human cadaver studies®'®* Tension toler-
ance was chosen to be the same as compression
based on adult cadaver data.®'*” Scaled critical
intercept values for various dummies are given
(Fig. 21.14, Table 21.5). The N limit of 1.0 cor-
responds to a 15% risk of serious neck injury.
A limit of 1.4 corresponds to a 30% injury risk.
It must be noted that the proposed intercept
values and limits are only tentative. Conse-
queatly, modified numerics may be available in
the near future.

Since the above determination of scaling
factors did not include specific changes to the
material properties of the spinal components,
more recently Yoganandan et al'® synthesized
mechanical property data of components such
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Ficure 21.14. Proposed scaled intercept valucs foc the 1-, 3- and 6-year-old pediatric human neck under
fexion (F) and extension (E) moments, and compression (C) and tension (T) forces.

TapLe 21.6. Scale factors {(as a function of loading
mode) derived from combined spinal component
material and geometric analysis.'”

Age group Tension Extension  Compression  Flexion
i year old 0.26 0.22 0.26 023
3 years old 0.29 0.32 028 0.33
6 years old .35 n.41 034 0.42
Small female 0.63 07 063 0.7
Adult male L0 1.00 100 1.00

as the vertebra, ligaments, cartilage, spinal cord,
muscles, and disks; information was obtained
from studies in literature and in-house tests.
Neck geometric data were included in the
determination of scaling factors. Under each
loading mode, variations in the mechanical
strength of the individual components were
combined with the geometric parameters for
each age. For example, at a specific age, under
compression, material properties of the verte-
bra, disk, and cartilage were averaged (o obtain
a materially scaled factor using the adult male
as standard. The overall neck cross-sectional
area factor for this age was multiplied by the
above age-specific determined material factor
to obtain the combined scaling factor. Similar
procedures were adopted for tension, exten-
sion, and flexion. The derived scale factors using
this combined spinal material and geometrical
approach as a function of age and loading mode
are given in Table 21.6.

Head

Developmental Anatomy

The anatomy of the head of the child is dynamic
and its various aspects develop with age. '™ %1

Although general features are present, the
basic underlying bony characteristics do not
develop unti} 2 years of age in most cases, and
completion of growth does not occur until the
second decade of [ife. The skull and brain are
the principal components of the head.

Skutl

The neurccranium houses the brain, face, and
base, which are the three main parts of the
skeletal structures of the adult head. The term
skull generally refers to the entire bony struc-
ture and cranium relers only to the fused
regions, i.e., without the mandible. The adult
neurocranijum is a series of irregularly shaped
fused flat bones. Eight bones make up the neu-
rocranivm: frontal, two parietal, two temporal,
occipital, sphenoid, and ethmoid. The sphenoid
and ethmoid bones provide junction with the
face and anterior base of the skull. The calvar-
ium consists of the frontal, parietal, and occip-
ital bones that form the bulk of the convexity
on the top. Figure 21.15 illustrates the superior
aspect of the adult and newborn skull. In the
newborn, the occipital condyles are elongated
and fiat instead of the curved shape as seen
in the adult. The tymphanic rings form the
prominent teatures of the base of the skull. In
addition, they provide attachment for the tym-
phanic membranes. The calvaria extends later-
ally and posteriorly beyond the base of the
skull.

Unlike the mature adult human cranial bone,
which consists of two layers of rigid cortical
bone (inner and outer tables) housing the rela-
tively deformable cancellous (diploe) layer, in
the newborn the cranial bone is primarily cor-
tical, with no diploe component. Around 3 to 6

21.
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Ficure 21.15. Superior aspect of the adult (left) and newborn (right) skull. Various bones and sutures are

indicated. {Adapted from Williams,'™)

months of age, structurally, the growth proceeds
to gradually transform into the sandwich com-
position of the adult skull. At birth, the calvar-
ial bones are thin and ossification does not
extend into the suture lines of the skull. The
frontal bone is divided along the midline by the
metopic suture and outlined posteriorly by the
coronal suture. The parietal bones are two sym-
metric plates covering the lateral aspect of the
skul). They are separated by the sagittal suture
in the midline. Anteriorly, they are abutted by
the coronal suture, posteriorly by the lamb-
doidal suture, and inferiorly by the squamosal
suture. The occipital bone, or more specifically
the squamous portion of the occipital bone, is
formed by the lambdoidal suture that traverses
symmetrically from the lambdoid and merges
into the posterolateral fontanelle. With age, the
sutures continue to diminish in size, but closure
occurs at different intervals. The metopic suture
closes during the sixth to eighth year of life.
Complete fusion of the bony plates with oblit-
eration of the sutures occurs around 20 years of
age when the skull has reached its full defini-
tive size.

The soft spots or fontanelles of a newborn
head are large patches of fibrous tissue located
between the bony plates of the skull */2213#134160
Fontanelles can be compared to the synchon-

drosis of the cervical spine (Fig. 21.16). They are

not fused in the newborn. There are six major
fontanelles with variable smaller or accessory
fontanelles usually located along the sagittal
suture. The six fontanelles are the anterior, pos-
terior, and the paired anterolateral and pos-
terolateral fontanelles. The anterior fontanelle
is located along the bregma or the intersection
of the coronal, sagittal, and metopic sutures.
This fontanelle is the largest at birth with
an average diameter of 25mm. The posterior
fontanelle is located along the lambda, which is
the intersection of the sagittal and lambdoidal
sutures. The anterolateral fontanelles are
located along the pterion, which is the inter-
section of the coronal and squamosal sutures.
The posterolateral fontanelles lie along the
asterion or the intersection of the lambdoidal
and squamosal sutures. Closure of the
fontanelles occurs at various times. The poste-
rior and anterolateral fontanelles close within 2
to 3 months after birth, and the posterolateral
fontanelle closes approximately at 1 year. In
contrast, the anterior fontanelle closes at
around 18 to 24 months of age.

Brain

We begin with the prenatal development of
the brain.'*'** After conception, the clump of
rapidly dividing cells initially begin to resemble
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Fioure 21.16. Front and side views illustrating the fontanelles. (Redrawn from Agur and Lee,! Tindali et

al,"™ Williams,"™ and Youman.'")

a more organized pattern forming the embryo.
The cells of the human embryo are categorized
into layers. These are the ectoderm {outer),
mesoderm {middle), and endoderm (inner),
named by the location of the cell layers. Along
the ectoderm, a specialized region of cells
forms the neural plate from which the struc-
tures of the nervous system are formed by cel-
lular division. This process of growth is termed
neural induction. As the cells along the outer-
most edge proliferate more rapidly. it creates an
indentation or “groove” along the midline
known as the neural groove. This process con-
tinues with the margins growing up and around
to form the neural tube, with closure initially at
the area of the neck, and proceeding in the
rostral and caudal directions. The various com-
ponents of the central nervous system develop
from the neural tube. Once closed, the neural
tube represents all components of the nervous
system with the rostral portion forming cere-
bral hemispheres and brainstem, and the caudal
portion forming the spinal cord. From the
mesodermal layer comes the formation of the
skeletal structures that surround and protect
the nervous system. Cells from this middle layer
develop into specialized regions and form
paired, block-ltke masses known as somites.
These regions are arranged around the neural
tube in a symmetric pattern and develop into
the vertebral column and segmental muscula-
ture. These events then form the basic blueprint

of the human skeleton and nervous system
from which growth in utero will proceed until
birth. Approximately, the first 5 years of human
life correspond to a rapid increase in develop-
ment of the brain. This is characterized by a
decrease in water content with an increase in
the number of ghal cells and dendritic branches,
and synaptic connection of neural cells and
axon myelination.

Age-Related Grouping and
Material Properties

As indicated above, the growth of the human
head does not parallel the growth of the other
structures of the human body (e.g., neck). Con-
sequently, age-related grouping for the neck
structures based on vertebral growth cannot be
directly translated into the age-related group-
ing for the pediatric head structures. As an
initial approximation, based on some of the
characteristics of the developmental processes
described above, it is possible to obtain an age-
related grouping. Sequential closure of the
fontanelles when applied to this type of a
classification results in the following: newborn
{zero) to 3 moaths corresponding to closure of
the posterior and anterolateral fontanelles, |
year corresponding to closure of the postero-
lateral fontanelle, and approximately 2 years

21.
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corresponding to closure of the anterior
fontanelle. Other classifications are also pos-
sible. Table 21.7 includes the representative
material properties used in the literature for the
various components of the head in the mathe-
matical models.!"**®* Compared to the adult
model, the same level of sophistication has not
been achieved in the pediatric models. This is
because data on the material properties of the
pediatric human skull, suture, and brain tissues
are sparsse. Furthermore, unlike the neck struc-
ture, finite element modeling of the head is still
very much in its infancy.

TasLE21.7. Malerial properties used in human finite
element model.

567

Biomechanical Responses

While studies describing the mechanical prop-
ertics of the adult human cranial bone under
compression, tension, bending, and shear are
available, a paucity of such information
exists for the developing pediatric popula-
tion 6TI8ISELT Ghecific to the growing
population, in an earlier study, cranial bone
specimens from two full-term newborns
(gestation age 40 weeks) and one 6-year-old
human cadaver were tested using three-point
bending technique at a quasi-static rate of
0.Smm/min.*4# [n the two newborn speci-
mens, frontal and parietal bone samples were
tested. In the 6-year-old specimen, parietal
bone samples were used. Tests were conducted
along an axis parallel and perpendicular to the
long axis of the specimen. The maximum deflec-
tion used in these tests was 1.5mm. Paired
Studenl’s t-tests using the data from the 6-year-
old parietal specimen indicated differences in
the modulus (p < .001) between parallel (7.38 £
0.84 GPa) and perpendicular (5.86 + 0.69 GPa)
orientations. Significant differences (p <.001) in
the elastic modulus were also found between
paralle! (3.88 + 0.78GPa) and perpendicular
(0.951 * 0.572GPa) fiber orientation for the
newborn (Fig. 21.17). In addition to these data,
tests were conducted on four fetal cadavers
with gestational age ranging from 25 to 40
weeks (Table 21.8). Significant differences
(p < .001) in the elastic modulus were found
between parallel (1.65 £ 1.17 GPa) and perpen-
dicular (0.145 *+ 0.062 GPa) orientations. In a

1-month-old
Young’s Density  Poisson’s
modulus (MPa)  (kg/m’) ratio
Cranial bone 1,300 2,150 0.28
Suture 200 1,130 0.28
Brain 2,110 —_— —
Foramen 100 — —
magnum
Adagpted {rom Thibaull et al."
3-month-old
Young's Poisson’s  Stiffness
modulus (MPa) ratio (N/mm)
Cranial bone 880 0.28 —

- Suture — 0.28 189
Brain 2,110 — —
Foramen 100 — —_

magnum
Adapted from Runge et al.'*
10

Ficure 21.17. Comparison of the elastic
modulus  between the newborn and

Elastic modulus (GPa)
(4]

6-year-old buman cadavers in three-point
bending uader parallel and perpendicular 0
orientations.

Parallel
Perpendicular

7

7

Newbom § Years
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TasLe 21.8. Elastic modulus from three-point bending tests on six human cadavers.

Elastic modutus (GPa)

Parallel oricatation

Perpendicular orientation

Gestational age (week) Parietal bone n Frontal bone n Parictal bone n Frontal bone n
25+2 1.30£0.6 3 - 012 £0.01 8 -
272 0.94 £ 0.41 10 —_ 0.18 £0.03 3 —
28+2 362 £0.46 S —_ .14 £0.08 5 —_
82 424 £0.73 9 — 0.84 £ 0.19 8 —
40+ 2 401 £1.28 3 3.05£0.88 2 1.74 £ 0.59 3 1.702 079 2
402 351+0.50 10 3.06 £ 0.84 10 0.57 £0.14 S e

n, number of samples tested in each cadaver.
Adapted from McPherson and Kriewall.*?

TasLe 21.9. Biomechanical properties of human fetal cranial bone under three-point bending. Data obtained

from 10 cadavers.

Elastic modulus (MPa)

Loading rate  Stiffness

Gestational age {(week) Bone {mmisec) (N/mm}) Paralle! orientation Perpendicular orientation
20 Parietal 0.008 41 4,232 1,238
30 Parietal 0.008 33 3,478 1,044
30 Parietal 0.008 1.4 3,634 1.626
33 Parieta) 0.008 23 3,029 1,996
34 Parietal 0.008 4.7 3,390 1,646
39 Parietal 0.008 17.5 4301 —_
40/newborn Parietal 0.008 25.1 5,167 1,434
40/newborn Parietal 0.008 20.4 2,961 —_—
4)/newbom Parietal 0.008 6.8 3,594 1.684
2-week-old Parictal 0.008 14.1 7,360 —

Adapted from Kriewall.®

later study, 10 human cadavers with age ranging
from 20 to 42 gestational weeks were tested
using three-point bending techniques at a
loading rate of 0.0083mmi/sec. The bending
stiffness ranged from 1.4 to 25.1 N/mm. The
elastic modulus for the perpendicular orienta-
tion (1.044 to 1.996 GPa) was lower than the
modulus for the parallel orientation (3.02 to
7.36 GPa). These data, on a specimen-by-
specimen basis, are included in Table 21.9.

In a more recent study, cranial bone speci-
mens were tested from human cadavers.!'*!»1%
In the initial study, 12 samples were used from
four cadavers (25 and 30 weeks’ gestation, and
1 week and 6 months of age). The parietal bone
test specimens were extracted bilaterally paral-
lel to the sagittal suture with approximate

dimensions of 20 to 25mm length by 3.5mm
width. They were subjected to failure using
three-point bending techniques at a ioading
rate of 0.042 or 42.33mm/sec. All specimens
had a constant span of 17mm with the excep-
tion of the 6-month-old specimen, which had a
span of 30mm. For testing, the samples were
oriented with the fibers perpendicular to the
long axis of the bending specimen. Failure
occurred in all tests under the load point on the
tensile side of the specimen. Rupture and
elastic moduli, and energy absorbed to failure
properties (Table 21.10) demonstrated increas-
ing tendencies with advancing age. In a later
study, data were reported from three-point
bending tests conducted at loading rates
between 0.03 and 30mm/sec on four subjects
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TaeLe 21.10. Biomechanical data from human and porcine tests.

soteyrwolg duielpad {2

Specimen % Load rate Yield Uttimase Energy Young's
Species Age ype & Size (mm/sec)  Load type Stress Strain (%) Stress Strain (%)  (100x Nmvm?®)  madulus (MP2)
tluman®*  2Swks L-Panetal 1 0.042 3-pt bead 45 312 1.6
25wks L-Parietal 2 4233 3-pt bend 4.0 e 438
30wks L-Parietal 1 0.042 3.pt bend 31 — 95.3
30wks R-Parietal 2 42.33 3-pt bend 12 624 434.5
30wks R-Parietal 3 0.042 3-pt bend 149 - 6188
30wks R-Parietal 4 42.33 3-pt bend 89 575 4017
30wks R-Parietal 3 4233 3-pt bend 170 675 4554
1 week L-Panetal 1 4233 3-pt bend 10.6 607 8209
6mos L-Parietal 1 0.042 3-pt bend 421 1392 21117
6mos R-Parietal 2 0042 3-pt bend 44.6 1,834 21994
6mos L-Parieral 3 4233 3-pt bend — —_ 267119
6mos R-Parietal 4 4233 3-pt bend W 4361 35822
Porcine* 2-3 days Bone 1 0.042 3-pt bend 174221 1,000 £ 182 615 £96.2
2-3days  Sowre 6 0.042 3-pt bend 12466 1127 £ 327 1942 £42.5
2-3 days Bone 13 42.33 3-pt bend 414166 1,688 + 338 13714 £ 2758
2-3days  Suture 7 42.33 3-pt bend 308+£51 1,737 £ 415 610321226
Porcine 2-3days  Bone 6 0.042 ‘Tension 53309 47901 106116 341:069 15122 809 + 1189
2-3days  Suture 3 0.042 Tension 571209 422104 77+08 £664=z078 335 1715 £ 32.5
Porcine 1-yr-old Outer table 13 0.042 Tension 6707 10609 135410 454:x027 253 802.3+78.8
1-yr-old Diploe 12 0.042 Tension 40+07 109+031 7207 302x026 9% 5432 £ 56.6
: 1-yr-old Outer table 10 4233 Tension 81+10 089+008 185+14 4151042 34zx5 1,0586 + 118.4
! 1-yr-old Diploe 7 4233 Tension 2605 0451011 111210 2.77:049 102 8582+ 1230

*Stress values corespond 1o rupture stress See text for details Stress vatues in MPa.
Adapted from Thibault et al*
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with ages ranging from 3 to 7-years. The speci-
mens included parietal and occipital bones.
They were approximately 20mm long by 7mm
wide by 1 to 2mm thick. The material proper-
ties expressed in terms of clastic modulus
showed differences between the newborn and

N. Yoganandan et af

7-year-old specimens. Force-deflection behav-
ior of a 3-month-old parietal bone tested at the
rate of 30mm/sec is included in Fig. 21.18. A
comparison of these data illustrating the age
dependency in the material properties s
included in Fig. 21.19. The bar chart also

35
L]
e® o0 °
30 Lo *®
*
P 4
25 .’
*
Z 20 4 ¢
° .
2
& 15 .
*
10
*
51 . Figuge 21.18, Force-defiection behav-
ior of a 3-month-old parietal bone
o - ’ specimen tested in  three-point
0 0.5 1 15 25 bending at a loading rate of 30mm/sec.
Displacement (mm) {Data adapted from Runge et al.''*)
Elastic Modulus (GPa)
10 >
» Parietal + Occipital
s Parietal + Frontal (Paraliel)
A Paretal + Frontal (Perpendicular)
8 4 ¢© Paretal (Parallel)
v Parietal (Perpendicular)
§ .
4 . .
2
Figure 21.19. Elastic modulus
s ¢ of the cranial bone. (Adapted
o . ' : - ' ] . _ | from Hubbard,* Kriewall ct al,"’
Newbom 3 Month SMonth 7Month 7Years 6Years Adul McPherson  and  Kriewall®
Runge et al,'"” and Thibault et
Age al.'®)
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includes the embalmed adult human parietal
bone specimens tested using three- and four-
point bending technigues.*

Although investigations have been con-
ducted delineating the characteristics of the
adult sutures, biomechanical studies of sutures
of the human skull in the pediatric age group
have received less attention.**"” Coronal, sagit-
tal, and metopic sutures from donors with age
ranging from 3 to 15 months were subjected to
tensile tests at an axial loading rate between
0.03 and 30 mmy/sec.! Force-deflection charac-
teristics indicated a nonlinear behavior typical
of biologic materials (Fig. 21.20). The stiffness
was defined as the slope in the linear portion of
the curve. The mean suture stiffness was 189
N/mm for the six samples.

Because of similarities in the apatomic char-
acteristics between the porcine and human. and
because of a lack of detailed information on
pediatric human cadaver biomechanics, some
data are presented from porcine tests. The
porcine brain is similar to the human brain in
terms of growth and development.”™'*'7 The 2-
to 3-day-old piglet is representative of a less
than 1-month-old human newborn. The l-year-
old piglet is representative of a more than 4-
year-old human. Additional rationale for the
use of the porcine model is given later.

571

Biomechanical properties of the 2- to 3-day-
old and l-year-old porcine cranial bone and
suture (Table 21.10) were determined.'” Left or
right frontoparietal bones excised from 20
porcine cadavers (2- to 3-days-old) were tested
using three-point bending technique. The spec-
imens had a span of 17mm. For cranial bone
tests, the specimens were obtained from the
parietal region (parallel to the suture). For
cranial bone-suture tests, the specimens were
obtained from the frontoparietal region with a
portion of the coronal suture penetrating the
cross section. Loading rate was set at 0.042 or
42.33mm/sec. The specimens (Smm wide by
25mm long) were oriented with fibers perpen-
dicular to the long axis of the specimen. In the
second series of experiments, uniaxial tension
tests (3- to S-mm gauge length) were conducted
on a separate group of ten 2- to 3-day-old
piglets. The parietal or frontoparietal bone
specimens included the coronal suture. The
loading rate was set at 0.042mm/sec. For
comparison, in the third series of experiments,
similar axial tension tests were conducted on
the outer table and diploe specimens from ten,
1-year-old pigs at 0.042 and 42.33 mm/sec rates
of loading. Biomechanical data from these
three series of experiments are presented in
Table 21.10. The bending elastic modulus of the

120
100
80
z .
§ 60 4
S
.
40
20 1
FiGure  21.20. Tensile force-
displacement  curves  (range
shown) of the coronal suture of a 0
3-month-old human skull. 0

{Adapted from Runge et al.''%)
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2- to 3-day-old piglet bone was greater (p < .05)
than the suture at botb rates of loading. In
contrast, the bending elastic modulus and
rupture stress of the 2- to 3-day-old piglet bone
and suture were greater (p < .05) at
42 33mm/sec than at 0.042mm/sec. Significant
differences (p < .05) were also apparent
between the bone and suture in the tensile yield
strain, ultimale strain, and tensile modulus. The
ultimate tensile stress for the 1-year-old pig
outer table and diploe, and tensile modulus for
the diploe were higher {p < .05) at 42.33 mm/sec
than at 0.042mm/sec. Except for the teusile
yield strain at 0.042mm/sec and tensile
modulus at 42.33mm/sec, all other variables
(tensile yield stress and strain, tensile ultimate
stress and strain, energy, and tensile modulus)
demonstrated differences (p < .05) between the
outer table and diploe. These data indicate vari-
ations in the mechanical properties of the coa-
stituents of the skull with age.

Difficulties exist with regard to characteriza-
tion of the mechanical properties of soft tissue
structures using autopsy material because of
its quick deterjoration postmortem.** It is
well known that mechanical properties such as
stress-relaxation characteristics differ signifi-
cantly between live and dead brain tissue, and
the variations may be due to alterations in the
parenchyma and vasculature pressure.'” Con-
sequently, if one were to use autopsied brain
tissue for the determination of the mechanical
properties, time would be a critical factor.
Porcine studies have been conducted to deter-
mine the mechanical response of the brain (to
shear loads) within 3 hours postmortem.'”
However, practical and logistic constraints may
limit the usc of human cadaver brain to directly
determine mechanical properties. Although it is
possible to obtain tissues from operating rooms
during surgery (with the approval of the
Human Studies Committee), they may not all
be ful]ly usable for biomechanical material
property testing because of their abnormal
conditions. To circumvent this difficulty,
researchers have begun to use clinical, experi-
mental, and finite element modeling methods.
This includes limited testing of pediatric brain
material obtained during certain neurosurgical
procedures, testing of porcine brain Ussues,

N. Yoganandan et al

testing of human skull bones, testing of porcine
skull bone and sutures, and correlating experi-
mental and modeling porcine data with the
human resuits, thus indirectly establishing a
rationale to employ age-dependent porcine
brain material properties to the human, '3
Further discussion on the characterizations of
the porcine skull and brain as applied to the
pediatric population is presented below. With
this as a focus, the biomechanical responses of
the developing porcine are included in this
chapter.

Samples of frontal cerebrum (free from
sulci) from 2- to 3-day-old piglets (# = 12) and
1-year-old pigs (n = 12) were tested within 3
hours postmortem.'”” The disk-shaped speci-
men was approximately 1 to 2mm in thickness
and 10 to 12mm in diameter. Each specimen
was subjected to oscillatory simple shear strain
amplitudes of 2.5% or 5% from 20 to 200Hz.}
The shear modulus was found to be different
{p < .05) between the 2- to 3-day-old and the
l-year-old pig brains, and the complex shear
modulus of both groups increased with strain
rate.

The developmental characteristics of the
human head expressed in terms of its breadth,
length, circumference, and body and brain
weight are included in Fig, 21.2]73%8120
Structural differences have also been quan-
tified in the form of stiffness between the
adult and child skull.'™ Using previously
reported data on the anterior-lo-posterior
force-defiection properties from twelve adult
unembalmed human cadaver heads, age-
dependent stiffness can be obtained.™” These
data indicate that the stiffness is a nonlinear
function of age attaining 75% of the adult
value between 6 and 9 years, 90% at 13 years,
and full adult value at 20 years of age (Fig.
21.22). The numeric changes in stiffness repre-
sent the differences in maturation processes
of the skull bones. In deriving this relationship,
it is assumed that the ratio of stiffness of the
skull of the newborn to the adult is equivalent
to the ratio of compressive strength of the
femur of the newborn to the adult human.””* A
comparative anatomy of the adult and the
newborn human skull is given in Figs. 21.15
and 21.16,

21

Ft
he
br
br
ce
(t
(¢

002068



21. Pediatric Biomechanics

573

Fioure 21.21. Variation of the 6o
head circumference (top), head  § ss e e b e
breadth and length (middle), and Eso s e e o0 " o o @
- . o ) -
brain weight expressed.ds a per 5 o
centage of adult brain weight §45 .
(bottom) as a function of age. £ ”
(Adapted from Snyder et al.'"®) 2 15
(4] 1 H
T M
30 - . ‘
] 5 Y 15 20
Age (years)
20 - =
- m = a
518' .....I--ln
£ ="
&6 | A
Sra e xxxx!""xx"xxax
5 B x % X
@ X X x Lateral breadth @
§12 J‘X = AP Length
§1o k
8
0 5 10 15 20
Age (Years)
120
100

8

Rl
«Q

»
(=3

N
o

Braln waight (% adull brain weight)

(-]

Tolerance

The widely used tolerance, head injury criterion
(HIC), was developed in the 1970s. The basis
of the HIC lies in the use of the Wayne
State University tolerance curve 843116131146 Thjg
was developed by dropping embalmed human
cadaver foreheads onto unyielding flat surfaces.
In its final form, the tolerance curve was devel-
oped by combining the results from a wide
variety of pulse shapes, cadavers, animals,
human volunteers, clinical research, and injury
mechanisms. Skull fracture and/or concussion
were used in the failure criterion except for
long-duration human volunteer tests wherein

no apparent injuries were reported. The current
HIC limit of 1,000 applies to the midsize
male.!® The criterion is given by the following
equation:

" 25
HIC = max[{l/(z2 -1, )}ja(r)dt]

where ¢, and ¢, are arbitrary times during the
acceleration phase, and a(f) is the resultant
acceleration response. Attempts have been
made to establish pediatric head injury toler-
ance using adult data for the HIC and angular
acceleration thresholds (see Table 21.12 in the

C
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Figurg 21.22. Variation of skull stiffness from the
newborn to the adult (20 years of age). Data indi-
cated as the ratio of the stiffness at a particular age
to the average adult stiffness. (Data adapted from
Snyder el al.""")

Appendix). A widely used procedure for the
angular/rotational acceleration is based on the
mass of the brain." This relation was based on
noncontact, inertial loading tests using pri-
mates.

.. . 2
By =0,[M./Mu)?

where subscripts H and A refer to the human
and animal, M is the mass of the brain, and the
double dot represents rotational acceleration.
The underlying assumption is that the density
and material property characteristics between
the animal (model) and the human (prototype)
are equal. This equation results in a value of
1,700rad/sec/sec for the angular acceleration
threshold for adult human. Using this approach
and assuming the mass of the infant brain to be
0.5kg, pediatric head injury tolerances have
been obtained.™ Because developmental and
anatomic differences exist between the pedi-
atric and the adult skull and brain (see earlier
scctions), this equation was modified in later
studies.'? To incorporate the age-related mate-
rial property changes in the brain tissues, recent
research has indicated that, at low shear strains,
the above mass-related equation can be modi-
fied as follows.

N. Yoganandan e 3}

2
8¢ = QM[MH/MC J"’_ G /Gl,l}

The rotational acceleration threshold of the
child (represented by subscript C) is obtained
by multiplying the rotational acceleration
threshold of the adult human (represented by
subscript H) by the product of the ratio of th;:
adult brain mass to the child brain mass raised
1o the two-thirds power and the ratio of the
storage modulus of the child to the storage
modulus of the adult human. The use of this
modified scaling relation reduces the rotational
acceleration threshold. The validity of this rela-
tionship, however, is unknown at large strain
levels (beyond 5%). Further research in
this area is needed. It should be reiterated that
this is applicable only to noncontact, inertial
load applications. More recent human volun-
teer studies conducted using boxers in Europe
have recorded head angular acceleration
levels exceeding 13,600rad/sec/sec.'™ Further
research is needed to establish tolerance crite-
ria for all ages.

Recognizing the need to account for both
material and geometric variations, as an initial
step injury assessment reference values for the
6-month-old infant dummy were obtained by
combining geometric and material scaling data
between the adult and pediatric groups™
Similar to the procedures of using calcaneal
tendon strength to determine the scaling of the
neck tensie strength (described earlier), the
skull bone modulus of elasticity from literature
was used to determine the modulus of elastic-
ity ratio for the skull of the 6-month-old infant
dummy.® The mechanical properties of the
human skull bone betweecn the newborn and
the 6-year-old child were approximated by a
linear fit. Using the principles of scaling dis-
cussed in the earlier section and detailed in the
Appendix, injury assessment reference values
developed for the adult midsize male (Hybrid
HI) and 6-year-old and 3-year-old dummies
were scaled to estimate the corresponding
values for the 6-month-old infant dummy. The
resulting values for the HIC and head acceler-
ation are shown in Figs. 21.23 and 21.24. The
HIC and head acceleration values directly
obtained from tests using the 6-month-old
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FiGure 21.23. Estimated head injury criteria for the
6-month-old dummy. (a) Corresponds to values for
that particular dummy (example Hybrid I11 = 1,000).
(b) Scaled values applicable to the 6-month-old
dummy [example, head injury critecion (HIC) of
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1,000 scaled from Hybrid I11 results in a HIC of
121 for the 6-month-old dummy]. (¢) Values directly
obtained from tests using the 6-rmonth-old dummy.
(Data adapted from CFR,' Melvin,® Mertz et al®
Mertz and Weber®™ and Sturtz.'®")
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Ficure 21.24. Head acceleration for the 6-month-old dummy. Data are presented in a manner similar to (hat
in Fig. 21.23 (Data adapted from CFR,' Melvin,” Mertz et al * Mertz and Weber,® and Sturtz.'?)

infant dummy (CRABI) in the Federal Motor
Vehicle Safety Standard {FMVSS) 213 sled
tests with standard bench seat, and Inland
Fisher Guide sled tests with instrument panels
using the CRABI 6-month-old and GMTNO 6-
month-old dummies, are included in these
figures, Since the head acceleration level of 32g
obtained by scaling from the midsize male

dummy was significantly lower than the head
accelerations estimated from the scaling of the
other dummies, it was decided to exclude these
data. The head acceleration values scaled from
the 3- (54g) and 6-year-old (55g) dummies were
found to be closer and lie between the values
obtained with the FMVSS 213 (38¢) and Inland
Fisher Guide (66g) sled tests.™ The average of
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these four test values resulted in the recom-
mendation of an injury assessment reference
value of 54g for head acceleration. For the HIC,
it was decided to exclude the scaled Hybrid 11
(HIC = 121) and scaled 6-year old dummy
values (HIC = 138) because they were consid-
erably different than the value obtained from
the other tests (Fig. 21.23).

Based on these types of analyses, injury
assessment reference values were developed
for the CRABI 6-month-old dummy with a
deploying passenger airbag® The recom-
mended values are peak resultant head accel-
eration of 50g associated with a 22-msec HIC
of 390; peak resuitant chest acceleration of 50g;
and peak upper neck tension and shear forces,
and flexion and extension moments of 500 and
470N, and 16.4 and 5Nm, respectively. It was
stated that the 390 value for HIC should not be
permitted for shorter time duration pulses with
values above 50g. Using the skull bone modulus
as a governing parameter for material scaling,
HIC values of 121, 275, and 525 were obtained
for the 12-month-old, 3-year-old, and 6-year-old
dummies, respectively.” Another proposed
method is to compute the HIC for the pediatric
group based on the assumption that the pedi-
atric skull deformation is controlled by the
properties of the cranial sutures instead of skull
bones. Using the calcaneal tendon as a surro-
gate for suture stiffness, HIC limits for the
12-month-old, 3-year-old, and 6-year-old dum-
mies are 660, 900, and 1,000, respectively (see
Table 21.12 in the Appendix, which provides
tojerance-related data for the various child
dummies).

Although efforts have been advanced using
mathematical and other physical models to sim-
ulate brain injury mechanisms, to date no
widely accepted specific tolerance criteria exist
as a function of age.”*? In a recent unpublished
study, a series of simulations was performed to
investigate the importance of skull maturation
process on the impact response of pediatric
heads® A simple adult head model was used
along with three different 3-year-old pediatric
models. The first pediatric mode! was obtained
by simple geometric scaling of the adult model.
The second model included more appropriate
skull stiffness properties, i.e., geometric and

N. Yoganandan et g}

material scaling. The third model included
unfused sutures, i.e., geometric and materal
scaling with open sutures. The simulationg
consisted of each head model impacting a
45-degree inclined plane with a forward initial
velocity of 7.5m/sec. Compared to the adult
skull response, the geometrically scaled 3-year-
old model indicated a higher acceleration peak
occurring at an earlier time. The level of effec-
tive stress within the brain did not change
significantly. In the geometrically and materi-
ally scaled model, the acceleration peak
dropped below the adult level, while the stress
in the brain increased. Addition of sutures did
not change the peak deceleration value,
although the time of occurrence of the peak
was delayed. The effective stress (within the
brain) in this model increased by approxi-
mately 10% compared to the pediatric model
with geometric and material scaling (Fig. 21.25).
These results underscore the need to experi-
mentally obtain the mechanical properties of
the various components of the human head
as a function of age. In addition, although
preliminary in nature, these analyses demon-
strate the limitations of using simple geometric
scaling for predicting head injury in the pedi-
atric population.

Thorax (Chest)

Pediatric thoracic structures also undergo a
process of developmenta! changes with increas-
ing age. Skeletal components such as thoracic
and lumbar spine vertebrae develop similarly
to typical cervical vertebrae. The nib cage ossi-
fies from cartilaginous origin. The size and
properties of the internal organs and soft
tissues also develop to reach adult maturity. An
in-depth presentation of these developments as
a function of age is not given because of space
limitations. The reader is referred to the litera-
ture. With regard to the tolerance of pediatric
human thoracic injury, using the principles of
geometric and material scaling (see earlier dis-
cussion), chest acceleration levels for pediatric
dummies were derived ¥ Figure 21.26 includes
a bar chart representation of the various values.
More recently, a Combined Thoracic Index
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Ficure 21.25. Comparative responses of adult and
3-year-old heads with varying assumptions used in
the mathematical model. (A) Adult skull. (B) three-
year-old skull with geometric scaling. (C) Three-

(CTT) criterion was suggested. The criterion
was derived from 71 highly instrumented adult
human cadaver tests conducted under varying
belt and airbag combinations and at various
AVIBIISIN Dyerailed statistical analysis of
data, i.e., deflections from chest bands (con-
tours of chest deflection as a function of time
and location), accelerations from accelerome-
ters placed on the thoracic spinous processes,
and velocities and viscous criteria computed
from chest deflections, were conducted by
dividing the injury pathology into AIS < 3 (no

year-old skull with geometric and material scaling.
(D) three-year-old skull with geometric and maler-
ial scaling and open suture simulation.

injury) and AIS 2 3 (injury) groups. In the final
analysis, the criterion was based on chest deflec-
tton and spine acceleration, the two measure-
ments routinely made with the Hybrid
IIT dummy in crash tests. It is given by the
relation:

CT] = Amax /Aim + Dmax/Dml

where A, and 0., denote the maximum
chest/spine acceleration and chest deflection,
and A, and D, denote the corresponding
maximum allowable intercept values. Aduli-
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to-pediatric scaling was accomplished as Taace 21.11. Critical intercept and limiting values
follows. Defiection was scaled according to for Combined Thoracic Index (CTI).
chest depth, and acceleration was scaled Parameter  6.year-old  3-yearold  12-month-old

according to geometric and material scaling. p "o &3 7 49

The critical intercept and limiting values used () gs 7 5

in the computation of CTI are given (Fig.21.27, "

Table 21.11). As indicated earlier, it must be °™ a7 42 37
A 60 S0 Ly

noted that these proposed intercept values 7
and limits are only tentative. Consequently, Adapted from Kleinberger et al.®
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revised numbers may be available in the near
future.

Extremities

Like the head and spinal column, extremities
develop with advancing age. Because of space
limitations, it is not possible to describe the
developmental processes. The reader is referred
to the literature. As an example, the femoral
shaft is chosen for demonstrating the effects of
age on blomechanical properties. The femur
responds with increasing strength from birth to
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adulthood. Tests have revealed that children
have a low modulus of elasticity, lower ash
content, and absorb more energy than the adult
fermnur,*#* Variation of femur bending strength
with age is depicted in Fig. 21.5. With regard to
the shear strength tolerance of the femur, iso-
{ated femur testing from child cadavers ranging
from 5 days to 15 years has been conducted.*
In younger children, the perichondrial com-
plex is shown to be a major contributor to the
shear strength of the perichondrial complex-
epiphyseal plate combination (Fig. 21.28). Es-
tablished tolerance criteria for the femur as a
function of age are not available.
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Summary

The pediatric structural components of the
human body develop and attain maturity
through vanious processes. This chapter focused
on the neck, head, thorax, and extremity struc-
tures. Emphasis was placed on neck and head
structures. While not exhaustive, develop-
mental processes such as ossification were
described. Detailed material properties for the
various components of these structures were
given as a function of age so that modeling
efforts can be advanced to understand pediatric
biomechanics. Since experimental age-specific
data are very limited, and since stress analy-
sis-type mathematical models offer unique
capabilities to investigate the biomechanical
issues, these data will be of value. [f and when
zxperimental output becomes available, it will
se possible to update and/or validate age-
specific models using these data. Attention
must be paid in future research to obtaining
2xperimental data (e.g., material properties) of
pediatric structures. Although tolerance criteria
are presented for other structures, because of
space constraints such detailed coverage was
not given to the thorax and extremity regions
in this chapter. These data should act as a stim-
ulus to further our pediatric biomechanical
knowledge.
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Appendix

The type of scaling commonly used in vehicu-
lar applications is dimensional analysis. For
mechanical systems in which thermal and
electrical effects can be ignored, this technique
allows the unknown physical responses of a
given system to be estimated from the known
responses of a similar system. This is accom-

N. Yoganandan et 4

plished by establishing three fundamenty)
scaling factors. They are based on ratios
between the fundamental properties that
charactenize the two systems. For structura]
analysis, the three fundamental ratios are
length, mass density, and modulus of elasticity
or stiffness. The scaling ratios for other vag-
ables are based on the fundamental ratiog,
The three fundamental nondimensional ratios®
are:

Length scale ratio: A, = L,/ L, @)
Mass density ratio: Ap =p, /pz (25
Modulus of elasticity ratio: Az = £,/ E, (3)

Subscripts 2 and ] refer to the subjects to be
scaled to (prototype) and from (model), respec-
tively. The scale factors for all other physical
quantities associated with the impact response
of the system can be obtained from these three
dimensionless ratios. %

When scaling data between adult subjects, it
ts generally assumed that the moduli of elastic-
ity and mass densities are equal for both sub-
jects. The scale factors for these quantities are
equal to unity. The implication of this assump-
tion is that all physical quantities can be scaled
as functions of the basic length scale ratio, A,
assuming geometric similitude. When scaling
data from adults to children, or between chil-
dren of various ages, differences in the modulus
of elasticity (or stiffness) must be considered to
account for the structural immaturity in chil-
dren. Assuming the mass density to be constant
for all subjects (Ap = 1), the following scale
factors are obtained:

Length: A, = L,/L, 4)
Mass: A, -—-(XL)3 ()
Modulus of elasticity: Ay = E, /£, (6)
Time: A; =A,/(Ag)” ™
Acceleration: A4 =g /A, (8
- Force: Ar =(A)"Ag 9
Moment: A, =(A, ) Ar (10)
Head injury criteria: A ¢ =(lg)2/(?»L)LS an
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TasLe 21.12. Scale factors.

6-yenr-;)!d 4. 3.ycarold 12-month-old 6-month-old Newhom
Head length 0.89 5 0.87 Y. 7) 077 0.63
Neck length 0.66 0.62 0.59 0.57 —
Chest length 0.59 0.53 0.49 0.42 033
Head mass 0.72 0.66 0.5s 0.46 —
Bone modulus 0.67 B 047 0.32 0.29 0.24
Tendon strength 0.96 0.85 070 0.66 0.63
Head
HIC GS 1.26 1.32 1.49 1.69 2.52
GB ) 0.54 0.27 0.14 0.12 (13}
GT 110 0.89 0.66 0.65 0.79
Angular acceleration
MS 1.23 1.32 1.49 1.68 —
GB 0.85 0.62 048 0.49 061
GT 121 112 1.04 L1 1.59
Neck tension—GT 041 0.32 0.24 0.21 0.13
Chest acceleration 119 0.93 0.65 0.68 074

GS, geometric scaling only.
MS, mass scaling only.

G B, geometric scaling with material scaling based on bone modulus.

GT, geometric scaling with materiaf scaling based on calcaneal tendon modulus.

Midsize adult values: head circumference 57.1 cm, neck circumference 38.3cm, head weight 4.55kg, chest circumference
101.0cm, HIC = 1,000, head angular acceleration 1.700rad/sec/sec. neck teasion 3.300N, chest acceleration 60g.
Adapted from CFR.' Kleinberger et al,” Meltvin,® and Ommaya et al."”

Angular velocity: A, =1/A; =2% /%, (12)

N

Angular acceleration: Aq = Ag/(A,)F =R /A2
(13)

When applying the different scale factors to
anthropomorphic test devices (dummies), it is
necessary to determine whether or not the
material scale factor has been incorporated
into the design of the dummies. Table 21.12
includes the fundamental length scale factors
for the head, neck, and chest, material property
scale factors based on the skull bone elastic
modulus and calcaneal tendon strength, and the
resulting neck tension, HIC, head and chest
acceleration scale factors using the above
relations.*#
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The neurosurgeon caring for the potentially
abused infant or child is asked to look at the inju-
ries and determine what happened, when it
occurred, and if the provided history is cousistent
with the findings. Unlike most injury scenarios,
where the patient presents with a known cause
of injury, the history given for an infant or child
who has suffered {rom inoflicted trauma contains
little or no true information about what actually
occurred. The stated cause is often deceptive,
but may contain elements of the truth that make
the story seem more plausible. In some cases,
the person bringing the child for care may be un-
aware that an injury has even occurred, but seeks
care because of concerns about the infant’s symp-
toms, such as vomiting, increased sleeping, or
irritability. Because accidental and abusive trauma
can present similarly, it is imperative that the phy-
sician caring for the head-injured infant consider
the stated mechanism and all of the clinical find-
ings before reaching any conclusions as to cause.
If the injury type and severity do not match the
expected injury potential of the stated cause, addi-
tional information should be sought to better
define the extent of injury and the details of how
this occurred. Because the true mechanism of
injury is rarely known in abuse cases, the physi-
cian must use all available information to deter-
mine best the manner of injury. The story is to

* Corresponding author,
E-mail address: piercem@chplink.chp.edu (M.C.
Pierce).

be reconstructed from the physical findings, clini-
cal presentation, and time course of the patient.
Diagnosing abuse in the young child or infant
requires piecing together a puzzle of facts without
assumptions.

A missed diagnosis of abusive head trauma can
be catastrophic because the young infant or child
who is being abused has a very high likelihood of
suffering further insult that may result in morbidity
and even mortality [1-4). Equal in harm to the
family and the child is when a truly accidental head
injury is diagnosed as an abusive event. Careful
and expert consideration is required to decrease
the likelthood of either accusing innocent families
of abuse, or misdiagnosing a child who has suf-
fered abusive trauma, placing the patient back into
a potentially harmful environment. To improve
accuracy and expert opinion concerning the man-
ner and timing of the injury, a biomechanical
approach is the key. An understanding of the bio-
mechanics of specific injuries and specific injury
mechanisms provides a more objective approach
for evaluating consistency between the stated cause
of injury and the actual clinical findings. This
understanding may also help guide therapy, inter-
ventions, and anticipation of the potential for neu-
rologic deterioration. A biomechanical profile for
evaluating head injuries in young infants has been
outlined by Duhaime et al [5] and Hymel et al [6]
has proposed a biomechanical approach for asses-
sing potential abusive head trauma.

Inconsistency between the history and obser-
ved injuries is one of the red flags used to differ-
entiate accidental and nonaccidental head trauma
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(i.e., a minor history accompanied by major or
multiple injuries). In some cases this discrepancy
may be based on learned assumptions rather than
experience and medical reason. It is critical to
keep an open mind to the injury potential for
various mechanisms, while gathering more data
in a nonaccusatory manner. A biomechanical ap-
proach to evaluating the head-injured patient can
provide a more scientific and objective framework
for diagnosing a discrepancy between history and
injury. Evaluating this inconsistency and deter-
mining that a head injury is or is not consistent
with the stated history requires (1) an understand-
ing of what types of biomechanical forces are
necessary to result in specific types of head inju-
ries, (2) what the mechanical injury potential is
from the reported cause, and (3) what the ex-
pected clinical presentation and course are for a
given mechanism and resultant injury. These key
areas are the focus of this article, which provides
an overview of concepts in injury biomechanics
as they pertain to the clinical evaluation of an
infant or young child who may have an inflicted
head injury, and reviews experimental modeling
of head injury. The reader is referred elsewhere
for further information {7-10,95}.

Evaluating the potentially abused infant or child

The physician must begin by obtaining a de-
tailed history of the event and carefully defining
all the cranial and noncranial injuries. A detailed
history of the event with a focus on the biome-
chanical explanation of the cranial injury is essen-
tial, The history should be taken with sufficient
detail to allow for biomechanical reconstruction
of the incident. If the historian reports, for exam-
ple, that the child fell down a flight of stairs, it is
essential to ask how many steps, of what the steps
are made, and on what type of surface the child
landed. It is also important that the history is
taken before providing the histornans with any
information about the patient’s injuries. Docu-
mentation of the initial history is also impor-
tant because in abusive trauma, the history often
changes as the perpetrator learns more about the
injuries and begins to fabricate a more realistic
history of the event. The physician must next
define the cranial injuries and then classify them
as either primary or secondary. Although the pre-
sence of secondary injury has a profound effect on
treatment and outcome, only the primary cranial
injuries can be explained by biomechanics. If
the patient requires an operative procedure, the

operating room is the place where the neurosur-
geon is able to add a unique perspective to the
biomechanical puzzie. In some cases of abusive
injury, the only evidence of impact is that seen by
the neurosurgeon in the operating room. In addi-
tion, the presence of new or old blood, and
xanthochromia in the hemorrhage may provide
important clues to the timing of the injury event.

To determine plausibility of a given set of
injuries resulting from a stated cause, all of the
injuries must be identified and taken into consid-
eration. Can a single event explain all of the med-
ical findings including time course of clinical
presentation? Key aspects for consideration when
evaluating the injury potential of a given mecha-
nism are whether the stated cause generated suf-
ficient energy to cause all of the discovered
injuries, and whether the types of injuries match
the biomechanics of the event.

Biomechanics of specific types of head injuries
and other injuries commonly encountered in abuse

Brain injury can be caused both by forces
directly applied to the brain and through indirect
forces transmitted to the head through the neck.
The primary head injuries from contact forces
occur at impact. Contact forces cause focal inju-
ries but are not the cause of diffuse brain injuries,
such as a concussion [7]. Indirect forces, or inertial
accelerations, are typically applied to body
regions (e.g., torso) other than the head and often
result in a whiplashing effect. Accelerations may
be linear, rotational, or a combination of the two.
Both direct and indirect forces applied to the head
can result in accelerations, or changes in velocity,
which lead to stress or strain within the brain.
Gennarelli and Thibault [7] note that “strain is
best understood as the amount of deformation
that the tissue undergoes as a result of mechanical
loading,” and because “biological tissues are vis-
coelastic, their tolerance to strain changes with
the rate at which the mechanical load is applied.”
Melvin et al [11] summarized the various mecha-
nisms of brain injury as follows: (1) direct contu-
sion from skull deformation, (2) brain contusion
from motion relative to the internal skull surface,
(3) reduced blood flow caused by pressure or
infarction, (4) indirect contusion of the brain
opposite the side of impact, (5) tissue strain pro-
duced by relative motion of the brain with respect
to the skull or hemisphere, and (6) rupture or tear-
ing of the blood vessels between the brain and
dura mater.
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External abrasions and contusions

Scalp and face findings add an important picce
to assessing the plausibility of a given mechanism
and provide information concerning contact
forces or phenomena. Scalp abrasions, swelling,
and bruising result from direct contact forces and
should be identified and documented before any
surgical interventions. The absence of scalp and
subgaleal swelling does not preclude impact,
and in some instances no impact can be found [12,
13]. A soft surface may dissipate the force of im-
pact to the head, resulting in brain injury without
visible signs of trauma [14,15]. In a study by
Duhaime et al [14], all patients who died from
abusive head trauma had evidence of blunt head
trauma, but in several of the cases evidence of
impact was found only at autopsy on reflection
of the scalp. It is also important to document
the number of planes the bruising reflects (le.,
forehead and back represent two different direc-
tions of impact force). Does the reported mechan-
ism account for multiple directions of force or is
the described event more unidirectional? Bruising
about the ear or pinna is a relatively common
finding in severely injured children where abusive
trauma is the cause. This can be an important
observation not only for helping validate or refute
the history of injury, but for evaluating potential
injuries associated with ear bruising, such as
described by Hanigan et al [16]. The constellation
of unilateral ear bruising, ipsilateral cerebral
edema, and hemorrhagic retinopathy is described
as the tin ear syndrome. Hanigan et al [16] hy-
pothesize that the rotational acceleration pro-
duced by blunt trauma to the ear produces these
findings. In their report, all of the children with
these findings had poor outcomes. Bruising of
the ear can be an important indicator of a more
serious intracranial process {16]. Likewise, the pre-
sence of a subgaleal hematoma often indicates a
skull fracture is present [17,18]. Bruising and abra-
sions elsewhere on the body should also be docu-
mented. These findings reflect points of contact
and are helpful for injury reconstruction, biome-
chanical consideration of the event, and assessing
the plausibility of the history. Soft tissue findings
may also point to other, occult or nonobvious
injuries.

Skull fractures

Skull fractures result from impact, or direct
contact forces when energy is absorbed and injury

threshold is exceeded. Local inbending of the skull
occurs with impact. This results in compression
and tension strains on the inner and outer tables,
respectively. The fractures begin in the inner table
and take the path of least resistance. It is the
thickness of the skull that determines (racture pro-
pagation length and direction [7,19). Linear frac-
tures result from a broader contact force, such
as a floor, whereas depressed skull fractures result
from a smaller, more focused impacting energy,
such as the edge of a coffec table, or a small
object, such as a hammer. Basilar fractures result
from propagated stress waves {7). Aging of skull
fractures is difficult, but the presence of soft tis-
sue swelling clinically or by CT may help indicate
that the injury is acute [18]. Fractures of the skull
occur in both accidental and abusive trauma. To
help with differentiation, several papers have stu-
died specific characteristics of skull fractures
resulting from accidental versus abusive trauma.
Multiple fractures, bilateral fractures, and frac-
tures crossing sutures were more commonly as-
sociated with abuse cases [20]. The parietal or
occipital bones were the site most often involved
in abuse cases {21,22] and a depressed occipital
fracture was found to be highly suspicious for
abuse {23]. Simple linear fractures can occur from
short distance falls, and are common in both acci-
dental and abusive trauma {24]. Most of the frac-
tures in Duhaime’s et al | 14] study on shaken baby
syndrome were in the occipital or parieto-occipital
region and “more complex injuries were asso-
ciated with greater mechanical impact forces gen-
erated from higher falls™ [5].

Cerebral contusions

Cerebral contusions are the result of direct con-
tact forces and can occur directly beneath the site
of impact, or away from the site of impact (contra
coup) as a result of propagated energy [25]. The
injuries are focal and occur most commonly in
the frontal and temporal poles and on the infer-
ior surfaces because of bony prominences. Gliding
contusions are focal hemorrhages in the cortex and
subjacent white matter, They are believed 1o result
from acceleration-deceleration forces and are a
common finding in cases of diffuse axonal injury
(DAT) [25]. Contusions and subarachnoid hemor-
rhages are also seen from inflicted head injury, as
identified by MRI [5]. In accidental cases, focal
contusions are found in “more significant falls
resulting in focal parenchymal contusions or focal
subarachnoid hemorrhages.” Of interest, those
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children whose injuries resulted from accidental
trauma did well clinically in general [5].

Subdural hematomas

Subdural hematoma (SDH) “is the most com-
mon and distinctive type of central nervous sys-
tem injury detected on imaging studies in abuse”
and in cases of inflicted head injury, cccur more
commonly in the occipital region and posterior
interhemispheric fissure [3,5,17,26]. A subdural
can occur from contact forces with resultant sub-
dural bleeding occurring directly underneath the
impact site. Epidurals, uncommon in child abuse,
also occur from contact forces directly under site
of impact, and are often associated with a skull
fracture. Epidurals, and some subdurals resulting
from direct contact, are associated with good clin-
ical outcomes if diagnosed before secondary brain
injury [27]. Most SDHs, however, occur from iner-
tial or indirect angular acceleration-deceleration
forces [28] that cause disruption of bridging veins
or other surface vessels. Bridging veins are sensitive
to high strain rate conditions; “SDH result from
high-strain accelerations that produce short dura-
tion, high strain rate loading” [7.29]. With rapid
angular deceleration of the head, the brain con-
tinues to rotate in relation to the skull and dura,
resulting in strain forces on surface vessels. Once
threshold is exceeded, tearing and resultant SDH
occur. Depending on magnitude, rate, and dura-
tion of the acceleration-deceleration forces, injury
threshold for diffuse brain injury may also be met
[5,7,30). In fact, SDHs have a high association with
bad outcomes in fraumatic brain injury victims.
This morbidity and mortality association is caused
in part by injury to cerebral parenchyma from the
same acceleration-deceleration forces that caused
the SDH [31].

Primary diffuse brain injury

“Concussion is the beginning of the clinically
apparent continuum of primary diffuse brain
injury” [6] and loss of consciousness at the time
of injury is an indicator of primary diffuse brain
injury [6,32]. Forces applied to the head that result
in rotation of the brain cause diffuse brain inju-
ries, and at the moment of impact, diffuse damage
to the white matter can occur [7,15,32,33]. Con-
tact forces do not directly cause diffuse brain
injury [7}, although the contact strains may set
the head in motion, resulting in acceleration-
deceleration forces sufficient to cause diffuse brain
injury [7,25]. Concussions and DAl are caused by

inertial or acceleration-deceleration forces injur-

ious to the brain parenchyma by producing strains
within the brain tissue. The acceleration loading
causes sufficient strains within the brain so that
the brain tissue itself is injured {7]. When the
patient is severally or fatally injured, nerve fibers
in the white matter are torn at the time of the im-
pact {33,34]. Direction of acceleration and impact
occurrence are important variables affecting injury
potential. Greater damage occurrs in animal mod-
els with movement in the coronal plane, or lateral
head motion {35]. Duhaime’s et al [14,15] model of
a shaken infant showed that the magnitude of
angular deceleration is 50 times greater with
impact. Angular acceleration forces, when asso-
ciated with impact, reach calculated injury thresh-
old for SDH, concussion, and DAL

In the infant with brain injury, it is important to
determine if the infant lost consciousness at the
time of the injury, and if so, for how long. If
the mechanism from history is more transiational
in force production, such as a short distance fall,
and yet the injuries are consistent with angular
acceleration (i.e., SDH, loss of consciousness, or
DAT) further investigation is critical. Did the fall
generate greater biomechanical forces than as-
sumed or expected, or are there additional findings
inconsistent with accidental trauma?

Secondary injury and brain edema

The causes of brain swelling are not always
clear, but can occur secondary to the primary
insult. Swelling may be focal, unilateral, or diff-
use {9,25]. Focal swelling is typically adjacent to
a contusion as a result of direct impact injury;
unilateral cerebral edema usually occurs in asso-
ciation with an ipsilateral SDH [25]. Diffuse
swelling can result from diffuse structural damage
or increased cerebral blood flow, or swelling can
be a reflection of the added injury of hypoxia
and ischemia. The precise cause of cerebral edema
in any given case is not always clear, and in abu-
sive head trauma multiple mechanisms may coex-
ist. Swelling can occur immediately after major
blunt force trauma, or soon after when significant
brain injury has occurred [36,37]. Brain swelling
may also take several hours or days to evolve,
adding to the challenge of patient management
and injury diagnosis.

In the severely injured child, apnea, hypoxia.
and ischemia are often present, and contribute
to the deleterious effects of the initial insult. The
role of hypoxia and ischemia in causing severe
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brain swelling is especially important to consider
when an infant has been harmed as a result of a
violent outburst. It is not uncommon for medical
attention to be sought only after the caretakers
fear the child has died, or after someone else
comes onto the scene or into the home, initiating
an emergency response call. This can delay care
for hours, or possibly even days, thereby worsen-
ing secondary injury.

Other organ sysiems injured

In the infant presenting with a head injury,
other systems should also be evaluated for injury.
Liver or spleen bruising or lacerations and bony
injuries, such as rib, metaphyseal, and long bone
fractures, are relatively common findings in the
battered infant with a brain injury. It ts important
to identify all injuries for the well-being of the
patient and for consideration of the mechanism
and the expected injury potential. The absence of
any other injuries can also provide helpful informa-
tion for evaluating the consistency between the sta-
ted cause and the clinical findings. Additional
radiologic testing to detect additional occult, extra-
cranial injuries should be performed in any child
less than 2 years of age, any child who is develop-
mentally delayed and cannot reveal a history of
abuse, and any child who is comatose [38]. Find-
ings on a skeletal survey can add important biome-
chanical information [5] about the injury including
the point of impact, the force with which the impact
occurred, and the direction of impact. A skeletal
survey can also reveal the presence of previous,
unreported trauma. Laboratory evaluation can
often add additional evidence. The presence of
increased liver or pancreatic enzymes in a patient
without a history of hypoxia or hypotension sug-
gests abdominal trauma [39,40] even in the pre-
sence of a norma) abdominal CT scan. Injuries to
the pancreas, retroperitoneal duodenum, and liver
and spleen occur with forceful, concentrated direct
blows to the epigastrim. When this constellation of
injunies is discovered, abuse must be strongly con-
sidered. Other sites of injury add an important ele-
ment when considering feasibility of a mechanism
causing a specific injury or set of injuries.

Subtle or occult injuries of forensic significance

Injuries are often defined by whether or not
they require intervention. Such injuries as a bruise
on a cheek [41,42] or an abrasion on an arm have
little consequence for treatment or outcome in

accidental trauma and are rarely even consider-
ed in the list of significant injuries after trauma.
When the cause of injury is unknown, unclear,
or abusive, however, defining injuries becomes a
staged procedure in which injuries are defined as
any change in the normal structure of the body
at a clinical, radiographic, intraoperative, or

" pathologic-histologic level. Even mild laboratory
“abnormalities need to be considered injuries even

if they do not warrant intervention.

When trying to identify cases of abuse and pre-.

vent wrongful accusations in cases of truly acci-
dental injury, gathering as much information as
is possible is critical. These findings may have no
actual clinical or operative significance, but may
be pivotal in differentiating abusive from nonabu-
sive trauma. :

Prior injuries

There may be multiple injury events when a
child is in an abusive environment, and prior inju-
ries may have occurred when infants and young
children present with abusive head trauma. In
Ewing-Cobbs et al [3], almost half of children with
abusive head trauma had evidence of prior
undiagnosed head injury on CT scan compared
with none of the children with accidental injury.
The affect of prior head injury as it relates to a
new head injury is unclear but the possibility is
raised that the biomechanics of repeat injury are
different. Old injuries raise concerns for the child’s
future safety and may point to an ongoing, abu-
sive environment. Each prior injury and its re-
ported cause must also be considered when
evaluating the current injury and mechanism.

Mechanical injury potential of common
injury events and clinical observations

To differentiate between abuse and nonabusive
head trauma, it is necessary to have an understand-
ing of the biomechanics of mechanism and injury
potential of injury where the cause is not abuse.
One of the most common described mechanisms
of injury in abuse cases 1s a fall, such as a fall from
a couch, bed, or crib, or a fall down stairs. There is
a vast body of literature addressing the topic of
injuries from fall, associated injuries and mechan-
isms, and the expected injury potential of a given
mechanism. An understanding of the biomecha-
nics of accidenta! falls aids the neurosurgeon in
evaluating the expected injury potential of a given
history. This section highlights some of these

001880



160 M.C. Pierce et al | Neurosurg Clin N Am 13 (2002) 155-168

articles on injury mechanism, and the clinical and
experimental outcomes.

In part, the laws of physics govern the types of
injury occurring in free falls. Heights of fall and
material properties of the impact surface are the
primary factors influencing free-fall injury severity.
The fall victim’s weight and impact landing posi-
tion are also key to predicting free-fall outcome.
The height of a free fall plays a key role in the injury
outcome. Impact force, which is a function of body
mass, fall height, and stopping distance, also is a
critical factor in resultant free-fall injuries. Stop-
ping distance is largely a function of impact surface
properties. In particular the stiffness or energy
absorbency of the surface influences stopping dis-
tance. Impacting on a soft surface, such as mud,
results in a change in velocity over a longer period
of time, which reduces the level of deceleration to
what the falling body is exposed. Conversely, fall-
ing onto a stiff, rigid surface, such as concrete,
results in a shorter stopping distance and ulti-
mately a higher level of deceleration. Higher levels
of deceleration are translated into greater injury
severity. Impact energy, which is directly related
to body mass and impact velocity, is also a factor
influencing free-fall outcome. The distribution of
impact force may also play a key role in free-fail
injury. Forces that are distributed over a larger
portion of the body, as opposed to a concentrated
region, serve to diminish impact force in a fall.

Falls are one of the most common causes of
traumatic death in children under the age of 15
years (43]. Based on a 1986 study of children
who were hospitalized because of brain injury in
San Diego County, California, it is estimated that

nearly 30% of childhood injury deaths resulted -

from head injury. An estimated 34,100 children
age 0 to 4 years in the United States suffered trau-
matic brain injury. Of these, half were related to
falls [44]. This high incidence of falls was also con-
firmed as the primary cause of injury in children
age 0 to 12 years [45]. In the study by Gallagher
et al [45], falls were also found to be responsible
for the greatest proportion of head injuries in all
children. Krauss et al [44] reported in a 1990 study
that 56% of serious brain injuries in children
younger than | year were associated with abuse.
Billmire and Myers {24] found that 36% of head
injuries were associated with abuse in infants 11
months and younger. Chadwick et al [46] exam-
ined fatal outcome of injury in 317 infants and
children who presented with a history of having
fallen. Their study found that in fatal falls of less
than 4 ft, the history was incorrect.

Duhaime et al (5] studied 100 consecutively
admitted children with head injuries, age 2 years
and younger, to determine injury mechanism and
injury types. Findings indicate that most injuries
were the result of falls, and that fall heights were
found to influence injury types. Most household
falls were found to be neurologically benign.
Results also revealed that 24% of cases were as-
sociated with inflicted trauma and 32% were sus-
pected abuse. This study found that intradural
hemorrhages were more likely to be associated
with motor vehicle accidents and abusive injury;
abuse was the most common cause of mortality.
Reece and Sege [47] conducted a retrospective
review of 287 children 6.5 years and younger with
head injuries to determine the injury mechanism
and type of injury. Mechanisms were classified
as either definite abuse or accident. Eighteen per-
cent of the cases were classified as accidental, with
a mortality rate of 2%, whereas 19% were clas-
sified as definite abuse, with mortality rates of
13%. Subarachnoid hemorrhage, SDH, and ret-
inal hemorrhages were more prevalent in the defi-
nite abuse cases. Falls were responsible for 58% of
the accident cases. In actual falls less than 4 ft, 8%
had SDH, 2% had subarachnoid hemorrhages,
and none had retinal hemorrhages. In contrast,
in abuse cases falsely reported as falls from 4 ft
or less, 38% had SDHSs, 38% had subarachnoid
hemorrhages, and 25% had retinal hemorrhages.

Falls from heights

In one of the earliest examples of injury
science, presented in 1942, DeHaven [48) investi-
gated falls from heights of 50 to 150 ft. In the
eight cases examined, all subjects survived. De-
Haven [48] found that the primary causes of injury
were attributable to impact surface and localiza-
tion of force. Distributing the impact force over
time and space can help to ameliorate injury
risk. He concluded that “structural provisions to
reduce impact and distribute pressure can enhance
survival and modify injury”; falis onto yielding
surfaces can serve to reduce injury. Richter
et al [49] studied vertical deceleration injuries asso-
ciated with both intentional (suicide) and uninten-
tional high falls, which averaged 7.2 m in height.
In 101 subjects, head injuries occurred in 27% of
the cases. In this study, severity of injury was cor-
related with fall height, type of impact surface,
and impact position of the body. Striking the
ground headfirst corresponded with only a 50%
survivability rate. Warner and Demling report
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that children most frequently tend to impact in the
headfirst position in falls [50]. Head injuries are
common in pediatric falls [S1]. The mortality rate
from falls of four stories or less in children (2% to
20%), however, is lower than that in adulits (50%).
Warner and Demling postulate that the improved
survivability in children is likely caused by their
lower body mass, which reduces deceleration
levels, and their reduced body stiffness because
of a greater proportion of cartilage to bone {50,
94]. Lallier et al [S2] studied falls in children {mean
age 7.4 year} from a height of 10 ft or greater.
Major injuries included head trauma in 39% of
the cases. Head injuries occurred more frequently
in younger children. The authors conclude that the
greater surface area of the head relative to the body
and higher center of gravity of younger children
make them more susceptible to head injury in
falls. Overall, head injury was the most frequent
reason for hospitalization. Williams [53] prospec-
tively evaluated falls witnessed by a noncaregiver.
His study concluded *that infants and children
are relatively resistant to injuries from free falls,
and falls of less than 10 feet are unlikely to pro-
duce serious life-threatening injury.”

Short-distance falls are among the most com-
mon types of accidents to occur in children. Short
falls are also one of the most common falsely
reported mechanism of injury in cases of child
abuse and inflicted head injury. Plunkett [54]
reviewed 18 fall-related head injury fatalities
involving equipment, such as swings or platforms.
Ages ranged from 12 months to 13 years, with
falls ranging from 2 to 10 ft. Distance of fail
was defined as the distance of the closest body
part rather than center of mass from the ground
at the beginning of the fall. If the specific distance
could not be determined, a range of possible mini-
mum and maximum height was given. Whether
the event was or was not witnessed by a noncare-
giver was recorded and in one case, the injury
event was videotaped. Plunkett [54] concluded
that falls from less than 10 ft may cause fatal head
injury, that such injuries may not always be as-
sociated with immediate symptoms, and that a
history of a short-distance fall in a seriously
head-injured patient should not be dismissed.
Because of the complexity of each injury event,
the recommendation is made that a biomechanical
analysis be made for any incident in which the
severity of the injury seems to be inconsistent with
the history [54].

A 1977 study conducted by Foust et al [S5}
investigated impact tolerances of the head and

lower extremities in free-fall accidents occurring
in children, women, and the elderly populations.
This study used a combination of techniques and
investigative strategies to create an epidemiologic
database to analyze injury patterns and define an
association between biomechanical measures and
injury severity. These researchers relied on scene
investigations, medical record assessment, theore-
tical biodynamic calculations, experimental free
falls using anthropometric test devices, and vali-
dated two-dimensionaj computer simulation mod-
els to predict key biomechanical impact measures,
which have previously been correlated with injury
risk. It was found that for given accident condi-
tions, children were generally injured less severely
than adults exposed to the same conditions. Simu-
lation models were used to predict whole-body
energy, impact velocity, and momentum. Body
impact position was also found to have influence
on injury risk and resulting injuries. For rigid
impact surfaces, researchers showed a relation
between types and severity of injury, and age and
fall distance. Positive relations between overall
abbreviated injury scale and injury severity scale
with impact velocity were also found for free falls.
Correlations between injury severity level and
whole body biomechanical measures were observ-
ed only for headfirst-type impact accidents. For
children 18 months and younger, a fall distance
of 4 to 10 ft was determined to be the threshold
for skull fracture. Headfirst falls from greater than
10 ft onto a rigid surface were predicted to result in
skull fracture or concussion and at least Abbre-
viated Injury Scale-2 (AIS-2) injuries for aduits
and children [55].

Injuries associated with falls from beds

MacGregor [56] evaluated 8343 pediatric emer-
gency department records and determined that 85
were associated with falls from beds. Twenty seven
of 85 children sustained a head injury during falls
from a bed. Of these 27 cases, there were no skull
fractures and no evidence of intracranial bleed-
ing. In a study conducted by Lyons and Oates
{571, 207 children who had fallen from either a
bed or crib were evaluated to determine type of
injury and injury severity. Lyons and Oates [S7]
sought to answer the question of how likely is it
that a fall from a low object, such as a bed, would
lead to severe injury. Of the 207 cases, only one
head injury (skull fracture) was identified. They
concluded that falls from short distances, such as
beds and cribs, do not lead to multiple or clinically
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significant injuries. Additional studies by Nimi-
tyongskul and Anderson {58] and Helfer et al [59]
evaluating falls from beds support the concept that
falls from short distances generally do not result in
severe head injuries.

Stairway injuries in children

Joffe and Ludwig [60] sought to describe clinical
findings in children 11 years and younger who pre-
sented to the emergency department and had fallen
down stairs. Injury rarely occurred to more than
one body part, and no patient had life-threatening
injuries. Chiaviello et al [61] also studied stairway-
related injuries. Injuries to more than one body
part did not occur. Significant stairway-related
injuries were reported in 22% of patients, especially
if the fall occurred with the caregiver. Significant
injuries included subdurals and skull fractures.
There were no deaths. Bertocci et al [62] used com-
puter modeling of a stair fall in a 3 year old and
found that the-stair number, slope, and surface
had an important influence on biomechanical
measures associated with injury risk.

Falis will continue 1o be one of the most com-
mon types of injury mechanisms in children and
will also be common in false reports of injury in
the abused child. Assumptions of what is or is
not possible must be replaced with careful and
detailed analysis of all of the clinical and social
findings, and the biomechanical principles behind
both the event and the injuries. If the patient’s clin-
ical course is poor, resulting in either a fatal or sev-
erally disabled outcome, the history of a minor
mechanism is in question [33]. Determining that
a mechanism is truly minor, however, requires
biomechanical consideration of the injury environ-
ment and event. Underlying brain injury is almost
always minimal when the mechanism is a low-
height fall. This and other studies support the
conclusion that significant injuries require greater
biomechanical forces and that the type of force
determines the particular type of associated injury
[5]. The possibility of a serious or even fatal head
injury does exist, however, from a short-distance
fall and the history of such cannot be assumed to
be incorrect [54]. Much work still needs to be done
to define injury tolerance better in children and to
gain an improved understanding of the types and
magnitude of biomechanical forces generated by
common childhood injury scenarios and their
associated injury potentials. Specifically, the influ-
ence of initial conditions, protective reflexes, sur-
face impact, and fall dynamics are integral in
evaluating injury potential.

Clinical presentation and course
for a given injury and mechanism

Expected behavior and symptoms

When evaluating the stated cause of injury, the
history must be analyzed from a biomechanical
point of view. Factors to be considered include
the following:

1. Is the described behavior of the child during
and after the trauma event consistent with
the clinical findings?

. What are the developmental capabilities of
the child?

. Did the child loose consciousness?

. Was there a lucid interval?

5. Are there other injuries that negate the possi-
bility of the child behaving normally after the
injury, such as a transverse fracture of the
femur, or liver laceration?

6. Was there evidence of a hypoxic-ischemic
event or a delay in seeking care?

7. Were the clinical symptoms of serious injury
subtle or even occult, and the delay because
of lack of recognition of a problem?

8. Do the facts of the story as told by the care-
giver remain consistent, or does the story
change to try and retrofit any newly discov-
ered injuries?

S8

o2

It is critical that medical personnel not jump to
conclusions and that additional information is
gathered as needed to make sense of or refute
the history and injuries from a biomechanical per-
spective, and to ensure safety for the child and
family.

Other contributing factors

Multiple primary trauma events must be con-
sidered as a possibility in the infant presenting with
a severe head injury. Further complicating the eva-
luation is the common occurrence of repeat pri-
mary traumatic events over days, weeks, or even
months. Repetitive slapping, throwing, or shaking
the infant may result in multiple, subclinical con-
cussive events. This adds to the complexity of
determining what happened and when it occurred.
Is one secing the results of a single event, or the
results of multiple, repetitive insults?

Experimental head injury models

Many combinations of forces and accelera-
tions can resull from a traumatic event that may

001883




M.C. Pierce et al | Neurosurg Clin N Am 13 (2002) 155-168 163

lead to brain injury. Accordingly, there have been
many studies in support of developing brain
injury criteria, most of which are based on the
input forces or accelerations delivered to the head.
Various, sometimes conflicting, theories have been
postulated to predict the type of head injury that
may result from given forces or accelerations
imparted to the head. Most of the studies can be
classified based on either head impact or head
acceleration models. Acceleration models can be
grouped further by either rotational or transla-
tional accelerations of the head.

Direct-impact head injury models

Direct-impact head injury studies can be
grouped into those that permit free movement of
the head following impact and those that constrain
head movement on impact. Early experiments
conducted by Gurdjian et al [63] in anesthetized
primates used a piston impactor to investigate
impact force, head accelerations, and resulting inju-
ries in primates. In these experiments, the neck was
used as the only means of constraint, allowing for a
complex dynamic response of the head making it
difficult to determine a cause and effect relation-
ship. Injury severity, however, was found to be
a function of impact velocity, impactor material
properties, impactor mass, and impactor contact
area [11]. Subsequent studies attempted to con-
strain head motion to a single plane during and fol-
lowing impact so that reproducibility in injury
could be attained [64-66].

Additional direct-impact studies were also con-
ducted in cats and dogs using a captive bolt head
impactor to study cerebral contusion and edema
[36,67-69]. Efforts have also been made to study
direct head impact in rats; success has been limited,
however, because convulsion isa common response
in rats and may affect interpretation of resulting
injuries [8,70,71]. In 1991, Goldman et al [72] used
a pendulum impact model to investigate mild head
injury in rats associated with direct impact. In these
studies, Goldman et al [72] attempted to prevent
skull fracture by resting the skull on an energy-
absorbing pad. A key outcome of these experiments
was a description of the relationships between
severity of injury, body mass, skull strength, and
impact loading parameters in the rat.

Acceleration-based head injury models

Early studies by Holburn [73] using photoelas-
tic models determined that rotational accelera-
tions could produce concussive head injury.

Gurdjian et al [74] postulated that head rotation,
which leads to brain movement relative to the
skull, could lead to injury. Ommaya et al [75]
conducted studies in primates to describe the
effects of head acceleration in 1966. These studies
found that whiplash-type motion, resulting from
indirect head forces, could lead to concussion.
Ommaya et al [75] also studied direct impact
and rotation of the head, demonstrating that con-
cussion could also result from such mechanical
input. Through this work it was determined that
direct rotational acceleration levels, which were
half that necessary to produce indirect rotational
loading concussions, could produce concussions.

Ommaya and Genneralli [76] conducted subse-
quent experimental studies comparing the effects
of rotational and translational accelerations.
These experiments showed that diffuse injuries re-
sulted only from rotational acceleration. Loss of
consciousness was also more readily produced in
this series of experiments at high levels of rota-
tional acceleration than at high levels of trans-
lationa! acceleration [76,77]. In a subsequent
series of controlled experiments, Abel et al [78]
investigated the relationship between tangential
acceleration in the sagittal plane and the presence
of SDHs. A tangential acceleration of 714 g was
defined as the threshold for SDHs. Genneralli
et al [35] isolated and studied the effects of rota-
tional deceleration in 1982, Their experiments
expanded on previous studies through the addi-
tional factor of time exposure to deceleration. In
general, their findings predicted that concussion
and diffuse brain injury could result from decreas-
ing levels of deceleration when time exposure was
increased. Both the levels of deceleration and the
duration of exposure to this deceleration are keys
to predicting injury risk. Experiments have shown
that two factors, acceleration and the time over
which the acceleration occurs (time exposure),
influence head injury risk and severity. Large rota-
tional accelerations occurring over short periods
of time typically result in SDH, whereas longer
exposures to acceleration are often associated
with DAI [7]. Lee et al {79] and Lee and Haut
[80] conducted experiments that describing the
relationships between tangential and rotational
accelerations and the threshold for SDH in rhesus
monkeys. In 1982, Gennarelli et al [35] studied the
biomechanics of SDHs by investigating the eff-
ects of coronal plane head acceleration. Margulies
et al [81] visualized the effects of coronal accelera-
tion by using simulated silicone gel human and
baboon brain models. These models allowed
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for estimation of critical shear strain and a thresh-
old coronal plane rotational acceleration for DAI
in humans.

Repetitive head acceleration generated through
indirect forces is also of interest, especially as it
relates to the concept of “shaken baby syndrome.”
In 2 cat animal model, Nelson et al [82] and Barron
et al [83] found that repetitive nonimpact accelera-
tions were capable of producing immediate death,
extended coma, or delayed mortality.

Injury criteria

Over the past 40 years, a great deal of effort has
been devoted to the investigation of head injury
mechanisms and the development of injury cri-
teria. The most widely used criteria, to date, is
the Head Injury Criteria (HIC), which was pro-
posed in 1972 by the National Highway Transpor-
tation Safety Administration (NHTSA). The HIC
have been developed to assess head injury risk
associated with direct-impact events. The origins
of the HIC are based on experiments conducted
by Lissner et al [84] in 1960. In these experiments,
embalmed cadaver heads were impacted on rigid
surfaces to determine the accelerations which
were associated with the onset of skull fractures.
Because concussions were found to be present in
80% of skull fractures, test results could infer the
onset of concussion. This work was compiled
to represent the Wayne State Tolerance Curve
(WSTC), which characterizes the relationship
between acceleration, acceleration duration, and
onset of concussion-fracture. The WSTC was later
modified to include a wider range of acceleration
exposures and to include findings associated with
animal and human volunteer experiments [85].
Gadd [86] further enhanced the WSTC by adding
data from long duration exposures and other pri-
mate sled tests, which resulted in the Gadd Sever-
ity Index. In 1971, Versace [50] proposed the HIC,
which was subsequently slightly modified to in-
clude long duration human subject testing and
was adopted by NHTSA in 1972. The HIC is
based on a time weighting of the resultant transla-
tion head acceleration. The Federal Motor Vehi-
cle Safety Standards limits the HIC value to
1000 for a mid-sized male test dummy.

Recently, NHTSA attempted to adapt the HIC
established for mid-sized men to various sized crash
victims. To do so, scaling factors must account for
both geometric and material property differences.
Material properties specific to the cranial sutures
were chosen as the key scaling property reflecting

resistance to skull fracture in children. Accounting
for these factors, the NHTSA Notice of Proposed
Rulemaking proposed HIC values for children
(Table 1). The probability of skull fracture
(AIS>2) associated with the proposed NHTSA
HIC limits is estimated to be 47% across all test
dummies [87,88].

Despite its wide usage, the HIC have impor-
tant limitations. One limitation is the fact that
the HIC are based solely on translational accelera-
tion associated with impact. In most head injury
events, it is common to have combined loading,
which consists of both rotational and transla-
tional accelerations. To account for such com-
bined loading, a model accounting for the
complex mechanical response of brain tissue is
required.

Otbher efforts related to the development of head
injury tolerance levels include the work by
Ommaya et al [§9,90] to determine threshold levels
of nonimpact angular acceleration and velocity.
Nonimpact angular acceleration has been asso-
ciated with DAI ranging from concussion to coma.
Ommaya’s experiments were based on primate
testing, which were then scaled to establish an
injury threshold for adult humans. The threshold
reflected the relationship between angular accelera-
tion, angular velocity, duration of exposure, and
presence of concussion. Ommaya’s head angular
injury criteria were then further scaled to children
using head mass and length scaling factors [91].

As shown in Table 2, children are able to toler-
ate a higher level of angular acceleration and velo-
city before onset of DAI. Working with Ommaya’s
et al data, Sturtz [92] formulated angular accelera-
tion injury criteria for 6 and 3 year olds based on
both impact and nonimpact events. Sturtz criteria
also differentiated between duration exposures
(Table 3). As shown in Table 3, as the duration of
acceleration exposure increases the tolerance to
acceleration decreases. Additionally, younger chil-
dren are able to tolerate a higher level of accelera-
tion before onset of DAL

Margulies and Thibault [93] also conducted
primate studies and developed physical and analy-
tic models to establish injury thresholds associated

Table i

HIC values for children

Test Mid-sized 6 year 3 year | year

dummy male old old old

Proposed HIC 1000 1000 900 660
Limit
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Table 2
Ommaya’s head angular acceleration scaled
injury criteria

Angular velocity
limit (rad/sec)

Angular acceleration
limit (rad/sec?)

Adult 30 <1700
6 vearold 33 <2106
Jyearold 34 <2255
| year old 37 <2524

with angular acceleration and velocity. Using a
mass scaling factor, they also described the rela-
tionship between angular acceleration, angular
velocity, and the onset of DAI for infants.

Summary

Much of what is understood as potential for
injury is based in what has been observed climi-
cally. This knowledge base is critical for decision
making but has inherent and important limita-
tions. Experimental studies investigating the influ-
ence of environmental factors, such as height of
fall and surface type on injury potential, add
important information, but aiso have inherent
limitations. Important trends and predictions of
probable injury can be studied but inference to a
specific child’s injuries is difficult because of unac-
counted for contributing factors of injury risk.
Such factors include muscle contraction, protec-
tive reflexes, and specific tissue response to trau-
ma forces. Additional biomechanical research is
needed to bridge the gap between clinical observa-
tions and experimental predictions.

The specific and unique perspective of the neu-
rosurgeon is a critical piece in differentiating ac-
cidental and nonaccidental head injury with
experience and reason as the basis of the conclu-
sion. Do the physics of the injury match the
mechanistic principals of the described injury
event? Could all of the injuries result from
the event? Is it plausible that these set of injuries
occurred from the described event based on the

Table 3
Sturtz scaled angular acceleration tolerances (rad/fsec?)
Impact 6 year 3 year

Duration type Adult old old

10 ms Indirect 7020 7390 8140
3 ms Indirect 70,200 73,900 81,400
10 ms Direct 71,732 1823 2008
3 ms Direct 7900 §300 9100

physician’s experience and the current scicntific
understanding of injury biomechanics? Do the
mechanical forces of the reported mechanism
and injuries match?

To determine that an explanation is plausible
requires consideration of all the facts and injuries,
consideration of the described behavior, and con-
sistency with the neurologic status. These facts of
the case are compared with medical knowledge
and the learned experience of the neurosurgeon.
The answer to the question *“is it possible?” is based
on clinical experience and objective reasoning.
Rather than a black box question and answer
based in unrealistic probability, the answer is based
on the facts of the case and physical principles that
govern biomechanics and resultant injuries.
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