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Abstract

Traumatic head injury is one of the leading causes to severe morbidity and death among
children. Specific and national management guidelines for pediatric head injuries are
lacking in Sweden, and management routines are consequently based on adult guidelines
or local guidelines. The objectives of this thesis were to investigate the current
management of pediatric head injury in Sweden and to explore the possibility of
introducing a brain injury marker, protein S100B, for optimizing pediatric head injury
management.

Paper I, a survey in 51 Swedish hospitals, shows that the management routines vary from
hospital to hospital, especially concerning criteria for computed tomography, admission,
and discharge. The children are initially managed by general surgeons and pediatricians,
although several other departments are involved after the admission of the child. Less than
one third of the hospitals reported the use of a standardized observation scheme. The study
concludes the urgent need for standardized and updated routines for pediatric head injury
management. Paper Il shows that children admitted to a neurosurgical unit after head
injury do well. However, pediatric head injury management based solely on adult
guidelines, loss of consciousness or amnesia is not reliable, since there is a non-negligible
risk of missing a clinically relevant intracranial hematoma.

Before a serum marker can be properly evaluated in clinical trials, there is a need for
knowing the reference levels of the marker. Capillary sampling in young children is
sometimes easier and less painful and time consuming than venous sampling. In Paper |1l
simultaneous capillary, venous and arterial samples were drawn and compared. The results
show that analysis of capillary S100B is possible, but differ from venous concentrations by
an average of 0.08 pg/L, while arterial and venous samples can be considered nearly equal.
Hence, separate reference levels for capillary and venous S100B are required. Paper 1V
therefore investigates both capillary and venous reference values for S100B in 465
neurologically healthy children. Pediatric S100B reference levels are age-related and
higher than those set for adults (venous S100B: 0.14 ug/L for 3-16 year old vs. 0.10 pg/L
for adults), while capillary S100B for 3-16 year old is 0.40 pg/L. These reference levels
should be used in the evaluation of future studies.



10



Introduction

Traumatic brain injury (TBI) is commonly used as synonym to head injury, acquired brain
injury and brain injury. It is a common occurrence in the pediatric population and accounts
for the largest cause of acquired disability in childhood. The field of pediatric head injury
is broad and versatile. Recommendations and opinions are deviating and proposed
management regimes are not always optimal or easily applied.

This thesis will try to summarize some of the basic facts, present the research performed,
discuss the challenges in the management of pediatric head injuries and introduce other
possible methods of optimizing current management routines.

Classifications of head injury

To estimate the severity of brain injury after head trauma, various classification systems of
head injury have been proposed and modified throughout the years; particularly the
definition of minor head injury. Most of them are, however, based on the patients’ level of
consciousness according to Glasgow Coma Score (GCS).*

In 1981 Rimel and colleagues defined minor head injury as a head trauma with patient’s
GCS score of 13-15 at admission, loss of consciousness (LOC) less than 20 minutes and a
duration of hospital admission less than 48 hours.? About a decade later Stein and Spettell
introduced a modified classification system; the Head Injury Severity Scale (HISS) which
is a five-interval severity scale (minimal through critical) based primarily on initial GCS
score. The HISS scale also include the aspects of retrograde amnesia, loss of consciousness
and focal neurological deficits for each severity interval.?

In 2000, the Scandinavian Neurotrauma Committee (SNC) presented guidelines for
management of adult head injury* using a modified version of the HISS classification.
SNC classified head injuries into minimal, mild, moderate and severe. Minimal head injury
is defined as a patient with GCS 15 at admission and with no LOC or focal neurological
deficits. Mild head injury is defined as initial GCS of 14 to15, brief LOC (< 5 min) and no
focal neurological deficits. The definition of moderate head injury defines patients with
initial GCS of 9-13 and/or focal neurological deficits or LOC > 5 min after head trauma,
while severe head injury includes all patients with a GCS score of 8 or below.
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Scales

Immediate triage and assessment of the severity and probable survival of the traumatized
patient are made whenever possible already at the scene of the injury. A useful help are the
trauma assessment scores that have been developed and that are easily used and
understood.

Glasgow Coma Scale

The Glasgow coma scale (GCS) has been the most valuable and frequently used scoring
system for assessing the severity of neurologic injury after head trauma. It was initially
designed by Teasdale and Jennett for assessment of the comatose patient.® The scale is
divided in three parts: eye response, verbal response and motor response, each part with a
score range from 1-4, 1-5 and 1-6 respectively. The total score of all three parts adds to a
sum between 3 to 15 points.

The GCS scale has, however, been considered difficult to apply on especially preverbal
children® since their ability to express themselves verbally or non-verbally in a consistent
manner are limited. Reilly et al were the first to design the pediatric version of the GCS,
where verbal responses were reported as appropriate words or social smiles, cries,
irritability and agitation.® ” Some modifications of the scale have been made to suit even
the youngest children and infants. The pediatric GCS scale has been proven to be accurate
in evaluating preverbal children with head trauma with regards to the need for acute
intervention.® A combined standard GCS score and pediatric version is presented below.

Swedish Reaction Level Scale

In Sweden, the most practiced scale for assessment of the level of consciousness is the
Swedish Reaction Level Scale 85 (RLS).>*! This scale evaluates the consciousness in an
inverted manner to the GCS, with a scoring range from 1 (best) to 8 (worst). It excludes
the specific focus on the verbal response, which makes the score more practical to use,
particularly in neurologically traumatized patients (who also may suffer from aphasia) or
children, and is more easily remembered in acute situations.
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Glasgow Coma scale

Pediatric version
Score Standard GCS

| 1-4 years ‘ < 1year
Eye opening
4 Spontaneous Open
3 To speech To voice
2 To pain To pain
1 None No response
Verbal response
. Oriented, speaks, Coos,
5 Orientated Interacts babbles
4 Confused Confused speech, Irritable cry,
conversation consolable consolable
3 Words Inapdproprlate Persistent cry,
(inappropriate) Woras, inconsolable
inconsolable
5 Sounds Incomprehensible, Moans to pain
(incomprehensible) Agitated P
1 None No response No response
Best Motor response
6 Obey commands Normal spontaneous
movement
5 Localizes pain Localizes pain
4 ;I;ﬁ'on’ withdraws  to Withdraws to pain
3 Flexion, abnormal to pain Decorticate flexion
2 Extension (to pain) Decerebrate extension
1 No response No response
3-15 TOTAL SCORE
Swedish Reaction Level Scale
RLS Score
Fully awake. Oriented 1

Lethargic. Confused. Contact after mild stimuli

Stupor. Confused. Contact after rough stimuli or pain

Unconscious. Localizes to pain

Unconscious. Withdraws to pain

Unconscious. Abnormal flexion to pain

Unconscious. Abnormal extension to pain

| N|Oo| g >

No response to painful central stimuli
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Epidemiology
Incidence

The incidence of TBI has been estimated to 200-300/100000/year in the western world, the
highest incidence in the ages 10-29 years (567/100000/year) and the lowest for children
younger than 5 years (117/100000/year).** Head injury rates are slightly higher in males
than females.*” The majority of patients are so called minor head injured patients (80%),
while the more severely head injured account for 5-10 percent.

Children with suspected head injuries are a common sight at the emergency departments,
accounting for about 40 percent of the attendants with suspected head injury. The majority
of them (90%) has a mild head trauma, while the rest are moderately and severely head
injured children.™® In Sweden about 17000 patients annually seek emergency care due to
head injury.** * Of these, 7200 are children admitted for observation due to suspected
brain injury.*®

Mortality

TBI is one of the leading causes to morbidity and mortality in the western world*’ and the
major cause of death under the age of 45.*® Most trauma victims die without reaching
assistance (87%)™ and up to 65% of patients with a traumatic brain injury die before
reaching a hospital.”* According to Health Statistics in the Nordic countries (2007) death
from accidents range from 26 to 79 per 100000 inhabitants.?’ Estimated death rates for TBI
per 100000 are 11.5 for Denmark, 21.2 for Finland, 10.4 for Norway and 9.5 for Sweden."’

According to a former epidemiological study on severe pediatric TBI in Sweden, the
mortality rate was significantly lower than compared with northern England or Switzerland
(2.6 vs. 5-6.8/100000).* The overall mortality due to head injury has been reported to be
about 2% or less,? though the mortality for children with severe head injuries are higher
(above 20%),2" % especially among the youngest ones.?*

Morbidity and outcome

Morbidity rates are high among the moderately and severely brain injured patients. About
20% end up with severe disabilities or even a vegetative state (4%). Favorable outcome is
estimated to 40-50%.%* % The pediatric patients have been reported to have a higher
percentage of good outcomes and lower mortality rates compared to adult patients,
however less so for younger children.?” Outcome is assessed according to a few standard
scales, the Glasgow Outcome Scale (GOS)® being one of the most commonly used (as
shown below). Rehabilitation of both motor and cognitive skills are required and even if
some patients fully recover in their neurological functions many still suffer from memory
problems, psychological and social problems. This results in difficulties of resuming a
normal social life.?
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Glasgow Outcome Scale

Score Description

Resumption of normal life; there may be minor

5 Good outcome neurological/psychological deficits.

4 Moderately disabled Able_ to work in sheltered environment and travel by
public transportation

3 Severely disabled Dgperydﬁnt for daily support due to mental or physical
Disabilities

2 Vegetative state Persistently unresponsive and speechless

1 Death

Even the mildly head injured patients may suffer from longer lasting (> 3 months)
symptoms such as persistent headache, memory and concentration problems, fatigue,
dizziness or blurred vision.*® ® These symptoms or other neurobehavioral sequelae are
described in 15-50% of the adult population after 1 year following mild head injury.*
Concerns about similar problems with persistent physical, psychological and cognitive
impairment among the pediatric population have been addressed. However, there is still a
considerable controversy regarding the so called postconcussion syndrome (PCS) in
children after MHI.33%

Mittenberg et al have studied postconcussive symptoms in children with mild and
moderate-severe TBI and compared them to children with orthopedic injuries. The autors
found significantly more symptoms in the TBI group. At 6 weeks post MHI there were
considerably more symptomatic children than adults, which was quite the opposite of what
had previously been found. The authors stated therefore that postconcussion syndrome
exists in children.® Others state that the occurrence of postconcussive symptoms after
MHI in children reflects a combination of outer factors; premorbid vulnerability, family
adjustment, post-injury adjustment of the child, and changes in brain function.*’

Another study found that about 14% of school-aged children were symptomatic after 3
months post head-injury, and a study by Barlow and colleagues found that 11% of the
children were symptomatic after 3 months post head injury, compared to 0.5% of pediatric
patients with only external injuries.®® *

Mechanism of injury

The etiology of pediatric TBI varies with age. Accidental trauma is most common in all
age groups. Non-accidental trauma usually occurs in the younger age groups; the majority
of inflicted TBI occurs in infants younger than 1 year of age.

Traffic accidents, especially those involving motor vehicles and high-energy trauma, are
large contributors of severe injuries and deaths.?* Children are commonly injured by being
struck by a motor vehicle either as pedestrians or bicyclers, or injured in motorcycle
accidents which often are considered as high-energy trauma.*” ** Falls are more common
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among the younger (< 2 years) and older population.*® Fall from lower height (< 1 m) or
from stairs are common among younger children. High-energy trauma falls are commonly
defined as falling from a height of 3 m or more. This has been linked to a higher mortality
rate.” Sports and leisure related head injury and concussion are often associated with
football and ice-hockey playing among older children.*®

Child abuse and inflicted traumatic brain injury (iTBI) can be difficult to detect. Many
different definitions have been used for describing the occurrence of brain injury and
mechanisms by which the harm is done by e.g. non-accidental head injury (NAHI),
inflicted childhood neurotrauma, shaken-baby-syndrome (SBS), shaken baby impact
(SBI), inflicted TBI, or battered child.*® Brain injuries are often related to direct blows to
the head, whereas only a minority of iTBI is caused by violent shaking.* Subdural
hematoma is the most common type of intracranial injury, particularly among infants, and
followed by subarachnoid hemorrhage, diffuse axonal injuries (DAI) and cerebral
contusions, but even cerebral edema and infarcts as a result of anoxia/hypoxia.*> *"°
Reports of outcome for iTBI children seem to show a less favorable outcome. According
to an Australian study, 29% of the iTBI children had a favorable outcome while 6% died
and 64% survived with a severe outcome.*” Another study by Bonnier et al showed
similarly that 61% ended up with severe disabilities, while 35% had moderate disabilities.
Only 1 child was normal at follow-up.®

The true number of children with iTBI is difficult to determine, but the incidence of
serious or fatal iTBI has been estimated to be as high as 30-40 per 100000/year among
children younger than 1 year of age.”**® According to a former American study, the
majority of children with iTBI (85%) are younger than 2 years. The incidence of abusive
head injury in the pediatric population in Sweden is today unknown. However, according
to a retrospective study by Tingberg et al less than 0.2% of the head injured children were
further investigated for child abuse, indicating a very low figure of iTBI compared to other
studies. When medical attention is sought, clinical symptoms presented might be acute and
often combined with a decreased level of consciousness/encephalopathy, seizures, apnea,
external bruising over the head and face, retinal hemorrhages or skeletal or skull
fractures.* Indicators of suspected child abuse are: a history of injury inconsistent with the
clinical presentation (e.g. fall from low height), delay in seeking medical attention, a
changing history of injury and radiological evidence of head injury.

Primary and secondary brain injury

Primary brain injury refers to the immediate brain damage caused upon impact. This
includes cerebral contusions, shearing lesions (diffuse axonal injuries), lacerations from a
foreign body, acute subdural and epidural hematomas. The occurrence of primary brain
injuries can only be influenced by preventive measures, such as increased helmet use
during bicycling or motorcycle driving.

Secondary brain injury refers to progressive cerebral edema, which is more commonly
seen in children, cerebral ischemia, expansion of cerebral contusions and the surrounding
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focal edema which can cause an increase in intracranial pressure (ICP) within the confined
skull. This can eventually lead to cerebral herniation and death.

The risk of developing an intracranial lesion after mild head injury is low, but not
negligible, and the effect of an intracranial hematoma can be detrimental. Former studies
have found a prevalence of 1.2 - 14% for intracranial injuries after pediatric MHI,>**® and
up to 36% after severe head injury.>®

Risk factors and clinical symptoms

There are various factors based on the type of trauma, clinical symptoms and neurological
findings, which upon management rely. Evaluation of life-threatening signs, such as
altered level of consciousness, pupillary dysfunction (size, shape, reactivity to light),
Cushing’s syndrome (hypertension and bradycardia) and a bulging fontanel in infants, is
vital and these symptoms may be signs of increased ICP and herniation.

Differentiation of the risk factors in a conscious patient is more challenging since more
than 90% of children seen in the emergency department after head injury belong to this
group. LOC and the duration of loss of consciousness are not always easy to assess in
children and infants. Although the overall risk of intracranial hematoma after head trauma
is considered to be lower in children, the risk within the different levels of consciousness
have been demonstrated being the same as in adults.®® Physical signs of a depressed skull
fracture, skull base fracture, posttraumatic seizures, focal neurologic deficits or shunt-
treated hydrocephalus are also considered as increased risk of intracranial hematoma.*
Coagulopathy is an important risk factor for the development of hematoma and secondary
complications.* The role of other clinical symptoms such as headache, nausea, vomiting
and blurred vision have been conflicting in adults and some former studies suggest that
these symptoms are not predictive of intracranial hematoma in children. The presence of
scalp contusion or hematoma, irritability, behavioral changes, age younger than 2 years,
and the number of vomits are other factors which are being discussed as risk factors for
intracranial hematoma after head injury.®

It is also known that particularly younger children have an increased risk of intracranial
injuries after head trauma, even without the presence of a skull fracture or other
symptoms.®® Greenes and Schutzman also stated in 1998 that physicians cannot rely on the
absence of clinical signs of brain injury to exclude intracranial injury in infants during their
first year of life.®* As there are continuously concerns about the predictive relevance of
these symptoms in children, management recommendations tend to be more conservative
and liberal for computed tomography (CT) than for older children and adults.
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Radiology

Early radiologic routines in minor head injuries included skull radiography to identify skull
fractures due to the increased risk of intracranial injury if such fracture was present.®* Skull
radiography also identified depressed fractures, presence of a foreign body or intracranial
air, and in some cases midline shift of a calcified pineal gland. The result of the skull
radiography helped in determining whether the patients would be admitted or not.% In the
1970’s CT of the head was reserved to the severely head injured patients. The clinical use
of skull radiography in head injuries correlated poorly with skull fracture and clinically
important intracerebral hematomas.®® ® As CT was becoming more and more available,
discussions lay in whether or not to perform a skull X-ray on low-risk patients. Masters et
al stated in 1987 that omitting skull radiography in low-risk patients who are
asymptomatic, who have headache, dizziness, scalp hematoma, laceration, contusions or
abrasions was safe and that the strategy would decrease unnecessary exposure to radiation
and reduce costs.”® The revisions of management recommendations aimed in reducing the
number of skull X-rays without affecting the detection rate of intracranial hematomas.®®
Nevertheless, in some cases increased diagnostic use of head CT and hospitalization were
warranted.®* ®

During the following decades the number of CT examinations rapidly increased.
According to a Swedish study CT was shown to be more cost-effective for the acute
management of patients with mild head injury, since the cost of a single CT is about one
third less than admission for observation.” In the subsequent OCTOPUS study the authors
also stated that early CT scanning was as safe as admission for observation in mild head
injured patients,”” which also applied on children older than 6 vyears. In 1989
approximately 4% of all CT examinations performed were on children under the age of 15.
By 1993 the number was estimated to 6% and in year 2000 about 10%.* ™ An
international multicenter study on pediatric traumatic brain injury reported in 1998 a CT
ordering rate of 14.3%, while 89% of the children received a skull X-ray. In Canada the
reported CT ordering rate for pediatric head injuries varied from 6% to 26% in year
2000, in Sweden around 10% for MHI (2002)* and in Australia around 19% (2006).” In
America, the use of CT had increased substantially in the evaluation of children with head
trauma, with figures from 12.8% to 22.4% during 8 years.”® UK seem to have had the
lowest figures for CT ordering, 2.1-4.4%,* but with the newer recommendations this rate
is estimated to increase to an order of 14-18%, if fully complied.” ’

With growing use of diagnostic CT came a growing concern about its associated risks,
especially concerns about radiation-induced cancer. In a debated and well cited study
Brenner and colleagues aimed to assess the lifetime cancer mortality risks attributable to
radiation from pediatric CT. The authors predicted that approximately 170 deaths would be
attributable to 1 year of head CT examinations in the US for children < 15 years.”” The
estimated cancer mortality risk increases with decreasing age and the estimated risk of
dying of cancer due to a single CT radiation exposure in a 1-year-old child was
approximated to be 1 in 1500 (0.07%) for a head CT, and 1 in 550 (0.18%) for an
abdominal CT. These numbers were calculated from several assumptions and
approximations, especially assuming the same exposure for children as for adults.
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In a similar study from Sweden, Hall et al estimated the risk of CT induced malignancies
among children < 18 years and found a risk of inducing 2.4 cases of cancer per 1000 CT
examinations.”® Head CTs were the most common type of CT examination performed
(50%), while abdominal CTs were 24%. Among children < 5 years of age, 59% of all CTs
performed were head CTs. In order to try to decrease this risk, some radiologists call for a
reduction of exposure settings for infants and children by 30-50%; a decrease of the organ
dose which can be done without jeopardizing the quality of the scan.”

With the nearly exponential increase in the number of CT examinations performed it is
essential for clinicians to continue the search for more optimized guidelines in pediatric
head injury.

Management guidelines

In 1981 Teasdale and Jennet published their book on the management of head injuries,
describing the evidence for treatment regimes and a detailed summary of the clinical
features and challenges.®" Most of their focus was set on severe head injuries and there
were no clear differences between adult or pediatric management. Mainly retrospective
studies on minor head injury had been performed. Patients seeking the emergency
departments after a head injury were frequently admitted for observation to identify those
with an evolving intracranial hematoma, and skull radiography was frequently performed.

One of the first guidelines published was “The Provision of Surgical Services to Patients
with Head Injuries” by The Royal College of Surgeons of England (RCS) in 1986. In 1999
the RCS updated the guidelines with the so called “Galasko Report”® recommending skull
radiography to patients with mild head injury and/or head CT if a skull fracture was
present. An immediate CT was warranted for patients with impaired consciousness or
neurological symptoms. Severe head injuries (defined as patient in coma or with
deteriorating level of consciousness) were to be urgently referred to a neurosurgical unit or
a CT if available. The report also noted that children were, compared to adults, more likely
to need a CT in certain situations.

In 2000 the Scandinavian Neurotrauma Committee published guidelines for initial
management of traumatic head injuries. Based on an extensive MEDLINE search, they
recommended that patients with so called minimal head injury (GCS 15 and no LOC)
could be discharged without further radiological investigations. Routine CT was
recommended for patients with mild head injury; GCS 14-15 and a history of brief LOC.
CT was mandatory on patients with moderate head injury, GCS 9-13, brief LOC or focal
neurologic deficits. Patients with certain additional risk factors, such as anti-coagulant
therapy or depressed skull fracture were recommended a CT and admission. The risk,
however, of developing an intracranial complication after minimal head injury was
considered almost zero and patients were recommended discharge without further
radiological investigation.*
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The use of CT for minor head injury was becoming increasingly common, especially in
North America. In 2000 Haydel and colleagues presented the so called New Orleans
criteria (NOC): seven clinical criteria for identifying patients with positive CT after minor
head injury.®® They estimated that by restricting CT scanning to patients with at least one
of the following criteria: headache, vomiting, an age over 60 years, drug or alcohol
intoxication, deficits in short-term memory, physical evidence of trauma above the
clavicles and seizure, would reduce the use of CT by approximately 22 percent.®®

The Canadian Head CT rule (CCHR), published in 2001, is a decision rule for the use of
CT in patients with minor head injury (GCS 13-15). Five high-risk factors have been
identified as substantially increasing the risk for a neurosurgical intervention and two
medium-risk factors for a clinically important intracranial lesion.?* The potential CT
ordering factor was estimated to 32-46%. Comparison studies between the CCHR and the
NOC show that the CT ordering rate decrease only marginally for NOC, but up to 37% for
the CCHR, due to its higher specificity for clinically important brain injury.®” ® These
rules, however, only apply to adult patients.

In 2003 the NICE guidelines, based on a modified Canadian Head CT rule, were
introduced in the UK,® replacing the previous “Galasko Report” guidelines and
significantly reducing the number of performed skull radiographies.®” Concerns for
increased work load particularly to the radiological departments®® ® and contemporary
versions (2007) also try to account for the present service structure and resource
limitations.™ Due to the lack of derivation rules for children, recommendations for the
management of children with head injury were also based on the CCHR, until around
2007.*

During the last decade several attempts have been made for deriving highly sensitive
prediction rules for patients with minor head injury, e.g., the National Emergency X-
Radiography Utilization Study 11 (Nexus-11) decision rule,’ the guidelines of European
Federation of Neurological Societies (EFNS)® and the CT in Head Injury Patients (CHIP)
prediction rule.** The risk factors differ and vary in number, but the sensitivity for
identifying intracranial lesions on CT or patients requiring neurosurgical intervention are
high.*® Some of these rules have yet to be internally and/or externally validated and the
majority of these guidelines only apply on adult patients. Some also point out the problem
of assessing children and infants and recommend the use of pediatric GCS for children
aged 5 years or younger.”® The EFNS guidelines also addresses the interest in further
exploring the utility of biochemical brain markers.*

Pediatric head injury management guidelines

Minor head injury

Despite the extensive research in the management of head injuries in adults, the pediatric
guidelines for minor head injury was not introduced until 1999, the same year Homer and
colleagues stated that there were not enough scientific studies to produce evidence based
recommendations for management of pediatric MHI.%* %’
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The American Association of Pediatrics (AAP) was the first to publish recommendations
for management of closed head injury in children.®® * The guidelines defined a group of
children older than 2 years with normal mental status at first examination, no focal
neurological deficits or physical evidence of skull fracture. LOC was set to less than 1
minute. Due to an estimated low risk of developing an intracranial injury and an even
smaller risk of a neurosurgical relevant injury in this patient group, observation for at least
24 hours was mainly warranted. In case of LOC < 1 min the option of additional CT
scanning was to be considered.* For children < 2 years CT was to be promptly considered
for patients at an intermediate risk-level (LOC < 1 min, extensive vomiting, history of
lethargy, non-acute skull fracture, or parental concern) or otherwise admitted for
observation and CT after 4-8 hours if symptoms had not resolved.* Children with low-
energy trauma and asymptomatic 2 hours after the injury could be considered discharged
for home observation.” The proposed guidelines were based on a MEDLINE search and
panel discussions, and gives physicians the possibility of individualizing care by adoption
of a variation of the recommendations.

In another observational study of 2043 children done by Palchak and colleagues'® several
clinical factors identifying children at low risk for TBI after head trauma were presented.
The absence of abnormal mental status, clinical signs of skull fracture, history of vomiting,
scalp hematoma (in children < 2years), and headache had a sensitivity of 98% for
intracranial complications. The specificity was 44.7%. The negative predictive value was
99.6% for CT verified intracranial complications and 100% for brain injuries requiring
intervention.

In the UK, modified NICE guidelines had been applied to children due to lack of other
pediatric guidelines. In 2006, the “children’s head injury algorithm for the prediction of
important clinical events” (CHALICE)> was recommended instead, however, with certain
caution since the decision rule had not been validated. This decision rule by Dunning and
colleagues is a large multicenter study including more than 22000 children younger than
16 years old, that lists 14 criteria, among others, vomiting > 3 times, LOC > 5 minutes,
GCS < 14 or fall from > 3 meters, as separate risk factors for intracranial pathology after
head trauma. A CT was required if any of the 14 criteria were present. The sensitivity for a
clinically important head injury was 94-99% and the specificity about 87%. The negative
predictive value for clinically significant intracranial pathology was 99.9%. The CT
ordering rate was estimated to 14%; an increase from the earlier management guidelines,
but a decrease in the admission rate. There have also been reports that the application of
the decision rule could double the use of CT in other sites.”

In 2009 the North American PECARN group published a prediction rule for identifying
children at very low risk of TBI for whom CT could routinely be obviated.’™ A total of
42212 children younger than 18 years with head trauma and GCS 14-15 were enrolled in
the study. Separate rules were derived for children below 2 years of age and those 2 years
and older. Six factors were found being predictive for a clinically important TBI. These
were, for children younger than 2 years: altered mental status, LOC, mechanism of severe
injury, suspected skull fracture, scalp hematoma and “not acting normal according to
parents”. For older children the latter three factors were exchanged for: clinical signs of
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basilar skull fracture, history of vomiting and severe headache. Children with none of the
six variables for whom CT could have been avoided accounted for 25% of CTs in the
younger age group and 20% of CTs in the older. The negative predictive values for
clinically important TBI in the validation group were 100% and 99.95% respectively for
the both age groups. The estimated CT ordering rate following these rules was 14%, which
is significantly less than the actual CT use (35%) in the study. The decision rule has not
been validated externally yet.

There are no specific pediatric management guidelines for minor head injury currently
recommended in Scandinavia.

Moderate head injury

The definition of moderate head injury varies in literature with regards to the level of
consciousness of GCS 13. In most adult recommendations, an initial GCS of 13 is
considered to belong to mild head injuries. In the SNC recommendations patients with
GCS 9-13 are regarded as having a moderately increased risk of intracranial complications
and are therefore recommended a routine CT scanning and hospital admission.* This is
more in line with other studies on pediatric trauma patients with mild alterations in
consciousness (GCS 13-14), who have a relatively high incidence of intracranial injuries
(19-27%) and for which routine CT is also recommended. 2

Deterioration can occur quickly with confusion, development of focal neurology or
decrease in the level of consciousness. Moderately head injured patients are therefore
recommended hospitalization and close observation. The majority of moderately head
injured patients will recover within 24-36 hours without further treatment. However,
according to earlier recommendations for pediatric head injuries, the effect of an epidural
hematoma might be overtly expressed first after 48 hours (the phenomenon commonly
known as “talk and die”), whereas in adults it is expressed often within 24 hours.'®
Continuous re-examinations and re-evaluations for performing a second CT are advocated,
even when symptoms of concussion such as headache, nausea and dizziness are persistent
or only slightly worsening during the observation period.

Severe head injury

Previous management strategies and decision making were mainly based on adult
treatment recommendations or clinical experience.'® In 2003 the first evidence based
pediatric guidelines for the management of severe TBI were published by Adelson et al.®*
During the past decades, advances in the management of severely head injured children
have been made, especially regarding treatment strategies within the intensive care setting
to optimize outcome and outcome prediction. %% 1

Severe head injuries are defined as GCS 8 or less (RLS4-8). Immediate resuscitation,
establishment of free airway, oxygenation and restoration of normal blood volume are
crucial factors to assure adequate perfusion to the brain and hence, minimize secondary
intracranial complications before referral to a trauma center. All therapeutic strategies
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post-trauma focus on the prevention or reduction of secondary brain injury by optimizing
cerebral blood flow (CBF). Severely head injured children receive an urgent CT scan to
identify those in need of immediate neurosurgical evacuation of an intracranial hematoma.
Thereafter the identified children are referred to a neurointensive or pediatric intensive
care unit for optimal treatment.

Cerebral perfusion pressure (CPP) is so far the best surrogate marker for estimating CBF,
measured by mean arterial pressure (MAP)-ICP. The ideal level of CPP for children is not
fully known, however there are studies that show favorable outcome associated with CPP
between 40 mmHg and 65mmHg and poor outcome with CPP < 40mmHg. The pediatric
guidelines for severe head injury (2003) recommend a CPP > 40mmHg and a slightly
higher CPP with increasing age.’® There are two different schools for the treatment of
intracranial hypertension: the CPP targeted therapy and the ICP targeted therapy (Lund
concept). The CPP targeted therapy aims at lowering the ICP by adding vasopressors, to
increase the CPP by increasing MAP, which only works as long as autoregulation is intact.
The ICP targeted therapy uses aggressive treatment for reducing ICP to 20 mmHg or
below by usage of systemic anti-hypertensive agents and maintenance of normovolemia,
which has shown favorable outcomes.’® The main counter argumentation for the Lund
concept is the potential risk of hypotension, which could consequently lead to secondary
brain injury and worse outcome.

For continuous ICP monitoring on sedated children, intraparenchymal ICP monitoring or
external ventricular drains (EVDs) are possible options, which aid in estimating CPP and
CBF. An EVD can sometimes be difficult to place correctly in case of diffuse cerebral
edema and very small ventricles. However, an EVD has the advantage of the possibility of
CSF drainage, which decreases the intracranial volume and possibly also the ICP.

Elevation of the head, intravenous analgesics and increase in sedatives are non-invasive
methods of lowering the ICP. Rapid infusion of hypertonic saline, osmotic agents (e.g.
mannitol) and hypocapnia (pCO, 3.5-4.0 kPa) are options when other measures have not
affected the ICP, or when there are signs of cerebral herniation (Cushing effect).
Prophylactic use of osmotic agents or hyperventilation is not recommended because of the
risk of a rebound effect, increased brain edema and excessive cerebral vasospasm. This
could consequently lead to reduced cerebral blood flow and ischemia.’® The use of
steroids has been controversial for a long time and does not have a place in current head
injury management.'® Anti-convulsive therapy should be given only in presence of
seizure.!?

Second line treatment, when intracranial pressure seems resistant to the above regime, is
change of anesthesia to e.g. barbiturate coma and prolonged sedation. According to the
pediatric guidelines from 2003 continuous infusion of propofol (prolonged for 24 hours) is
not recommended in the treatment of pediatric TBI, due to the risk of metabolic acidosis
and death (the so called propofol infusion syndrome).™" **? Decompressive craniectomy
can be meaningful in certain situations.**® *** The use of hypothermia in severe head injury
has been one of the last possibilities in former guidelines,’® although there have not been
any evidence of a favorable effect in children with TBI. In previous studies there have
even been a tendency towards worse outcome in patients receiving hypothermia treatment
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after TBI,"™*™" which has recently been verified in a large randomized multicenter study
on adults."'® Hence, early hypothermia cannot be considered as a neuroprotective strategy
in patients with severe traumatic brain injury.

Biochemical markers for brain injury

Biochemical markers are constantly being used as diagnostic tools for injuries in specific
organs, such as troponin for myocardial infarction, creatinine for renal dysfunction and
pancreas amylase and lipase for acute pancreatitis. Since 1965 much research has been
done on potential biochemical markers specific for injuries in the central nervous system
(CNS),™ but the complexity of the brain, its physiological function and the severity of an
eventual injury of the brain, has set the criteria and standards high for an upcoming brain

injury marker. The previously defined criteria for an ideal biochemical brain marker are:'?
121

Central nervous specificity

Rapid and significant release into the blood after injury, within minutes
Elimination within a few hours

Rapidly and readily obtainable assay results

Predictability of serious injury from an early sample

Relationship of maker concentration to the degree of injury

N o g &~ Db PP

Inexpensive

Several biochemical markers have already been investigated and some are still under
investigation for usage in different neurological and neuropsychiatric diseases. However,
none of them have been accepted as an ideal marker with a sufficient relevance in brain
injury.

Creatine kinase, isotype BB (CK-BB) shows great activity in the brain, mainly astrocytes.
It is normally not present in the CSF, but is released into the cerebrospinal fluid (CSF)
after hypoxic brain injury after cardiac arrest'?? and traumatic brain injury. Former studies
found a correlation between CSF levels and neurologic outcome after cardiac arrest.'?®
Skogseid et al showed a correlation between the severity of brain injury and the volume of
contusions to the maximum concentration of CK-BB in serum.*** However, CK-BB is also
found in the large intestine and prostate with a concentration up to one third of that seen in
brain tissue.'®
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Myelin basic protein (MBP) is an 18.5 kDa myelin specific protein found in growing
oligodendroglial cells. It can be released into serum after brain damage or in demyelinating
diseases. Despite a high specificity, the sensitivity of MBP in serum is low and the utility
of the protein in brain injury is therefore limited.*?®

Neurofilament protein (NF) belongs to the intermediate filament family (NFH, NFM, and
NFL) and constitute the major component of the neuronal cytoskeleton, mainly in thick
myelinated axons. NFL is so far only measurable by enzyme-linked immunosorbent assay
in CSF in e.g. Alzheimer’s disease, amyotrophic lateral sclerosis and stroke. The marker
increases very late in the process, with maximum level several weeks after the insult.'?’

Glial fibrillary acidic protein (GFAP) is one of the brick-stones in glial filaments, hence a
cytoskeleton structure in astrocytes. GFAP in CSF is increased in disorders causing
astrogliosis and in e.g. stroke causing leakage from damaged cells to CSF. The CSF
concentration correlates to the extent of damage and is seen to be extremely high in e.g.
herpes-encephalitis and large cerebral infarcts. There is only a slight increase in GFAP in
chronic diseases, such as Alzheimer’s and multiple sclerosis due to astrogliosis. Serum
levels of GFAP have also shown to be highly elevated in severe TBI and are related to
increased mortality and poor outcome.*?%*%°

Neuron specific enolase (NSE) is a cytoplasmic enzyme of glycolysis with a subunit
consisting of yy-enolase or oay-enolase. It is normally found in neurons and
neuroectodermal cells. NSE can be detected in both CSF and serum and is therefore a
potential biochemical marker under investigation. Serum concentrations of NSE are known
to increase in small-cell lung carcinoma, medulloblastoma and in brain injury. Nowadays
its clinical usage is as a marker for tumors of the amine precursor uptake and degradation.
The marker has also been investigated as a predictive marker of neurological outcome after
cardiac arrest and cardiac surgery.™®" *3* However, one major drawback of NSE is its
prevalence in erythrocytes and its release in the blood by hemolysis.™*

Protein S100B is a small (21kDa) calcium binding protein expressed mainly in astroglial
cells and Schwann cells in the CNS, exerting both intracellular and extracellular effects.”**
138 protein S100B can be detected in both CSF and blood. The marker concentration has
been shown to increase in CSF and/or serum after a vast number of cerebral diseases, e.g.
traumatic brain injury,"*”**° cerebral infarction®* and subarachnoid haemorrhage.**?
Previous studies have shown that serum S100B levels of patients with severe and minor
head injuries correlate to both neurological findings at admission and to long-term
outcome.*® 143146 However, increased concentration of serum S100B has also been found
in patients suffering from extracranial injuries, especially long-bone fractures™” *® and
after cardiopulmonary bypass surgery.*® **° Nevertheless, today protein S100B is still the
most promising diagnostic biochemical marker used in MHI.
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Protein S100B and its functional roles

BW Moore was the first to identify the S100 protein in 1965."° It was purified from
bovine brain and named S100 due to its solubility in 100% saturated ammonium
sulphate.™® The S100 protein was at that time determined to be brain specific, since bovine
brain was thought to contain only nervous-system specific proteins. However, subsequent
studies showed that bovine brain contained predominantly two different polypeptides,
S100B and S100A1.%! Nowadays there are more than 20 proteins belonging to the S100
family, a multigenic family of non-ubiquitous Ca®*-modulated proteins of the EF-hand
type (helix-loop-helix).*® S100 proteins are low molecular weight proteins, existing within
cells as homodimers, with the exception of the monomeric protein calbindin Dyg.
Dimerization of the S100 proteins is important for their biological activities, though in
some cases even S100 heterodimers are formed, e.g. S100A1/S100B.%** *** 100 proteins
are thought to be involved in intracellular activities, such as the regulation of protein
phosphorylation, enzyme activities, Ca** homeostasis, cell proliferation and differentiation,
and inflammatory response. Extracellular effects have only been described for some of the
S100 proteins, e.g. stimulation of neurite extension activity, neuronal apoptosis, inhibition
of the extrinsic pathway of blood coagulation and proinflammatory activity on endothelial
and inflammatory cells. In vitro studies have shown that secreted S100B exerts
neurotrophic effects in nanomolar concentrations by stimulating neurite outgrowth and
toxic effects in micromolar concentrations due to increased expression of the
proinflammatory cytokine IL-6 and induction of apoptosis.'*?

S100B is primarily produced by astrocytes, but is also found in Schwann cells, adipose
tissue™® and malignant melanoma cells.”** *> However, the concentration of S100B in
tissues outside the nervous system is normally much smaller than in brain tissue and nearly
negligible.’®

S100B can be detected in both CSF and serum. There are still some uncertainties about the
release mechanism of S100B into the blood. The most accepted theory is that of
extracellular S100B passing into the blood due to a disrupted blood brain barrier (BBB).
Serum protein S100B is an early marker of the disruption of BBB after a blow to the head,
though not always as a sign of neuronal damage.*" **®

The protein is metabolized and excreted by the kidneys®*® and its biological half-life has
been estimated to about 30 minutes'®® even though other studies have found S100B half-
life up to 130 minutes.*®* The stability of protein S100B in serum has been investigated by
Raabe and colleagues, who found no effects of storage time and temperature before
analysis.'®? The stability of urine S100B seem to be less stable.*®

Serum S100B has in a few studies been measured in the jugular vein and compared to the
arterial concentrations. The studies have found contradicting results, one finding a
significantly higher concentration in jugular blood'®* and the other with almost equivalent
levels.'®

26



Methods of analysis

During the past years there have been various commercially available methods from
several manufacturers used in research for measuring S100B concentrations in both CSF
and serum. Differences between the analytical methods should be considered when
interpreting results from different studies.” ** ** The more commercially available
methods are: the two-site immunoradiometric assay Sangtec®100 IRMA, the
immunoluminometric assay LIA-mat®Sangtec 100 and LIAISON®Sangtec 100 (DiaSorin
AB, Bromma, Sweden), the ELISA Nexus DX™ S§100 (SynX Pharma Inc., York, UK.),
the enzyme-linked immunosorbent assay (Nanogen), the enzyme-linked immunoassay
Elecsys® S100 and the more recent electrochemiluminescence immunoassay Elecsys170
(Roche Diagnostics, Mannheim, Germany).*>* 1’

Reference values of S100B in children

CSF concentrations differ between males and females and are also seen to increase with
growing age.*®® ' Wiesmann et al showed that plasma S100B concentration in healthy
adults was both gender- and age-independent, concluding that there is no need for
corrected reference values for measurements in the blood of adults (age 18-65).*

Portela and colleagues (2002) were the first to determine normal levels of S100B in 19
neonates and 25 children (4-16 years). The authors also compared these findings to serum
S100B measured in 85 healthy adults. They found a negative correlation between S100B
and age in individuals < 20 years, but not in individuals > 20 years old, which indicated
that S100B decreases considerably during the first two decades of life and remains
relatively constant in adulthood.'”* Gender differences were not found.

A study by Gazzolo et al found a negative correlation between serum S100B and age in
children, as well as gender differences. The median S100B concentration in females was
higher especially in the first 3 years of life. Reference values of serum S100B in infants
(younger than 1 year) were significantly higher than in children aged 2-7 years (75"
percentile 2.55 and 1.06 pg/L respectively). Reference values were increased again after
the age of 9-10 years, possibly due to the neurotrophic effects of the protein at these

ages.*"

In 2008 Castellani et al also investigated the reference values in children and found an
upper reference level of 0.16 pg/L for children 3-18 years-old.'”® Castellani analyzed the
S100B levels using Elecsys electrochemiluminescence assay, a different method than the
one used in Portela and Gazzolo’s studies (LIA-mat immunoluminometric assay). This
could be one of the reasons for yielding different absolute values.
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Pediatric studies on S100B

There are by far fewer studies performed on pediatric TBI and biomarkers, but similar to
studies on adults, most studies have focused on S100B’s ability to predict outcome after
TBI. In a study by Spinella et al, serum S100B levels measured at admission on children
with TBI and intracranial lesion seemed to be associated with outcome measured 6 months
post-injury. Serum levels > 2 pg/L (Liaison) was associated with poor outcome, with a
sensitivity of 0.86 and specificity of 0.95."* Berger and colleagues showed in a study with
152 children that mean S100B concentrations in children with both mild and severe TBI
were significantly greater than normal control concentrations and that peak S100B
concentrations correlated more strongly to outcome.*® 17°

Berger et al have also tried to identify inflicted traumatic brain injury from non-inflicted
TBI in infants and children, using biochemical serum markers as screening tools. The
biomarkers studied were NSE, MBP and S100B. Although the biomarkers increased in the
majority of children with acute TBI, none were able to sufficiently discriminate between
non-inflicted TBI and iTBI.'"’

In a recent study Bechtel and colleagues described the use of serum S100B as a screening
tool to detect intracranial injuries in children admitted to the emergency department after
closed head trauma. Although children with intracranial injuries had significantly higher
S100B concentrations than children without ICI, the ability of S100B levels to detect ICI
was found to be poor.*™®

Children are more likely to have scalp hematomas and this has been proposed as a
predictive sign for intracranial injury in small children.'®® The influence of extracranial
sources on S100B levels has also been addressed, mainly concerning scalp hematomas or
lacerations. In a small study by Geyer et al the presence of scalp lacerations did not
influence significantly on serum S100B concentrations.*”

In one of the more recent and more encouraging studies from Austria, Castellani et al
(2009) investigated the correlation of S100B to CT results after mild TBI (GCS 13-15).
Serum S100B concentrations were significantly higher in patients with abnormal CT
(mean 0.64 pg/L) compared with patients with normal CT (mean 0.50 pg/L) and even
though specificity was poor (0.42), the sensitivity and negative predictive value was 1.00.
The authors concluded that normal S100B levels (< 0.16 pg/L, Elecsys) safely rules out
CT pathologies in minor head injured children.*® This study encourage further research on
this topic in pursue of optimizing routines and management in pediatric head injury.

Serum biomarkers (S100B, NSE and CK-BB) have also been studied in newborn
asphyxiated children as indicators of hypoxic ischemic encephalopathy and
neurodevelopmental outcome. The authors concluded however that all the biomarkers
sampled on the first day of life were of limited value in predicting severe brain damage
after birth asphyxia.'®! Gazzolo and colleagues have also been investigating urine S100B
concentrations at first urination and up to 72 hours after birth in asphyxiated infants. They
found it to be a useful tool to identify asphyxiated children at risk of hypoxic ischemic
encephalopathy.’® S100B has also been found in urine of older children with head injury,
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as well as other sites such as saliva and maternal fluids. Nevertheless, the clinical
usefulness of measurements in these sites have been limited. 8 184 185,186

Clinical relevance of S100B in head injury management

The intense research on protein S100B has been providing hope for clinicians for a new
diagnostic tool in various types of brain injuries, both primary and secondary, as well as
prediction of outcome. Studies on severe TBI in adults have found high levels of S100B
correlating to intracranial pathological findings on CT and MRI™® ' and strong
associations between high levels of S100B (> 2.0- 2.5 pg/L) and unfavourable outcomes in
both adults and children.**® 1

Romner and Ingebrigtsen showed early that S100B in serum correlated well to contusion
volume on CT and magnetic resonance imaging (MRI) findings in mild head injury.*3" 14
The major drawback has long been the low specificity (0.65) of S100B for identification of
a pathological CT scan or intracranial injury. However, the sensitivity has always been
proven high (> 0.90). Serum S100B was later introduced in the field of minor head injury,
in pursue of categorizing patients into a high or low probability category of having a
intracranial injury,”** which could lead to a significant reduction of MHI patients
undergoing CT scanning. Already in year 2000 Ingebrigtsen and colleagues commented on
a high negative predictive value (0.99) of S100B related to pathological CT.*** It was not
until 2005 that Muller et al discussed the possibility of accepting a minor risk (1.5%) of
missing patients with clinically insignificant intracranial lesions in favour of safely
reducing unnecessary CT scans in MHI patients. The present cut-off level for S100B is set
to 0.10 pg/L for adults. Used in conjunction with existing guidelines, such as the
Scandinavian guidelines, serum S100B could reduce the need for CT scans by 30% and
still maintain a high sensitivity and negative predictive value for detection of clinically
relevant intracranial complications.’® In a recent extensive meta-analysis by Undén et al,
the authors show that low serum S100B levels accurately predict normal CT findings after
MHI in adults and recommend protein S100B as a complementary decision tool in the
present Scandinavian guidelines.*®

Recent pediatric decision rules (CHALICE, PECARN) have been proposed in order to
reduce the number of CTs and hospitalizations among MHI children with very low risk of
developing an intracranial complication. These are based on several clinical symptoms and
predictive factors such as severe headache, vomiting, LOC and signs of skull/basilar skull
fracture . Although the yield of a CT frequency of 14% was approximated, there have been
concerns about the guidelines being too complicated to use on the intended population,and
that the CT rate in other countries would be increased.” Accordingly, introduction of a
serum biomarker for brain injury in pediatric mild head injury would be most welcome.
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Aims of the studies

V.

To investigate the present management of pediatric minor head injury in Swedish
hospitals

To identify clinical factors associated with intracranial complications after
traumatic head injury in children and to investigate the reliability of the present
management routines for initial handling of traumatic head injury in children.

To investigate the relation between capillary, venous and arterial levels of protein
S100B.

e Can capillary S100B measurements substitute venous S100B
measurements, and if not,

e how much does a capillary S100B measurement differ from a venous?

e Can venous S100B concentrations be successfully predicted from
capillary measurements?

e  Can arterial measurements of S100B substitute venous measurements?

To determine reference values for venous and capillary S100B in children.
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Patients and methods

Paper |

Survey of the management of children with minor head injuries in
Sweden

In this study we wanted to investigate how children with mild head injuries in Sweden
were handled, and to get a basic knowledge about the possible clinical problems in this
field.

The study was performed by a cross-sectional mail survey, including all 51 hospitals with
an accident and emergency department treating children with head injuries. Eight were
university hospitals, 20 central hospitals and 23 district general hospitals.

A questionnaire based on the management of MHI in children was sent to 131 hospitals in
Sweden during the spring of 2004. A reminder with the questionnaire was sent to non-
responders during the spring of 2005, and a 100% respondent-rate was achieved after
telephone contact to those who had failed to respond even to the second initiative. Fifty-
one hospitals replied that they accept and treat children with head injuries. The
questionnaire included 25 questions about the hospital and the management of children
with MHI. Routines concerning clinical and radiological examinations, in-hospital
observation, discharge criteria and follow-up were outlined in detail.

The questionnaire was a revised version of the questionnaire developed by our research
group, used for similar studies in adult patients in Norway and Sweden.
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Paper I

Clinical factors associated with intracranial complications after
pediatric traumatic head injury: an observational study of children
submitted to a neurosurgical referral unit

This study aimed to describe the clinical problems and outcome of children admitted to
neurosurgery after head trauma. We looked for symptoms and factors associated with the
head trauma and related these to the presence of intracranial complications on CT or need
for neurosurgery.

This was a retrospective descriptive study, including patients below 18 years of age with
TBI and admitted to the Neurointensive Care Unit (NICU) at Lund University Hospital
between the years 2002 and 2007. Children with any S06 diagnosis, according to ICD-10
(International Classification of Diseases) system, were included in the study.

With this design, we expected to register all children with clinically relevant complications
(i.e. requiring neurosurgery and/or neurointensive care) from head injury in southern
Sweden. The study design was reviewed and approved by the Regional Ethical Review
Board. Medical records registered in paper files and electronically in CareVue (Philips
medical system) and Melior (Siemens medical record system) were reviewed for
neurological and neurosurgical data, patient history, present injury, radiological data,
symptoms, treatments and clinical outcome. All relevant data were in anonymous form
collected in a database (FileMaker Pro 7), and analysis was performed in SPSS version
13.0.
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Paper Il

Comparison of capillary, venous and arterial levels of protein S100B
in patients with severe brain pathology

In this study we wanted to investigate the possibility of measuring capillary and arterial
samples of protein S100B and to relate the concentrations to venous measurements.

Capillary, venous and arterial blood samples for S100B measurement were collected from
adult patients (age > 18 years) with severe brain pathology and admitted to the NICU at
Lund University Hospital, Sweden, between 2005 and 2007. The study was continued in
2010 with similar adult patients admitted to the NICU at Rigshospitalet, Copenhagen,
Denmark. Patients were not considered for inclusion if they were known to have active
malignant melanoma, kidney failure or if they were multi-trauma patients with long-bone
fractures. Oral and/or written consent was obtained from the patient before inclusion and if
this was not possible due to unconsciousness or confusion, consent was given by the
patient’s next of kin.

Capillary, venous and arterial blood samples were collected simultaneously once a day and
continued for a maximum of 8 consecutive days or until the patient was discharged. For
further comparison, two capillary samples were drawn from different fingers on the first
day of inclusion. 600 ul of capillary blood and 4 ml of venous blood were sampled and
collected in SST-microtainer tubes (BD Microtainer®) and SST-tubes respectively, both
containing a serum separating gel without additives. If the patient had an arterial line, an
arterial sample (4 ml) was collected in a SST-tube after discarding the initial 4 ml to avoid
mixing of any previous fluids from the arterial line.

The blood samples were allowed to clot for 30 minutes. After centrifugation at 2200g for
10 minutes, the serum was collected. For the Swedish material, immediate analysis was
performed. For the Danish material, serum samples were frozen at -80°C and analyzed in
batches at a later session. All samples were analyzed with an electrochemiluminescence
assay (Elecsys S100B assay, Roche Diagnostics, Mannheim, Germany). The assay was
performed on Roche Hitachi Modular E170. The lower detection limit for the analysis was
0.005 pg/L and the upper 39.0 pg/L.

Statistical analysis

The S100B serum concentrations were registered as 3-decimal values. Statistical analysis
was performed in Stata version 9. Figures were produced in SPSS version 19. Our focus of
interest was the differences in concentration between the pairs of simultaneously obtained
samples and comparison analysis was performed with Student’s t-test. Differences were
considered statistically significant for two-sided P values <0.05. Prediction analysis was
performed with linear regression analysis. The root mean square prediction error (RMSE)
was calculated as a measure of the prediction success. The relation between two kinds of
sampling was illustrated according to Bland-Altman.
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Paper IV

Age and gender specific reference values for venous and capillary
S100B in children

The study was performed at the County Hospital of Halmstad in Sweden, between the
years 2007 and 2009. Neurologically healthy patients were selected for participation.
Children, aged 1 to 16 years, who were scheduled for elective ear-nose or throat (ENT)
surgery or microscopic otoscopy in general anesthesia, were included for participation in
the study. Parental consent and a health declaration for the child were obtained for all
patients. The child was excluded and none of the blood samples were drawn if the child
had any of four exclusion criteria declared: (1) neurological illness (brain tumor,
hydrocephalus, cerebral paresis), (2) previously treated for, or hospitalized due to brain
injury, (3) recently acquired long bone fracture (within 3 months), or (4) renal failure or
other disease of the kidneys.

Four serum samples were drawn from the patient. The first venous sample (3 ml) was
drawn from a peripheral venous catheter immediately after application, before any fluids or
sedatives had been administered. The second venous sample (3 ml) was drawn from the
same catheter after sedation, immediately after about 5 ml blood first had been drawn and
discarded, in order to avoid any mixing of intravenous fluids from the peripheral catheter
in the second sample. Two capillary microtainer samples (600 ul) were taken after sedation
of the child. The capillary samples were drawn from two separate finger pricks.

The venous samples were collected in a 3 ml SST tube and the capillary samples in a 600
Kl SST microtainer tube (BD microtainer®), both tubes containing a separating gel without
additives. The samples were left to clot for at least 30 minutes, centrifuged for 10 min at
2200g, frozen and stored at -80 °C. The two venous samples and the first capillary sample
for each patient were analyzed. Analysis was performed with an electrochemiluminescence
assay (Elecsys S100B assay, Roche Diagnostics, Mannheim, Germany). The assay was
performed on a Roche Hitachi Modular. The lower detection limit was 0.005 ug/L and the
upper was 39.0 pg/L. The study was approved by the Regional Ethical Review Board in
Lund, Sweden.
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Results

Paper |

Survey of the management of children with minor head injuries in
Sweden

There is a lack of specific pediatric head injury guidelines in Sweden and this study
describes the variations in the management of children with mild head injury.

Fourteen (28%) of the 51 hospitals had established written criteria for the referral to and
the management of children with MHI at the hospital. Children were managed by the
general surgical department in 82% of the hospitals, and by a pediatric/pediatric surgical
department in 8 hospitals (16%).

Management in the ER

In 96% of the hospitals initial evaluation of the head injured child was performed by
assistant residents and/or residents. Only two (4%) hospitals reported that the initial
evaluation was exclusively performed by consultants. Routine neurological examination
for all children was performed at 96% of the hospitals. The most frequently used scale for
the assessment of the level of consciousness was the Swedish Reaction Level Scale
(RLS),® used in 44 (88%) hospitals. The pediatric GCS was used in 4 (8%) hospitals. Nine
hospitals (18%) reported routine radiological examination of all children presenting with
MHI. All nine used routine CT scan and 6 of the hospitals also performed radiography of
the cervical spine and/or skull as a routine. All 51 hospitals reported a 24 hour access to a
CT scan.

Eight (16%) hospitals consistently hospitalize all children with minor head injury, whereas
42 hospitals (84%) had established criteria for early discharge. Seven criteria were
identified, and absence of focal neurological deficits, normal level of consciousness and no
influence of alcohol were the three most common criteria required for discharge. Thirteen
hospitals required a normal CT scan, whereas two hospitals perform skull radiography
before early discharge. Six of the 42 hospitals supplied written instructions to the parents
for observations at home.
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Observation

Children admitted for observation were mainly admitted to a pediatric ward (63%). Ten
hospitals (21%) used the intensive care unit (ICU), though some of them used the ICU for
younger children only. Other wards used for observation of children were the emergency
ward, the pediatric surgical ward as well as the general surgical ward.

Forty-five hospitals (90%) used a systematic assessment scale for the level of
consciousness as an observation parameter. The most common was the RLS, used in 84%
of the hospitals. Three hospitals (6%) reported the use of the pediatric GCS during the
observation period. Most hospitals also used other observation parameters such as blood
pressure, pulse rate and pupillary response. Fourteen (28%) hospitals used a standardized
observation scheme.

The frequency of the assessments varied from hospital to hospital. Thirty-nine hospitals
(78%) assessed patients at least once every hour. In 27 (54%) hospitals the assessment
frequency was individualised, mainly depending on the type of trauma, the status of the
child and the doctor’s individual ordination. The duration of the observations varied from a
maximum of 12 hours in 16% of the hospitals to 12 to 24 hours in 74% of the hospitals.
Ten percent did not specify the duration of the observations.

Follow-up

Three hospitals offered routine outpatient follow-up after a minor head injury. Nine
hospitals (18%) offered individualized follow-up for patients with persistent symptoms
and/or other complications during and after hospitalization
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Paper I

Clinical factors associated with intracranial complications after
pediatric traumatic head injury: an observational study of children
submitted to a neurosurgical referral unit

During six years, a total of 102 children were admitted to the neurosurgical intensive care
unit after head injury and were initially considered for inclusion. Two patients were
excluded due to the initial treatment of the head injury at a neurosurgical unit in another
region. The mean age was 10.6 years (0-17 years); 20 children < 5 years of age.

Traffic accidents (50%) were the main cause of head trauma, followed by falls (36%).
Thirty-two percent of all children were injured in bicycle and motorcycle accidents and of
the 9 children wearing a helmet in these accidents, 1 (11%) had an EDH, 1 (11%) had a
subacute SDH and 7 (78%) had other diffuse intracranial injuries, such as cerebral
contusions, DAI and tSAH. Of the 17 children who were verified not to have worn a
helmet during the bicycle or motorcycle accident, 12 (71%) had an EDH and 5 (29%) had
other intracranial injuries.

Loss of consciousness and amnesia

Fifty-seven of the 100 children (57%) had LOC related to the head injury and 67 (67%)
were verified or assumed to have post-traumatic amnesia. Fifty-two of the 90 patients
(58%) with intracranial injury reported LOC, and 62 (69%) had amnesia. Both loss of
consciousness and amnesia were absent in 23% of the children with intracranial injuries.

Interventions

Fifty children underwent neurosurgical intervention and 19 underwent acute neurosurgery
before being admitted to the NICU (Table 1). Twelve of these 19 were children with an
EDH; 2 had an evacuation of an SDH.

ICI Neurosurgery Qutcome (GOS)
HISS EDH
n Yes No Yes No Good Poor

Minimal 9 7 2 4 6 3 9 0
Mild 32 30 2 20 12 20 32 0
Moderate 36 31 5 19 17 19 34 2
Severe 23 22 1 5 15 8 18 5
Total 100 90 10 48 50 50 93 7

Table 1. Classification of head injury according to Head injury severity score (HISS) in
relation to intracranial injury (ICI), epidural hematoma (EDH), neurosurgical intervention
and outcome according to dichotomised Glasgow outcome scale (GOS).

ICI = Intracranial injury, i.e. one or several pathological findings such as diffuse axonal
injury, EDH, subdural hematoma, cerebral contusion or traumatic subarachnoid
haemorrhage. No ICI = isolated skull fracture, commotio cerebri or both.
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Seven children with intracranial injury, six of them requiring neurosurgery, could
according to the described symptoms at initial assessment be classed as minimal head
injury, according to HISS (Table 1). Of the six children who needed neurosurgery; 4 had
evacuation of their epidural hematoma, 1 received an ICP catheter and 1 had revision of a
depressed skull fracture. Symptoms presented by the 9 children who were classed into
minimal head injury, and leading to further investigation with a CT scan, are detailed in
Table 2.

Symptoms n Comments Intervention

Headache and vomiting

3 ]
Decreasing consciousness (2) all 3 with ICI Neurosurgery

Initially fluctuating somnolence/ also high-force trauma

- - 1 patient with ICI, Observation

aggressiveness in ambulance but GCS 15 at the ER
1 of 3 with ICI, due to shot wound 1 to neurosurgery
Open wound — type of trauma 3
Open wound / skull fracture 2 of 3 with impression / skull base fracture 1 to neurosurgery
1 to observation

Type of trauma/behaviour 1 ICI Neurosurgery
Type of trauma/low age 1 ICI Observation

Table 2. Symptoms presented by the 9 children classed with minimal head injury leading to further
neuroradiological investigation.

Other immediate symptoms associated with head injury were headache (30%), nausea
(24%), vomiting (14%) and seizures (9%). Seventeen patients complained of both
headache and nausea; 15 (88%) presented with an intracranial injury. Both headache and
vomiting were presented by 6 children, 5 (83%) had an intracranial injury.

Outcome

Clinical outcome was assessed according to Glasgow Outcome Scale (GOS). According to
a dichotomized outcome 93 patients (93%) had a good outcome and 7 patients (7%) had a
poor outcome. All 7 children with poor outcome were injured in traffic accidents. Two
children did not survive; one with aSDH and the other with severe tSAH.
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Paper Il

Comparison of capillary, venous and arterial levels of protein S100B
in patients with severe brain pathology

In this study we investigated the possibility of measuring protein S100B from capillary and
arterial specimen and compared the measurements to the concentrations from standard
venous sampling method. Severely brain injured patients were included in the study to get
as broad variation of the S100B concentration as possible.

A total of 98 patients were included in the study; 44 females (mean age 53, range 25-77
years) and 54 males (mean age 53, range 18 to 79 years). Blood was sampled during an
average of two days (range 1 to 6 days). Patients included in the study were suffering from
SAH, aSDH, tSAH with cerebral contusions, hypertensive intracerebral hemorrhage,
cerebral edema, cerebral malignant infarction and severe bacterial meningitis. Samples
from four patients were excluded from the study: one due to suspected mix-up with other
samples at analysis, one venous (0.623 pg/L) and two capillary samples due to problems at
sampling (1.080 pg/L and 1.120 pg/L).

Potential outliers and excluded data

Pairs of capillary and venous samples were collected on 165 occasions from 71 patients.
Venous and arterial samples were collected on 91 occasions from 36 patients and capillary
and arterial samples on 125 occasions from 58 patients. In 37 patients, double capillary
samples were drawn on the day of inclusion. We note from original data (Figure 1, scatter
plot) that two venous samples appear extremely elevated compared to the simultaneously
measured capillary samples (difference Ven-Cap: 0.898 pg/L and 0.725 pg/L). Omitting
these two venous samples from the analysis (potential outliers), we gain highly improved
results for both capillary-venous and venous-arterial pairs of samples. The results, with and
without exclusion of potential outliers, are summarized in Table 3.

Relation between capillary and venous samples

The difference between capillary and venous S100B concentrations in the 163
measurements (71 patients), using Student’s t-test, was statistically significant with a mean
difference of 0.076 pg/L (95% CI 0.065-0.087, p < 0.001). A Bland-Altman plot (Figure 2)
of all 163 paired measurements shows that capillary S100B is slightly increased relative to
venous S100B. The line of regression in Figure 2 slopes slightly upwards (0.031, NS),
which implies that the mean difference between capillary and venous measurements is
nearly constant or slightly increased at higher serum concentrations. Linear regression
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Difference Venous - Arterial S100B (pg/L)

Capillary $100B (ug/L)

analysis for prediction of venous S100B from capillary measurements gives a slope of
0.984 and a constant —0.061pg/L. The RMSE is 0.064 ug/L.
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Relation between venous and arterial samples

The mean difference between the 89 paired venous-arterial samples was 0.013 ug/L
(95%CI 0.007-0.019). A Bland-Altman plot (Figure 3) shows a slightly positive slope of
regression 0.062 (p = 0.026), and prediction of venous samples from arterial samples
(slope 1.029, constant +0.010 pg/L) gives an RMSE of 0.028 pg/L.

Relation between capillary and arterial samples

Capillary samples were on average 0.095 pg/L higher than arterial measurements (95% CI
0.081-0.109). The slope of the linear regression line is slightly positive 0.038 (NS, Figure
4). Prediction analysis with linear regression between arterial and capillary measurements
(slope 0.938, constant -0.078 pg/L) gives an RMSE of 0.075 ug/L.
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Analysis | Suspected outliers included

. N Mean 95% ClI Slope p-value | N Mean 95% ClI Slope p-value
Relations sample difference (ug/L) sample difference (ug/L)
between: pairs (ng/L) pairs (ug/L)
Cap and Ven | 163 0.076 0.065-0.086 +0.031 NS 165 0.065 0.047-0.083 -0.015 NS
Venand Art | 89 0.013 0.005-0.058 +0.062 0.026 91 0.031 0.007-0.019 +0.594 <0.001
Cap and Art | 126 0.095 0.081-0.109 +0.038 NS
Linear regression analysis for the
prediction of: N sample Prediction error | Prediction analysis N sample Prediction error

pairs RMSE (pg/L) pairs RMSE (ug/L)

g:";‘ from | \en=0.948*Cap- 0061 163 0.064 Ven = 0.942*Cap - 0.049 165 0.116
Xft” from 1ven = 1.029*Art + 0010 89 0.028 Ven = 1.157*Art + 0014 91 0.126
é;tpfmm Art=0938*Cap— 0078 126 0.075

Table 3. Summary of the relations between capillary (Cap), venous (Ven) and arterial (Art) S100B measurements.

The right side of the table gives the relations when the two venous suspected outliers are included.
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Paper IV

Age and gender specific reference values for venous and capillary
S100B in children

A total of 465 children (age range 1 to 16; 260 boys, 205 girls) were included
prospectively. 381 children had a venous sample drawn before anesthesia (Venl), 446 had
a venous sample drawn after anesthesia (Ven2), and 379 had a capillary sample drawn and
analyzed (Cap).

The mean difference between Cap and Ven2 S100B was 0.120 pg/L (95% CI1 0.107-0.132,
p < 0.001). This difference was more pronounced in children less than 5 years than in the
older ones: 0.141 pg/L vs. 0.103 pg/L (p = 0.004).

Influence of age and gender

Serum S100B concentrations were generally higher in younger children for both venous
and capillary samples (Figure 5). The negative relation between S100B and age was also
shown by negative Spearman rank correlation coefficients for both Venl -0.34, Ven2 -0.36
and Cap -0.29 (p < 0.001 in all three cases). No statistically significant gender differences
for Venl, Ven2 or Cap were found when all ages were treated jointly. However, after
division of the patients into age groups, there was a statistically significant gender
difference in the age group 1-2 years for Ven2 (p = 0.028) and Cap (p = 0.001), but not for
Venl: girls had a significantly higher mean S100B than boys. There were no significant
gender differences in the other age groups.
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Reference values

For each age, reference levels for Venl S100B and Cap S100B are presented in Figures 6
and 7 as upper 95" quantile. The figures show that children aged 1 and 2 years have a
higher S100B reference level. The reference levels of children aged 3 years and older did
not vary significantly with age or gender. The reference level for children > 3 years was

found to be 0.144 pg/L for Venl and 0.400 pg/L for Cap.

Tables 4-5 show the age dependent reference levels for venous and capillary samples in
children. Interestingly there was also a significant gender difference in capillary reference
levels for two-year-old children (p = 0.003); girls higher than boys: 1.28 ug/L vs. 0.46

pg/L. No such gender difference was found in Venl.

Venous blood

ey Venous 1 Reference level
¢ Age (years) q95 S100B pg/L (n)
s 1 0.36 (15)
o™
8 2 0.20 (38)
1)
- 3-16 0.14 (328)
D Table 4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
age
Individual values + q95 (reference values)
q95 fitted curve (reference curve)
Figure 6. Summary of age-related reference values for venous
S100B in children.
0 Capilary blood Capillary Reference level
Age (years) 95 S100B pg/L (n)
1 0.89 (19)
2 Total 0.79 (47)
Girls 1.28 (17)
Boys 0.46 (30)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
L 3-16 0.40 (313)
Individual values #* q95 (reference values)

q95 fitted curve (reference curve)

Figure 7. Summary of age-related reference values for capillary
S100B in children.
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General discussion

Pediatric traumatic head injury is a field many individuals come in contact with, either as a
patient, parent, relative or as a health care professional. It is a broad and versatile area with
many factors involved and with risk factors different from adults. Research has been
performed for decades, especially in the UK and the US, but not until recently we have
begun to see results from larger multicenter studies as an attempt to optimize the
management guidelines for head injured children.® %

This thesis has its main setting in the Scandinavian country of Sweden; a country with a
somewhat different prerequisite and health care system than both UK and USA. The
Scandinavian research on head injuries has mainly focused on adults, though the SNC also
vaguely included children in its recommendations.* Guidelines for adults have previously
also been considered safe to use for children, although with more liberality towards CT
scanning.®® The recommendations have not been validated, but the adult guidelines are
being implemented in the Scandinavian countries. However, economical and regional
aspects (capacity of routine neuroradiological investigations and long distances to the
nearest hospital) may have contributed to the slow implementation rate and the resuming
of local regimes.

In the first two studies presented (Paper I-11) we have investigated the current status of the
management of minor head injured children in Sweden, outlined clinical factors associated
with intracranial complications after head injury and assessed the reliability of the current
practice in Sweden. The results were not unexpected, considering the lack of specific
pediatric head injury guidelines. As a probable consequence there were large local
variations, especially concerning admissions and neuroradiology. This was outlined by the
fact that some Swedish hospitals reported CT scanning and some skull radiography as a
criteria for discharge even in the years 2004-2006, although the SNC guidelines did not
recommend skull radiography (Paper I). CT performance rate in MHI children has been
relatively low compared to other countries.!® ' This may be a consequence of an
increased admission rate and even routine admissions for all minor head injured children in
some of the hospitals in Sweden (Paper I).

In the second study (Paper 1) we retrospectively studied children who had been admitted
to a neurosurgical unit after head injury. By focusing on several factors considered as
predictive factors for intracranial pathology after closed head injury, we could conclude
that neither LOC, amnesia, initial GCS score or the HISS classification were reliable
factors in children. Hence, management of MHI in children based solely on adult head
injury guidelines is not enough. Other clinical symptoms for admitting a child for
observation or CT scanning are e.g. persistent nausea, vomiting, headache, dizziness,
presence of scalp hematoma or posttraumatic seizure."®*** The importance of symptoms
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such as nausea, headache and vomits has in the adult population been considered
conflicting and even more so in the pediatric population (Paper I1). Consequently it can be
difficult to make a proper decision regarding an early discharge without a CT scanning.
Although the outcome after brain injury is in general more favorable among children
(Paper 1) than compared to adults,*®* the risk of missing a hematoma and delaying the
time to correct diagnosis and treatment makes the option of observation for at least one day
more attractive than an early discharge from the ED. However, the consequent extra work
load and increased cost is quite obvious. According to a previous study by Holsti et al the
majority of children (98%) who were observed over night at an observational unit had also
received a CT scanning which were all normal. The majority of those children were safely
discharged the next day.'**

CT scanning is so far the best method of accurately diagnosing clinically relevant
intracranial lesions and fractures. However, during the last decades there have been
debates about the possible detrimental effect of CT scanning, especially on younger
children who have a longer life expectancy and are probably more vulnerable to radiation
induced malignancies due to more dividing cells.”* " There is no doubt that a CT scanning
has a clear benefit for the single person, but as the number of CT investigations increase
(some data from the US report that up to 50% of patients with head injury receive a head
CT)™™ there is a need to address this issue. Younger children can be more challenging to
manage and some even require sedation before a CT can be performed, which itself is a
risk and eliminates the possibility of clinical neurological observation. The awareness of
this problem has spread to the clinics and newer guidelines proposed in the UK and US
aim to reduce unnecessary CT examinations. The proposed guidelines are especially
created for children who have a very small risk of having an intracranial bleeding after
MHI1.% 2 These derivation rules are based on clinical symptoms and findings presented at
admission before a CT can be issued, but although internally validated there are still need
for external validation studies before these can be implemented. As previously addressed,
due to the differences in prerequisites, these studies should also be prospectively validated
in Scandinavian settings before they can be safely introduced.

However, current Scandinavian routines are not fully acceptable for management of the
pediatric population and we noticed a huge need and plea for national guidelines (Paper I).
Decision making based upon physicians’ individual evaluations should never be
underestimated. Nevertheless, since younger residents are the ones most likely to be the
attending physician at the ED, and this patient group is shared among several departments
(pediatrics, general surgery, pediatric surgery), it is even more important to improve or
develop new guidelines for the management of these children (Paper I).

The above mentioned problems and challenges were the reasons for why we began to look
for other options to improve our own partially implemented guidelines. Protein S100B is
the marker with the greatest potential so far in head injury management and it is now being
recommended as a complement in the Scandinavian adult head injury guidelines as a
decision instrument for whether a CT should be performed or not after MHI. Our final goal
was to investigate the possibility of introducing this marker into the guidelines of the
management of pediatric head injuries. The repeat-CT ordering rate has been estimated to
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be reduced by 30% with proper use of S100B. The utilization of S100B in children could
even have a greater impact as the CT rate is higher, though further studies are warranted.
To date there are no blood tests drawn after suspected head injury, specific for the brain,
though current research show that S100B could be a useful parameter in mild head
injuries. The challenge in the management of children also includes the challenge of blood
sampling; the chubby infants and the younger children require local topical anesthetics,
and are in general difficult to draw a sample from. Venous sampling would not be an
efficient method in these situations. Although venous sampling is the golden standard,
capillary sampling is usually a good option when venous sampling seems impossible or
fail.

In Paper Il and IV we set out to investigate the protein S100B and specifically focused on
different methods of sampling S100B and analysis; capillary and arterial measurements
(Paper 111). We included patients with known acute and severe brain pathologies to achieve
as variable concentrations as possible, for simplicity on adult patients. We found that
capillary measurements of S100B can be analyzed with Elecsys S100 assay (Roche
Diagnostics), but the venous and capillary concentrations were not interchangeable and we
concluded that capillary and venous measurements should be considered as separate
although related variables (Paper 111). The variance between two paired capillary specimen
was also relatively high (0.05 pg/L), which could make the capillary method less reliable.
We believe that this variation could be due to the samples being collected from adult
fingers, hence mainly affected by the method of sampling, rather than biological or
analytical variation (Paper IlI).

As a result from Paper 111, we concluded that separate reference values for capillary and
venous S100B in children were needed. Venous S100B reference values for children had
previously been investigated using another method of analysis (Lia-mat Sangtec S100
assay, Ab Sangtec Medical). Since most hospital laboratories in Scandinavia already have
the setting for Elecsys analysis, we wanted to produce reference values applicable and
ready to be used for Scandinavian settings. Our study showed that capillary S100B values
in children were not equal to venous, but instead elevated by a mean difference of 0.12
Mo/l (Paper 1V). Both capillary and venous S100B were age-dependent in children;
children younger than 3 years had significantly higher reference values than children 3
years or above. The reference values for children 3 years or older was determined to 0.14
pg/L for venous samples and 0.40 pg/L for capillary samples. Compared to another recent
study by Castellani, our venous S100B reference level for children 3 years and older were
slightly lower (compared to 0.16 pg/L), which should be considered when future studies
are performed.

Studies on capillary measurements of S100B have not been published before, although we
feel that this has been an absolute necessity for investigating especially when our goals are
to optimize the management of acute events such as head injuries in children. We already
know that protein S100B is not an ideal marker for brain injuries, but it is the marker
which so far has the best potential of being a useful tool in head injury management, even
in pediatric patients. Adding a blood sample to the guidelines would be less complicated
than to change and implement totally new guidelines.
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Main conclusions and future aspects

» There are no specific guidelines for management of pediatric minor head injury in
Sweden and routines concerning radiology and discharge criteria vary between
hospitals. Several departments are involved in the acute management and observation
of the head injured children, the attending physician is often a less experienced person
under training and less than 1/3 of the hospitals use standardized observation schemes.
There is an urgent need and plea for specific pediatric guidelines.

» Only a minor part of all children with a head injury suffer from an intracranial
complication or is in need of a neurosurgical procedure. Outcome after head injury is
in general favorable. Factors such as brief loss of consciousness and posttraumatic
amnesia, which are considered as risk factors for intracranial complications in adults,
were absent in 23% of the children admitted to neurosurgery. Hence, management
based upon adult guidelines, history of unconsciousness or amnesia is unreliable in
children.

» Capillary concentrations of S100B is not equal to venous, but differ in average about
0.08 pg/L. Separate reference values should be considered. Arterial S100B is only
slightly lower than venous (0.01 pg/L) and can be used parallel to venous samples.

» Reference levels of venous and capillary serum S100B in children are age and gender
dependent, resulting in higher levels among children aged 1 and 2 years. The reference
levels for children 3 years or above is 0.14 pg/L for venous samples and for capillary
samples 0.40 ug/L.

Future studies

» The upcoming study is a prospective multicenter study to test the clinical usefulness of
venous and capillary S100B in pediatric head injury. In this study we would also be
able to clinically evaluate and validate proposed pediatric guidelines (CHALICE and
PECARN) in the Scandinavian hospitals.

» Methods for analyzing other serum markers, e.g. NSE or GFAP are now becoming
more available and might be of great interest in the near future. We have the
possibility of investigating other reference levels in the same children.
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Sammanfattning pa svenska

Summary in Swedish

En av de storsta orsakerna till svart handikapp och dod i vastvarlden &r traumatisk
hjarnskada som uppstar till féljd av vald mot huvudet. Utav vuxna och barn &r det generellt
sett barn som klarar sig béttre efter vald mot huvudet men det &r anda till stor del barn som
soker akutmottagning p.g.a. skallskada. De flesta av barnen har en sa kallad latt skallskada
(ca 90 %), medan resten har moderat till svar skallskada. Barnmisshandel, vald mot
huvudet eller skakningar med hjarnskada som foljd férekommer oftast bland de yngsta
barnen (< 2 ar) och dessa klarar sig oftast sdémre an évriga barn.

For den primdra handlaggningen utgor de latta skallskadorna ocksd den storsta
utfordringen; att skilja pa dem med storre risk att utveckla blodning i hjarnan och de utan
risk. Detta bor goras utan att barnen utsatts for alltfor manga onddiga undersékningar,
rontgenstralning eller sjukhusinlaggningar. | Sverige finns inga nationella riktlinjer for
handlaggning av latta skallskador hos barn och handlaggningen baseras oftast pa lokala
riktlinjer, vuxnas handlaggningsriktlinjer och erfarenhet. De vuxna riktlinjerna baseras pa
den primdra medvetandegrad patienten uppvisar vid ankomst till akutmottagningen,
forekomst av kortvarig medvetsloshet eller minnesforlust (amnesi). Dessa symptom ar
speciellt svara att vdrdera pd yngre barn som annu inte utvecklat sina sprakfardigheter.
Datortomografi (DT) ar liberalt rekommenderat pé de med litta skallskador men inte pa de
med s.k. minimala skallskador, d.v.s. de utan symptom.

DT 4&r en utmérkt undersokningsmetod for att finna akuta blodningar i hjérnan, men
straldosen &r hdg. Pa senare tid har det diskuterats mycket kring DT:s risker att orsaka
cancer. DT anses sarskilt riskfyllt bland barn eftersom den effektiva dosen i relation till
kroppsmassan ar storre; barn har aven flera delande celler och flera levnadsar 4n vuxna. En
del barn kan éven behova lugnande medicin eller sévning infér en DT undersékning, vilket
bor undvikas savida inte misstanken om blédning &r stor.

For att ytterligare forbattra handlaggningsrutinerna for de lattare skallskadade patienterna
héller man nu pa att infora ett blodprov for att mata forekomst av ett protein kallat S100B.
Det &r en hjarnskademarkor som okar i blodet vid hjarnskada. Vid avsaknad av detta
protein forekommer ingen hjarnskada och risken att utveckla senare komplikationer eller
blédningar &r ytterst minimala. Forskningen kring S100B och barn med latta skallskador
har nyligen kommit igang och vissa studier har pavisat positiva resultat om att blodprovet
aven kan anvandas for att utesluta traumatisk hjdrnskada pa barn. Markdren ar inte det
mest optimala proteinet men 4n s& lange det basta som finns pd marknaden. Dock kravs
ytterligare studier innan markéren kan rekommenderas och introduceras i
barnhandl&ggningen.
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Denna avhandling forsoker uppsummera basfakta, presentera forskning som &r gjord inom
skallskadehandlaggningen, diskutera utfordringar inom handlaggningen av barnskallskada,
samt introducera andra  mdjliga metoder att optimera de nuvarande
handl&ggningsrutinerna.

Den forsta studien ar en enkatundersdkning bland 51 sjukhus och akutmottagningar i
Sverige som handlagger barn med skallskada. Studien visar férekomsten av stor variation i
handlaggning av barn, sérskilt vad galler DT, skallrontgen och inl&ggningskriterier. Barnen
handl&ggs oftast av allménkirurgerna och till mindre del av barnldkarna. Det ar de yngre
l&karna (AT-lakare och ST-lakare) som mottar patienterna och barn som ar i behov av
fortsatt observation laggs oftast in pa barnavdelningen eller kirurgiavdelningen, men &ven i
vissa fall pa intensivvardsavdelningen. De flesta sjukhus saknar ett observationsschema
specifikt for dessa barn och bade frekvensen och langden pé observationerna varierar. Fran
denna studie konkluderas att svenska sjukhus &r i behov av handldggningsrutiner for latta
skallskador pa barn.

Den andra studien ar en journalstudie som undersoker symptom och kliniska faktorer pa de
barn som overflyttats till en neurointensivvardsavdelning (NIVA) efter skallskada under
aren 2002-2007. Varken kortvarig medvetslgshet eller minnesférlust forekom hos 23 % av
de barn som blev inlagda pd NIVA, och 6 barn som senare fick pavisat en hjarnblodning
hade man enligt de vuxna riktlinjerna kunnat vardera som minimal skallskada vid forsta
undersokningen; 4 av dessa 6 barn opererades for sin blodning i hjarnan. Darmed
konkluderas att handlaggningsriktlinjer som baseras enbart pa vuxenriktlinjer inte ar
pélitliga att anvindas i bedomningen av barn med skallskada.

Den tredje studien forflyttar fokus till hjarnskademarkoren S100B for att fran ett mera
laboratoriemadssigt perspektiv utreda om protein S100B kan matas i kapillart och arteriellt
blod, samt jamféra dessa med ett samtidigt taget vendst prov. Kapillart prov har den
fordelen att vara ndgot smidigare att ta, det & mindre smartsamt for barnet jamfort med ett
venodst prov och ar att foredra speciellt pa yngre barn. Blodprov erhélls fran vuxna med
svar hjarnskada for att sikerstélla forhojda varden. Den kapillara S100B koncentrationen
var i medel 0,08 pg/L hdgre an det vendsa, medan den arteriella var ndrmast likstéllt med
det venosa. Skattningsfelet vid forsok att forutsdga och berdkna vendst S100B fran
kapillara prover var 0,06 pg/L vilket &r réatt hogt. Ddrmed konkluderas att kapillart S100B
prov inte kan likstallas med vendst S100B och att det krdver bl.a. separata referensvérden.

Den sista och fjarde studien i avhandlingen ger referensvérden pé béade kapillart och venost
S100B pa barn utan hjarnskada. Referensvardena ar indelade i ldrarna 1, 2 och 3 ar och
aldre, eftersom nivaerna ar ndgot hogre bland de allra yngsta barnen. Referensvardena for
3-16 aringarna ar 0,14 pg/L (vendst) och 0,40 pg/L (kapillart).

Avhandlingen har visat pa problemstillningar inom handlaggningen av barn med
skallskador och har introducerat och forsokt optimera anvandbarheten av hjarnmarkoren
S100B pa barn. Kommande studier bor utvardera den kliniska rollen och sakerheten av
béade vendst och kapillart S100B inom barnskallskadehandlaggningen i Skandinavien.

50



Acknowledgments

I would like to express my gratitude and sincere thanks to the following:

Professor and neurosurgeon Bertil Romner, my mentor, whose never-ending positivity and
belief in the projects have inspired me to keep on going. He mentors with an open mind
and open door, thus consequently also overfilled mailboxes, a constantly ringing mobile
phone and a fully booked time schedule. Timing is everything, and | thank him for always
being there when most needed, and for sharing his thoughts and expertise during the train
trips over the @resund Bridge. | am very grateful for his belief in me.

My co-mentor Dr Johan Undén, a talented researcher who has been an excellent source of
inspiration, always coming up with new ideas during his night-watches. He never forgets
his research cap, has always read the many manuscript versions and corrected my English.
I sincerely thank him for his engagement and for always being available and helpful
whenever.

Dr Peter Reinstrup, my second co-mentor whom | thank for all the valuable feed-back,
ideas and expertise, especially in the neurointensive field.

To my co-authors: Karin Hesselgard, Lennart Friis-Hansen, Johan Bellner, and Professor
Jan Lanke, our statistician, for all the extra statistical teaching hours.

To Professor Leif Salford, for his enthusiasm and for lending me his emeritus room during
the last months when finishing my thesis, and to Gunilla Moullin for all the practical help.

I would especially like to thank the nurses Rolf Olsson, Marianne Marianne Skole, Karin
Weber at the department of surgery and anesthesia, Jaana Skoglund at the department of
pediatrics, and Kerstin Janver and Ursula Carlstrand, surgery-planners at the ENT
department at County Hospital of Halmstad for their support, assistance and belief in the
project. Many thanks to nurse Pia Breum at the department of Neurosurgery,
Rigshospitalet, and medical student Maria Dinesen for help with blood sample collection,
and to all other personnel involved, doctors and nurses, for accepting the extra work load
of yet another study.

To the departments of Clinical Chemistry at County Hospital of Halmstad, Lund
University Hospital and Rigshospitalet, Copenhagen for analysis assistance, and to the

51



Department of Research, Development and Education, County Hospital of Halmstad:
Birger Wandt, Marit Petrius, Yvonne Johnelius, Anders Holmén.

My closest friends: Sandra S, Karin H, Hanna S, Helena B, Anna N, Sophie B, Najia A,
Linnea S for being understanding and supportive of my research and always available for
spontaneous Vvisits, trips, adventures in the time in-between my work and research (also
known as “forskningsledighet™). And to all my other friends in Finland and Sweden for
showing interest and cheering for me from start to finish.

My family: my mother, sisters Carola and Tina, brothers Kim and Ronny, and the extended
family for their concerns and support, encouraging me to strive for my goals and believing
in me.

And especially the young ones: Liam, Sean, my goddaughter Leia and the yet unborn one
—to whom | dedicate this thesis.

Grants and Funding

The studies in this thesis have been funded by non-commercial grants from
The Laerdal Foundation for Acute Medicine

Ake-Wiberg Foundation

Crafoord Foundation

Vetenskapliga Radet, Landstinget Halland

YV V V V

Sodra Regionvardsnamnden, Region Skane

Reagent-kits for S100B analysis have been given as contribution from

» Roche Diagnostics, Mannheim, Germany

Thanks to all contributors for making this research possible.

52



References

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

Teasdale G and Jennett B. Assessment of coma and impaired consciousness. A practical scale. Lancet
1974,2:81-84.

Rimel RW, Giordani B, Barth JT, Boll TJ and Jane JA. Disability caused by minor head injury.
Neurosurgery 1981;9:221-228.

Stein SC and Spettell C. The Head Injury Severity Scale (HISS): a practical classification of closed-
head injury. Brain Inj 1995;9:437-444.

Ingebrigtsen T, Romner B and Kock-Jensen C. Scandinavian guidelines for initial management of
minimal, mild, and moderate head injuries.The Scandinavian Neurotrauma Committee. J Trauma
2000;48:760-766.

Yager JY, Johnston B and Seshia SS. Coma scales in pediatric practice. Am J Dis Child
1990;144:1088-1091.

Reilly PL, Simpson DA, Sprod R and Thomas L. Assessing the conscious level in infants and young
children: a paediatric version of the Glasgow Coma Scale. Childs Nerv Syst 1988;4:30-33.

Simpson D and Reilly P. Pediatric coma scale. Lancet 1982;2:450.

Holmes JF, Palchak MJ, MacFarlane T and Kuppermann N. Performance of the pediatric glasgow
coma scale in children with blunt head trauma. Acad Emerg Med 2005;12:814-819.

Starmark JE, Stalhammar D and Holmgren E. The Reaction Level Scale (RLS85). Manual and
guidelines. Acta Neurochir (Wien) 1988;91:12-20.

Starmark JE, Stalhammar D, Holmgren E and Rosander B. A comparison of the Glasgow Coma Scale
and the Reaction Level Scale (RLS85). J Neurosurg 1988;69:699-706.

Johnstone AJ, Lohlun JC, Miller JD, et al. A comparison of the Glasgow Coma Scale and the Swedish
Reaction Level Scale. Brain Inj 1993;7:501-506.

Klauber MR, Barrett-Connor E, Marshall LF and Bowers SA. The epidemiology of head injury: a
prospective study of an entire community-San Diego County, California, 1978. Am J Epidemiol
1981;113:500-509.

Brookes M, MacMillan R, Cully S, et al. Head injuries in accident and emergency departments. How
different are children from adults? J Epidemiol Community Health 1990;44:147-151.

Ingebrigtsen T, Mortensen K and Romner B. The epidemiology of hospital-referred head injury in
northern Norway. Neuroepidemiology 1998;17:139-146.

Johansson E, Ronnkvist M and Fugl-Meyer AR. Traumatic brain injury in northern Sweden. Incidence
and prevalence of long-standing impairments and disabilities. Scand J Rehabil Med 1991;23:179-185.

Falk AC, Cederfjall C, von Wendt L and Klang Soderkvist B. Management and classification of
children with head injury. Childs Nerv Syst 2005.

Sundstrom T, Sollid S, Wentzel-Larsen T and Wester K. Head injury mortality in the Nordic
countries. J Neurotrauma 2007;24:147-153.

Jennett B. Epidemiology of head injury. J Neurol Neurosurg Psychiatry 1996;60:362-369.

Vane DW and Shackford SR. Epidemiology of rural traumatic death in children: a population-based
study. J Trauma 1995;38:867-870.

NOMESCO. Health Statistics in the Nordic Countries 2007. In. Copenhagen; 2009.

53



21

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Emanuelson | and v Wendt L. Epidemiology of traumatic brain injury in children and adolescents in
south-western Sweden. Acta Paediatr 1997;86:730-735.

Murgio A, Patrick PD, Andrade FA, Boetto S, Leung KM and Munoz Sanchez MA. International
study of emergency department care for pediatric traumatic brain injury and the role of CT scanning.
Childs Nerv Syst 2001;17:257-262.

Ducrocq SC, Meyer PG, Orliaguet GA, et al. Epidemiology and early predictive factors of mortality
and outcome in children with traumatic severe brain injury: experience of a French pediatric trauma
center. Pediatr Crit Care Med 2006;7:461-467.

Tilford JM, Simpson PM, Yeh TS, et al. Variation in therapy and outcome for pediatric head trauma
patients. Crit Care Med 2001;29:1056-1061.

Murray GD, Teasdale GM, Braakman R, et al. The European Brain Injury Consortium survey of head
injuries. Acta Neurochir (Wien) 1999;141:223-236.

Luerssen TG, Klauber MR and Marshall LF. Outcome from head injury related to patient's age. A
longitudinal prospective study of adult and pediatric head injury. J Neurosurg 1988;68:409-416.

Koskiniemi M, Kyykka T, Nybo T and Jarho L. Long-term outcome after severe brain injury in
preschoolers is worse than expected. Arch Pediatr Adolesc Med 1995;149:249-254.

Jennett B and Bond M. Assessment of outcome after severe brain damage. Lancet 1975;1:480-484.

Linden A, Boschian K, Eker C, Schalen W and Nordstrom CH. Assessment of motor and process
skills reflects brain-injured patients' ability to resume independent living better than
neuropsychological tests. Acta Neurol Scand 2005;111:48-53.

Ingebrigtsen T, Waterloo K, Marup-Jensen S, Attner E and Romner B. Quantification of post-
concussion symptoms 3 months after minor head injury in 100 consecutive patients. J Neurol
1998;245:609-612.

Lannsjo M, af Geijerstam JL, Johansson U, Bring J and Borg J. Prevalence and structure of symptoms
at 3 months after mild traumatic brain injury in a national cohort. Brain Inj 2009;23:213-219.

Rutherford WH, Merrett JD and McDonald JR. Symptoms at one year following concussion from
minor head injuries. Injury 1979;10:225-230.

Mittenberg W, Wittner MS and Miller LJ. Postconcussion syndrome occurs in children.
Neuropsychology 1997;11:447-452.

Hawley CA, Ward AB, Magnay AR and Long J. Children's brain injury: a postal follow-up of 525
children from one health region in the UK. Brain Inj 2002;16:969-985.

Hawley CA. Reported problems and their resolution following mild, moderate and severe traumatic
brain injury amongst children and adolescents in the UK. Brain Inj 2003;17:105-129.

Anderson VA, Catroppa C, Haritou F, Morse S and Rosenfeld JV. Identifying factors contributing to
child and family outcome 30 months after traumatic brain injury in children. J Neurol Neurosurg
Psychiatry 2005;76:401-408.

Yeates KO and Taylor HG. Neurobehavioural outcomes of mild head injury in children and
adolescents. Pediatr Rehabil 2005;8:5-16.

Ponsford J WC, Rothwell A, et al. Cognitive and behavioral outcome following mild traumatic brain
injury in children. J Head Trauma Reabil 1999;14:360-372.

Barlow KM, Crawford S, Stevenson A, Sandhu SS, Belanger F and Dewey D. Epidemiology of
postconcussion syndrome in pediatric mild traumatic brain injury. Pediatrics 2010;126:e374-381.

Eid HO and Abu-Zidan FM. Biomechanics of road traffic collision injuries: a clinician's perspective.
Singapore Med J 2007;48:693-700; quiz 700.

Eid HO, Bashir MM, Muhammed OQ and Abu-Zidan FM. Bicycle-related injuries: a prospective
study of 200 patients. Singapore Med J 2007;48:884-886.

Kim KA, Wang MY, Griffith PM, Summers S and Levy ML. Analysis of pediatric head injury from
falls. Neurosurg Focus 2000;8:e3.

54



43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

Halstead ME and Walter KD. American Academy of Pediatrics. Clinical report--sport-related
concussion in children and adolescents. Pediatrics 2010;126:597-615.

Kraus JF, Rock A and Hemyari P. Brain injuries among infants, children, adolescents, and young
adults. Am J Dis Child 1990;144:684-691.

Reece RM. What are we trying to measure? The problems of case ascertainment. Am J Prev Med
2008;34:5116-119.

Hahn YS, Raimondi AJ, McLone DG and Yamanouchi Y. Traumatic mechanisms of head injury in
child abuse. Childs Brain 1983;10:229-241.

Ghahreman A, Bhasin V, Chaseling R, Andrews B and Lang EW. Nonaccidental head injuries in
children: a Sydney experience. J Neurosurg 2005;103:213-218.

Loh JK, Lin CL, Kwan AL and Howng SL. Acute subdural hematoma in infancy. Surg Neurol
2002;58:218-224.

Vinchon M, de Foort-Dhellemmes S, Desurmont M and Delestret I. Confessed abuse versus witnessed
accidents in infants: comparison of clinical, radiological, and ophthalmological data in corroborated
cases. Childs Nerv Syst 2010;26:637-645.

Bonnier C, Nassogne MC, Saint-Martin C, Mesples B, Kadhim H and Sebire G. Neuroimaging of
intraparenchymal lesions predicts outcome in shaken baby syndrome. Pediatrics 2003;112:808-814.

Keenan HT, Runyan DK, Marshall SW, Nocera MA, Merten DF and Sinal SH. A population-based
study of inflicted traumatic brain injury in young children. JAMA 2003;290:621-626.

Sibert JR, Payne EH, Kemp AM, et al. The incidence of severe physical child abuse in Wales. Child
Abuse Negl 2002;26:267-276.

Talvik I, Metsvaht T, Leito K, et al. Inflicted traumatic brain injury (ITBI) or shaken baby syndrome
(SBS) in Estonia. Acta Paediatr 2006;95:799-804.

Pediatrics AAo. The management of minor closed head injury in children. Committee on Quality
Improvement, American Academy of Pediatrics. Pediatrics 1999;104:1407-1415.

Dunning J, Daly JP, Lomas JP, Lecky F, Batchelor J and Mackway-Jones K. Derivation of the
children's head injury algorithm for the prediction of important clinical events decision rule for head
injury in children. Arch Dis Child 2006;91:885-891.

Simon B, Letourneau P, Vitorino E and McCall J. Pediatric minor head trauma: indications for
computed tomographic scanning revisited. J Trauma 2001;51:231-237; discussion 237-238.

Stiell 1G, Clement CM, Rowe BH, et al. Comparison of the Canadian CT Head Rule and the New
Orleans Criteria in patients with minor head injury. JAMA 2005;294:1511-1518.

Valovich McLeod TC. The Prediction of Intracranial Injury After Minor Head Trauma in the Pediatric
Population. J Athl Train 2005;40:123-125.

Stranjalis G, Bouras T, Korfias S, et al. Outcome in 1,000 head injury hospital admissions: the Athens
head trauma registry. J Trauma 2008;65:789-793.

Teasdale GM, Murray G, Anderson E, et al. Risks of acute traumatic intracranial haematoma in
children and adults: implications for managing head injuries. Bmj 1990;300:363-367.

Holmes JF, Palchak MJ, Conklin MJ and Kuppermann N. Do children require hospitalization after
immediate posttraumatic seizures? Ann Emerg Med 2004;43:706-710.

Schutzman SA and Greenes DS. Pediatric minor head trauma. Ann Emerg Med 2001;37:65-74.

Greenes DS and Schutzman SA. Occult intracranial injury in infants. Ann Emerg Med 1998;32:680-
686.

Mendelow AD, Teasdale G, Jennett B, Bryden J, Hessett C and Murray G. Risks of intracranial
haematoma in head injured adults. Br Med J (Clin Res Ed) 1983;287:1173-1176.

MacLaren RE, Ghoorahoo HI and Kirby NG. Skull X-ray after head injury: the recommendations of
the Royal College of Surgeons Working Party report in practice. Arch Emerg Med 1993;10:138-144.

55



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Masters SJ. Evaluation of head trauma: efficacy of skull films. AJR Am J Roentgenol 1980;135:539-
547.

Feuerman T, Wackym PA, Gade GF and Becker DP. Value of skull radiography, head computed
tomographic scanning, and admission for observation in cases of minor head injury. Neurosurgery
1988;22:449-453.

Masters SJ, McClean PM, Arcarese JS, et al. Skull x-ray examinations after head trauma.
Recommendations by a multidisciplinary panel and validation study. N Engl J Med 1987;316:84-91.

Murshid WR. Role of skull radiography in the initial evaluation of minor head injury: a retrospective
study. Acta Neurochir (Wien) 1994;129:11-14.

Af Geijerstam JL, Britton M and Marke LA. Mild head injury: observation or computed tomography?
Economic aspects by literature review and decision analysis. Emerg Med J 2004;21:54-58.

af Geijerstam JL and Britton M. Mild head injury: reliability of early computed tomographic findings
in triage for admission. Emerg Med J 2005;22:103-107.

Brenner D, Elliston C, Hall E and Berdon W. Estimated risks of radiation-induced fatal cancer from
pediatric CT. AJR Am J Roentgenol 2001;176:289-296.

Mettler FA, Jr., Wiest PW, Locken JA and Kelsey CA. CT scanning: patterns of use and dose. J
Radiol Prot 2000;20:353-359.

Klassen TP, Reed MH, Stiell IG, et al. Variation in utilization of computed tomography scanning for
the investigation of minor head trauma in children: a Canadian experience. Acad Emerg Med
2000;7:739-744.

Crowe L, Anderson V and Babl FE. Application of the CHALICE clinical prediction rule for
intracranial injury in children outside the UK: impact on head CT rate. Arch Dis Child 2010;95:1017-
1022.

Blackwell CD, Gorelick M, Holmes JF, Bandyopadhyay S and Kuppermann N. Pediatric head trauma:
changes in use of computed tomography in emergency departments in the United States over time.
Ann Emerg Med 2007;49:320-324.

Elliot RR, Sola Gutierrez Y, Harrison R, Richards R, Cannon B and Witham F. Cautious observation
or blanket scanning? An investigation into paediatric attendances to an emergency department after
head injury. Injury 2010.

Hall P, Fransson A, Martens A, Johanson L, Leitz W and Granath F. [Increased number of cancer
cases following computer tomography in children. Radiation dosage--and cancer risk--can be
reduced)]. Lakartidningen 2005;102:214-215, 217, 220.

Brenner DJ, Elliston CD, Hall EJ and Berdon WE. Estimates of the cancer risks from pediatric CT
radiation are not merely theoretical: comment on “point/counterpoint: in x-ray computed tomography,
technique factors should be selected appropriate to patient size. against the proposition. Med Phys
2001;28:2387-2388.

Nickoloff E. Current adult and pediatric CT doses. Pediatr Radiol 2002;32:250-260.
Jennett B. Management of Head Injuries: F.A. Davis Company, Philadelphia; 1981.

Working Party on the Management of Patients with Head Injuries. and Royal College of Surgeons of
England. Report of the Working Party on the Management of Patients with Head Injuries. London:
Royal College of Surgeons of England; 1999.

Haydel MJ, Preston CA, Mills TJ, Luber S, Blaudeau E and DeBlieux PM. Indications for computed
tomography in patients with minor head injury. N Engl J Med 2000;343:100-105.

Stiell 1G, Wells GA, Vandemheen K, et al. The Canadian CT Head Rule for patients with minor head
injury. Lancet 2001;357:1391-1396.

Smits M, Dippel DW, de Haan GG, et al. External validation of the Canadian CT Head Rule and the
New Orleans Criteria for CT scanning in patients with minor head injury. JAMA 2005;294:1519-
1525.

56



86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.
104.

105.

106.

National Institute for Health and Clinical Excellence. Head Injury. Triage, assessment, investigation
and early management of head injury in infants, children and adults, Clinical Guideline 4: Developed
by the National Collaborating Centre for Acute Care. London; 2003.

Sultan HY, Boyle A, Pereira M, Antoun N and Maimaris C. Application of the Canadian CT head
rules in managing minor head injuries in a UK emergency department: implications for the
implementation of the NICE guidelines. Emerg Med J 2004;21:420-425.

Halliwell O, Jackson E, Cove R, King M and Gawne-Cain M. NICE guidelines for the management of
acute head injury. Clin Radiol 2005;60:1311.

Shravat BP and Hynes KA. The impact of NICE guidelines for the management of head injury on the
workload of the radiology department. Emerg Med J 2004;21:521-522.

Mendelow AD, Timothy J, Steers JW, et al. Management of patients with head injury. Lancet
2008;372:685-687.

National Institute for Health and Clinical Excellence. Head injury. Triage, assessment, investigation
and early management of head injury in infants, children and adults. NICE clinical guideline 56:
Developed by the National collaborating centre for Acute Care; 2007.

Mower WR, Hoffman JR, Herbert M, Wolfson AB, Pollack CV, Jr. and Zucker MI. Developing a
decision instrument to guide computed tomographic imaging of blunt head injury patients. J Trauma
2005;59:954-959.

Vos PE, Battistin L, Birbamer G, et al. EFNS guideline on mild traumatic brain injury: report of an
EFNS task force. Eur J Neurol 2002;9:207-219.

Smits M, Dippel DW, Steyerberg EW, et al. Predicting intracranial traumatic findings on computed
tomography in patients with minor head injury: the CHIP prediction rule. Ann Intern Med
2007;146:397-405.

Klemetti S, Uhari M, Pokka T and Rantala H. Evaluation of decision rules for identifying serious
consequences of traumatic head injuries in pediatric patients. Pediatr Emerg Care 2009;25:811-815.

Aiitken ME, Herrerias CT, Davis R, et al. Minor head injury in children: current management practices
of pediatricians, emergency physicians, and family physicians. Arch Pediatr Adolesc Med
1998;152:1176-1180.

Homer CJ and Kleinman L. Technical report: minor head injury in children. Pediatrics 1999;104:e78.

Committee on Quality Improvement, American Academy of Pediatrics and Commission on Clinical
Policies and Research, American Academy of Family Physicians. The management of minor closed
head injury in children. Pediatrics 1999;104:1407-1415.

Schutzman SA, Barnes P, Duhaime AC, et al. Evaluation and management of children younger than
two years old with apparently minor head trauma: proposed guidelines. Pediatrics 2001;107:983-993.

Palchak MJ, Holmes JF, VVance CW, et al. A decision rule for identifying children at low risk for brain
injuries after blunt head trauma. Ann Emerg Med 2003;42:492-506.

Kuppermann N, Holmes JF, Dayan PS, et al. Identification of children at very low risk of clinically-
important brain injuries after head trauma: a prospective cohort study. Lancet 2009;374:1160-1170.

Wang MY, Griffith P, Sterling J, McComb JG and Levy ML. A prospective population-based study of
pediatric trauma patients with mild alterations in consciousness (Glasgow Coma Scale score of 13-14).
Neurosurgery 2000;46:1093-1099.

James H. The Managment of Head Injury in Children. Neurosurgery Quarterly 1993;3:272-282.

Adelson PD, Bratton SL, Carney NA, et al. Guidelines for the acute medical management of severe
traumatic brain injury in infants, children, and adolescents. Chapter 1: Introduction. Pediatr Crit Care
Med 2003;4:S2-4.

Wahlstrom MR, Olivecrona M, Koskinen LO, Rydenhag B and Naredi S. Severe traumatic brain
injury in pediatric patients: treatment and outcome using an intracranial pressure targeted therapy--the
Lund concept. Intensive Care Med 2005;31:832-839.

Huh JW and Raghupathi R. New concepts in treatment of pediatric traumatic brain injury. Anesthesiol
Clin 2009;27:213-240.

57



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Adelson PD, Bratton SL, Carney NA, et al. Guidelines for the acute medical management of severe
traumatic brain injury in infants, children, and adolescents. Chapter 8. Cerebral perfusion pressure.
Pediatr Crit Care Med 2003;4:531-33.

Morrow SE and Pearson M. Management strategies for severe closed head injuries in children. Semin
Pediatr Surg 2010;19:279-285.

Adelson PD, Bratton SL, Carney NA, et al. Guidelines for the acute medical management of severe
traumatic brain injury in infants, children, and adolescents. Chapter 16. The use of corticosteroids in
the treatment of severe pediatric traumatic brain injury. Pediatr Crit Care Med 2003;4:S60-64.

Adelson PD, Bratton SL, Carney NA, et al. Guidelines for the acute medical management of severe
traumatic brain injury in infants, children, and adolescents. Chapter 19. The role of anti-seizure
prophylaxis following severe pediatric traumatic brain injury. Pediatr Crit Care Med 2003;4:572-75.

Fudickar A and Bein B. Propofol infusion syndrome: update of clinical manifestation and
pathophysiology. Minerva Anestesiol 2009;75:339-344.

Adelson PD, Bratton SL, Carney NA, et al. Guidelines for the acute medical management of severe
traumatic brain injury in infants, children, and adolescents. Chapter 9. Use of sedation and
neuromuscular blockade in the treatment of severe pediatric traumatic brain injury. Pediatr Crit Care
Med 2003;4:534-37.

Aghakhani N, Durand P, Chevret L, et al. Decompressive craniectomy in children with nontraumatic
refractory high intracranial pressure. Clinical article. J Neurosurg Pediatr 2009;3:66-69.

Kan P, Amini A, Hansen K, et al. Outcomes after decompressive craniectomy for severe traumatic
brain injury in children. J Neurosurg 2006;105:337-342.

Adelson PD. Hypothermia following pediatric traumatic brain injury. J Neurotrauma 2009;26:429-
436.

Hutchison JS, Ward RE, Lacroix J, et al. Hypothermia therapy after traumatic brain injury in children.
N Engl J Med 2008;358:2447-2456.

Clifton GL, Miller ER, Choi SC, et al. Lack of effect of induction of hypothermia after acute brain
injury. N Engl J Med 2001;344:556-563.

Clifton GL, Valadka A, Zygun D, et al. Very early hypothermia induction in patients with severe brain
injury (the National Acute Brain Injury Study: Hypothermia Il): a randomised trial. Lancet Neurol
2011;10:131-139.

Moore BW. A soluble protein characteristic of the nervous system. Biochem Biophys Res Commun
1965;19:739-744.

Bakay RA and Ward AA, Jr. Enzymatic changes in serum and cerebrospinal fluid in neurological
injury. J Neurosurg 1983;58:27-37.

Ingebrigtsen T and Romner B. Biochemical serum markers of traumatic brain injury. J Trauma
2002;52:798-808.

Karkela J, Bock E and Kaukinen S. CSF and serum brain-specific creatine kinase isoenzyme (CK-
BB), neuron-specific enolase (NSE) and neural cell adhesion molecule (NCAM) as prognostic
markers for hypoxic brain injury after cardiac arrest in man. J Neurol Sci 1993;116:100-109.

Kjekshus JK, Vaagenes P and Hetland O. Assessment of cerebral injury with spinal fluid creatine
kinase (CSF-CK) in patients after cardiac resuscitation. Scand J Clin Lab Invest 1980;40:437-444.

Skogseid IM, Nordby HK, Urdal P, Paus E and Lilleaas F. Increased serum creatine kinase BB and
neuron specific enolase following head injury indicates brain damage. Acta Neurochir (Wien)
1992;115:106-111.

Kato K, Shimizu A, Ishiguro Y, Mokuno K, Ariyoshi Y and Nakajima T. Highly sensitive enzyme
immunoassay for human creatine kinase BB isozyme. Clin Chim Acta 1985;150:31-40.

Lamers KJ, van Engelen BG, Gabreels FJ, Hommes OR, Borm GF and Wevers RA. Cerebrospinal
neuron-specific enolase, S-100 and myelin basic protein in neurological disorders. Acta Neurol Scand
1995;92:247-251.

58



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Norgren N, Rosengren L and Stigbrand T. Elevated neurofilament levels in neurological diseases.
Brain Res 2003;987:25-31.

Honda M, Tsuruta R, Kaneko T, et al. Serum glial fibrillary acidic protein is a highly specific
biomarker for traumatic brain injury in humans compared with S-100B and neuron-specific enolase. J
Trauma 2010;69:104-109.

Pelinka LE, Kroepfl A, Leixnering M, Buchinger W, Raabe A and Redl H. GFAP versus S100B in
serum after traumatic brain injury: relationship to brain damage and outcome. J Neurotrauma
2004;21:1553-1561.

Lumpkins KM, Bochicchio GV, Keledjian K, Simard JM, McCunn M and Scalea T. Glial fibrillary
acidic protein is highly correlated with brain injury. J Trauma 2008;65:778-782; discussion 782-774.

Rundgren M, Karlsson T, Nielsen N, Cronberg T, Johnsson P and Friberg H. Neuron specific enolase
and S-100B as predictors of outcome after cardiac arrest and induced hypothermia. Resuscitation
2009;80:784-789.

Johnsson P, Blomquist S, Luhrs C, et al. Neuron-specific enolase increases in plasma during and
immediately after extracorporeal circulation. Ann Thorac Surg 2000;69:750-754.

Johnsson P, Lundqvist C, Lindgren A, Ferencz I, Alling C and Stahl E. Cerebral complications after
cardiac surgery assessed by S-100 and NSE levels in blood. J Cardiothorac Vasc Anesth 1995;9:694-
699.

Donato R. Functional roles of S100 proteins, calcium-binding proteins of the EF-hand type. Biochim
Biophys Acta 1999;1450:191-231.

Donato R. S100: a multigenic family of calcium-modulated proteins of the EF-hand type with
intracellular and extracellular functional roles. Int J Biochem Cell Biol 2001;33:637-668.

Donato R. Intracellular and extracellular roles of S100 proteins. Microsc Res Tech 2003;60:540-551.

Ingebrigtsen T and Romner B. Serial S-100 protein serum measurements related to early magnetic
resonance imaging after minor head injury. Case report. J Neurosurg 1996;85:945-948.

Ingebrigtsen T, Waterloo K, Jacobsen EA, Langbakk B and Romner B. Traumatic brain damage in
minor head injury: relation of serum S-100 protein measurements to magnetic resonance imaging and
neurobehavioral outcome. Neurosurgery 1999;45:468-475; discussion 475-466.

Vos PE, Lamers KJ, Hendriks JC, et al. Glial and neuronal proteins in serum predict outcome after
severe traumatic brain injury. Neurology 2004;62:1303-1310.

Muller K, Townend W, Biasca N, et al. S100B serum level predicts computed tomography findings
after minor head injury. J Trauma 2007;62:1452-1456.

Herrmann M, Vos P, Wunderlich MT, de Bruijn CH and Lamers KJ. Release of glial tissue-specific
proteins after acute stroke: A comparative analysis of serum concentrations of protein S-100B and
glial fibrillary acidic protein. Stroke 2000;31:2670-2677.

Moritz S, Warnat J, Bele S, Graf BM and Woertgen C. The prognostic value of NSE and S100B from
serum and cerebrospinal fluid in patients with spontaneous subarachnoid hemorrhage. J Neurosurg
Anesthesiol 2010;22:21-31.

Raabe A, Grolms C and Seifert V. Serum markers of brain damage and outcome prediction in patients
after severe head injury. Br J Neurosurg 1999;13:56-59.

Raabe A, Kopetsch O, Woszczyk A, et al. S-100B protein as a serum marker of secondary
neurological complications in neurocritical care patients. Neurol Res 2004;26:440-445.

Ingebrigtsen T, Romner B, Marup-Jensen S, et al. The clinical value of serum S-100 protein
measurements in minor head injury: a Scandinavian multicentre study. Brain Inj 2000;14:1047-1055.

Romner B, Ingebrigtsen T, Kongstad P and Borgesen SE. Traumatic brain damage: serum S-100
protein measurements related to neuroradiological findings. J Neurotrauma 2000;17:641-647.

Unden J, Bellner J, Eneroth M, Alling C, Ingebrigtsen T and Romner B. Raised serum S100B levels
after acute bone fractures without cerebral injury. J Trauma 2005;58:59-61.

59



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.
168.

Unden J, Christensson B, Bellner J, Alling C and Romner B. Serum S100B levels in patients with
cerebral and extracerebral infectious disease. Scand J Infect Dis 2004;36:10-13.

Snyder-Ramos SA, Gruhlke T, Bauer H, et al. Cerebral and extracerebral release of protein S100B in
cardiac surgical patients. Anaesthesia 2004;59:344-349.

Missler U, Orlowski N, Notzold A, Dibbelt L, Steinmeier E and Wiesmann M. Early elevation of S-
100B protein in blood after cardiac surgery is not a predictor of ischemic cerebral injury. Clin Chim
Acta 2002;321:29-33.

Zimmer DB, Cornwall EH, Landar A and Song W. The S100 protein family: history, function, and
expression. Brain Res Bull 1995;37:417-429.

Rothermundt M, Peters M, Prehn JH and Arolt V. S100B in brain damage and neurodegeneration.
Microsc Res Tech 2003;60:614-632.

Eckert RL, Broome AM, Ruse M, Robinson N, Ryan D and Lee K. S100 proteins in the epidermis. J
Invest Dermatol 2004;123:23-33.

Harpio R and Einarsson R. S100 proteins as cancer biomarkers with focus on S100B in malignant
melanoma. Clin Biochem 2004;37:512-518.

Alber B, Hein R, Garbe C, Caroli U and Luppa PB. Multicenter evaluation of the analytical and
clinical performance of the Elecsys S100 immunoassay in patients with malignant melanoma. Clin
Chem Lab Med 2005;43:557-563.

Haimoto H, Hosoda S and Kato K. Differential distribution of immunoreactive S100-alpha and S100-
beta proteins in normal nonnervous human tissues. Lab Invest 1987;57:489-498.

Marchi N, Rasmussen P, Kapural M, et al. Peripheral markers of brain damage and blood-brain barrier
dysfunction. Restor Neurol Neurosci 2003;21:109-121.

Kapural M, Krizanac-Bengez L, Barnett G, et al. Serum S-100beta as a possible marker of blood-brain
barrier disruption. Brain Res 2002;940:102-104.

Ytrebo LM, Nedredal GI, Korvald C, et al. Renal elimination of protein S-100beta in pigs with acute
encephalopathy. Scand J Clin Lab Invest 2001;61:217-225.

Jonsson H, Johnsson P, Hoglund P, Alling C and Blomquist S. Elimination of S100B and renal
function after cardiac surgery. J Cardiothorac Vasc Anesth 2000;14:698-701.

Blomquist S, Johnsson P, Luhrs C, et al. The appearance of S-100 protein in serum during and
immediately after cardiopulmonary bypass surgery: a possible marker for cerebral injury. J
Cardiothorac Vasc Anesth 1997;11:699-703.

Raabe A, Kopetsch O, Gross U, Zimmermann M and Gebhart P. Measurements of serum S-100B
protein: effects of storage time and temperature on pre-analytical stability. Clin Chem Lab Med
2003;41:700-703.

Hallen M, Carlhed R, Karlsson M, Hallgren T and Bergenheim M. A comparison of two different
assays for determining S-100B in serum and urine. Clin Chem Lab Med 2008;46:1025-1029.

Raabe A, Menon DK, Gupta S, Czosnyka M and Pickard JD. Jugular venous and arterial
concentrations of serum S-100B protein in patients with severe head injury: a pilot study. J Neurol
Neurosurg Psychiatry 1998;65:930-932.

Kunihara T, Shiiya N, Bin L and Yasuda K. Arterio-jugular differences in serum S-100beta proteins in
patients receiving selective cerebral perfusion. Surg Today 2006;36:6-11.

Muller K, Elverland A, Romner B, et al. Analysis of protein S-100B in serum: a methodological study.
Clin Chem Lab Med 2006;44:1111-1114.

Heizmann CW. S100B protein in clinical diagnostics: assay specificity. Clin Chem 2004;50:249-251.

Nygaard O, Langbakk B and Romner B. Age- and sex-related changes of S-100 protein concentrations
in cerebrospinal fluid and serum in patients with no previous history of neurological disorder. Clin
Chem 1997;43:541-543.

60



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

van Engelen BG, Lamers KJ, Gabreels FJ, Wevers RA, van Geel WJ and Borm GF. Age-related
changes of neuron-specific enolase, S-100 protein, and myelin basic protein concentrations in
cerebrospinal fluid. Clin Chem 1992;38:813-816.

Wiesmann M, Missler U, Gottmann D and Gehring S. Plasma S-100b protein concentration in healthy
adults is age- and sex-independent. Clin Chem 1998;44:1056-1058.

Portela LV, Tort AB, Schaf DV, et al. The serum S100B concentration is age dependent. Clin Chem
2002;48:950-952.

Gazzolo D, Michetti F, Bruschettini M, et al. Pediatric concentrations of S100B protein in blood: age-
and sex-related changes. Clin Chem 2003;49:967-970.

Castellani C, Stojakovic T, Cichocki M, et al. Reference ranges for neuroprotein S-100B: from infants
to adolescents. Clin Chem Lab Med 2008;46:1296-1299.

Spinella PC, Dominguez T, Drott HR, et al. S-100beta protein-serum levels in healthy children and its
association with outcome in pediatric traumatic brain injury. Crit Care Med 2003;31:939-945.

Beers SR, Berger RP and Adelson PD. Neurocognitive outcome and serum biomarkers in inflicted
versus non-inflicted traumatic brain injury in young children. J Neurotrauma 2007;24:97-105.

Berger RP, Beers SR, Richichi R, Wiesman D and Adelson PD. Serum biomarker concentrations and
outcome after pediatric traumatic brain injury. J Neurotrauma 2007;24:1793-1801.

Berger RP, Adelson PD, Pierce MC, Dulani T, Cassidy LD and Kochanek PM. Serum neuron-specific
enolase, S100B, and myelin basic protein concentrations after inflicted and noninflicted traumatic
brain injury in children. J Neurosurg 2005;103:61-68.

Bechtel K, Frasure S, Marshall C, Dziura J and Simpson C. Relationship of serum S100B levels and
intracranial injury in children with closed head trauma. Pediatrics 2009;124:¢697-704.

Geyer C, Ulrich A, Grafe G, Stach B and Till H. Diagnostic value of S100B and neuron-specific
enolase in mild pediatric traumatic brain injury. J Neurosurg Pediatr 2009;4:339-344.

Castellani C, Bimbashi P, Ruttenstock E, Sacherer P, Stojakovic T and Weinberg AM. Neuroprotein s-
100B -- a useful parameter in paediatric patients with mild traumatic brain injury? Acta Paediatr
2009;98:1607-1612.

Nagdyman N, Grimmer |, Scholz T, Muller C and Obladen M. Predictive value of brain-specific
proteins in serum for neurodevelopmental outcome after birth asphyxia. Pediatr Res 2003;54:270-275.

Gazzolo D, Marinoni E, Di lorio R, et al. Urinary S100B protein measurements: A tool for the early
identification of hypoxic-ischemic encephalopathy in asphyxiated full-term infants. Crit Care Med
2004;32:131-136.

Hallen M, Karlsson M, Carlhed R, Hallgren T and Bergenheim M. S-100B in serum and urine after
traumatic head injury in children. J Trauma 2010;69:284-289.

Pickering A, Carter J, Hanning | and Townend W. Emergency department measurement of urinary
S100B in children following head injury: can extracranial injury confound findings? Emerg Med J
2008;25:88-89.

Gazzolo D, Lituania M, Bruschettini M, et al. S100B protein levels in saliva: correlation with
gestational age in normal term and preterm newborns. Clin Biochem 2005;38:229-233.

Gazzolo D, Marinoni E, Di lorio R, et al. High maternal blood S100B concentrations in pregnancies
complicated by intrauterine growth restriction and intraventricular hemorrhage. Clin Chem
2006;52:819-826.

Unden J and Romner B. A new objective method for CT triage after minor head injury--serum S100B.
Scand J Clin Lab Invest 2009;69:13-17.

Unden J and Romner B. Can low serum levels of S100B predict normal CT findings after minor head
injury in adults?: an evidence-based review and meta-analysis. J Head Trauma Rehabil 2010;25:228-
240.

Spencer MT, Baron BJ, Sinert R, Mahmoud G, Punzalan C and Tintinalli A. Necessity of hospital
admission for pediatric minor head injury. Am J Emerg Med 2003;21:111-114.

61



190.

191.

192.

McLeod T. The Prediction of Intracranial Injury After Minor Head Trauma in the Pediatric
Population. Journal of Athletic Training 2005;40:123-125.

Holsti M, Kadish HA, Sill BL, Firth SD and Nelson DS. Pediatric closed head injuries treated in an
observation unit. Pediatr Emerg Care 2005;21:639-644.

Alberico AM, Ward JD, Choi SC, Marmarou A and Young HF. Outcome after severe head injury.
Relationship to mass lesions, diffuse injury, and ICP course in pediatric and adult patients. J
Neurosurg 1987,67:648-656.

62



